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INTRODUCTION 

 
 

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

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

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

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

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

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

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

and two international organizations -- the European Enhanced Vehicle-safety Committee and the 

European Commission.  In 2005 the Republic of Korea became an ESV member country.  A 

representative from each country and organization serves as a Government Focal Point in support of the 

ESV Conference.  

 

The National Highway Traffic Safety Administration, U.S. Department of Transportation, in the interest of 

information exchange, distributes this CD-Rom publication containing the Proceedings of the 20th ESV 

Conference.  The technical papers included in this publication detail safety research efforts underway 

worldwide, and share the common international objective of reducing motor vehicle related fatalities and 

injuries.  The opinions, findings, and conclusions expressed in the publication are those of the author(s) 

and not necessarily those of the Department of Transportation or the National Highway Traffic Safety 

Administration.  Final papers are accepted based on technically reviewed abstract submissions.  The 

technical papers contained on this CD-Rom are the unmodified written work of the author(s). 

 

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

support of the 20th ESV Conference and look forward to your future involvement. 

 
Donna E. Gilmore 
ESV Technical Coordinator 
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ABSTRACT 

The PDB, BASt and Opel conducted two test 
series to evaluate possible effects on the results 
obtained using the EEVC WG17 Lower Legform 
Impactor as a test tool for the assessment of 
pedestrian safety. 
The reproducibility and repeatability of the test 
results were assessed using six legform 
impactors while keeping the test parameters 
constant. In the second series one impactor was 
used and the test parameters were varied to 
assess the effects on the readings of the legform. 
The test parameters were velocity, temperature, 
relative humidity, the point of first contact 
regarding the deviation in z-direction and the 
deviations of the pitch, roll and yaw angle. 
The tests were performed using an inverse setup, 
i.e. the legform was hit by a guided linear 
impactor equipped with a honeycomb 
deformation element. This setup was chosen to 
be able to vary each single parameter while 
avoiding variations of the other test parameters 
at the same time. The test parameters were 
varied stronger than allowed in regulatory use in 
order to determine possible dependencies 
between the parameters and the readings which 
were acceleration, bending angle and shear 
displacement. 
 
INTRODUCTION 

During the last years great progress was made in 
enhancing the pedestrian safety capabilities of 

passenger cars. To improve current and future 
vehicles even more it is necessary to have testing 
equipment which enables the engineers to assess 
improvements even in small steps. 
Therefore it is essential to know in detail about 
the performance of the testing equipment and the 
parameters that influences the performance. 
For this purpose PDB, BASt and Opel designed a 
series of tests to research the performance of the 
EEVC WG17 Lower Legform Impactor. The test 
series were split into two steps. In the first step 
the repeatability and the reproducibility were 
addressed. In the second step effects produced by 
the propulsion system, e.g. point of impact and 
deviations of the angular orientation as well as 
environmental influences, e.g. temperature and 
humidity were addressed.  
All tests had in common an inverse setup. That 
means that the legform in contrary to regular 
testing was attached to a fixture and was hit by a 
linear guided impactor. To simulate the impact 
on a bumper of a vehicle, the face of the 
impactor was equipped with an aluminum 
honeycomb deformable element. This setup was 
chosen to be able to precisely control the 
variation of the test parameters. Thus the effect 
on the performance of the legform could be 
evaluated in detail. 
The velocity at the time of impact was chosen 
according to the regulatory test procedure to 
achieve similar kinematics in order to avoid 
discrepancies due to dynamic effects. 
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TEST SETUP 

As mentioned in the introduction the test setup 
was inverse as shown in Figure 1. The legform 
was attached to a frame using a hook, that was 
designed such that the legform releases itself 
when it starts to move due to the impact 
(Figure 2). In that way the influence of the 
fixture on the kinematics of the legform could be 
considered negligible. 
The aluminum honeycomb had the dimension 
250mm x 160mm x 60mm and a compressive 
strength of 75psi. The impact surface was 
covered with a layer of paper to prevent the 
neoprene skin of the legform from being cut by 
the honeycomb.  
The impactor which was attached to a sled that 
runs on two tubes using linear ball bearings was 
accelerated by a hydraulic propulsion system. By 
using the guiding tubes the propulsion system 
did not affect the position and the orientation of 
the impactor. The Propulsion system was able to 
reproduce the speed within a close tolerance. 
 

 
Figure 1.  Propulsion system with linear 
guided impactor. 
 

 
Figure 2.  Support system for the legform with 
release spring (left) and position of impactor 
relative to point of impact (right). 
 
The chosen point of impact was the midpoint of 
the cavity in the ligaments and the upper edge of 
the honeycomb on the impactor (Figure 2). 
For this series of tests the ligaments, the foam 
and the honeycombs were taken from a single 

batch each to minimize the influence of a 
possible variation of the material properties. 
The determination of the influence of varying 
material properties on the performance of the 
legform could be an objective of a subsequent 
test series.  
 
PREPARATION AND CHECK OF THE 
LEGFORM IMPACTORS 

For the assessment of the repeatability and 
reproducibility as well as for the parameter study 
all legform individuals used for the tests were 
inspected regarding 
� no visible damages, 
� weight, 
� geometry, 
� center of gravity (femur, tibia, assembly), 
� passed static and dynamic certification test. 

 
The center of gravity was corrected when needed 
as far as possible by adjusting the position of the 
weight in the tibia section. 
This was done to ensure that the variation of the 
test results was not affected by readings of an 
impactor which could not be considered for 
regular testing due to failing a certification test 
or being out of the specification. 
Before starting with the inverse impacts all 
legforms were certified by performing the static 
and dynamic tests as specified in [2]. Each 
legform was assigned to an individual set of 
foam and ligaments. 
 
ASSESSMENT 

The assessment was performed by statistically 
evaluating the particular maxima of the 
measured data for the bending angle, the shear 
displacement and the tibia acceleration 
considering the mean value, the standard 
deviation, the absolute minimum and maximum, 
the minimum and maximum deviation from 
mean and the CV (coefficient of variation, i.e. 
standard deviation divided by the mean value in 
percent). For “acceptable” repeatability and 
reproducibility, respectively, the threshold of the 
CV is defined to be less than 5% [3]. Test 
equipment causing a CV higher than 5% is 
considered to be “not acceptable” for testing. 
 
TESTING 

The testing was split into two steps. In the first 
step six legforms were used to assess the 
repeatability and the reproducibility of the lower 
legform while keeping the test parameters as 
constant as possible. In the second step only one 
legform was used to assess the influence of the 
different test parameters that could vary when 
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performing regular tests on vehicles. The test 
parameters which are supposed to affect the test 
results were identified to be 
� the velocity at the time of impact, 
� the point of first contact with respect to the 

z-direction, 
� the orientation of the legform at the time of 

first contact, regarding pitch, roll and yaw 
angle, 

� the temperature of the foam and  
� the relative humidity of the foam. 

 
Repeatability and Reproducibility 

The tests for assessing the repeatability and the 
reproducibility of the legform were performed 
using six individuals. 
The test conditions were defined as follows: 
� impactor velocity – 11.1m/s, 
� point of impact – mid of ligaments, 
� temperature – 21°C±1°C, 
� rel. humidity – 30%-70% . 

 
The series contained a total of 76 tests. The tests 
were distributed to the legforms according to 
Table 1. 
 

Table 1. 
Number of tests with the individual legforms 

 
Legform # L1 L2 L3 L4 L5 L7 

Number of tests 10 10 15 10 15 16 

 
     Results – The first tests confirmed that the 
chosen setup was convenient to produce readings 
comparable to those obtained in tests with a 
vehicle. Figure 3 shows typical responses of the 
three sensors produced with the inverse setup for 
an impact velocity of 11.1m/s. 
 

 

Figure 3.  Typical readings of the legform 
sensors obtained with the inverse setup. 

The bar graphs in Figure 4 give an image of the 
individual means for the three measurement 
locations of the legform whereas the graph in 
Figure 5 displays the three CV’s for each 
legform. 
The results of the statistical evaluation for the 
assessment of the reproducibility are listed in 
Table 2. The CV values from Table 2 are 
pictured in Figure 6. 
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Figure 4.  Mean values of bending angle, shear 
displacement and tibia acceleration of the 
legforms. 
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Figure 5.  Coefficient of variation with respect 
to repeatability over all tests of each legform. 
 

Table 2. 
Results of the reproducibility study in 

engineering units (EU) and %. 
 

 
Bending 

angle 
Shear 
displ. Accel. 

Mean [EU] 15.47 5.76 150.64 

Standard deviation [EU] 0.58 0.26 3.98 

 [%] 3.76 4.50 2.64 

Minimum absolute [EU] 14.00 5.20 140.90 

Maximum absolute [EU] 16.70 6.30 159.90 

Max dev. from mean [EU] 1.47 0.56 9.74 

 [%] 9.47 9.70 6.47 

CV [%] 3.76 4.50 2.64 
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Figure 6.  Coefficient of variation with respect 
to reproducibility over all tests. 
 
     Analysis – The analysis of the means shows 
no significant behavior of one of the legforms 
which can be covered by the measurements even 
if the standard deviations of the individuals 
differ considerably. 
With regard to the mentioned CV threshold of 
5% for an acceptable repeatability all legforms 
fulfilled this criterion. In this context it is 
important to keep in mind that the test 
parameters had to be within narrower than the 
regulated corridors. It can be observed that the 
legforms differ with respect to their overall 
performance. The wider spread readings of 
legform #5 in comparison to the other five 
legforms could not be explained by the influence 
of test parameters that were outside the defined 
limits or setup failures. 
Looking at the three measures the tibia 
acceleration shows the best repeatability 
followed for the majority of the legforms by the 
shear displacement. The bending angle seems to 
be the least predictable measurement. 
The result of the data evaluation regarding 
reproducibility with CV’s below the threshold 
could be expected due to the fact that all 
individual CV’s were acceptable and the means 
didn’t differ that much. But it is also evident that 
deviations of almost ten percent from the overall 
mean are possible without any observable 
indication for the particular cause. 
 
Parameter study 

For a better understanding of the influence of the 
different test parameters on the performance of 
the legform this parameter study was conducted. 
The assessment was carried out using one single 
legform. 
If not intentionally varied the values for the fix 
parameters were set to the same values and the 
same limits, respectively, as in the repeatability 
and reproducibility test series. 
In detail the corridors for the variation of the test 
parameters were set as follows: 

� impactor velocity – ±0.5m/s from 11.1m/s 
(6 tests), 

� point of impact – ±5mm and ±10mm from 
mid of ligaments (6 tests each), 

� orientation – pitch, roll and yaw angle ±5° 
(6 tests each) 

� temperature – 16°C – 24°C (6 tests), 
� rel. humidity – 10% – 70% (12 tests), 
� time between subsequent tests – 0.5h, 1h, 2h, 

4h and 12h (16 tests). 
 
For the variation of the legform temperature and 
the relative humidity a climate chamber was 
used, that was capable to control both parameters 
at the same time. 
 
     Results – The following diagrams are the 
most significant from the complete matrix of 
results which contains the dependencies of the 
three measures from all the test parameters listed 
above. The dependencies were determined using 
a linear regression that was applied to the data. 
The data points are also shown as scatter plots to 
give an impression of their distribution. 
The Figures 7, 8 and 9 show the influence of the 
impact velocity on the tibia acceleration, the 
bending angle and the shear displacement. The 
dependency of the tibia acceleration from the 
temperature is shown in Figure 10, and the 
dependency of the bending angle from the point 
of impact in the z-direction in Figure 11. 
Table 3 summarizes the outcome for those 
parameters that were identified to have a 
considerable influence on the test results to be 
produced with the legform. The results are given 
as a gradient of the linear regression and as a 
percentage with respect to the threshold of the 
particular measurement. 
The results of a statistical evaluation are listed in 
Table 4. The values were calculated only for that 
subset of the data which was produced with the 
test parameters within the allowed corridors. To 
emphasize the CV values they are additionally 
depicted in the bar graph of Figure 12. 
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Figure 7.  Dependency of the tibia 
acceleration from the impact velocity. 
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Figure 8.  Dependency of the bending angle 
from the impact velocity. 
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Figure 9.  Dependency of the shear 
displacement from the impact velocity. 
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Figure 10.  Dependency of the tibia 
acceleration from the temperature. 
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Figure 11.  Dependency of the bending angle 
from the point of impact. 
 

Table 3. 
Dependency of the measurements from the 

test parameters. 
 

Test parameter 
Bending 

angle 
Shear 
displ. Accel. 

Threshold [1] 15° 6mm 150g 

Velocity  [EU/(m/s)] 2.47 0.77 22.30 

 [%/(m/s)] 16.47 12.83 14.87 

Temperature [EU/°C] 0.06 0.03 1.25 

 [%/°C] 0.38 0.43 0.83 

Point of impact [EU/mm] 0.14 0.03 0.03 

 [%/mm] 2.28 0.45 0.02 

 
Table 4. 

Evaluation of the repeatability based only on 
tests parameters within the allowed limits. 

 

 
Bending 

angle 
Shear 
displ. Accel. 

Mean [EU] 15.70 6.41 152.94 

Standard deviation [EU] 0.82 0,37 10.54 

 [%] 5.21 5.70 6.89 

Minimum absolute [EU] 14.00 5.70 129.00 

Maximum absolute EU] 17.1 7.10 174.70 

Max. dev. from mean [EU] 1.70 0.71 23.94 

 [%] 10.85 11.06 15.65 

CV [%] 5.21 5.70 6.89 
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Figure 12.  Coefficient of variation based only 
on tests parameters within the allowed limits. 
 
     Analysis – The comparison of all regressions 
showed that the impact velocity has the strongest 
effect on the performance of the legform. This 
influence could be expected and can be supposed 
to be even stronger for impacts on vehicles due 
to the quadratic dependency of the kinetic energy 
from the velocity. 
There are small influences of the temperature on 
the tibia acceleration and of the point of impact 
on the bending angle. The variations of the pitch, 
roll and yaw angle had no significant effect on 
the performance just like the relative humidity.  
The statistical evaluation of the data with respect 
to repeatability showed that the rating of the 
legform changed from “acceptable” to “not 
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acceptable” as a consequence of varying the test 
parameters over the full width of the allowed 
corridors. It can be assumed that the repeatability 
may be reduced even more, if there are 
coincident effects of more than one parameter 
which may lead to an increase or a decrease, 
respectively, of the measured signal due to a 
superposition of the effects. The latter should be 
the scenario occurring in the field. 
 
CONCLUSIONS 

The repeatability and reproducibility study 
showed that there are systematic differences 
between the examined legforms regarding the 
individual performance. There are no 
considerable differences in the mean 
amplitudes but in the variation of the 
readings. A detailed inspection of all 
legforms didn’t reveal any particular cause. 
According to the parameter study it is 
essential for testing with the legform to adjust 
first of all the impact velocity as close as 
possible to the nominal value in order to 
achieve a good repeatability. But also the sum 
of the minor influences can lead to an 
increase of the deviation.  
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ABSTRACT 
 
In the United States, passenger vehicle manufacturers 
have been working together, along with the U. S. 
government, to study wireless communications for 
vehicle safety applications. 
 
From 2002-4, seven automotive manufacturers—
BMW, DaimlerChrysler, Ford, GM, Nissan, Toyota, 
and VW— worked with the United States Department 
of Transportation (USDOT) to evaluate vehicle safety 
applications enabled or enhanced by communications. 
This project determined initial communication 
requirements for identified applications, performed 
some Dedicated Short Range Communications (DSRC) 
vehicle testing and helped develop the DSRC standards 
to support the requirements of safety applications.  The 
project identified eight scenarios as high-priority for 
further research based on their estimated potential 
safety benefits. Of these eight application scenarios, 
four involved vehicle-to-vehicle (V-V) 
communications and four involved communications 
between vehicles and the infrastructure. Three of the 
vehicle-infrastructure communication applications 
involved intersections. 
 
From 2005-6, BMW, DaimlerChrysler, Ford, GM, 
Nissan and Toyota worked together to develop and 
evaluate the Emergency Electronic Brake Light 
application (EEBL) as the first vehicle-to-vehicle 
cooperative active safety application in order to: 
 

o Develop concepts of operation, system and 
communication requirements 

o Establish a common V-V EEBL message set 
and demonstrate interoperability 

o Perform common engineering tests  
o Report to the industry on results 
o Guide future V-V safety applications 

development 
 
In 2006, DaimlerChrysler, Ford, GM, Honda and 
Toyota initiated two major vehicle safety 
communications projects with the USDOT.  The first 
project is developing and field testing a Cooperative 

Intersection Collision Avoidance System using 
infrastructure-to-vehicle communications to address 
intersection crashes that result from signal Violations 
(CICAS-V). The second project, Vehicle Safety 
Communications Applications (VSC-A), is developing 
a common vehicle safety communication architecture, 
protocols and messaging framework necessary to 
achieve interoperability among different vehicle 
manufacturers' applications and an analysis of potential 
benefits versus market penetration for vehicle safety 
communications applications. 
 
INTRODUCTION 
 
Vehicle communications, both between vehicles and 
between vehicles and the infrastructure, offer the 
possibility to significantly improve crash avoidance 
and crash mitigation systems.  Information could be 
exchanged over a wireless network that is difficult, if 
not impossible, to measure remotely with sensors such 
as radars, lidars or cameras.  In addition, the cost of a 
vehicle communication system (transceiver and GPS 
receiver) is significantly less than, for instance, an 
ACC radar, making it feasible to widely deploy such a 
system. 
 
DEDICATED SHORT RANGE 
COMMUNICATION (DSRC) 
 
FCC DSRC Frequency Allocation 
 
In the United States in 1997, ITS America petitioned 
the Federal Communications Commission to allocate 
seventy-five megahertz of spectrum in the 5.9 GHz 
band for ITS, in particular for DSRC. The following 
year, in 1998, Congress passed and the President 
signed into law the Transportation Equity Act for the 
21st Century ("TEA-21"), which directed the 
Commission, in consultation with the USDOT, to 
consider the spectrum needs “for the operation of 
intelligent transportation systems, including spectrum 
for the dedicated short-range vehicle-to-wayside 
wireless standard,” DSRC.  In October 1999, the 
Commission allocated the 5.9 GHz band for DSRC-
based ITS applications and adopted basic technical 
rules for DSRC operations. 
 
On December 17, 2003 the Commission adopted a 
Report and Order establishing licensing and service 
rules for the DSRC Service in the Intelligent 
Transportation Systems (ITS) Radio Service in the 
5.850-5.925 GHz band (5.9 GHz band).   Equipment in 
the DSRC Service comprises On-Board Units (OBUs) 
and Roadside Units (RSUs). An OBU is a transceiver 
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that is normally mounted in or on a vehicle, or in some 
instances may be a portable unit.  An RSU is a 
transceiver that is mounted along a road or pedestrian 
passageway. An RSU may also be mounted on a 
vehicle or hand carried, but it may only operate when 
the vehicle or hand-carried unit is stationary. An RSU 
broadcasts data to OBUs or exchanges data with OBUs 
in its communications zone.1 
 
The ASTM DSRC Standard 
 
Subsequent to the Commission’s allocation of the 5.9 
GHz band to the mobile service for use by DSRC 
systems, ITS America began to hold stakeholder 
workshops, panel discussions, and other industry 
meetings to develop a consensus on how to achieve 
national interoperability in the deployment of DSRC-
based ITS user services.  The Federal Highway 
Administration (FHWA), an agency of the USDOT, 
entered into a cooperative agreement with the 
American Society for Testing and Materials (ASTM) to 
develop a national, interoperable standard for DSRC 
equipment operating in the 5.9 GHz band. 
 
On August 24, 2001, the Standards Writing Group 
selected a version of the Institute of Electrical and 
Electronic Engineers, Inc.’s (IEEE) 802.11 and 
802.11a standard as the preferred technology to 
provide national interoperability for DSRC operations.  
IEEE 802.11, the Wi-Fi standard, denotes a set of 
Wireless LAN/WLAN standards developed by working 
group 11 of the IEEE LAN/MAN Standards 
Committee.  IEEE 802.11p was adopted as the 
specification for the lower-layer DSRC standard, 
specifically for the Medium Access Control (MAC) 
and Physical Layer (PHY). 
 

Band Plan 
 
The Commission also decided that “some 
channelization of the DSRC spectrum may be essential 
to promote spectrum efficiency and to facilitate 
interoperability.”1  The DSRC spectrum was divided 
into 8 channels – one 5 MHz channel kept in reserve 
and 7 10MHz channels, channels 172, 174, 176, 178, 
180, 182 and 184.  In addition, channels 174 and 176 
and also channels 180 and 182 may be aggregated into 
20 MHz channels, designated as Channels 175 and 181 
respectively.  The ASTM-DSRC standard allows for a 
10 MHz channel to support a data exchange rate of 27 
Mbps and a 20 MHz channel to support a data 
exchange rate of 54 Mbps.  In the center of the band, 
channel 178 was designated the "control channel".  The 
basic concept is that a Road- Side Unit announces to 
OBUs 10 times per second the applications it supports 

on which channel.  The On-Board Unit listens on 
Channel 178, authenticates the RSU digital signature, 
executes safety applications first, then switches 
channels and executes non-safety applications, then 
returns to Channel 178 and listens. 
 

DSRC Operates at 5.9GHZ

Unlicensed UNII-WiFi WiMax DSRC

172 174 176 178 180 182 184

5.470 5.825 5.850 5.925

5.855 5.865 5.925

Optional 20 MHz

HALL*

Control

Optional 20 MHz

*High Availability and Low Latency

Frequency - GHz

 
Figure 1.  The DSRC band plan 
 
Further, in a Memorandum Opinion and Order adopted 
on July 20, 20062, the Commission designated Channel 
172 (frequencies 5.855-5.865 GHz) exclusively for 
vehicle-to-vehicle safety communications for accident 
avoidance and mitigation, and safety of life and 
property applications, and designated Channel 184 
(frequencies 5.915-5.925 GHz) exclusively for high-
power, longer distance communications to be used for 
public safety applications involving safety of life and 
property, including road intersection collision 
mitigation. The Commission recognized that vehicle-
to-vehicle collision avoidance and mitigation 
applications are exceptionally time-sensitive and 
should not be conducted on potentially congested 
channels.  By dedicating Channel 172 for public safety 
applications, the Commission significantly reduced the 
potential for interference that would otherwise be 
expected were the channel shared with non-public 
safety applications. 
 
CRASH AVOIDANCE METRICS PARTNERSHIP  
 
The Role of CAMP 
 
In 1995, Ford Motor Company and General Motors 
Corporation formed the Crash Avoidance Metrics 
Partnership (CAMP).  The goal of CAMP is to 
accelerate the deployment of Active Safety features in 
the United States by developing the pre-competitive 
enabling elements.  CAMP is a mechanism for OEMs 
to work together, along with the US DOT and 
suppliers, on specific research projects.  Since 1995, 
CAMP consortia have successfully completed projects 
on Forward Collision Warning Human Factors (Ford 
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and GM), Driver Workload Metrics (Ford, GM, Nissan 
and Toyota) and Enhanced Digital Maps (DCX, Ford, 
GM, Toyota and Navteq) as well as several initiatives 
involving vehicle to vehicle / infrastructure 
communications to be discussed below. 
 
The VSC Project 
 
In 2002, the Vehicle Safety Communications (VSC) 
project was established using the CAMP mechanism to 
evaluate vehicle safety applications enabled or 
enhanced by communications. Seven automotive 
manufacturers—BMW, DaimlerChrysler, Ford, GM, 
Nissan, Toyota, and VW—formed the VSC 
Consortium (VSCC) to participate in this project with 
the USDOT. The following questions illustrate the 
focus and organization of the VSC project: 
• What vehicle safety applications have the potential 

to be enabled or enhanced using external vehicle 
communications? 

• Which communication-based vehicle safety 
applications have the highest potential safety 
benefits? 

• What are the preliminary communication 
requirements for communications-based vehicle 
safety applications? 

• Does initial testing confirm the technical 
feasibility of using DSRC for vehicle-safety 
applications? 

• What are the elements of a security system for 
vehicle safety communications? 

 
     What Vehicle Safety Applications Have The 
Potential To Be Improved Or Made Possible With 
External Vehicle Communications? - The VSC 
project compiled and evaluated a comprehensive list of 
potential vehicle safety applications. This list 
represented the best efforts of the participants at the 
time of publication. It does not contain all vehicle 
safety applications (due to similarity) but does contain, 
at a minimum, examples and brief descriptions of 
representative safety applications. More than 75 
applications were identified and analyzed resulting in 
34 potential safety and 11 non-safety application 
descriptions. Details of this study are presented in the 
VSC project Task 3 Final Report3. It is likely that 
additional vehicle safety applications enabled or 
enhanced by wireless communications will be 
identified in the future, as advances in wireless 
technology become available. 

Table 1. 

 Safety-Related Vehicle Communication Applications3 

Category Application 
Intersection Collision 
Avoidance 

Traffic Signal Violation Warning 
Stop Sign Violation Warning 
Left Turn Assistant 
Stop Sign Movement Assistant 
Intersection Collision Warning 
Blind Merge Warning 
Pedestrian Crossing Information Warning 

Public Safety Approaching Emergency Vehicle Warning 
Emergency Vehicle Signal Preemption 
SOS Services 
Post-Crash Warning 

Sign Extension In-Vehicle Signage Warning 
Curve Speed Warning 
Low Parking Structure Warning 
Wrong Way Driver Warning 
Low Bridge Warning 
Work Zone Warning 
In-Vehicle Amber Alert Warning 

Information from Other 
Vehicles 

Cooperative Forward Collision Warning 
Road Condition Warning 
Emergency Electronic Brake Lights 
Lane Change Warning  
Blind Spot Warning 
Highway Merge Assistant 
Visibility Enhancer 
Cooperative Collision Warning 
Cooperative Vehicle-Highway Automation 
System (Platoon) 
Cooperative Adaptive Cruise Control 
Road Condition Warning 
Pre-Crash Sensing 
Highway/Railroad Collision Warning 
Vehicle-to-Vehicle Road Feature 
Notification 
Cooperative Glare Reduction 
Adaptive Headlamp Aiming 

 
     Which Communications-Based Safety 
Applications Have The Highest Potential Safety 
Benefits? - For each vehicle safety application 
scenario, initial estimates of potential safety benefits 
were derived. These estimates were based on the 
accident analysis from the General Motors 44 Crashes 
report.4 The VSC project team and the US DOT 
defined a set of analysis categories by which the 
potential safety benefits of application scenarios could 
be compared. The team used a methodology for 
analysis and ranking that included consideration of: 
 
• Estimated Deployment Time Frame  

Near-term application systems were considered to 
be potentially deployable in the U.S. market 
between the years 2007 and 2011; mid-term 
applications deployable between 2012 and 2016; 
and long-term applications deployable beyond 
2016. 

 
• Estimated Effectiveness   

Defines the effectiveness of an application in 
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terms of the reduction of three crash-related 
factors: (i) functional years lost (number of years 
lost to fatal injury plus years lost of functional 
capacity to nonfatal injury), (ii) vehicles crashed 
(number of vehicles involved in various crash 
types in the U.S.), and (iii) direct costs (dollar 
expenditures related to the damage and injury 
caused by a crash),. 

 
• Estimated Market Penetration  

Estimates the number of light-duty vehicles in the 
U.S. market that would be equipped with each 
vehicle safety application in each year after initial 
deployment. 

 
• Estimated Cooperation from Infrastructure and/or 

Other Vehicles  
Estimates the probability of securing infrastructure 
cooperation and/or other vehicle cooperation. 
Cooperation required by the applications is in the 
form of relevant safety-related data exchange 
using infrastructure-to/from-vehicle 
communication and vehicle-to-vehicle 
communication. 

 
For each application system, the VSC team used 
engineering judgment in estimating the application 
ranking attributes. The methodology used to estimate 
of the safety benefits and the relative ranking of the 
application scenarios is presented in the VSC project 
Task 3 Report3 
 
The safety applications enabled or enhanced by 
communications that were estimated to have the 
greatest potential safety opportunity in each time 
period are listed in Table 2. 
 

Table 2. 
Vehicle Safety Communications Applications with Highest 

Potential Benefit3 
 

Near-term Mid-term Long-Term 
Traffic Signal 
Violation Warning 
(V-I) 

Pre-Crash 
Sensing (V-V) 

Cooperative 
Collision 
Warning (V-V) 

Curve Speed 
Warning (V-I) 

Cooperative 
Forward 
Collision 
Warning (V-V) 
Left Turn 
Assistant (V-I) 
Lane Change 
Warning (V-V) 

Emergency 
Electronic Brake 
Lights (V-V) 

Stop Sign 
Movement 
Assistance (V-I) 

Intersection 
Collision 
Warning (V-I) 

 

V-I denotes communication required between vehicles 
and the infrastructure and V-V indicates 
communication between equipped vehicles is required. 
 
This analysis was completed based on the assumptions 
available in late 2002 and early 2003.  Subsequently, 
there has been considerable effort in the United States 
on Vehicle Infrastructure Integration (VII), which 
would significantly affect the estimates for cooperative 
infrastructure and vehicle deployment.  VII will be 
discussed later. 
 
     What Are The Communication Requirements 
For Communications-Based Vehicle Safety 
Applications? - The eight near-term and mid-term 
safety applications enabled or enhanced by 
communications that were estimated to have the 
greatest safety opportunity were evaluated to establish 
preliminary communication requirements.5  The 
proposed operational characteristics and preliminary 
communication requirements for the eight vehicle 
safety applications were described in terms of the 
following parameters: 
 
Type of Communication: Considers the (i) source-
destination of the transmission (infrastructure-to-
vehicle, vehicle-to-infrastructure, or vehicle-to-vehicle 
communications), (ii) direction of the transmission 
(one-way or two-way), and (iii) source-reception of the 
communication (point-to-point or point-to-multipoint).  
 
Transmission Mode: Describes whether the 
transmission is triggered by an event (event-driven) or 
sent automatically at regular intervals (periodic). 
 
Update Rate: Defines the minimum rate at which a 
transmission should be repeated (e.g., 1 Hz). 
 
Allowable Latency: Defines the maximum duration of 
time allowable between when information is available 
for transmission and when it is received 
(e.g., 100 msec). 
 
Data to be Transmitted and/or Received: Describes the 
contents of the communication (e.g., vehicle location, 
speed, heading, etc.).  
 
Maximum Required Range of Communication: Defines 
the communication distance between two units that is 
required to effectively support a particular application 
(e.g., 100 m). 
 
The results of this analysis are shown in Table 3. 
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Table 3. 

Preliminary Application Communication Scenario Requirements3 

 Comm. Type 
 

Trans. 
Mode 

Min. 
Freq 
(Hz) 

Latency 
(msec) 

Primary data to be transmitted and/or received Max. Req'd 
Comm 

Range (m) 
Traffic Signal 
Violation 
Warning 

Infrastructure-to-
vehicle 
 
One-way  
 
Point-to-
multipoint  

Periodic ~10 ~100 Traffic signal status 
 
Timing 
 
Directionality 
 
Position of the traffic 
signal 

Stopping location 
 
Weather 
condition  
(if available) 
 
Road surface type 

~250 

Curve Speed 
Warning 

Infrastructure-to-
vehicle 
 
One-way  
 
Point-to-
multipoint  

Periodic ~1 ~1000 Curve location 
 
Curve speed limits 
 
Curvature 

Bank 
 
Road surface 
condition 

~200 

Emergency 
Electronic 
Brake Lights 

Vehicle-to vehicle 
 
One-way  
 
Point-to-
multipoint  

Event-
driven 

~10 ~100 Position 
 
Heading 
 
Velocity 
 
Deceleration 

Bank 
 
Road surface 
condition 

~300 

Pre-Crash 
Sensing 

Vehicle-to-vehicle 
 
Two-way  
 
Point-to-point  

Event-
driven 

~50 ~20 Vehicle type 
 
Position 
 
Velocity 

Acceleration 
 
Heading 
 
Yaw-rate 

~50 

Cooperative 
Forward 
Collision 
Warning 

Vehicle-to-vehicle 
 
One-way  
 
Point-to-
multipoint  

Periodic 
 

~10 ~100 Position 
 
Velocity 
 
Acceleration 

Heading 
 
Yaw-rate 

~150 

Left Turn 
Assistant 

Vehicle-to-
infrastructure and 
infrastructure-to-
vehicle 
 
One-way 
 
Point-to-
multipoint  

Periodic ~10 ~100 Traffic signal status 
 
Timing 
 
Directionality;  
 
Road shape and 
intersection information;  

Vehicle position 
 
Velocity 
 
Heading 

~300 

Lane Change 
Warning 

Vehicle-to-vehicle 
 
One-way  
 
Point-to-
multipoint  

Periodic ~10 ~100 Position 
 
Heading 
 
Velocity 
 

Acceleration 
 
Turn signal status 

~150 

Stop Sign 
Movement 
Assistance 

Vehicle-to-
infrastructure and 
infrastructure-to-
vehicle 
 
One-way  
 
Point-to-
multipoint  

Periodic ~10 ~100 Vehicle position 
 
Velocity 
 
Heading;  

Warning  
 
Turn signal status 

~300 
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This preliminary analysis showed that: 
 

• Message packet size is small, approximately 
200 to 500 bytes (all 8 scenarios), not 
including the security overhead, which is 
approximately 200 bytes. 

• Maximum required range of 
communications is short, about 50 to 
300 meters (all 8 scenarios) 

• Most applications are one-way, point-to-
multipoint broadcast messages (7 of 8 
scenarios) 

• One application is two-way, point-to-point 
messages (pre-crash) 

• Most applications can utilize periodic 
transmissions (6 or 7 of 8 scenarios) 

• Most applications have allowable latency of 
100 milliseconds (6 of 8 scenarios) 

• One application has an allowable latency of 
20 milliseconds (pre-crash) 

 
It was therefore identified that a periodic common 
message broadcast at 10 Hz would enable most 
applications identified (both vehicle-to-vehicle and 
vehicle-to-infrastructure), and that the pre-crash 
sensing application has unique requirements.  The 
contents of the preliminary common periodic  
message were elements such as latitude, longitude, 
time, heading angle, speed, lateral acceleration, 
longitudinal acceleration, yaw rate, throttle position, 
brake status, steering angle, headlight status, turn 
signal status and vehicle length/width.  These 
preliminary communications requirements will need 
further refinement as prototype vehicle safety 
applications are developed and the need for 
bandwidth conservation (if any) becomes apparent. 
 
Comparison of Alternative Wireless Communication 
Technologies: A wide variety of wireless 
communications technologies were examined for 
their ability to meet these communication 
requirements.  These technologies included 5.9 GHz 
DSRC, 2.5-3G PCS and Digital Cellular, Bluetooth, 
Digital Television (DTV), High Altitude Platforms, 
IEEE 802.11 Wireless LAN, Nationwide Differential 
Global Positioning System (NDGPS), Radar, Remote 
Keyless Entry (RKE), Satellite Digital Audio Radio 
Systems (SDARS), Terrestrial Digital Radio, Two-
Way Satellite and Ultra-wideband (UWB).  It was 
concluded that DSRC is the only technology at this 
time that meets all of the application requirements, 
especially the ability to support low-latency wireless 
data communications between vehicles and between 
vehicles and infrastructure.  This was primarily due 
to the short range nature of the communications - a 

few hundred meters supports most safety applications 
while not overloading the spectrum with messages 
from vehicles and infrastructure. 

     
 
Does preliminary testing confirm the technical 
feasibility of using DSRC for vehicle-safety 
applications? - To answer this, both Field Testing 
and Evaluation and Simulation Testing and 
Evaluation were performed.5 
 
Field Testing and Evaluation 
 
The VSC project assessed the DSRC characteristics 
relevant to potential safety applications in real-world 
environments through field testing on test tracks and 
public roadways, using both vehicle-vehicle and 
vehicle-infrastructure wireless data transfer.  The 
anticipated communications parameters for two 
potential vehicle-safety application scenarios were 
tested in detail: Traffic Signal Violation Warning and 
Emergency Electronic Brake Lights.  The 
communication equipment used for this testing was 
developed by Denso.6 
 
Testing focused on: 
• Collecting and analyzing data in real-world 

intersection environments to determine 
communications characteristics. 

• Vehicle-to-vehicle testing using test track and 
public roadway environments to send actual 
common message set data between vehicles. 

 
Intersection Testing 
 
At intersections, testing focused on the capability of a 
DSRC on-board unit (OBU) to receive packets sent 
from a dedicated roadside unit (RSU) stationed near 
an intersection.  A key issue investigated was the 
degree to which a test vehicle could move through 
different types of intersections while maintaining 
communications with the RSU when variables such 
as buildings, terrain, roadway geometry and traffic 
conditions were presented.  The findings from tests 
conducted at a representative intersection 
demonstrated an 85% successful transmission ratio 
while the test vehicle was approaching the RSU from 
250 m, and a 99% success ratio while approaching 
from 100 m. The results were derived with an 
inverted OBU roof-mount antenna serving as the 
RSU antenna (clearly not optimized for RSU 
conditions), and with the antenna situated at a less-
than-optimal position (intersection corner, 10 feet 
high above the ground).   
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Figure 2 shows the signal phase (red, yellow or 
green) as broadcast by an RSU interfaced to a 
synchronized signal controller and received by an 
OBU traveling through the intersection.  For a safety 
application such as Traffic Signal Violation Warning, 
no major communications issues were uncovered in 
testing that conflicted with the preliminary 
requirements.  These results show that the  
 

1818

Orchard Lake & Ten Mile Road Intersection:
Signal State & Timing Reception

Demonstrated 
end-to-end 
connectivity 
between traffic 
signal controller 
and vehicle (via a 
synchronized 
unit)

Eastbound run

 
Figure 2.   Signal phase broadcast from an RSU 
and received by an OBU 
 
test equipment used, which is representative of the 
currently approved lower layer DSRC standard, can 
support communications for application scenarios 
like Traffic Signal Violation Warning. 
 
Vehicle Data Exchange 

For message sizes of 200 bytes, results showed 100% 
reception and no packet loss between two vehicles up 
to ranges that exceed 200 m in a vehicle following 
scenario, and ranges exceeding 600 m in both 
directions of travel. Reducing the transmit power 
from 20 dBm to 5 dBm reduced the maximum range 
to approximately 250 m in both directions of travel. 
Increasing the data rate from 6 Mbps to 27 Mbps 
resulted in higher packet losses and a reduction in 
communication range. Testing was conducted on an 
interstate freeway and a state highway. Seven test 
vehicles formed a caravan with information shared 
among all. In general, the results showed that in a 
freeway environment, there was communication 
between vehicles to 180 m range with transmission 
power of 20 dBm. In a freeway ramp environment, 
there was communication between vehicles to a 100-
meter range with a reduced transmit power of 
16 dBm.  It should be noted that none of the test 
scenarios used the maximum transmit power allowed 
by the FCC. Based on the vehicle-to-vehicle testing, 
the performance of DSRC appears adequate for 
future vehicle-safety application development. 

 

Simulation Testing and Evaluation 

In order to study channel loading issues, VSCC 
simulated and evaluated DSRC performance in an 
urban intersection environment densely populated 
with DSRC-equipped vehicles and infrastructure. 
This was done to assess simulation test scenarios of 
high volume, signalized intersections. A simulation 
test environment was configured, containing both a 
high traffic volume intersection with a freeway 
nearby. Both environments were filled with dense 
vehicle traffic. Great care was taken so that both the 
environment and the vehicle traffic patterns reflected 
realistic, though stressing conditions. 
 
The simulation testing completed during the VSC 
project indicated a requirement for a dedicated high-
availability, low-latency channel for latency-critical 
safety applications. The simulation testing also 
showed that emergency message prioritization 
consistently improved the reception probability over 
routine messages by 5% to 40%, and reduced the 
safety communications latency across a wide range of 
simulation scenarios. The simulation results further 
illustrated that channel capacity is an issue that will 
need to be adequately addressed for large-scale 
deployment in stressing traffic environments.  The 
FCC subsequently allocated DSRC Channel 172 as 
the high-availability, low-latency channel for 
collision avoidance systems. 
 
     What are the elements of a security system for 
vehicle safety communications? - Security is an 
important consideration for DSRC vehicle safety 
applications. For the system to be secure, the 
applications must be able to trust that the 
communication has been received unaltered and from 
a trusted source. In addition, the communication 
should be anonymous, at least to passive listeners. It 
should require a low amount of computational and 
communications overhead and be robust in the event 
of individual units being compromised.  After 
preparing a threat model, the following defense was 
proposed: 
 
• All on-board units (OBUs) and roadside units 

(RSUs) are issued certificates (OBUs are issued 
multiple) in a special, compact format.  

• The certificates for RSUs contain authorization 
information such as the area in which the unit is 
permitted to operate and the type of information 
it is allowed to broadcast.  

• OBU certificates do not contain the permanent 
vehicle-identity information.  
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• All messages are digitally signed. Any units 
suspected of being compromised are put on a 
revocation list that is flooded to all other units. 

 
However, this security solution would come at a 
price.  Each message transmitted would include 
significant overhead, and the message signatures 
would take time to process once they are received. 
Management of a public key infrastructure for RSUs 
would be necessary, according to the proposed 
scheme. In addition, there are piece costs, 
administrative costs, maintenance costs, and 
enforcement costs.  Current efforts regarding DSRC 
security are being conducted in the VII program and 
the VSC-A project, discussed below. 
 
THE EMERGENCY ELECTRONIC BRAKE 
LIGHTS PROJECT 
 
During 2005 and 2006, six of the VSCC members 
(BMW, DCX, Ford, GM, Nissan and Toyota) 
decided to build and evaluate a safety application 
based on communications.  The application chosen 
was Emergency Electronic Brake Lights (EEBL) 
because this is a near-term, vehicle-to-vehicle (V2V) 
application.  The goal was to gain experience with 
the message protocol (when to send a message) and 
message content (necessary information in a 
message) required to successfully implement such an 
application.  Three message protocols were 
implemented for evaluation – a periodic (10 Hz 
message), based on the "Common Message", an 
event-based message when hard-braking occurred 
and a "hybrid protocol" which used a combination of 
a lower-frequency periodic message with an event-
based message.  
 
A key to the successful implementation of an 
application of this type is path prediction – the ability 
to determine if the transmitting vehicle is in the path 
of the receiving vehicle.  This is similar to the path 
prediction necessary for features such as Adaptive 
Cruise Control (ACC).  However, because of the 
communication link between the vehicles, 
information can be added to the message which 
greatly facilitates this path prediction.  Specifically, 
the last ten GPS positions, at 1 sec intervals, called  
"breadcrumbs", were added to the transmitted 
message for evaluation, as shown in Figure 3. 
 
The OEMs involved in this project successfully 
developed and implemented an EEBL application as 
the first V2V communication-based safety 
application and demonstrated interoperability of the 
application between the vehicles of all the OEMs.  
All of the concepts of operation were implemented 

and resulted in correct warnings. Message sets for the 
three concepts of operation were defined.  The 
systems implementation and the warning algorithm 
were OEM-specific but interoperability was 
established on the basis of the message set.  As seen 
in Figure 4, the EEBL warning was received by the 
fourth (Ford) vehicle about 4 sec before that vehicle 
would have otherwise began braking in response to 
the hard braking of the lead (Toyota 2) vehicle.  The 
experience gained in developing EEBL will be 
utilized in the VSC-A project (discussed later), where 
the final recommendations on message protocol and 
message content will be reached.  In addition, the 
information from this project was transferred to the 
SAE for use in the development of the DSRC 
Message Set Dictionary (J2735). 
 
CURRENT ACTIVITIES 
 
In the United States, there are major activities 
underway related to communications-based vehicle 
safety applications. 
 
Vehicle Infrastructure Initiative (VII) 

The VII vision is that every car manufactured in the 
U.S. would be equipped with a communications 
device and a GPS unit so that data could be 
exchanged between vehicles and with a nationwide, 
instrumented roadway system. Realization of this 
vision could mean a significant reduction in highway 
fatalities, while at the same time offering dramatic 
improvements in transportation efficiency and 
mobility.  Besides safety applications, such a system 
would enable features such as probe vehicle data, 
weather/road surface data, traveler information, 
electronic tolls, electronic payment, auto 
manufacturers' customer relations, etc.  The US DOT,  
vehicle manufacturers, state and local DOTs and 
suppliers are developing the VII system. Proof-of-
Concept testing is scheduled for 2007 and a 
deployment decision is scheduled for 2008.7 
 
The Vehicle Safety Communications 2 Consortium 
(VSC 2) formed using the CAMP mechanism in 2006 
to develop and test the VII safety applications.  The 
five OEMs involved in this consortium (DCX, Ford, 
GM, Honda and Toyota) are engaged in two major 
projects, CICAS-V and VSC-A, in coordination with 
the rest of the VII Program. 
 
CICAS 

The Cooperative Intersection Collision Avoidance 
System (CICAS) program is a major government-  
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 Figure 3. Vehicle path history sent over the communications link. 
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Figure 4.  EEBL Test Results 
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industry initiative in the United States to develop and 
deploy a cooperative vehicle-infrastructure system to  
improve intersection safety.  There are three 
operational concepts for CICAS being researched:  

• CICAS-Violation (CICAS-V): a system that 
warns the driver via an in-vehicle device 
when it appears likely that the driver will 
violate a traffic signal or stop sign. 

• CICAS-Stop Sign Assist (CICAS-SSA): a 
system that uses a Dynamic Message Sign to 
tell drivers on the minor road when it is 
unsafe to enter the intersection due to 
insufficient gaps in traffic on the main road.  

• CICAS-Signalized Left Turn Assist 
(CICAS-SLTA): a system that uses a 
Dynamic Message Sign or an in-vehicle sign 
to tell drivers when it is unsafe to make an 
unprotected left turn at a signalized 
intersection.  

The CICAS-V system is being developed by the VSC 
2 Consortium, and the primary objective is to develop 
an effective prototype that is suitable for deployment. 
The CICAS-SSA project is being conducted under a 
partnership agreement with Minnesota DOT and its 
research partner, University of Minnesota. CICAS-
SLTA is being conducted under a partnership 
agreement with California DOT and its research 
partner University of California Partners for 
Advanced Transit and Highways (PATH) Program. 
The primary objectives of these last two projects are 
to develop system designs for prototyping and field 
operational testing. 
 
CICAS-V 
 
CICAS-V is a warning system to reduce crashes at 
intersections resulting from unintended violations of 
traffic control devices (i.e., traffic signals and stop 
signs).  The CICAS-V system is intended to mitigate 
potential causal factors that include driver distraction, 
obstructed/limited visibility due to weather or 
intersection geometry or other vehicles, the presence 
of a new control device not previously known to the 
driver and driver judgment errors. 
 
The basic CICAS-V concept is that both the vehicle 
and the intersection would be equipped with DSRC 
radios.  As the vehicle approaches, for example a 
signalized intersection, it would be informed that the 
intersection is CICAS-V equipped and that a map of 
the intersection is available on a service channel, 
along with positioning corrections and possibly road 
surface condition.  After receiving this information, 

the vehicle would then download the map (if 
necessary) and position itself on this map, at the lane-
level if necessary for complex intersections.  Then 
the vehicle would receive information on signal 
phase (red, yellow or green) and, if yellow, the 
timing until the red phase.  Based on this information, 
the vehicle would issue a warning to the driver, if 
necessary, and possibly send a message to the 
intersection of an impending violation.  The 
intersection could potentially use that information for 
a countermeasure, such as warning other approaching 
vehicles or going to an all-red phase until the violator 
has cleared. 
 

Infrastructure to Vehicle

Vehicle to Infrastructure

Cooperative Violation Countermeasure Scenario

•DSRC

•Safety Processor

•GPS

•Vehicle Sensors

•Driver Vehicle

Interface DVI

Roadside Unit

•DSRC

•Processor

•DGPS

•Intersection Map

�Geometric Map

�Signal Controller Info

�Differential Correction

�Road Surface Conditions

�Alert Issued

�Dynamic Info

Signal timing

adjustments

Vehicle System

 
 
Figure 5. CICAS-V Communications 
 
The CICAS-V project started in May, 2006.  The first 
phase, which will last for two years, will develop and 
test a prototype design suitable for a Field 
Operational Test (FOT).  Then, a second FOT phase 
is planned, with approximately nine months of data 
collection with naive drivers using fifty equipped 
vehicles and 25 equipped intersections.  The 
collected data would be used to study safety benefits, 
unintended consequences and driver acceptance. 
 
Vehicle Safety Communications – Applications (VSC-
A) 

In December, 2006, the VSC2 Consortium (DCX, 
Ford, GM, Honda and Toyota) also initiated the 
three-year VSC-A project with the US DOT.  This 
project builds upon the previous work done in the 
first CAMP VSC project as well as previous NHTSA 
Active Safety projects.  The scope of this project 
includes all safety applications that use 
communications, except for the intersection safety 
applications addressed in CICAS.  The objectives of 
this project are to: 
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1. Assess how previously identified critical safety 
scenarios in autonomous systems could be 
addressed and improved by DSRC+Positioning 
systems. 

2. Define a set of DSRC+Positioning based vehicle 
safety applications and application specifications 
including minimum system performance 
requirements. 

3. In coordination with NHTSA and VOLPE, 
develop a benefits versus market penetration 
analysis, and potential deployment models for a 
selected set of communication-based vehicle 
safety systems. 

4. Develop a scalable, common vehicle safety 
communication architecture, protocols and 
messaging framework (interfaces) necessary to 
achieve interoperability and cohesiveness among 
different vehicle manufacturers.  

5. Develop accurate and affordable vehicle 
positioning technology needed, in conjunction 
with the 5.9 GHz DSRC, to support most of the 
safety applications with high potential benefits. 

6. Develop a feasible and deployable security 
solution for vehicle-to-vehicle safety 
communications. 

7. Develop and verify set of objective test 
procedures for the vehicle safety 
communications applications. 

 
Therefore, this project will complete the pre-
competitive analyses necessary to support 
deployment of this technology. 
 

 
 
Figure 6.  Possible Deployment of DSRC into the 
Vehicle Fleet 
 
Figure 68, developed by the US DOT, shows the 
number and percentage of equipped vehicles in the 
United States, based on the deployment assumptions 
being discussed in the VII program.  Of course, the 
effectiveness of vehicle-to-vehicle safety systems is 

proportional to the probability of an equipped vehicle 
being in conflict with another equipped vehicle when 
a critical event occurs.  Other possible deployment 
models will be explored in the VSC-A project. 
 
CONCLUSION  
 
Vehicle communications have the possibility to 
transform automotive safety, enabling widespread 
deployment of effective Active Safety features.  The 
results from the initial research in the United States 
are very encouraging.  Work is now underway that 
will resolve the key pre-competitive issues needed for 
deployment, both for vehicle-to-infrastructure and 
vehicle-to-vehicle safety applications.  In addition, 
deployment models are under investigation, both 
within the VII and VSC-A projects.   
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ABSTRACT  

This paper addresses the question: What are the 
economic and non-economic consequences associated 
with crashes at intersections in the United States?  The 
paper estimates the magnitude of the safety problem 
that may be mitigated by reducing violations of traffic 
signals and stop signs using communication 
technologies to convey information between the 
infrastructure and vehicles.  The work reported in this 
paper is part of the U.S. Department of 
Transportation’s (USDOT) Cooperative Intersection 
Collision Avoidance Systems (CICAS) program. 
 
A methodology for estimating target populations 
associated with intersection-area crashes is presented 
and illustrated through its application to CICAS 
program areas.  Using a combination of National 
Highway Traffic Safety Administration (NHTSA) 
crash databases, estimated counts were created and 
valued using established unit comprehensive cost 
values.  The total annual comprehensive cost for 
police-reported crashes was estimated to be $300 
Billion in year 2000 dollars, while comprehensive costs 
for the crashes in intersection areas was estimated to be 
$97 Billion annually.  Comprehensive costs are broken 
down further to provide estimates for each of the 
CICAS programs.  A full report containing additional 
details is forthcoming. 

OBJECTIVE  

Discussion of USDOT ITS program and CICAS  

Through the Cooperative Intersection Collision 
Avoidance Systems initiative, the USDOT is working 
in partnership with the automotive manufacturers and 
State and local departments of transportation to pursue 
an optimized combination of autonomous-vehicle, 

autonomous-infrastructure and cooperative 
communication systems that potentially address the full 
set of intersection crash problems (USDOT, 2006).  
CICAS includes three programs that target improving 
major problem areas in intersection safety.  CICAS-V 
(Violation) attempts to reduce crashes associated with 
failure to obey traffic signals and stop signs.  CICAS-
SLTA (Signalized Left Turn Assist) attempts to assist 
drivers making left turns across oncoming traffic at 
traffic signals.  CICAS-SSA (Stop Sign Assist) 
attempts to help drivers waiting at stop signs to safely 
navigate through cross traffic. 

Development of Comprehensive Costs for CICAS-V 
related crashes 

In support of CICAS development, there is the need to 
estimate the size and nature of crash populations 
potentially targeted by CICAS–V deployment.  One of 
the initial activities associated with this effort is the 
estimation of the comprehensive costs associated with 
crashes within the broadest CICAS target population, 
crashes at intersections.   

DISCUSSION OF COMPREHENSIVE COSTS 

This paper documents the process and results from 
applying comprehensive cost estimates from the 
NHTSA report, Economic Impact of Motor Vehicle 
Crashes, 2000, “EI”, (Blincoe, et al., 2002) in 
conjunction with crash statistics extracted from several 
NHTSA crash databases. 

Definition of Comprehensive Costs 

Two types of costs are presented in the NHTSA EI 
report – “Economic” costs and “Comprehensive” costs. 
The total economic cost associated with all motor 
vehicle crashes was reported as $230 Billion in year 
2000 dollars.  The analysis presented in this report 
focuses on the comprehensive costs which are not 
directly comparable to the NHTSA-reported $230 
Billion economic cost value.  Comprehensive costs 
include additional dollar values for other consequences 
of crashes such as pain and suffering and loss of life.   
 
The EI report provides estimates of annual crash 
incidence, injury severity distributions, and unit costs 
associated with motor vehicle crashes in 2000.  
Information from tables 3 and A-1 from the report was 
used in this analysis.  They show the incidence by 
crash and injury severity level, and unit costs by crash 
and injury severity level.  Significantly, unreported 
crashes (i.e. crashes that would not be represented in 
the NHTSA crash databases) were included.  Also, 
property damage only (PDO) crash frequencies were 
calculated based on previous insurance-based studies.  
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These two factors should be noted when making 
comparisons of crash incidence estimates.   

Scope of Application 

This paper applies the EI report in conjunction with 
NHTSA crash statistics extracted from the Fatality 
Analysis Reporting System (FARS), National 
Automotive Sampling System (NASS) General 
Estimates System (GES) and Crashworthiness Data 
System (CDS), to provide annual comprehensive costs 
for all police-reported crashes and for the subset of 
“intersection-area” crashes, consisting of intersection 
and intersection-related crashes.  The intersection-area 
crash population is then separated by association with 
applications under each CICAS program.  It is 
important to note that this analysis only considers 
impacts associated with all police-reported crashes, 
while the NHTSA EI report also estimates impacts 
associated with unreported crashes.   

Attribution of costs to severity of injury / Required 
Data 

The EI cost methodology estimates comprehensive 
costs for a given crash population based on counts in 
four categories: 
 Fatalities 
 Injured Persons 
 Non-Injured Persons in Injury Vehicles 
 Property Damage Only (PDO) Vehicles 
 
Costs associated with injured persons are assigned 
based on the level of injury, as measured by the 
Maximum Abbreviated Injury Scale (MAIS) injury 
severity rating.  Costs for the other categories are 
calculated based on a unit cost per person (fatalities, 
non-injured persons) or per vehicle basis (vehicles 
sustaining property damage only).   

 
From the EI report, the unit comprehensive costs in 
Table 1 apply (in year 2000 dollars): 
 

Table 1: Unit Comprehensive Costs from Blincoe et 
al. (2002), in year 2000 dollars 

Category Per unit cost 

PDO vehicle Vehicle $2,532 

MAIS-0 person (in 
injury vehicle) 

$1,962 

MAIS-1 Person $15,017 

MAIS-2 Person $157,958 

MAIS-3 Person $314,204 

MAIS-4 Person $731,580 

MAIS-5 Person $2,402,997 

Fatality Person $3,366,388 
 

PROCESS OF ESTIMATING CRASH 
FREQUENCY AND INJURY CONSEQUENCES 

Availability of U.S. national databases and contents 
(CDS, GES, FARS)  

Since unit comprehensive costs from the EI report vary 
primarily on the severity of occupant injury on the 
MAIS scale, application of suitable crash databases 
was necessary to provide frequency counts that 
correspond to the units used.  Figure 1 illustrates the 
overlap in coverage between CDS, GES, and FARS, 
the three databases used in this analysis.     
 
CDS (~5,000 samples) provides a high level of 
information on injuries sustained by occupants of 
passenger vehicles which are towed from the crash 
scene.  CDS cases are analyzed by a trained crash 
investigator and involve significant post-crash follow-
up.  CDS includes a MAIS rating for each occupant; 
thus data for an injured occupant captured by CDS 
corresponds directly to the unit cost methodology.  
However, while CDS provides a good representation of 
outcomes for passenger vehicles in tow-away crashes, 
CDS lacks representation of many other crash victims 
and crash types and therefore does not have the ability 
to provide a complete estimate. 
 
GES (~50,000 samples) provides a cross section of 
police-reported crashes and can yield nationwide 
estimates of frequency counts of various crash 
outcomes.  GES cases are coded based solely on 
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information present in the police accident report 
(PAR).  Therefore, the more detailed injury 
information used to code a MAIS rating is absent.  
Instead, GES uses a KABCO scale based on the 
assessment in the PAR.  This necessitates the use of a 
translator to relate injury severity as indicated by the 
KABCO to the MAIS scale. 
 
FARS (non-sampled) consists of a census of all fatal 
crashes on public roads, and therefore provides the 
most accurate set of information to count fatalities.  
Typically, fatal crashes receive a more involved 
investigation, but the injury coding in FARS is based 
on the KABCO scale as in GES.  For non-fatal injuries 
in fatal crashes, a translator is needed to relate injury 
severity to the MAIS scale. 
 

 
Figure 1: Crash Database Coverage and Overlap 

Combining CDS, GES, FARS  

Each database is able to provide different detail and has 
its own limitations.  For this analysis, CDS is used for 
its ability to show distributions of MAIS injury severity 
levels.  FARS is used for its completeness in coverage 
of fatal crashes.  GES is used as an overall 
representation of the police-reported crash population, 
but does not attempt to estimate unreported crashes.   
 
Since GES and FARS use the KABCO scale rather 
than the MAIS scale, CDS cases were used to estimate 
the distribution of injuries based on cases that met the 
CDS inclusion criteria, while the non-CDS-applicable 
population utilized a KABCO-MAIS translator 
(Blincoe, 1994), which provides estimates of MAIS 
distribution based on a KABCO distribution.  This 

categorization allows the application of CDS to focus 
on a more accurate distribution of injury severities 
within the injured persons category based on available 
data, while total counts are derived from GES and 
FARS.  It should be noted that one limitation in using 
the translator is that the intersection crash distribution 
being examined for this work may not necessarily 
match exactly with the original population used for the 
translator (all crashes); however, the translator is the 
best currently available means of relating the injury 
scales.   
 
Averages across three years (2001-2003) of CDS data 
were used in conjunction with GES and FARS data 
from 2003.  Table 2 lists the information and source 
used to obtain total comprehensive costs for each crash 
stratification: 

FARS 
(fatal) 

CDS  
(light vehicle 

tow-away)  

GES  
(all police-
reported) 

All 
Crashes 

- - - based on sample 
(areas not to scale) 
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Table 2: Values used in calculating comprehensive 
costs for police-reported crashes 

Label in 
Figure 

2 

Information (for police-
reported crashes) Source 

 PDO VEHICLES:  

A # of PDO vehicles in non-
fatal crashes GES 

B # of PDO vehicles in fatal 
crashes FARS 

   

 PERSONS NOT IN 
PDO VEHICLES:  

C # of fatalities FARS 

D 
# of non-injured (KABCO 

O) in injury vehicles 
involved in fatal crashes 

FARS 
(fatal 

crashes) 

E 
# of injured (KABCO 

ABC) in injury vehicles 
involved in fatal crashes 

FARS 
(fatal 

crashes) 

F 

# of non-injured (KABCO 
O) in non-CDS injury 

vehicles (non-fatal 
crashes) 

GES 

G 

# of injured (KABCO 
ABC) in non-CDS injury 

vehicles (non-fatal 
crashes) 

GES 

H 
# of occupants of CDS-

applicable injury vehicles  
(non-fatal crashes) 

GES 

I 
% of occupants of CDS-

applicable injury vehicles 
in each MAIS category 

CDS 

 
 

For PDO Vehicles: 

 

For Injuries: 

 

Figure 2: Sources of Data Components 

 

INTERSECTION-AREA RESULTS  

This section first reports the results of the various 
analyses based on FARS, CDS, and GES, and then 
develops an estimate for annualized totals representing 
impacts resulting from police reported crashes.  All 

I (injury 
distribution) 

H (count) 

FARS 
(fatal) 

CDS  
(light vehicle 

tow-away) 

GES  
(all police-
reported) 

All 
Crashes 

- - - based on sample
(areas not to scale)

C, D, E 

FARS 
(fatal) 

CDS  
(light vehicle 

tow-away) 

GES  
(all police-
reported) 

All 
Crashes 

- - - based on sample
(areas not to scale)

B
A

F, G
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counts and dollar totals represent per-year estimates 
and are rounded and given to two significant figures; 
counts less than 100 are indicated as such.  Note that 
totals may not sum exactly due to rounding.   

FARS:  Distribution of Persons involved in Fatal 
Crashes 

Using FARS, the applicable annual counts were 
tabulated for crashes involving fatalities.  To 
correspond to the EI methodology, fatalities were 
counted separately, and occupants of PDO vehicles 
were excluded from the count since they are counted at 
the PDO-vehicle level.  Table 3 shows the count of 
persons by injury outcome. 
 

Table 3: Estimated Annual Persons involved in 
Fatal Crashes (excluding PDO vehicles) 

Persons involved in Fatal Crashes, 
excluding PDO vehicles 

MAIS* All Police-
Reported 
Crashes 

Intersection-area 
Crashes 

0*T 6.5 K 2.0 K 

   

1 T 25 K 7.4 K 

2 T 6.3 K 1.7 K 

3 T 2.9 K 740 

4 T 460 110 

5 T 260 <100 

   

FATAL 43 K 9.5 K 
T MAIS values translated from KABCO scale 
*Counts exclude occupants of PDO vehicles 
Source: 2003 FARS 
K - Thousands 

CDS:  Distribution of MAIS injury levels from CDS 
analysis  

Based on an average of results from 2001-2003 CDS 
data, Table 4 shows the distribution of injured 
occupants in CDS-applicable vehicles by MAIS level, 
for the two crash stratifications.  These distributions 
will be applied to the corresponding occupant count in 
GES in order to estimate the number of occupants at 
each MAIS level. 
 
 

 

Table 4: MAIS Distributions for Injured in CDS-
applicable vehicles 

Injury Severity Distribution in 
CDS-applicable Injury Vehicles 

 
MAIS 

All Police-
Reported 
Crashes 

Intersection-area 
Crashes 

0* 
(uninj) 19% 20% 

   

1 71% 72% 

2 6.5% 5.5% 

3 2.5% 1.7% 

4 0.55% 0.31% 

5 0.29% 0.20% 
*MAIS 0 (uninjured) counts exclude occupants of PDO 
vehicles 
Source: 2001-2003 CDS 

GES:  Distribution of occupants of CDS-applicable 
injury vehicles involved in non-fatal crashes  

GES was used to determine an overall count of 
occupants of CDS-applicable vehicles in which at least 
one occupant was injured, for non-fatal crashes.  The 
injury severity distribution from CDS was then applied 
to the occupant counts to estimate the number of 
occupants at each MAIS severity level.  Table 5 shows 
the results when the CDS injury severity distribution 
(from Table 4) is applied to the GES count of CDS-
applicable occupants. 
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Table 5: Occupant Injury Severity for CDS-
applicable injury vehicles in non-fatal crashes 

Occupants of CDS-applicable injury 
vehicles  

in non-fatal crashes 

 
MAIS 

All Police-
Reported Crashes 

Intersection-area 
Crashes 

GES 
Count 

1.9 M 910 K 

Distributed based on Table 4: 

0* 
(uninj) 

370 K 180 K 

   

1 1.3 M 660 K 

2 120 K 50 K 

3 47 K 15 K 

4 11 K 2.9 K 

5 5.5 K 1.8 K 
*MAIS 0 (uninjured) counts exclude occupants of PDO 
vehicles 
Sources: 2001-3 CDS & 2003 GES 
K - Thousands 
M - Millions 

GES:  Distribution of Persons involved in non-fatal 
crashes, excluding CDS-applicable vehicles  

The injury outcomes of all remaining involved persons 
were estimated based on GES data and involved the 
use of the KABCO-MAIS translator.  Table 6 shows 
the distribution of involved persons after excluding 
fatal crashes, occupants of CDS-applicable vehicles, 
and PDO vehicles.  
 

Table 6: Person Estimates based on GES (non-fatal 
crash, non-CDS vehicle, non-PDO) 

Persons involved in non-fatal crashes, 
excluding CDS and PDO vehicles 

 
MAIS* 

All Police-
Reported Crashes 

Intersection-area 
Crashes 

0* T 640 K 340 K 

   

1 T 950 K 480 K 

2 T 120 K 57 K 

3 T 35 K 16 K 

4 T 3.6 K 1.6 K 

5 T 1.7 K 720 
T MAIS values translated from KABCO scale 
*Counts exclude occupants of PDO vehicles 
Source: 2003 GES 
K - Thousands 

Summary Counts – Injured and non-injured 
persons  

Table 7 shows the totals reflecting the sum of estimates 
based on FARS, GES, and GES (with CDS injury 
distribution) for which unit comprehensive costs apply 
on a per-person basis.  These reflect the annual number 
of fatalities, non-injured persons in injury vehicles, and 
injured persons, and represent the combination of 
counts from Table 3 (fatal crashes), Table 5 (CDS-
applicable injury vehicles), and Table 6 (others not 
already included). 
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Table 7: Total Combined Person Counts from 
FARS, GES, and CDS-distributed GES 

Total persons involved in all 
police-reported crashes, 

excluding occupants of PDO 
vehicles 

 
MAIS* 

All Police-
Reported 
Crashes 

Intersection-area 
Crashes 

FATAL 43 K 9.5 K 

   

0* 1.0 M 520 K 

   

1* 2.3 M 1.1 M 

2* 250 K 110 K 

3* 85 K 33 K 

4* 15 K 4.5 K 

5* 7.5 K 2.6 K 

Total non-
fatal 

Injured 
persons 

2.7 M 1.3 M 

*NOTE: MAIS values derived from GES and FARS 
are translated from KABCO scale; Counts exclude 
occupants of PDO vehicles 
Sources: 2001-3 CDS, 2003 FARS, 2003 GES 
K - Thousands 
M - Millions 

Summary Counts – PDO Vehicle Count  

The count of PDO vehicles is one component used in 
determining the total comprehensive costs for each 
stratification.  PDO vehicles involved in fatal crashes 
are counted based on FARS data.  The remaining PDO 
vehicle count is drawn from GES for vehicles in non-
fatal crashes.  Table 8 summaries the PDO vehicles in 
each stratification. 
 

Table 8: PDO vehicle counts from FARS and GES 

PDO Vehicles 

Vehicle 
Category Source All 

Police-
Reported
Crashes 

Intersection-
area Crashes 

PDO Vehicle 
involved in 
fatal crash 

FARS 13 K 4.2 K 

PDO vehicle  
in non-fatal 

crash 
GES 8.9 M 4.0 M 

Total  8.9 M 4.0 M 
Sources: 2003 FARS, 2003 GES 
K - Thousands 
M - Millions 

Estimates of Comprehensive Cost  - Intersection-
Area 

Using the combined counts from the three databases, 
the annual comprehensive costs for each stratification 
were estimated by applying unit comprehensive costs 
from the EI report.  Table 9 shows the tabulations for 
each crash stratification.  Overall, the annual 
comprehensive costs associated with all police-reported 
crashes is estimated at $300 Billion, and all 
intersection-area crashes totaling $97 Billion.  These 
dollar amounts are represented in year 2000 dollars to 
remain consistent with the EI report. 
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Table 9: Tabulations of Comprehensive Costs 

 All 
Police-

Reported 
Crashes 

Intersection
-area 

Crashes 

# of Crashes 6.3 M 2.6 M 

   

# of Fatalities 43 K 9.5 K 

× unit cost ($3,366,388) $140 B $32 B 

   
# of Injured persons – 
MAIS 1 2.3 M 1.1 M 

× unit cost ($15,017) $35 B $17 B 
# of Injured persons – 
MAIS 2 250 K 110 K 

× unit cost ($157,958) $39 B $17 B 
# of Injured persons – 
MAIS 3 85 K 33 K 

× unit cost ($314,204) $27 B $10 B 
# of Injured persons – 
MAIS 4 15 K 4.5 K 

× unit cost ($731,580) $11 B $3.3 B 
# of Injured persons – 
MAIS 5 7.5 K 2.6 K 

× unit cost ($2,402,997) $18 B $6.3 B 

   
Total Non-fatal Injured 
persons  2.7 M 1.3 M 

   

# of PDO Vehicles 8.9 M 4.0 M 

× unit cost ($2,532) $23 B $10 B 

   

# of Non-injured 
persons  
in Injury Vehicles 
(MAIS 0) 

1.0 M 520 K 

 × unit cost ($1,962) $2.0 B $1.0 B 

   
Total Comprehensive 
Cost $300 B $97 B 

Sources: 2001-3 CDS, 2003 FARS, 2003 GES 
K - Thousands 
M - Millions 
B - Billions 

Overall, totals for intersection-area crashes represent 
approximately one-third of the total for all crashes.  
Crashes resulting in injury contribute nearly all of the 
total comprehensive costs.  For all crashes, costs 
allocated to fatalities are associated with a slightly 
higher comprehensive cost than costs allocated to non-
fatal injuries, with each category comprising nearly 
half of the total comprehensive cost.  For intersection-
area crashes, the costs allocated to injuries is more than 
half the total, while costs allocated to fatalities make up 
approximately one-third of the total. 

RESULTS BEYOND INTERSECTION-AREA – 
DETAILS FOR POTENTIAL CICAS CRASHES  

In order to better understand the potential target 
populations associated with CICAS countermeasures, it 
is necessary to examine the crash and cost statistics 
beyond the intersection-area level.  These estimates 
were generated based on the previously discussed 
methodology; however, since CDS does not report 
within-intersection crashes separately from 
intersection-related crashes, the same injury severity 
distribution is applied for CDS-applicable vehicles in 
all intersection-area crashes.   

Within-Intersection vs. Intersection-Related 

Figure 3 reports comprehensive costs and fatalities 
associated with within-intersection and intersection-
related crashes.  Estimates in the following figures are 
reported to two significant figures, as before.  
Categories in which fatality counts are below 100 are 
reported as “<100”. 
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All Crashes

Police-Reported Crashes
$300 B

43,000 Fatalities

Unreported 
Crashes

Intersection-Area 
Crashes

$97 B
9,500 Fatalities

Non-Intersection 
Crashes
$200 B

33,000 Fatalities

Within-Intersection
$68 B

7,600 Fatalities

Intersection-Related
$30 B

1,900 Fatalities

All Crashes

Police-Reported Crashes
$300 B

43,000 Fatalities

Unreported 
Crashes

Intersection-Area 
Crashes

$97 B
9,500 Fatalities

Non-Intersection 
Crashes
$200 B

33,000 Fatalities

Within-Intersection
$68 B

7,600 Fatalities

Intersection-Related
$30 B

1,900 Fatalities
 

Figure 3: Within and Intersection-Related Costs & 
Fatalities 

 

Detailed Classification by Governing Traffic 
Control 

For both within-intersection and intersection-related 
crashes, the comprehensive cost and fatality estimates 
are reported by applicable traffic control device (traffic 
signal, stop sign, no applicable control, and other 
controls).  Within the traffic signal and stop sign 
categories, consequences of crashes that are potentially 
associated with CICAS are separately identified, based 
on currently available information.  These 
subcategories are described in Table 10; these 
categories are based in part on five common crossing 
path crash scenario classifications involving two or 
more vehicles (from Najm, et al., 2001, depicted 
graphically in Figure 4): 
 
 
 

LTAP/OD:  Left Turn Across Path / Opposite 
Direction (longitudinal) 
LTAP/LD:  Left Turn Across Path / Lateral Direction 
LTIP:  Left Turn Into Path 
RTIP:  Right Turn Into Path 
SCP:  Straight Crossing Path 
 

 
Figure 4: Common Crossing Path Crash Scenarios 
(from Najm et al., 2001) 
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Table 10: Description of Crashes potentially 
associated with CICAS Program Areas 

Category 
Label in 
Figures 

Traffic Control Description of 
crashes* 

V (Crossing 
Path Only) 

Traffic Signal or 
Stop Sign 
Violation 

Violation-related 
crossing path 

crashes 

V (Non-
Crossing 

Path) 

Traffic Signal or 
Stop Sign 
Violation 

Violation-related 
non-crossing path 

crashes 

SLTA 
(LTAP/OD) 

Traffic Signal / 
Longitudinal 

Gap 

Non-violation-
related LTAP/OD 

crashes 

SLTA  
(Left Turn 

& Ped) 

Traffic Signal / 
Longitudinal 

Gap 

Non-violation-
related single 

vehicle crashes 
involving a left-
turning vehicle 

and a 
pedestrian/cyclist 

SSA (4 
Crossing 

Path Types) 

Stop Sign / 
Lateral Gap 

Non-violation-
related SCP, 

LTAP/LD, LTIP, 
and RTIP 

(lateral) crossing 
path crashes 

* Intersection-Area crashes may also be addressed 
through the Vehicle Safety Communications 
Application (VSCA) initiative. 
 
The determination of a violation-related crash 
(discussed further below) is based on a combination of 
variables including police citations, contributing 
factors, and crossing path pre-crash scenarios.  It 
should be noted that the different databases used have 
varying levels of information to support violation 
classification; the estimation based on the available 
information from each database has been presented 
here.  In addition, violation-related crashes may also be 
addressed by more than one potential countermeasure.  
However, in these estimates, violation-related crashes 
are reported under CICAS-V so as to avoid counting 
crashes more than once.  At intersections with multiple 
CICAS countermeasures, CICAS-V is expected to 
activate earlier in the vehicle's approach so that the 

driver has time to stop.  CICAS-SLTA and CICAS-
SSA are expected to assist drivers with safe gap 
acceptance when the vehicle is near the intersection. 
 
The combination of within-intersection and 
intersection-related, intersection-area crashes, are 
shown in Figure 5.  In the figures, the term “No 
Applicable Controls” refers to the FARS and GES code 
“No Controls”.  The term “No Applicable Controls” is 
used to clarify that the intersection is not necessarily an 
uncontrolled intersection, but that even if there were 
controls present they did not govern any of the vehicles 
involved in the crash.  These crashes may potentially 
be addressed through the Vehicle Safety 
Communications Application (VSCA) initiative. 
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Stop Sign
$28 B
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Other
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Figure 5: Comprehensive Costs & Fatalities for 
Intersection-Area Crashes 
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The figure also serves to illustrate the differences in 
crash consequences associated with crashes occurring 
with differing traffic controls.  Table 11 summarizes 
intersection-area results by traffic control device.  For 
example, crashes at stop signs have a higher number of 
fatalities but a lower total comprehensive cost as 
compared to traffic signal crashes.  This occurs in large 
part due to a substantially higher number of non-fatal 
injuries occurring at traffic signals compared to stop 
signs. 

Table 11: Intersection-Area Summary by Traffic 
Control 

Traffic 
Control  

Comprehensive 
Costs 

Fatalities Injuries 

Traffic 
Signal 

$41 B 2,700 640 K 

Stop Sign $28 B 3,600 330 K 

No 
Applicable 
Controls 

$22 B 2,600 260 K 

Other 
Controls 

$6.0 B 640 72 K 

Total $97 B 9,500 1.3 M 

 

CICAS Program Area Estimates 

Violation-Related Definition  Based on a review 
and discussion of various approaches, the definition of 
a violation-related crash at a traffic signal or stop sign 
for use in this crash data analysis is as follows: 
 
a. Single vehicle crashes:   
 
For FARS, police citation for failure to obey traffic 
control device, and/or contributing factor for failure to 
obey traffic control device.  
 
For GES, police citation for running a traffic signal or 
stop sign.   
 
b. Multiple vehicle crashes:   
 
For FARS, police citation for failure to obey traffic 
control device, and/or contributing factor for failure to 
obey traffic control device, and/or a crossing path crash 
scenario of SCP, LTIP, or LTAP/LD at a traffic signal.   

 
For GES, police citation for running a traffic signal or 
stop sign, and/or a crossing path crash scenario of SCP, 
LTIP, or LTAP/LD at a traffic signal. 
 
It should be noted that GES does not contain the driver 
contributing factor variable present in FARS, and thus 
differences exist in the GES vs. FARS estimation 
process.  Additional detail in the police report narrative 
may provide evidence of a violation even when no 
citation was issued.  In FARS, the driver factors 
variable would capture this information, while in GES 
only violations actually charged are captured.  Despite 
the differences, the classification presented here 
provides the best ability to identify violation-related 
crashes based on the information available. 
 
For each CICAS program, comprehensive costs and 
fatalities associated with each variant subcategory were 
tabulated to illustrate the potential focus areas.  Figure 
6 shows the CICAS-V results, Figure 7 shows the 
CICAS-SLTA results, and Figure 8 shows the CICAS-
SSA results.  These summary figures allow the relative 
contribution of potential impacts for each program to 
be readily identified. 
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Figure 6: CICAS-V / Comprehensive Costs & 
Fatalities 
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Figure 7: CICAS-SLTA / Comprehensive Costs & 
Fatalities 
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Figure 8: CICAS-SSA / Comprehensive Costs & 
Fatalities 

SUMMARY / RECOMMENDATIONS FOR 
FUTURE  

Using the unit comprehensive costs from the EI report, 
this analysis estimates the comprehensive cost of 
intersection-area crashes at $97 Billion in year 2000 
dollars, representing 33% of the total 
comprehensive cost for all police-reported crashes 
(see Figure 9).  

Comprehensive Costs for Crash Stratifications
Total = $300 B

Within Intersection, 
$68B, 23%

Intersection-Related, 
$30B, 10%

Non-Intersection, 
$200B, 67%

Intersection-area, 
$97B, 33%

 
Figure 9: Comprehensive Costs for Crash 
Stratifications 

 
Table 12 shows the potential target population for each 
CICAS program, representing the estimates 
corresponding to totals for intersection-area crashes 
reported in the previous section.  Depending on the 
crash scenarios included, CICAS-V may potentially 
target crashes responsible for up to $19 Billion in 
comprehensive costs and 2,700 fatalities annually.  
Combined with the other CICAS programs, this 
represents a target of up to $45 Billion in 
comprehensive costs and 4,600 fatalities.   
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Table 12: CICAS Potential Target Population 
Categories 

 Comprehensive 
Costs 

Fatalities 

CICAS-V 
(Traffic Signals 
& Stop Signs) 

$19 B 2,700 

CICAS-V 
(Traffic 
Signals Only) 

$13 B 1,300 

CICAS-V 
(Stop Signs 
Only) 

$6.8 B 1,500 

CICAS-SLTA 
(Traffic Signals) 

$9.8 B 510 

CICAS-SSA 
(Stop Signs) 

$15 B 1,400 

 
These potential target population estimates have 
established a starting point for further refinement.  
Individual CICAS programs can examine the 
corresponding target population and determine 
scenarios, environmental and driver factors, and other 
conditions that offer promise for specific 
countermeasures.  Upon development of these 
countermeasures, estimates of their effectiveness could 
then be used to assess potential program benefits 
associated with varying deployment strategies. 
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ABSTRACT 
 
The use of motorcycle and their accident rate has 
grown significantly in Iran in recent years. Due to the 
higher vulnerability of motorcycle riders the numbers 
of injuries in motorcycle accidents are higher than 
other vehicles (about 54%).  
The most vulnerable part of body in motorcycle 
accidents is the leg; as in about 60 percent of 
motorcycle accident that cause injuries, leg injuries 
are perceivable. One of the accessories which can be 
helpful in reducing leg injury, are the motorcycle leg 
protectors, especially the front leg protectors. In this 
paper, collects data and information about the 
accidents that cause injuries and the number of 
injured motorcycles which are equipped with leg 
protectors and of those which are not, and also the 
rate of using the leg protectors in the community of 
normal motorcycle riders and those who have had 
injury accidents, is analyzed. The data has been 
gathered from available accident data, vehicle counts, 
and interview with motorcycle riders. For the purpose 
of statistical analysis of the data, graphical analysis 
and statistical tests, i.e. the likelihood-ratio test in two 
communities, and K-test, has been used. 
Additionally, Chi2 test has been applied for analyzing 
the results and examining the validity of the data. 
Finally, it has been concluded that according to the 
existing statistics, it can not be inferred that installing 
the front leg protectors significantly reduces the rate 
of injury accidents. However, observations and 
surveys reveal that these protectors have a positive 
impact on reducing the leg injuries in non-severe 
motorcycle injury accidents. 

 
1- INTRODUCTION  
 
Accidents costs, life injuries and compensations 
resulting from accidents in Iran are very high in 
comparison to other countries of the world. This 
country is placed first from the viewpoint of ratio of 

persons killed in road accidents each year. Large 
numbers of life, materialistic and intellectual capital 
is lost annually due to driving accident. More than 
25000 persons killed, thousands injured and billions 
of tomans of compensation resulting from accident 
(on the basis of researches and estimations carried 
out, expenses of compensation and damages resulting 
from accidents in the country in the year 2001 was 
approximately 4000 million dolars it means more 
than 3.5% of GNP [1] resulted from driving accidents 
of the country.  
By considering the causes of accidents we observe 
that the motorcycle riders are the most vulnerable 
class and that the motorcycle riders have remarkably 
more probability of losing their life in an accident. 
Also considering the cheap price of motorcycles, 
number  of the motor vehicle is more in Iran 
especially in the capital city of Tehran (about one 
million motorcycles equal to 25% of total motor 
vehicles of the whole country in the year 2004 (12). 
Therefore, wide studies should be taken to decrease 
the damage incurred to motorcycle riders at the time 
of accident. 
 By considering the accidents of motorcycles it is 
evident that the most vulnerable limb of the body in 
motorcycle accident is legs in such a manner that 
about 60% of motor cycle accident resulted into leg 
injury of motorcycle rider (4). One of the effective 
means of decreasing the injury of this body limb is 
motor cycle leg protector (Guard) especially front leg 
protector. At the time of collision of motorcycle with 
other motor vehicle or ground, the front guards cause 
into probable decrease in serious injury. Samples of 
protectors used in Iran are shown in figure 1.  
In this paper while considering the studies carried out 
in connection with injuries incurred to motorcycle  
riders at the time of occurrence of accident and role 
of front leg protector in decreasing the injury to 
motorcycle riders, the raw data relating to accidents 
of motorcycle in the city of Tehran is collected and a 
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Figure1. a sample of leg protector used in Iran 
number of motorcycle riders of Tehran city and riders  
suffered from injury accidents were interviewed. 
Then the collected data was evaluated using methods 
present for the analysis of accident data including 
graphical  analysis, equality scale in two populations 
test in two societies and K test. Also, for the 
accreditation of results, Chi-square test was applied . 
Finally, considering the results of analysis carried out 
on data and information of interviews and 
questionnaires, the obtained result shows that 
installation of front leg protector does not cause to 
meaningful decrease in the ratio of occurrence of 
body injury of motorcycle riders. Although 
observations and questionnaires carried out shows 
that these protectors are effective in decreasing 
injuries incurred to leg in injury-type accidents 
especially non-severe collisions.  
 
2- LITERATURE REVIEW  
Issues  followed are usually from researches and 
studied in the field of safety and accidents of 
motorcycle riders, are most of the sources used in the 
local thesis of students in the field of  medicine of 
Iranian universities and also researches of different 
countries.  
 
2-1- Medical Thesis 
  
In studying the physical, mental injuries and death 
resulting from the accidents of motor vehicles 1000 
cases which were registered to legal medicine of 
Tehran in the year 1997 have been studied. In this 
study, out of 550 persons died 337 persons were 
pedestrians and 187 persons were riders. In the group 
of motor cycle riders in 38% of persons died, the 
lower limb was reported to be fractured. However in 
the motorcycle riders group, percent of several bone 
fractures which resulted in death was 2%. Also, in 
this study from the 450 injured persons who were 
interviewed there was 104 motor cycle riders and the 
most epidemic injury in the motor cycle riders , in the 
fist place is injury of lower limbs with 60%, in the 

second place head and face injury with 33% and in 
the third place injury of  upper limbs with 18% and 
injury  of spinal column about 7.5% of all. 24 cases 
of motor cycle riders, suffered from the fracture of 
lower limbs (4). 
In the prevalence study about types of injuries caused 
to death resulting from the accidents of motorcycle 
riders, in the death bodies referred to the anatomy 
hall of State Forensic Medicine Center in the year 
2001, 164 dead bodies which includes mostly all 
bodies referred to this hall have been studied which 
in 61.6% samples, there were slight injuries on the 
lower limbs. Percentage of fracture in the lower limbs 
was 1.3%.  
Vast percentage of severity of injury (caused to 
death) for lower limbs was 2.7%. In this study it is 
recommended to install special steel protectors on the 
motor cycle for protecting the lower limbs.  
Also, in a similar study carried out in the years 1994-
1997 on 222 cases caused to death due to motorcycle 
accident in the anatomy hall of legal medicine of 
Belgrade, following results were obtained. In drivers 
there were 78.9% of hand injuries and in others this 
ratio was 37.8%. Also, there were reported 16.7% 
knee injury and 30.8% injury of lower limbs in 
injured drivers (5).  
 
2-2- research institutes 
 
Leg protectors and airbags are always mentioned in 
many researchs and articles, to be the two main 
secondary safety devices. Leg injuries account for 
approximately 60% of serious injuries to 
motorcyclists, and frequently lead to permanent 
disability. Leg protectors have been suggested as a 
way of reducing such injuries. 
Researchs has resulted in contradictory claims for the 
efficacy of leg protectors, with some studies 
suggesting that they would reduce leg injuries, but 
others suggesting that they might even increase the 
risk of other kinds of injury. For example crash tests 
conducted by the International Motorcycle 
Manufacturers Association produced very different 
results, in which leg protection was found to be 
beneficial in three out of eight pairs of tests, but 
detrimental in five pairs of the eight tests. Overall, 
this study concluded that leg protectors increased the 
net risk of head and leg injuries. [7] 
ISO standards suggest a series of tests for evaluation 
purpose of leg protectors. Two sets of paired tests 
(with and without leg protection), were completed 
according to the ISO draft standard. The leg 
protection device reduced the Head Injury Criteria 
(HIC) value substantially in all except one test 
comparison against a standard machine. Leg injury 
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measures were also reduced when using the leg 
protection device, except in one case.  
However, an overall assessment using the ISO injury 
cost calculation for the four ISO tests (two pairs) 
shows that the potential injury costs were reduced by 
42 % when leg protection was deployed. This is a 
clear and encouraging indication of the likely benefits 
of leg protection. 
 
2-2-1- TRL researches 
TRL research over a number of years has investigated 
whether leg protectors would significantly reduce the 
incidence and severity of leg injuries to 
motorcyclists. Crash tests of different types of 
motorcycles, with and without leg protectors, were 
designed and conducted by TRL. They concluded 
that leg injuries would have occurred in 55% of the 
crash tests on motorcycles without leg protectors, but 
in only 12% of those with leg protectors. They also 
concluded that the leg protectors used would not have 
increased the risk of head injuries, and in some cases 
actually showed potential for reducing them. [7] 
 
2-2-2- EEVC researches 
The European Experimental Vehicles Committee 
(EEVC) in a study programme report in the field of 
motorcycle safety measures indicates: [8] 
Leg injuries account for about 60 percent of all 
serious injuries to motorcyclists, and an appropriately 
designed leg protector can reduce the risk of injury to 
the lower extremities. 
In the case of a frontal collision, every force below 
the centre of gravity of the motorcycle rider will start 
a rotation of the upper part of the body, and this can 
increase head velocity. This effect can worsen the 
risk of injury to the head. Leg protectors can produce 
these forces if they are not designed in the right way. 
It is therefore important to design leg protectors 
which do not trigger this motion. 
The different designs seem to have different effects 
on the rider trajectory. Assessment of leg protection 
has been confused by differences in test 
methodology, giving rise to differences in results and 
interpretations. This has complicated the search for 
practical safety elements. [8] 
 
2-2-3- Evaluation of UKDS Leg Protector based 
on ISO 13232 
 
The feasibility of devices intended to protect the legs 
of motorcyclists in impacts has been researched for 
three decades; the paper of "AN OVERALL 
EVALUATION OF UKDS MOTORCYCLIST LEG 
PROTECTORS BASED ON ISO 13232 " reviews 
the prior history and presents he latest results of an 
overall evaluation of a UK Draft Specification 

(UKDS) leg protector device, based on the 
standardized full scale test and simulation methods of 
ISO 13232. This paper continues after a brief review 
of the history of leg protector research with the 
concurrent development of research methodologies, 
culminating in ISO 13232; application of the ISO 
13232 to an overall evaluation of an example UKDS 
leg protector device; and the conclusions and 
recommendations reached regarding this type of 
device.   
The impact configurations (IC’s) for the full scale 
tests were the seven IC’s required by ISO 13232 for a 
full scale test evaluation of a proposed device. The 
effects of leg protectors on rider injuries were 
assessed by means of seven pairs of full scale impact 
tests and 200 pairs of calibrated computer 
simulations. The results of these tests are as follows: 

In the implemented full scale tests, upper and 
lower leg fractures were eliminated in the offset 
frontal configuration (which ISO 13232 indicates is 
the least frequently occurring among the seven 
standard impact configurations) by using the leg 
protector. However, fitment of UKDS leg protectors 
resulted in increased head injury severity in 3 out of 7 
impact configurations; increased probability of 
fatality and normalized injury costs in 4 out of 7 
impact configurations; and increased neck 
compression injury index in 5 out of 7 impact 
configurations. This was observed to be the result of 
forward and/or lateral torso pitch, caused by a robust 
restraint of the knee, by leg protectors. 

With regard to injury cost, fitment of leg 
protectors increased the overall normalized injury 
cost of the seven full scale impact configurations 
specified by ISO 13232 by more than 300%. 

Other harmful effects resulting from UKDS leg 
protector's fitment include transfer of injury - from 
the lower leg to the upper leg - in the angled car front 
impact (the second most frequently occurring of the 
seven standard full scale impact configurations). This 
transfer of injury is a fundamental result of the way in 
which the knee is restrained, which applies large 
forces and torques sufficient to fracture the femur. 
Such femur fractures are more severe (and in some 
cases life threatening) than the lower leg fractures 
which leg protectors are intended to reduce. 

Calibrated computer simulations of 200 pairs of 
impacts which occur in accidents - with and without 
leg protectors fitted - indicated that the total injury 
risks (ie, increases in injury costs resulting from leg 
protector fitment) exceeded the total injury benefits, 
with a risk-to-benefit ratio of 116%. This was 
observed to be much larger than risk-to-benefit ratios 
of 7% or less observed in car occupant protection 
systems, such as seatbelts or head restraints. The 
simulation results also indicated that leg protectors 
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increased more costly upper leg injuries, whilst 
decreasing less costly lower leg injuries. 

All of the foregoing results indicated that this 
concept of rider protection would produce a net 
harmful effect, which is undesirable and unacceptable 
in any device intended to improve safety. Based on 
these results and the previous research, this type of 
device should not be fitted to production motorcycles. 
For the same reasons, there appears to be no merit in 
the further development of this protection concept. 

There will be more discussion about the 
credibility of above-mentioned case study in Tehran 
city. 

 
2-2-4- Otte studies 

 
Otte also have done a number of researchs in 

the field of leg injuries in motocycle accidents. He 
mentioned about the EEVC report (1993) in his 
reports and says:   "Mackay (1985) suggests two 
general mechanisms of leg injury, direct impact with 
the other vehicle and crushing between the 
motorcycle and the other vehicle, and this distinction 
between a direct blow and trapping between the two 
vehicles is clear in many injury studies, for example 
Hurt et al. (1981) and Nyquist et al. (1985)…" 

However, many of the above studies are old and 
the only recent study is that of the Otte's in which the 
difference in patterns of accidents compared to what 
been considered in older analysis, have been 
considered and analyzed. 

Otte completed this study to analyse the risk of 
leg injuries to motorcyclists in accidents and to find 
the opportunities for leg protection by comparing 
risks for those injured on machines with and without 
leg protectors. Each injury was analysed by type, leg 
area and severity (AIS) and correlated to the impact 
situation with impact direction, impulse angle, load 
and characteristics of kinematic behaviour; 258 
motorcycle accidents with cars were analysed 
specifically for leg injuries. 

Otte’s study confirms previous findings that 
some 60% of the motorcyclists in accidents sustained 
leg injuries mostly fracture of injury severity AIS 2-
3. 

To establish the leg protection given by fairings, 
leg injuries were analysed by type, severity and 
location. Motorcycle collisions with a car, or solo 
accidents and collisions with solid objects, were 
included in the analysis. 

The results of the analysis showed that the 
injury severity of the legs was reduced by the 
presence of a leg fairing. Of casualties riding with a 
fairing 28.3% sustained a leg injury compared with 
33.7% for those without a fairing and furthermore the 
severity of the leg injuries that did occur was less, 

with only 14.2% with a fracture on the faired 
machines compared with 23% on the unfaired 
motorcycles. This trend of reduced fracture risk for 
motorcyclists using machines with leg fairings is 
repeated in all collisions with cars, solo accidents and 
for various collision types. Otte claims that these 
statistics show that even standard fairings provide 
substantial protection to the legs. 

Based on above-mentioned results, the presence 
of fairings had little effect on the overall incidence of 
head and thorax injuries. 

Otte also quantified the likely benefits for leg 
injuries. It was estimated that an overall reduction of 
21.1% of leg injury costs could be achieved with leg 
protection. 

Constructional suggestions for leg protectors 
included recommendations for the foot to be covered 
from the side and front and the design of protection to 
include the  

elimination of compression effects. It was also 
stated that the tibia must be protected in the front by 
an energy absorbing element although the rider must 
be free to leave the motorcycle during the impact. 
[10] 

 
3- METHODOLOGY OF TACKLING THE 
ISSUE  
To evaluate the efficiency and ratio of effect of front 
protectors in preventing damages and decreasing 
injuries incurred to leg, information and census 
collection in connection with injury accidents of 
motorcycle equipped with and without protector have 
been implemented in ordinary motorcycle riders 
society and motorcycle riders who have suffered 
from accident injury. This information includes 
accident statistics, traffic counts, questionnaire and 
interview with the motorcycle riders of Tehran city. 
To analyze the data, in the beginning some of the 
previous studies present5ed in section 2 of literature 
review have been evaluated and the points of strength 
and weakness of using leg protector were studies in 
the city of Tehran.  
Then the information obtained from questionnaire, 
traffic data and data about accidents have been 
studied. To analyze the causes, graphical analysis and 
equality scale in two populations statistics test in the 
society and K-test were used. Also, to analyze the 
result and accreditation of data, Chi-square test was 
deployed.  
Finally, in section 8 conclusion and final results were 
presented.  
 
4- SCRUTINY OF BASING THE ANALYSIS ON 
INVESTIGATIONS ABOUT UKDS LEG 
PROTECTOR 
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As you saw in section 2 - "literature review", the 
implemented researches about the leg protector of 
UKDS (designed by TRL), by using the investigation 
procedure given by standard of ISO 13232,show that 
applying the leg protectors has more negative effects 
in general and it should not be used to protect the 
motorcyclist. 
Here, we study about the specifications, features and 
hypotheses considered in UKDS research and 
compare it to the respective situation in Tehran: 
1- The model of the impact types of motorcycle 
accidents in Tehran is clearly different from the 
model considered in this research. In these tests, the 
most negative effects caused by leg protector have 
been observed in two types of collisions. the first one 
in the form of T (car in stop condition) and the other 
one angled collision both front sides; in these two 
types of accidents as the motorcycle collides with car, 
the motorcyclist will be thrown toward the vehicle, 
collide with it and then will suffer more injuries by 
head. 
 The study on injured persons in motorcycle accidents 
in the Sina hospital in Tehran revealed that the total 
number of accidents of these two types of collision in 
Tehran city forms less than of 25% of all motorcycle 
accidents. In the studied collisions, since the cars and 
motorcycles usually move with low speed, most of 
the time the riders's falling down causes the injury 
and the high impact collision of the motorcyclist with 
the car doesn't occur and the throw of the rider to the 
front car and serious head injuries rarely occur.  
2- Based on the results achieved by studying the 
injured motorcyclists been confined to bed in Sina 
hospital, about 50% of motorcycle accidents and 
injuries in Tehran are related to side by side 
collisions and fall down of the motorcyclist, that the 
eventual increase of injury to the head because of leg 
protector would be minor and negligible. Once again, 
since in these two types of collisions there is few 
possibility of the protection guard to apply a force to 
the rider's leg , then the eventual force applied to 
femur bone and it's breaking (as it was addressed 
through the research of UKDS) doesn't exist. The 
sliding of motorcycle and the falling down of 
motorcyclist (without any collision with other 
vehicle) didnot putt into consideration. In accordance 
to the investigations about the leg protector of 
UKDS, the collision of the car with the side of the 
motorcycle, which is the most usual collision in 
motorcycle accidents in Tehran (more than 30%), 
didn't reveal the role of the protector to intensify the 
injuries of the motorcyclist significantly. 
     3- The speed of the collision in motorcycle 
accidents plays a key role in the type and intensity of 
the injuries of motorcyclist. More speed would 
increase the eventual occurring of more severe injury 

and fatal accidents. Also, by increasing the speed of 
collision, the effectiveness of leg protector decreases 
and in higher speeds the leg protector may damage 
the body of motorcyclist itself. In the article of 
"General evaluation of leg protector UKDS based on 
ISO 13232", there is no mention of the speed the 
collision occurred in. But, comparing to the different 
kinds of motorcycles, the different traffic patterns and 
behaviors, different kinds of collision types and the 
prevalence of accidents among European and 
American cities and Tehran, it seems that the speed 
of collision considered in these researches was 
significantly more than the speed of collision in city 
accidents of Tehran. So, we can conclude since the 
speed of collision in Tehran is low, thus the leg 
protectors can be more effective in the accidents of 
this city. 
- Preventing from light injuries (damages to leg's 
skin, light crevices of bone, cut, etc.) is one of the 
benefits of leg protectors in minor accidents 
providing that the number of them is high, especially 
in Tehran due to its traffic condition and the traffic 
always move in low speeds. This kind of collisions 
and the benefits of leg protectors were not addressed 
in studies of UKDS about the leg protector. 
Based on indicated subjects, we can conclude that in 
accordance with significant differences in hypostasis 
of mentioned research and the condition of 
motorcycle traffic in Tehran as well as motorcycle 
accidents, the gained results of this study are not 
certain and inevitable for this city and can not be used 
as a base to conclude that usage of leg protectors 
increases the injuries of motorcyclist in Tehran. 
 
5- DATA COLLECTING AND ASSESSMENT 
OF THE INFORMATION ABOUT THE 
MOTORCYCLE ACCIDENTS IN TEHRAN  
 
In the following sections, the collected data and 
information about the accidents and the condition of 
motorcycle traffic in Tehran are given and surveyed. 
 
5-1- Interview with injured people of motorcycle 
accidents (came to Sina hospital) 
 
In this order, injured motorcyclists were interviewed. 
35 injured persons were interviewed totally with 37 
accidents. 
The following conclusion has been analyzed and 
extracted from interview documents and 
questionnaires: 

1- In 81 percent of accidents, the motorcycle 
were not equipped with leg protector. 

2- In 57 percent of accidents where the 
motorcycle was not equipped with leg protector, if 
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the motorcycle was equipped with leg protector, the 
motorcyclists would suffer less injures. 

3- In 86 % of accidents where the motorcycle 
was equipped with leg protector, this equipment has 
had a positive effects to reduce the leg injuries. 

4- 86 percent of injured motorcyclists who 
were interviewed came to hospital because of 
motorcycle accident, for the first time. This value has 
decreased to 10 percent for injured people who have 
come to hospital because of accident for second 
times. 

5- 86 percent of injured persons, described the 
effect of metal guard usage, to be "High". 

6- 92 % of interviewed injured people have 
indicated that they did not have observed any 
accidents that the leg protector increased the injuries 
of motorcyclist. 

7- The type of observed collisions is as follow: 
    - The collision of motorcycle with the rear of the 
car: 19 %. 
    - Front to front collision with other vehicle: 22 %. 
    - Collision of a car to the side of the motorcycle: 
36% 
     - Falling down of the motorcycle (with no 
collision with other vehicles): 14% 

 8- The motorcyclists who didn't use the leg 
protector indicated the 
Following points as an obstacle to apply it: 
      - No clear reason: 68 % 
      - Reduction in maneuvers and passing through the 
cars: 12 % 
      - Leg protector makes the motorcycle ugly: 8% 
       - Lack of leg protector due to the type of 
motorcycle: 8% 
Results gained adding up the interviews results: 
 
 Adding up the indicated interviews gives up the 
following results: 

1- By putting into consideration the points 2 
and 3, it could be concluded that equipping the 
motorcycle with leg protector plays a significant role 
to reduce the injures of motorcyclists and due to 
prevalence of leg injuries in motorcycle accidents (in 
about 60% of motorcycle accidents the leg of riders 
has been injured) promotes the secondary safety of 
motorcycle significantly. 

2- Regarding to the point 8 : the indicated 
reasons to avoid applying the leg protector, it could 
be finded out that the most people don't have any 
clear and significant reason to avoid using this 
equipment and they don't use it because they are not 
well aware of it's importance. So, forcing the 
motorcyclists to apply the leg protector doesn't make 
any problem for them. 

3- By putting into consideration the point 6 
and other surveys, it seems that equipping the 

motorcycle with front leg protector rarely increases 
the injuries of motorcyclist and this matter can be 
ignored compared to its significant benefits. 
Other observations 
 The observations and interviews with injured 
motorcyclist revealed the positive effectives of leg 
protector. 

1- In front to front severe collisions (accidents) 
that usually occur with high speed of motorcycle 
and/or the front car, the leg protector doesn't have any 
special effects. This kind of accident is more 
common in inter- city and rural roads. 

 
2-In an accident where a car collides with a 

motorcycle from the side, the back protector has an 
effective role for reducing the injuries than the front 
protector. It seems that the back protector also has a 
very positive role for reducing the injuries of back 
rider. 

3-The speed is one of the important factors in 
occurrance of the accidents that end to injury. The 
speed control of motorcycles and law enforcement to 
law breakers can ply a very effective role to reduce 
the number of motorcycle accidents. 

4- One of the positive features of applying the  
protectors is that in case of equipping with protectors, 
the possibility of the rider passing amongst the cars 
would decrease and the risk of accidents as well. 

 
5-2- Interview with motorcyclists of Tehran 
 
Apart from interviews with injured motorcyclists that 
have been analyzed in previous section, random 
models of motorcyclists of Tehran were interviewed 
through the same way. The number of interviews was 
30. The following results have been achieved: 

1- 70 % of motorcyclists don't apply the 
protector and about 10 % use it only in cold months 
(in order to install the wind protector), and only 20% 
use it continuously. 

   2-To answer the question about it's 
importance, 60% of interviewed motorcyclists 
evaluated it's importance and effects as "high", 23%  
used the term " medium" and  rest 17% evaluated it 
"low".  

3- The number of hospital comings for the 
accidents, 72% was zero, 24% was once, and 3% was 
twice. 

4- 85% of motorcyclists announced that they 
haven't observed any case where the protector 
increased the injuries of motorcyclist so far. 
Comparing the under study models in two 
statistical populationss 

1- In the case related to motorcyclists of 
Tehran, about 75% were not equipped with protector, 
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while this value for the injured motorcyclists was 
81%. 

2- 86% of interviewed and injured 
motorcyclists indicated the importance of the 
protector to be "high", while this value in the model 
of motorcyclists' society was 60%.  The comparison 
of these two values shows that the people who got 
involved in an accident, have putted a significantly 
more importance to the safety affaires such as 
protective equipments. 

3-The ratio of people with one coming to 
hospital and the people with two comings (because of 
the accident), in both samples is nearly same (nearly 
10 to 1). 

 
5-3- The information about motorcycle accidents 
from the authorities 
 
The information about the non-injury, fatal and injury 
accidents in Tehran in 2002 and 2003 recorded by the 
police is given in table-1.Since these statistical data 
only covers the accidents where the police were 
present in the scene, so many motorcycle accidents ( 
generally injury accidents) have not been included in 
these statistical data. Thus in this information, the 
statistical data about non-injury accidents is less than 
the data about injury accidents.  
 
5-4- Motorcycles counting and defining the ratio 
of motorcycles equipped with protector 
 
For defining the percent of motorcycles equipped 
with protectors ( in order to compare with this ratio in 
statistical society of injured motorcyclists), 168 
motorcycles in Bazar area of Tehran have been 
counted, 40 of them were equipped with protectors 

and the rest ( 128 cases) were not equipped with this 
device. 
 
6- ANALYSIS AND EVALUATION OF 
ACCIDENT DATA  
   
   In this section by using available methods for 
analyzing the accidents data, the collected data have 
evaluated.  
 
6-1-Graphical Analysis 
 
Studying the number of accidents during a period is 
one of the most simple graphical analysis methods. In 
this method, cumulative number of accidents 
(grouped by the accident type) as well as cumulative 
average of every accident type is drawn in a figure. 
This method is more appropriate for extensive plans 
covering broad areas and is not suitable for individual 
location or routes (because of few accidents 
occurred). 
The gained results through interviews with 
motorcycle drivers showed that a number of riders 
(about 15 %) use the metal Leg guards with plastic 
front windshields on their motorcycles during cold 
months of the year. Shields are used to protect the 
driver's face from soft mud also protecting the body 
specially the legs against the cold wind. In order to 
install the windshield it is always necessary to install 
the leg protectors first, and this would eventually 
protect the rider's leg during the more dangerous cold 
months of the year, resulting into decrease of injury-
type motorcycle accidents in the winters. The 
graphical analysis method could be deployed to 
survey this subject and to investigate about the 
reduction rate of motorcycle injury accidents. This 

Table1- The statistics of motorcycle accidents of Tehran in2002 and 2003[2] 

 Motorcycle accidents in 2002 Motorcycle accidents in 2003 

Month Non- injury injury fatal Non- injury injury fatal 

April 87 129 4 190 409 4 
May 
2002

126 279 2 386 873 9 
June 143 270 4 450 932 6 
July 124 318 5 475 969 12 
August 177 405 3 464 1006 6 
September 174 374 9 499 1055 10 
October 162 357 3 476 1117 11 
November 171 363 6 452 918 10 
December 147 243 2 372 734 11 
January 148 286 4 329 699 3 
February 162 263 5 344 758 7 
march 180 330 4 351 702 13 
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analysis has been done for year 2002 and is showed 
in table-2 (the data for Farvardin, first month of 
Iranian year, was not considered because of the 10-
day Norouz traditional holidays, and it's specific 
effect on the accidents. Farvardin is the first month of 
spring, identical to April). In the second column of 
this table, the cumulative numbers of non-injury 
accidents of the year 2002 are listed. In the third 
column, the collected data for non-injury accidents in 
cold months of the year (from November to march) 
are listed in the form of commulative average. It 
means that the mathematical average of the accident 
numbers for these 5 months has been calculated and 
increasing trend of the cumulative accidents number 
in these 5 months has been shown with this amount 
(162). 
Cumulative average of accidents between November 
and March 
 = (Cumulative number of accidents in march- 
cumulative number of accidents in October) /5 = 
(1714-906) /5 = 162 
In the forth column, the cumulative number of injury 
accidents in 2002 has been given. In the fifth column, 
the cumulative number of injury accidents in the 5 
cold months of the year (November to march), in 
accordance to the increasing rate of the non-injury 
accidents for the above-mentioned months has been 
calculated. Comparing to the first 6 months, it means 
that if no factor had influenced the rate of injury 
accidents in the cold months of the year and the 
injury accidents rate would have changed the same as 
the increasing rate of the non-injury accidents, how 
many injury accidents would have occurred in these 
months. The following way of calculation was used 
to calculate this rate: 
 
average of non-injury accidents from May to October 
= (cumulative number of accidents of October) /6 = 
906/6=151 
average of non-injury accidents from November to 
March = (cumulative number of accidents of March- 
cumulative number of accidents of October) /5 = 
(1714-906) = 161.6 
growth rate of non-injury accidents in the end months 
of the year comparing to the last 6 months= 161.6 
/151=1.07 
average of injury accidents from May to October = 
(cumulative number of injury accidents in October) 
/6 = 2003/6=333/8 
cumulative average of accidents in the last 5 months 
with regard to the growth rate of non-injury 
accidents=333/8*1/070=357/3 
 
 
 
 

table 2- calculations of graphical analysis 
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average 

May 
2002 

126 126 279 279 

June 269 269 549 549 
July 393 393 867 867 
August 570 570 1272 1272 
September 744 744 1646 1646 
October 906 906 2003 2003 
November 1077 1068 2366 2360 
December 1224 1229 2609 2718 
January 
2003 

1372 1391 2895 3075 

February 1534 1552 3158 3432 
march 1714 1714 3488 3789 
 
The values of each column have been shown in figure 
2. As you see the cumulative value of injury 
accidents in March, compared to cumulative value of 
injury accidents with growth rate of non-injury 
accidents, has showed the decrease of 301 accidents, 
which can indicate that equipping motorcycle with 
metal guards in cold months of the year, would 
decrease the number of injury accidents up to 300. 
However, it is based on this hypothesis that other 
factors like driving habits (being more careful) and 
road conditions (the effect of slippery roads) in cold 
months and its effect on the type of accident didn’t 
play any role in decreasing the value of injury 
accidents and /or increasing the non-injury accidents. 
The statistical analysis of different years is also 
needed to achieve the correct and reliable results. 
 
 6-2- Standard statistical tests to evaluate the 
accident's data 
 
 To evaluate a specific safeguarding program, the two 
following questions should be answered: 
     -Has the implemented program been successful 
and effective? 
     - If yes, how much and in what fields has it been 
effective? 
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The random nature of road accidents can make many 
variances or oscillations in the number of accidents in 
a place from year to year; even though the "safety 
level" of that place doesn’t change at all. This high 
changeableness makes the diagnosis and assessment 
of the effects of a safety program more difficult but  
the meaningful statistical tests can declare that 
whether the observed change in rate of accidents has 
been occurred random or as a result of a certain 
safety program. 
In this section some of the available statistical tests to 
evaluate the accident data are described. These tests 
are applied to answer the above-mentioned questions 
about the success level of the program. 
To answer those two questions it is enough to 
suppose that accidents before and after the improving 
program, follows the normal distribution. In other 
words, we assume the accident statistically 
distributed around the mathematical mean value. This 
means that the Chi-square test could be applied to 
answer the first question. If the same program has 
been done in many places, more analysis would be 
required to define the overall achieved effects. 
In table 3, some tests that are used to assess the 
transportation projects are shown. The required 
conditions for each test are defined as well. 
 
6-2-1- The test of equality scale in two populations 
 
On the basis of counting in roundabout in Tehran 
Bazar area (the big traditional marketplace in the 
center of Tehran city), 40 motorcycles of 168 
motorcycles were equipped with guard and the rest 
were not. The interviews by injured motorcyclists in 
Sina hospital revealed that only in 7 cases of 37 
accidents, the motorcyclists had the guards. In order 

to show the crucial role of guards to decrease the 
eventuality  for occurring the injured accidents in 
Tehran, the scale rate of guars equipping in two 
populations of the motorcycles of Tehran and the 
motorcycles whose riders had injured in accidents, 
are compared to each other. To do this comparison, 
we use the test of equality scale in two populations. 
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Since the calculated Z is less than the Z value in the 
table by confident level of 10 %( 1/28), so it is 
concluded that the difference of equipping scale with 
guard in these two populations would be 
meaningless. 
The above-mentioned results mean with regard to the 
type of guards used in Tehran (which are so far from 
desired condition), this safeguarding instrument is not 
so effective to prevent the injuries and to protect the 
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    figure2- graphic analysis of data accidents 
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body in relatively severe accidents. It can only 
diminish the severity of leg injuries to some extents. 
 
6-2-2- K-Test  
 
The K-test is always used to show the quality of 
changes in the number of accidents (for example, in a 
certain place or area) compared to the controlling 
data. 
The information about the motorcycle accidents 
recorded in Tehran in first and second 6 months of 
the year 2003 are as follow: 
type of 
accident          

average of May 
to October  

average of 
November to 
March          

Non-injury 458 370 
Injury 992 762 
Fatal 9 8.8 
        
As it is evident, the number of non-injury and injury 
accidents in cold months (second half of the year) has 
been reduced compared to the warm months and the 
fatal accidents have nearly been identical. Different 
factors such as driving more carefully, reduction in 
motorcycle use, reduction of daylight time and 
motorcycle using time as well and more usage of 
protection guards, play a key role to reduce the 
number of injury accidents in winter. All mentioned 
factors (except the last one) can also change the 
number of the fatal accidents. Supposing that these 
factors have relatively the same affect on all types of 
accidents (fatal, injury and non-injury), it is possible 
to survey and control the changes in comparison with 
the non-injury and fatal accidents(controlling data)  
in order to evaluate the effect of Guard usage in order 
to reduce the number of injury accidents. In this case, 
by using the K testing method, one time the number 
of non-injury accidents  and the next time the fatal 
accidents are considered as controlling data: 
 
First case: 

Injury accidents: the population influenced by 
applying the protection guard 
Damaging accidents: controlling population. 
            
a=992 
b=762   
c=458 
d=370 
 
K<1: the value of injury accidents has been reduced 
compared to the number of damaging accidents. 
the percent of reduction in injury accidents: 
(K-1)*100=5%          : 
 
 
The second case: 
Injury accidents: the population influenced by 
applying the protection guard. 
Fatal accidents: the controlling population. 
 
a-992 
b=762 
c=9 
d=8.8 
 
 
K<1=the value of injury accidents has been reduced 
compared to the number of non-injury accidents. 
The percent of reduction in injury accidents: 
 (k-1)*100=21% 
 
By doing the K test and the above-mentioned 
calculations for the accident data in 2003, reduction 
in injury accidents compared to the non-injury and 
fatal accidents are 18% and 9% respectively. 
 
7- ANALYSIS OF THE RESULTS AND 
EVALUATION OF THE DATA  
 
The Chi-Square Test can be used to evaluate the data 
and to indicate whether the change of accidents 

Table 3- statistical tests that used to assess the transportation projects [11] 
TEST DESCRIPTION 
 STUDENT 
 (t-TEST) 

Used to determine whether the mean of one set of measerments is significantly 
different from another set. 

KOLMOGOROV- 
SMIRNOV 

This "two-tailed" test determines whether two independent samples have been 
drawn from the same population. 

K 
This calculation is used to show how a number of events at a particular site has 
changed relative to a set of control data. 

 (CHI-SQUARE) 
This calculation used to determine whether a given change (in accident for 
example) was produced by a given treatment or whether the change may have 
occurred by chance. 

equality of given property 
in two populations 

Used to determine whether the given property of one population  is significantly 
different from another population 

458
370

992
762

==⇒

c
d

a
b

k   K=0.95 

9
8/8

992
762

==⇒

c
d

a
b

k   K=0.79  
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number roots in implementation of safeguarding 
program or occurred accidentally. Thus, this test 
indicates that whether the occurred changes in the 
data mean statistically or not. 
In this section the injury accidents of cold and warm 
months of the 2002 are compared considering the 
non-injury and fatal accidents as the controlling data. 
In table 4, information about the average injury and 
non-injury accidents in cold and warm months of the 
year is given. In these tests knowing that in end 
months of the year , more motorcyclists apply the 
protection guard , the increasing injury accidents in 
last and starting months of the year are compared to 
each other in order to assess the role of protection 
guard  in reduction of injury accidents and the 
reliability of the results gained from K test are 
surveyed. 
 

Table 4- Chi-square Test 

 
Injury 

accidents 

Non-injury 
accidents 

(controlling 
data) 

SUM 

Average of 
may to 
October 
(before) 

a) 334 c) 151 g) 485 

Average of 
November to 
march (after) 

b) 297 d)162 h) 459 

SUM e) 631 f) 313 n) 944 
 

 
 
  

By referring to the table of distribution x1 and 
considering the level of assurance to be 90%, the 
value of 2/71 could be obtained. Since the calculated 

rate of 2x  is less than this value, it's evident that with 
assurance level set to 90%, it is not possible to 
conclude that the difference in average values of 
accidents in warm and cold months of the year are 
statistically meaningful. 
By taking into account of the fatal accidents in 2002 
as the controlling data and doing the same 
calculations, the x1 value gives 0.045 that once again 
the same result could be concluded. 
In this example, we should consider that the applied 
data concerning to the injury accidents doesn't 
exactly shows the situations that are influenced by the 
safety program (equipping the monocycle with 
protection guard), because only 25 % (about 25%) of 
these motorcycles were equipped with the protection 
guard and in order to study the effects of leg protector 

for reducing the number of injury accidents, it is 
essential to compare the information of injury 
accidents related to equipped and non-equipped 
motorcycles with safety guard and these data are not 
available. 
 
8-CONCLUSION 
 
By using the current data and information and on the 
basis of analysis which have been mentioned in 
previous sections, it could not be concluded that 
using the front safety guard brings significant 
reduction in motorcycle injury accidents, but the 
findings obtained by studies and interviews of 
motorcyclists who got involved in accidents and 
taking into consideration the different viewpoints of 
motorcyclists population shows that these safety 
guards  play an effective role to diminish the severity 
of leg injuries and to reduce the severity of injury 
motorcycle accidents, especially in less severe 
accidents. However the interviews show that safety 
guards play a serious role in street accidents which 
always happen in low speeds. 85% of injured 
interviewed motorcyclists and 60% of interviewed 
motorcyclists in Tehran pointed to the importance of 
guard's usage. Also in accordance to the observations, 
the most motorcyclists (about 70%) don't have any 
significant reason to avoid using the front safety 
guard, so by applying the training programs culture-
making and law enforcement schemes as well, people 
could be encouraged to use the front safety guard and 
reduce the injuries of motorcyclists significantly.         
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ABSTRACT 
 
Seats with active head restraints may perform better 
dynamically than their static geometric characteristics 
would indicate.  Farmer et al. found that active head 
restraints which moved higher and closer to the 
occupant’s head during rear-end collisions reduced 
injury claim rates by 14-26 percent.  The National 
Highway Traffic Safety Administration (NHTSA) 
recently upgraded their FMVSS No. 202 standard on 
head restraints in December 2004 to help reduce 
whiplash injury risk in rear impact collisions. This 
upgraded standard provides an optional dynamic test 
to encourage continued development of innovative 
technologies to mitigate whiplash injuries, including 
those that incorporate dynamic occupant-seat 
interactions.  This study evaluates four original 
equipment manufacturer (OEM) seats with active 
head restraints in the FMVSS 202a dynamic test 
environment.  The rear impact tests were conducted 
using a deceleration sled system with an instrumented 
50th percentile Hybrid III male dummy.  Seat 
performance was evaluated based on the FMVSS 
202a neck injury criterion in addition to other 
biomechanical measures, and compared to the 
respective ratings by the Insurance Institute for 
Highway Safety (IIHS).  Three of the four OEM seats 
tested were easily within the allowable FMVSS 202a 
optional dynamic test limits.  The seat that was 
outside one of the allowable limits also received only 
an “acceptable” rating by IIHS while the other three 
seats were rated as “good.”  Results also suggest that 
the stiffness properties of the seat back and recliner 
influence the dynamic performance of the head 
restraint.   
 
INTRODUCTION 
 
Serious injuries and fatalities in low speed rear 
impacts are relatively few.  However, the societal 
cost of whiplash injuries as a result of these collisions 
is quite high:  the National Highway Traffic Safety 

Administration (NHTSA) estimates that the annual 
cost of these whiplash injuries is approximately $8.0 
billion (NHTSA, 2004).  Numerous scientific studies 
reported connection between the neck injury risk and 
seat design parameters during a rear impact (Olsson 
1990, Svensson 1993, Eichberger 1996, Tencer 2002 
and Kleinberger 2003).  When sufficient height was 
achieved, the head restraint backset had the largest 
influence on the neck injury risk.  In addition to its 
static position relative to the occupant head, the 
structural rigidity of the head restraint and its 
attachment to the seat back can have a significant 
impact on the neck injury risk in a rear impact (Voo 
2004). Farmer et al. (2003) and IIHS (2005) 
examined automobile insurance claims and personal 
injury protection claims for passenger cars struck in 
the rear to determine the effects of changes in head 
restraint geometry and some new head restraint 
designs.  Results from these studies indicated that 
cars with improved head restraint geometry reduced 
injury claims by 11-22 percent, while active head 
restraints that are designed to move higher and closer 
to occupants’ heads during rear-end crashes were 
estimated to reduce claim rates by 14-26 percent. 
 
 In response to new evidence from epidemiological 
data and scientific research, NHTSA published the 
final rule that upgrades the FMVSS 202 head 
restraint standard (49 CFR Part 571) in 2004, and is 
participating in a Global Technical Regulation on 
head restraints.  The new standard (FMVSS No. 
202a) provides requirements that would make head 
restraints higher and closer to the head so as to 
engage the head early in the event of a rear impact.  
The rule also has provisions for a dynamic option to 
evaluate vehicle seats with a Hybrid III dummy in 
rear impact sled test that is intended in particular for 
active head restraints that may not meet the static 
head restraint position requirements such as height 
and backset.  However, the dynamic option is not 
limited to active head restraints.  By active head 
restraints we mean head restraints that move or 
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deploy with respect to the seat back.  These active 
head restraints might perform better in rear impact 
collisions than their static geometric measures may 
indicate.  The neck injury criterion in this dynamic 
option uses the limit value of 12 degrees in the 
posterior head rotation relative to the torso of the 
dummy within the first 200 milliseconds of the rear 
impact event. 
 
The Insurance Institute for Highway Safety (IIHS) 
has been publishing ratings of head restraint 
geometry since 1995 (IIHS, 2001).  IIHS along with 
the International Insurance Whiplash Prevention 
Group (IIWPG) developed a dynamic test procedure 
(IIHS, 2006) to evaluate head restraints and have 
been rating head restraint systems since 2004 using a 
combination of their static measurement procedure 
and the newly developed dynamic test procedure.  In 
this combined procedure, seat systems that obtain a 
“good” or “acceptable” rating according to the IIHS 
static head restraint measurement procedure, are put 
through a dynamic rear impact sled test with the 
BioRID II dummy, simulating a rear crash with a 
velocity change of 16 km/h.  The dynamic evaluation 
is based on the time to head restraint contact, 
maximum forward T1 acceleration, and a vector sum 
of maximum upper neck tension and upper neck 
rearward shear force. This evaluation results in a 
dynamic rating of the seat ranging from “good” to 
“poor”.  As a consequence of this evaluation 
procedure by IIHS, head restraints that obtained a 
good or acceptable rating from the static head 
restraint measurements may obtain an overall poor 
rating from the dynamic test procedure.  In addition, 
some active head restraint systems that obtain a 
marginal or poor static measurement rating are not 
even tested dynamically although their dynamic 
performance may actually be good. 
 
This study evaluates the performance of a select 
group of automotive seats with active head restraints 
from original equipment manufacturers (OEM) under 
the environment of the optional FMVSS 202a 
dynamic test.   

 
MATERIALS AND METHODS 
 
Driver seats from four different passenger cars were 
evaluated: Saab 9-3, Honda Civic, Nissan Altima and 
Subaru Outback.  The OEM driver seats were 2006 
model year production stock, ordered directly from 
either the vehicle manufacturers or their suppliers, 
and included the seatbelt restraints.  The seats were 
not modified in any way.  Custom-designed rigid 
base brackets for each seat were used to anchor the 

seats to the impact sled such that the height and 
relative position of the seat to the B-pillar and floor 
pan would be similar to its position in the car.  For 
each seat model, the corresponding OEM seatbelt 
was used as the restraining device during each test.    
 
The seats were positioned nominally in accordance 
with sections S5.1 and S5.3 of FMVSS 202a.  
However, some aspects of the IIHS procedure (IIHS 
2001) were implemented regarding the set up of the 
SAE J826 manikin and the seat back position.  The 
procedure is briefly described below.  Once fixed to 
the sled with its back toward the impact direction, the 
seat was positioned at the mid-track setting between 
the most forward and most rearward positions. Then 
the seat pan angle was set such that its front edge was 
at the lowest position relative to its rear edge.  The 
vertical position of the seat was placed at the lowest 
position if a dedicated height adjustment mechanism 
existed independent of the seat pan incline 
adjustment.  Once the seat pan angle and height were 
fixed, the seat back was reclined to a position such 
that the torso line of SAE J826 manikin (H-point 
machine) was at 25 degrees from the vertical, 
following a procedure similar to that used by IIHS 
(IIHS 2001).  The head restraint height was measured 
at the highest and lowest adjustment settings using 
the head room probe of the H-point machine, and was 
then positioned midway between those two points or 
the next lower lockable setting. The head restraint 
backset and head-to-head-restraint height were 
measured using the Head Restraint Measurement 
Device (HRMD) in combination with the SAE J826 
manikin with a procedure adopted by IIHS (IIHS 
2001).  The H-point of the seat as positioned was 
then recorded and marked to be used later in 
positioning the dummy. 
 
A 50th percentile male Hybrid III dummy was used as 
the seat occupant for this study.  The dummy was 
instrumented with triaxial accelerometers at the head 
CG and thorax CG, and a single accelerometer at T1.  
Angular rate sensors (IES 3100 series rate gyro) were 
mounted in the head and upper spine.  The IES 
triaxial angular rate gyro was designed to meet the 
SAE J211/1 (rev. March 1995) CFC 600 frequency 
response requirement specified in FMVSS 202a and 
is capable of recording angular rates up to 4800 
degree/second.  The sensor weighs 22 grams and fits 
at the center of gravity of the Hybrid III dummy head 
on a custom mount.  The Hybrid III head with the 
IES sensors was balanced so as to meet the mass 
specifications in Part 572.  The upper neck and lower 
neck were instrumented with six-axis load cells, and 
the lumbar spine with a three-axis load cell.    
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The dummy was positioned in the test seat following 
the procedures outlined in S5.3.7 of FMVSS 202a 
(Figure 1) with the exception of the right foot and 
hands.  The dummy was seated symmetric with 
respect to the seat centerline.  Adjustments were 
made to align the hip joint with the seat H-point 
while keeping the head instrumentation platform 
level (± 0.5 degree).  Both feet were positioned flat 
on the floor and the lower arms were positioned 
horizontally and parallel to each other with palms of 
the hands facing inward.  The dummy was restrained 
using the OEM 3-point seatbelt harness for the 
corresponding seat during all tests.  The position of 
the dummy head relative to the head restraint was 
measured in two ways: (1) the vertical distance from 
the top of the head to the top of the head restraint; 
and (2) the shortest horizontal distance between the 
head and the head restraint. 
 
Video images were captured for these tests using two 
Phantom high-speed digital video cameras operating 
at 1000 frames per second.  One camera was 
mounted on-board to provide a right lateral view of 
the dummy kinematics while the second camera was 
mounted overhead to provide a top view.  Video 
collection was synchronized with the data acquisition 
system using a sled impact trigger with an optical 
flash that was visible within the field of view of both 
cameras to signal the time of initial sled impact. 

Sled Acceleration Pulses + FMVSS 202a Corridor
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Figure 1.  Pre-impact setup of the dummy and 
seat for the FMVSS 202a rear impact sled tests. 
 
The sled was accelerated to an impact velocity of 
approximately 17.3 km/h.  Upon impact, the sled 
experienced a deceleration-time curve that conformed 
to the corridor described in the FMVSS 202a 
standard when filtered to channel class 60, as 
specified in the SAE Recommended Practice J211/1 
(rev. Mar 95) (Figure 2).  Upon sled impact, the 
sensor and video data were collected synchronously, 
including a head-to-head restraint contact sensor and 

the sled linear accelerometer.  All data were collected 
and processed in accordance with the procedures 
specified in SAE Recommended Practice J211/1 (rev. 
March 1995).  Each seat was tested under FMVSS 
202a dynamic conditions only once.    
 
Angular displacements of the dummy head and torso 
were calculated through numerical integration of the 
angular velocity data obtained from the rate gyro 
sensors in the head and upper spine.  The relative 
head-torso relative angular displacement values were 
calculated at each time step by subtracting the torso 
angular displacement value from the corresponding 
head angular displacement value.  The maximum 
head-torso relative rotation value in the posterior 
direction was used to evaluate the relative whiplash 
injury risk associated with the different seats tested 
according to the FMVSS 202a dynamic option.  Data 
from the load cells in the upper and lower neck were 
used to calculate the Nkm index (Schmitt, 2001).  
The positive shear (head moves posterior relative to 
the neck) was used in calculating Nkm and in 
comparing the upper neck and lower neck shear 
forces between tests. The moment measured at the 
lower neck load cell was corrected to represent the 
lower neck moment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Sled impact deceleration pulses of rear 
impact testing of the four seats along with the 
FMVSS 202a corridor. 
 
 
RESULTS 
 
The head restraint height (vertical distance from the 
top of the head to the top of the head restraint) and 
backset (horizontal distance from the head restraint to 
the back of the head), as measured using the HRMD,  
ranged 15-45 mm and 25-70 mm respectively, as the 
OEM head restraint was in its mid-position (Table 1).  
The similar measurements representing the horizontal 
and vertical position of the head restraint relative to 
the Hybrid III dummy head are also presented in 
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Table 1 for comparison.  In general, the head of the 
seated dummy was lower, but further away from the 
head restraint than the HRMD (Table 1).  Note that 
among the four seats tested only the Nissan Altima 
had an independent seat height adjustment where the 
seat was set at the lowest position while the front 
edge of the seat pan was at the lowest position 
relative to its rear edge.  For the other seats, the 
requirement of having the seat pan front edge to be at 
the lowest position relative to its rear edge forced the 
overall seat to be at the highest position. 
 

Table 1:  Head Restraint Geometric 
Measurements (Mid-Height Position) 

 
* IIHS procedure (IIHS 2001) was used to set up the SAE 
J826 manikin and the seat back position 
 
Table 2 presents the results of the dummy responses 
in the FMVSSS 202a optional dynamic test 
environment.  The time that the dummy head made 
initial contact with the head restraint ranged from 56 
to 74 milliseconds between the four seat tests, 
somewhat consistent with the horizontal head-to-head 
restraint distance values of the four seats (Table 1).  
The maximum posterior head-torso relative rotation 
of the Hybrid III dummy was less than 8 degrees for 
the Saab 9-3, Honda Civic, and the Subaru Outback, 
but exceeded the 12 degrees specified limit in 
FMVSS No. 202a for the Nissan Altima.  
 
The performance of the seats, as measured by the 
peak posterior head-torso relative rotation (Figure 3), 
did not correlate with the initial relative position 
between the dummy head and head restraint.  The 
greatest rotation occurred in the seat having the 
smallest horizontal dummy head to head restraint 
distance as well as the smallest backset and one of 
the seats with the smallest head-torso relative 
rotations occurred in a seat having the largest of these 
static dimensions (Table 1 and Figure 3).  The head 
restraint height did not appear to be a strong factor in 

seat performance as the head restraint at mid-position 
for all four seats were significantly higher than the 
head CG and were in the “Good” range for head 
restraint height as per the rating system by IIHS 
(IIHS 2001). 
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Figure 3.  FMVSS 202a injury measures (Head-
torso relative rotation in degrees and HIC15) for 
the four OEM seats in rear impact tests.  

 
Table 2:  Dynamic Test Results 

 
The HIC15 injury measure for all seats was less than 
20 (Table 2, Figure 3), which is significantly lower 
than the specified limit of 500 in FMVSS No. 202a. 
The relative performance of the seats measured by 
the head-torso relative posterior rotation was 
consistent with several other biomechanical measures 
such as the upper neck shear force (Figure 4), lower 
neck extension moment (Figure 5), and upper neck 
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Nkm index (Figure 6).  Those measures all showed 
that the Altima seat, which had the smallest 
horizontal dummy head-to-head restraint distance and 
backset at mid-height position, sustained the highest 
relative motion and neck loads.  The Saab had the 
lowest relative motion and neck loads, except for 
Nkm, and had the largest horizontal dummy head-to-
head restraint distance and backset. 
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Figure 4.  Upper neck positive shear forces for the 
four OEM seats in the FMVSS 202a dynamic test. 
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Figure 5.  Lower neck extension moments for the 
four OEM seats in FMVSS 202a dynamic test. 
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Figure 6.  Shear-bending load index (Nkm) for the 
four OEM seats in FMVSS 202a dynamic test.  
 

The time histories of the head, torso and head-torso 
relative rotation for the four OEM seats in the 
FMVSSS 202a dynamic tests are presented in Figures 
7-10.  The maximum posterior head-torso relative 
rotation occurred before the maximum head or torso 
rearward rotation in all the seats.  The maximum 
lower neck extension moment occurred 
approximately at the time of maximum head-torso 
rotation in all the seats except for the Saab seat where 
it had occurred somewhat earlier (Figure 9).  The 
maximum shear force occurred after the maximum 
lower neck extension moment with all the seats.   
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Figure 8.  Time histories of the head, torso, and 
h
seat in FMVSS 202a dynamic test. 
 
A detailed analysis of the dum
p
Nissan Altima seat did not achieve the FMVSS 202a 
dynamic test requirements while the other three seats 
easily met the requirements. At the time of initial 
head contact with the head restraint, the head-torso 
rotation in the Altima seat was 0.9 degree (Figure 8) 
which was similar to that of the other three seats that 
ranged between 0.5 to 1.7 degrees (Figures 7, 9 and 
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10).  However, after contact with the head restraint, 
the head continued to rotate up to a peak of 25 
degrees in the Nissan Altima seat while the total torso 
rotation was only 9.1 degrees (Figure 8). The low 
torso rotation (lowest among all the seats tested) with 
respect to the head rotation (highest among all the 
four seats) resulted in high head-torso relative 
rotation with a peak of 17.9 degrees (Figure 8).  On 
the other hand, the head restraints and the seat backs 
of the other three seats allowed the torso to undergo a 
similar total rotation as the head (Figures 7, 9, and 
10).  The seat-back stiffness, recliner stiffness, and 
the head restraint stiffness may have contributed to 
the different performances of the OEM seats.   

Figure 9.  Time histories of the head, torso, and 
head-torso relative rotation in the Saab 9-3 seat in 
FMVSS 202a dynamic test. 
 

Figure 10.  Time histories of the head, torso, and 
head-torso relative rotation in the Subaru 
Outback seat in FMVSS 202a dynamic test. 

HS evaluated the 2006 Honda Civic, Nissan Altima, 
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ead restraint static measurement procedure as well 
as their dynamic test procedure (Table 3). The Honda 
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DISCUSSION 
 
II
Saab 9-3, and t
h

Civic, Saab 9-3 and the Subaru Outback received 
“good” geometric and dynamic ratings, resulting in 
an overall “good” rating.  The Nissan Altima 
received an “acceptable” geometric and dynamic 
rating, resulting in an overall “acceptable” rating.  
Note that the head restraint geometric rating by IIHS 
is based on height and backset measured in the lowest 
position or in the most favorably adjusted and locked 
position of the head restraint.  The final static 
geometric rating is the better of the two, except that if 
the rating at an adjusted position is used, it is 
downgraded one category.  The head restraint 
geometric measurements in this study were obtained 
with the head restraint at a locked position which is 
approximately mid-point of the highest and lowest 
position, since that is the position of the head 
restraint for the dynamic test.    
 

 
Table 3:  IIHS Seat Ratings and Dynamic Test 

Data using the BioRI
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static measurement requirement would likely receive 
a “good” geometric rating from IIHS unless the 
height dimension was insufficient. Comparison of the 
performance of the four OEM seats tested in the 
FMVSS 202a optional dynamic test procedure and 
the IIHS dynamic test procedure suggests that seats 
with active head restraints that are within the FMVSS 
No. 202a dynamic test limits are likely to obtain a 
“good” dynamic rating by IIHS.  However, according 
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to the IIHS procedure, if the seats with active head 
restraints do not obtain a “good” or “acceptable” 
geometric rating, they are not tested dynamically.   
 
This study demonstrated that initial head restraint 
position relative to the head may not be a reliable 
indicator for the dynamic performance of seats with 
ctive head restraints. Real-world data and 

 such that 
e torso and the head move together to minimize 

 The FMVSS 202a seat positioning procedure, 

hest position in order to 

• 

 

Th
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he ieve that those 

head 
straints that have superior static (undeployed) 

complete seating system to provide 
ptimal protection to the occupants.  Head restraint 

he authors would like to thank the National 
ighway Traffic Safety Administration for their 

 Cooperative Agreement 
o. DTNH22-05-H-01021. 

ichberger A, Geigl BC, Moser A, Fachbach B, 
teffan H, Hell W, Langwieder K. “Comparison of 

Seats Regarding Head-Neck 
inematics of Volunteers during Rear End Impact,” 

a
experimental studies have shown that a head restraint 
positioned closer to the head would provide more 
effective whiplash mitigation. Though the head 
restraints of all four OEM seats moved forward and 
closer to the head in a similar manner during the rear 
impact tests, their performance after the initial head 
contact differed (Figures 7-10). The Nissan Altima 
seat did not meet the optional dynamic test 
requirement of 12 degrees head-torso rotation, as a 
result of the large differential between the head and 
torso rotation after the initial head contact.  This is 
evidenced in Figure 8, where the torso rotation is 
significantly smaller than that of the head.  
 
Kinematic evaluation of the video data indicated that 
the seat back of the Altima was too stiff to allow 
sufficient torso movement into the seat back
th
their relative motion.  In contrast, the seat back 
stiffness, recliner stiffness, and the head restraint 
stiffness of the Honda Civic, Saab 9-3, and the 
Subaru Outback seats appeared to be optimized so 
that the head and torso rotated together and thereby 
minimized the relative rotation between the head and 
the torso at this test speed (Figures 7, 9, and 10).  In 
addition, the head restraint of the Altima seat 
appeared to be too compliant, thus allowing too much 
posterior head rotation after the head made the initial 
contact with the head restraint.  Previous research has 
found that a less rigid head restraint can increase the 
neck injury risk in rear impact (Voo 2004).   
 
There are some seat positioning differences between 
the FMVSS 202a procedure and that of IIHS 
(NHTSA 2004, IIHS 2001): 
•

which this study attempted to follow, resulted in 
the seats of the Honda Civic, Saab 9-3 and Subaru 
Outback being at their hig
obtain as shallow angle for the seat pan, which 
results in the highest H-point position relative to 
the seat back.  The IIHS procedure would place 
those same seats at their lowest position regardless 
of the resulting seat pan angle (as per section 5.1.5 
and 5.1.7 of IIHS 2001).  This resulted in those 
same seat pans being adjusted to the most 
rearward tilted position (as per section 5.1.5 and 
5.1.7 of IIHS 2001).  On the other hand, both 

procedures would set the Nissan Altima seat at its 
lowest position.  The IIHS procedure would then 
place the seat pan at the mid-range of inclination. 
All the seats in this study were set at the mid-point 
between the most forward and most rearward 
positions of the seat track.  The IIHS procedure 
would have set them at the most rearward position
(as per section 5.1.6 of IIHS 2001). 
ose seat positioning differences might have 
ulted in differences in head-restraint position 
asurement and/or dummy position relative to the 

ad restraint.  However, we do not bel
differences have significantly altered the relative 
dynamic performance of the seats tested in this study 
and the similar ones by IIHS, even though different 
dummies (Hybrid III and BioRID) were used. 
 
This study has demonstrated the complexity of 
designing a seat to mitigate whiplash injuries during 
a rear impact collision.  Seats with active 
re
geometry may not necessarily perform relatively well 
under dynamic conditions, whereas seats that do not 
have superior static (undeployed) geometry may still 
perform relatively well dynamically.  The Saab 9-3 
seat, for example, had an initial backset measurement 
of 70 mm (using the HRMD) but was still able to 
limit the head-torso relative rotation to approximately 
four degrees. 
 
Results from this study demonstrated the importance 
of considering both the seat back and head restraint 
designs as a 
o
designs that are too compliant or seat-back designs 
that are too stiff may both result in excessive motion 
of the head relative to the torso.   
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ABSTRACT 

     Lane change collision avoidance systems (CAS) 
are designed to prevent crashes in lane change 
maneuvers by alerting the driver to hazards in the 
adjacent lanes of traffic.  These systems detect 
surrounding vehicles that are on the sides and behind 
the vehicle, notify the driver through warning signals, 
e.g., a visual symbol in the side or rear view mirrors, 
and have the potential to reduce the fatalities and 
injuries associated with these collisions.  Currently, 
these systems are being introduced into new vehicles; 
however, test data of driver performance using them 
remain limited. 

The objective of this research is to examine driver 
behavior using lane change CAS to determine what 
leads to the safest driver behavior and to investigate 
if the use of a lane change CAS with only a proximity 
warning system (i.e., blind spot detector) provides 
sufficient warning to drivers.  This study considers 
drivers in two age ranges with comparatively high 
crash statistics in these types of crashes: 16-21 years 
of age and 65 and older.  Simulator test scenarios 
developed for the National Advanced Driving 
Simulator (NADS) at the University of Iowa are used 
to examine and compare five lane change CAS types: 

representative commercially-available proximity 
warning system, TRW proximity-only CAS system, 
TRW comprehensive system, a left (driver’s) side 
convex mirror, and a baseline (standard vehicle 
mirrors).  This paper reports on the evaluation of 
several lane change CAS types using the NADS.  An 
analysis of results including a comparison of both age 
ranges and conclusions of the study are presented.  
Benefits for drivers were found for all systems tested. 

INTRODUCTION 

     Lane change collision avoidance systems (CAS) 
are designed to prevent crashes in lane change 
maneuvers by alerting the driver to hazards in the 
adjacent lanes of traffic.  From previous studies, it 
has been determined that many crashes during a lane 
change occur when drivers are unaware of hazards 
around their vehicle [1].  A CAS can detect 
surrounding vehicles that are in zones on the sides 
and behind the vehicle and notify the driver through 
the use of a warning signal such as an auditory 
message or a visual symbol in the side or rear view 
mirrors.  Lane change and merge crashes account for 
approximately 10 percent of the total of all reported 
crashes in the General Estimates System (GES) data.  
To the extent that a CAS helps drivers avoid unsafe 
lane changes, it has the potential to reduce crashes. 

      The Space and Electronics Group of TRW 
developed a CAS consisting of two detection and 
warning subsystems [2].  The first subsystem, a 
proximity warning subsystem, detects vehicles in a 
defined proximity zone on the side of the vehicle 
including the region referred to as the blind spot.  The 
second subsystem, the fast approach subsystem, 
detects vehicles further behind the vehicle than the 
proximity zone that are at high closing speeds 
approaching the proximity zone. 

LANE CHANGE CAS TESTED 

     Five types of lane change CAS were tested: 1) 
TRW proximity only system (TRW) that detects 
vehicles in a defined proximity zone adjacent to and 
9.1 m (30 ft.) behind the vehicle including the region 
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referred to as the blind spot, 2) TRW proximity and 
fast approach system (TRWFA) that detects vehicles 
further behind the vehicle than the proximity zone 
that are at high closing speeds approaching the 
proximity zone, 3) a commercially available limited 
proximity warning system (LPWS) that typically 
covers an area approximately 3.5 to 4.2 m (12 to 14 
ft.) to the side and up to 7.6 m (25 ft.) back from the 
external side view mirrors, 4) nonplanar mirror (left 
side aspherical convex mirror with 1400 mm (55.1 
in) radius of curvature), and 5) baseline which is 
comprised of  standard U.S. vehicle mirrors: planar 
on the driver’s side, and a standard convex passenger 
side mirror.  For a more complete description of CAS 
types used in this study, refer to reference [3].  For all 
of the CAS except the nonplanar mirror and baseline, 
the system display was a red triangle that appeared in 
the field of view in the driver’s-side and passenger-
side view mirrors when another vehicle is in a 
vehicle’s path (Figure 1).  The triangular symbol is lit 
when it is unsafe to change lanes.  Figure 2 illustrates 
CAS type 4, the nonplanar convex mirror on the 
driver’s side. 

 

Figure 1.  Example CAS simulation in NADS 
(View from driver’s seat of TRW CAS). 

SIMULATED LANE CHANGE CONDITIONS 

     A brief summary of simulated lane change 
conditions follows.  There is additional background 
information presented in reference [3].  The lane 
change scenarios occur on non-junction segments of 
roadway without traffic control with 50 mph speed 

 

Figure 2.  View from driver’s seat of nonplanar 
(convex) mirror in NADS. 

limits.  The status of the blind spot, the actions of the 
lead vehicle(s), and the direction of lane change 
defined the lane change scenarios.  All three blind 
spot conditions have been combined with both sets of 
lead vehicle actions (described in the next section) 
and both left and right lane changes. 

Blind Spot Status 

     There are three possible conditions of the blind 
spot.  In the first, there is no vehicle in the blind spot.  
In the second, there is a vehicle in the blind spot and 
it is traveling at the same speed as the test vehicle.  In 
the third, there is a fast approaching vehicle in the 
blind spot and it is traveling at a speed 30 mph (48 
km/h) greater speed than the test vehicle.  It is timed 
to be in conflict with the test vehicle during the lane 
change.  This third condition for the blind spot status 
occurs only in the last trial (trial 5).  This limitation 
has been imposed in keeping with estimates for the 
frequency of occurrence of fast approach vehicles 
since no on road or simulator data are available for 
actual driver behavior.  

Scenario Development 

   In the study by Smith, Glassco, Chang, and Cohen 
[4] metrics defining last-second lane-change 
characteristics against data collected on a closed 
course, on the road, and in a simulator were 
developed.  The closed course data were collected as 
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part of the Crash Avoidance Metrics Partnership 
(CAMP) between General Motors and Ford.  The 
scenarios are more fully described in reference [5].  
Drivers approached a stopped lead vehicle, a lead 
vehicle moving at a constant slower speed, or 
followed a decelerating lead vehicle.  They were 
asked to either pass the lead vehicle “at the last 
second they normally would to go around a target 
representing a vehicle in the adjacent lane” or “at the 
last second they possibly could to avoid colliding 
with the target.” 

     The above data were used to design simulation 
scenarios.  In addition, the closing speed has been 
pre-tested to ensure that the drivers are able to 
perceive that the vehicle is indeed closing and not 
staying at the same distance.  Also, on-road pre-
testing has identified that high profile vehicles in the 
rear of the test vehicle can occlude the view of the 
fast approaching vehicle.  Therefore, no trucks, 
busses, or SUVs have been included in the simulated 
traffic. 

Simulated Lead Vehicle Actions 

     There are two types of lead vehicle actions: 1) 
Lead Vehicle Braking - the vehicle ahead in the same 
lane as the test vehicle slows to a distance 50% of the 
distance that CAMP drivers selected as the hard 
steering distance to a stopped vehicle[3], and 2) 
Uncovered Slower Lead Vehicle - the vehicle ahead 
in the same lane as the subject vehicle makes a lane 
change to the adjacent lane and reveals (uncovers to 
the driver’s view ahead) a slower lead vehicle when 
the test vehicle is at the distance 50% of the distance 
that CAMP drivers selected as the hard steering 
distance to a slower moving vehicle (driver at 60 mph 
and slower lead vehicle at 30 mph) [3]. 

     Several outcomes to these lead vehicle actions are 
possible.  In the event that the participant comes to a 
stop, traffic in the adjacent lane continues to flow by 
until the lane is cleared.  In this case, the participant 
was asked by the researcher to go around the vehicle 
in front when the lane clears.  If the participant does 
not change lanes, the slowing/stopped vehicle turns 

off the roadway.  In the event that the participant 
waits for the lane to clear, the vehicle in the 
participant’s blind spot moves past the participant 
thereby clearing the lane and enabling the participant 
to complete the lane change [3]. 

     The direction of the lane change is based on the 
participant making successful left and right lane 
changes in response to the lead vehicle actions.  
Participants are given instructions to change lanes 
when forced by traffic conditions and to stay in the 
new lane until forced again by traffic.  Lane changes 
have been in either the right or the left direction.  The 
active lane-change CASs provide similar warnings 
for either direction.  The test convex mirror is 
mounted only on the left (driver’s) side [3]. 

EXPERIMENTAL DESIGN 

     The experiment is a split plot (i.e., combination 
between and within subject design).  The between 
subjects independent variables are age and CAS.  
There are two levels of age: 16-21 years old, and > 
65 years old.  There are four CAS systems to be 
compared to the baseline: TRW proximity (TRW), 
TRW proximity and fast approach (TRWFA), LPWS, 
and convex mirror.  There are 4 participants per age 
group by CAS condition.  Each participant drove a 
baseline and one of the four CASs.  The within 
subjects variables have been trial, blind spot status, 
lead vehicle actions, and lane change direction [3].  
For more specific information on the NADS 
regarding this experiment see reference [3]. 

     Trial 1 is a baseline and is used for comparison 
against the four remaining trials of CAS (trials 2 
through 5). All other independent variables (e.g., 
where forcing events occur) were random with equal 
occurrences across subjects.  To decrease 
predictability of events, each trial began at a different 
point in the driving database [3].  The remaining 
trials varied from 2 through 5 for the four CAS 
systems to be evaluated.  Note also that 8 younger 
driver participants completed trial 6 – participants 
brought back to the simulator again to drive trial 5 in 
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order to increase the amount of data for analysis for 
the fast approach vehicle condition. 

Dependent Variables 

     The dependent variables were grouped for 
analysis by kind, i.e., number (frequency of lane 
changes), proportion, distance, time, angle, and rate.  
Chi Square analyses were calculated for number data.  
To minimize the pyramiding of alpha effect, 
proportion, distance, time, angle, and rate data were 
analyzed using manovas.  Two dependent variables 
did not fit into the above grouping and therefore were 
analyzed separately.  These two variables were 
correctness of action based on illumination of CAS 
and degree of conflict accepted. 

Participant Selection 

     The experiment included 32 male subjects in one 
of two age categories: 16 to 21 years old (mean 18, 
SD 1.713) and 65 years old or more (mean 74, SD 
5.414, range: 66-83); sixteen subjects in each 
category.  Subjects had to have valid driver’s licenses 
and were all recruited from the vicinity of Iowa City 
or Cedar Rapids, Iowa.  Subjects were paid $10 per 
hour for their participation.  In addition, all subjects 
were selected for visual acuity, color vision, and 
contrast detection in the normal range.  Male drivers 
were selected since they had the highest crash 
involvement in lane change crashes for both groups.  
The younger age category subject selection criterion 
was based on crash data from Eberhard et al. [7] and 
the need to analyze how younger drivers perform 
critical driving tasks [8].  The second age category 
was included because of a concern that technology 
may overload the sensory and perceptual capabilities 
of older drivers [8].  Although older drivers are not 
overrepresented in lane change merge accidents, they 
are in side impacts [9].  This may be due to changes 
in visual perception, judgment, and attention.  These 
would also affect lane change and merge 
performance.  The older category as a group has 
fewer crashes and a lower crash involvement rate 
(than the younger group).  However, both groups 
have similar fatality rates per 1000 licensed drivers.  

Virtually all behavior slows with age, with 
performance decrements being more pronounced as 
task complexity and cognitive demands increase.  
Making decisions becomes more difficult, as does 
changing a course of action once a commitment has 
been made [8].  Therefore, it was expected that older 
drivers would have more crashes with short decision 
times and rapidly changing environments.   
Conversely, it was expected that younger drivers 
would have more crashes at higher speeds and 
smaller gap distances.   

ANALYSIS OF RESULTS 

     In the design of the experiment, 1408 lane change 
events were planned.  In addition, 8 younger drivers 
returned to drive the alternate fast approach scenario 
since there were insufficient data for analysis in the 
original data set adding 96 potential lane changes for 
a total potential data set of 1504.  As a result of 
subject driver’s actions, lane change scenarios did not 
always occur as planned (Table 1).  First, there were 
not equal numbers of events for each of the four 
types of CASs (312 TRW, 324 TRWFA, 288 LPWS 
324 Nonplanar Mirror,).  Second, there were 
incomplete data for events, specifically, only 928 
(61.7%) lane changes occurred as planned and had 
decision and execution phase data as well as eye 
tracker data.  “No event” and “invalid event” data 
(399 and 5 occurrences, respectively) were not 
included in the analyses.  Rejected lane change data 
were analyzed separately from accepted lane change 
data.  A rejected lane change consisted of decision 
phase data only.  The decision phase started at lead 
vehicle braking and continued until the driver turns 
the steering wheel.  Missing decision phase, 
execution phase, and eye tracker data were treated as 
missing data in the analyses of the remaining data.  In 
addition, there were insufficient data to determine the 
effects of subject due to the small number of subjects 
per CAS condition (4 per condition were planned) 
combined with the missing data.  Finally, since there 
were only 155 valid lane change events during the 
baseline condition with an additional 12 events that 
were valid but without complete eye tracker data, 
difference scores were not calculated since a missing 



Svenson 5 

datum from either the baseline or the CAS trials 
would have resulted in loss of the non-missing 
datum. 

Table 1.  Frequency of data points obtained. 
Data Point Condition Frequency 

No event 399 

Rejected lane change-only 
decision phase data 

9 

Lane change-decision and 
execution phase data 

928 

Rejected lane change but no 
eye data 

15 

Lane change but no eye data 122 

Lane change event but no 
execution phase eye data 

12 

Lane change event but no 
decision phase eye data 9 

Lane change-decision phase 
started before lane change 

5 

Invalid event 5 

Total 1504 

 

Number Dependant Variables 

     Chi Square tests of association were calculated for 
the following three dependent variables: 1) number of 
rejected lane changes, 2) number of near warning 
lane changes, and 3) number of completed lane 
changes.  The independent variables were age, type 
of lane change CAS, trial, blind spot status, lead 
vehicle action, and lane change direction.  Baseline 
data were not included in the analyses since the CAS 
was not active.  There were 13 significant 
associations. 

     For rejected lane changes, there were significant 
associations with type of CAS, blind spot status, and 
lane change direction.  For type of CAS, most of the 
rejected lane changes occurred with the LPWS.  For 
blind spot status, there were no rejected lane changes 
for the fast approaching vehicle.   For lane change 

direction, participants rejected more lane changes left 
than right. 

     For the number of near warnings, there were 
significant associations with age, type of CAS, trial, 
blind spot status, and lead vehicle action.  For age, 
there were both more lane changes that were not near 
warnings for younger (160) than for older (134) 
drivers and more occurrences of multiple near 
warning lane changes (i.e., ≥ 5 near warning lane 
changes) for younger than for older drivers.  For type 
of lane change CAS, participants were rarely within 
one second of a warning for the nonplanar mirror.  
For trial, greater numbers of near warnings occurred 
in trials 5 and 6, both of these included the fast 
approach blind spot status events.  Note also that only 
eight participants completed trial 6, all were younger 
drivers brought back to increase the amount of fast 
approach data for analysis.  For blind spot status, 
there were higher numbers of near warning lane 
changes when no vehicle was in the blind spot. 

     For lead vehicle action, there were larger numbers 
of near warning lane changes for braking than for 
uncovering a slower moving vehicle. 

     For completed lane changes, there were 
significant associations with age, type of CAS, trial, 
blind spot status, and lead vehicle action.  For age, 
younger drivers had higher numbers of occurrences 
of fewer completed lane changes (i.e., 0, 1, or 2 
completed) lane changes than older drivers.  For the 
type of lane change CAS, the lowest numbers of 
completed lane changes (i.e., 0 and 1) occurred in 
with the nonplanar mirror.  For trial, there were 
additional lane change events in trial 5 and 6 that 
were added in the count.  These added events were 
related to the fast approach vehicle in the blind spot 
condition.  Also trial 6 was completed only by 6 of 
the younger drivers who were called back in hopes of 
collecting additional fast approach data.  The highest 
number of no lane completed lane changes occurred 
in trial 5.  For blind spot status, 11 of the 40 lane 
changes were not completed for the fast approach 
vehicle condition.  Finally, there were fewer no 
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completed lane changes occurring in the uncovering a 
slower moving vehicle condition than in the braking 
lead vehicle condition. 

Proportion Dependant Variables 

     Manovas were calculated for the following four 
dependent variables: 1) proportion of lane changes in 
which driver relies on mirrors, 2) proportion of lane 
changes in which driver relies solely on CAS, 3) 
proportion of lane changes in which driver relies or 
interacts with CAS in a series (not interweaved with 
other driver tasks but dedicated to the CAS), and 4) 
proportion of lane changes in which driver relies or 
interacts with CAS in parallel (use of CAS 
interweaved with other driver tasks).  The 
independent variables were age, type of lane change 
CAS, trial, blind spot status, lead vehicle action, and 
lane change direction.  However, since data were 
collapsed across the last three independent variables 
to calculate the proportions three manovas were 
calculated: 1) age, type of CAS, trial, and blind spot 
status; 2) age, type of CAS, trial, and lead vehicle 
action; and 3) age, type of CAS, trial, and lane 
change direction.  Note this precluded examining the 
five-way interactions as well as the six-way 
interaction.  Further, none of the baseline data were 
used since there was no lane change CAS in the 
baseline trials.  Nor were the data from trial 6 used in 
the first three analyses since these data were collected 
from only 8 of the 32 subjects.  Trial 6 data were 
used in the fourth manova using the fast approach 
data and only examining the effects of age and type 
of lane change CAS.  These data were analyzed 
separately to avoid violating the homogeneity of 
variance assumption given the small number of fast 
approach data.  Specifically, there were only 38 fast 
approach events for which all the data were available 
and four for which there was lane change but no eye 
tracker data.  The other 33 fast approach events were 
classified as “no events”. 

      In keeping with a conservative analysis approach, 
only the unique combinations of these significant 
effects were further analyzed.  None of the four 

dependent variables showed a significant age effect.  
The effect of type of CAS was significant on the 
proportion of lane changes in which driver relies or 
interacts with CAS in a series (F (3, 17) = 8.043, p = 
0.001, power = 0.968.  The highest proportion was 
for the two TRW systems and the lowest was for the 
nonplanar mirror (Figure 3).  For the interaction of 
blind spot status and type of CAS, there was only one 
significant effect.  Again it was on the proportion of 
lane changes in which driver relies or interacts with 
CAS in a series (F (3, 17) = 7.899, p = 0.002, power 
= 0.997.  There were a higher proportion of lane 
changes in which the driver interacted with the CAS 
in series when there was a vehicle in the blind spot 
for the three active CASs (Figure 4). 
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Figure 3.  Proportion of lane changes in which 
driver relies or interacts with CAS in a series as a 
function of CAS type. 
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Figure 4.  Proportion of lane changes in which 
driver relies or interacts with CAS in a series as a 
function of CAS type and blind spot status.  
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     A second manova was calculated from these four 
dependent variables: 1) proportion of lane changes in 
which driver relies on mirrors, 2) proportion of lane 
changes in which driver relies solely on CAS, 3) 
proportion of lane changes in which driver relies or 
interacts with CAS in a series, and 4) proportion of 
lane changes in which driver relies or interacts with 
CAS in parallel.  The independent variables were 
age, type of CAS, trial, and lead vehicle action.  
There were only two significant effects: type of CAS 
between subjects and trial, lead vehicle action, and 
type of CAS within subjects.  Again in keeping with 
a conservative approach only the unique combination 
was further analyzed.  Only one significant effect was 
for the proportion of lane changes in which driver 
relies on mirrors (F (9, 54) = 1.869, p = 0.077, power 
= 0.761.  For the braking lead vehicle and all but trial 
1 for the uncovered slower vehicle, the largest 
proportion of lane changes in which the driver relied 
on mirrors was for the TRWFA (Figure 5). 
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Figure 5.  Proportion of lane changes in which 
driver relies on mirrors as a function of type of 
CAS, lead vehicle action, and trial. 

     The third manova was calculated for the effects of 
age, type of CAS, trial, and lane change direction on: 
1) proportion of lane changes in which driver relies 
on mirrors, 2) proportion of lane changes in which 
driver relies solely on CAS, 3) proportion of lane 
changes in which driver relies or interacts with CAS 
in a series, and 4) proportion of lane changes in 
which driver relies or interacts with CAS in parallel.  
There were no significant effects. 

Finally, given the small amount of fast approach data, 
these were analyzed separately in a fourth manova to 
avoid violating the homogeneity of variance 
assumption.  Of special concern were the 3 data 
points obtained for the LPWS.  There were no 
significant effects of either age or type of CAS on 
any of the four dependent variables for the fast 
approach blind spot status condition. 

Distance Dependant Variables 

     Five distances were planned to be used as 
dependent variables: 1) lateral gap, 2) longitudinal 
gap, 3) side mirror subject vehicle to front bumper 
second vehicle distance, 4) range, and 5) lane 
deviation.  However, since all vehicles were 
simulated to be the same size, longitudinal gap and 
side mirror subject vehicle to front bumper second 
vehicle distance were highly correlated.  Therefore, 
the side mirror based distance was eliminated from 
further analysis.  Range was defined as the square 
root of the sum of the longitudinal distance squared 
and the lateral distance squared.  The distance used 
was that between the nearest points on the two 
vehicles [4].  Next “No event” and “invalid event” 
data were eliminated from the analysis.  Initial 
planning called for difference scores between 
baseline and each of the four trials in which the 
participant drove with a lane change CAS to be 
calculated.  There were large amounts of missing 
baseline data (70.7% for lateral gap, longitudinal gap, 
and range and 32.4% for lane deviation).  This would 
have limited the amount of data to be analyzed to 
only those cases for which there were both baseline 
and CAS data.  Therefore, baseline data were not 
included in the analyses.  Further, given the small 
number of valid fast approach events, these were 
analyzed separately and used to examine only the 
between subjects independent variables of age and 
type of CAS. 

     A four-way manova was calculated on lateral gap, 
longitudinal gap, range, and lane deviation.  The 
independent variables were age, type of lane change 
CAS (between subjects), trial, lead vehicle action, 
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and lane change direction (within subjects).  Blind 
spot status was not used as an independent variable 
because lateral gap, longitudinal gap, and range data 
were only calculated if a vehicle was present in the 
blind spot.  There were insufficient data to perform 
the analysis therefore the data were collapsed across 
the independent variable of least interest – trial.   
There were six significant effects.  In keeping with a 
conservative analysis approach, only the highest 
order effect that includes all lower order effects was 
further analyzed.  In this case, the highest order effect 
is the four-way interaction.  There were no significant 
effects on any of the four dependent variables.  
Therefore the two two-way interactions were 
examined.  Likewise there was no significant 
interaction of type of CAS and age on any of the four 
dependent variables.  There was no significant main 
effect of age.  There was, however, a significant main 
effect of type of lane change CAS but only on one 
dependent variable, lane deviation (F (3, 44) = 3.788, 
p = 0.017, power = 0.779).  The effect, shown in 
Figure 6, showed the greatest deviation for the 
nonplanar mirror and the least deviation for the 
LPWS.  A Scheffe post hoc analysis indicated that 
only the nonplanar mirror and LPWS were 
significantly different.  There was a significant lead 
vehicle action by lane change direction interaction on 
one dependent variable – longitudinal gap (F (1, 44) 
= 6.250, p = 0.016, power = 0.686).  The largest 
longitudinal gap was for the breaking lead vehicle   
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Figure 6.  Distance from the centerline as a 
function of type of CAS.  

for right lane changes.  The shortest was for the 
braking lead vehicle for left lane changes.  The 
longitudinal gap for the uncovered slower vehicle 
was approximately the same (Figure 7). 
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Figure 7.  Longitudinal gap as a function of lead 
vehicle actions.  

     A two-way manova was calculated for the fast 
approach data.  The independent variables were age 
and type of CAS.  The dependent variables were 
lateral gap, longitudinal gap, range, and lane 
deviation.  The two main effects were significant: 
type of CAS and age.  Type of CAS had significant 
effects on three of the four dependent variables: 
longitudinal gap (F (3, 40) = 3.019, p = 0.041, power 
= 0.667), range (F (3, 40) = 2.860, p = 0.049, power 
= 0.641), and lane deviation (F (3, 40) = 5.104, p = 
0.004, power = 0.893).  Longitudinal gap was largest 
for the TRWFA and smallest for the nonplanar mirror 
(Figure 8).  Range was smallest for the LPWS and 
largest for the TRWFA (Figure 9).  Scheffe post hoc 
analyses indicated that the lane deviation associated 
with the nonplanar mirror was significantly larger 
than that of any of the other four lane change CASs 
(Figure 10).  For the main effect of age, there was a 
significant effect on only one dependent variable: 
range (F (1, 40) = 5.734, p = 0.021, power = 0.647).  
Range was significantly longer for older drivers 
(Figure 11). 
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Figure 8.  Longitudinal gap as a function of type 
of CAS.  
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Figure 9.  Range as a function of type of CAS. 
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Figure 10.  Lane deviation as a function of type of 
CAS. 
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Figure 11.  Range as a function of age. 

CONCLUSIONS 

From the results obtained, some benefits of a CAS 
were observed for each of the systems.  The main 
advantages found in this study for the two TRW 
systems were that drivers interacted with the TRW 
CASs more than the LPWS or nonplanar mirror.  
This was especially true when the vehicle in the blind 
spot was traveling at the same speed as the subject 
driver’s vehicle.  Drivers relied on the TRWFA most 
frequently and that was consistent across trials and 
for both lead vehicle action conditions.  Also, the two 
TRW systems had the largest longitudinal gap and 
range, another advantage.  However, the driver’s lane 
deviation from the centerline was greater for the two 
TRW systems than for the LPWS, a slight 
disadvantage for the TRW systems.  The largest 
deviations from centerline and lane deviation 
distances were obtained from drivers using the 
nonplanar mirror.  Drivers also relied on the 
nonplanar mirror the least in making lane change 
decisions, clearly a safety behavior disadvantage over 
the other systems.   The only benefit observed for the 
LPWS over the other systems was in obtaining the 
least lane deviation from drivers.  However in light of 
these results, there were no consistent advantages 
singling out any one CAS examined over the 
remaining four.   

     Regarding the age of driver, the only significant 
effect was found on the dependant variable, range.   
As expected, the distance was more than double for 
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drivers in the 65 years and older age group than with 
the 16-21 year olds.  Note that the results presented 
here were obtained from male drivers selected due to 
their higher involvement in these types of crashes.  
Differences between male and female drivers were 
not examined and therefore can not be generalized 
from the results. 

     With the introduction of turn signal indicators 
embedded in passenger and driver side mirrors, 
mirror systems have become increasingly complex.  
The interaction of a CAS with these types of mirror 
systems should be considered in future evaluations of 
lane change systems to accurately capture driver 
performance response. 
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ABSTRACT 
 
The Human Injury Research Division at NHTSA has 
a mission to conduct research to advance the 
scientific knowledge in impact biomechanics that 
enhances motor vehicle occupant safety and supports 
NHTSA�s mission to save lives, prevent injuries, and 
reduce economic costs due to road traffic crashes.  
For over 25 years, NHTSA�s research has helped to 
improve understanding of the mechanisms of human 
injury and the tolerance of the various regions of the 
human body to the mechanical forces resulting from 
a car crash.  The crash dummies, injury criteria, and 
modeling tools developed under this research have 
enabled the agency to develop regulations and 
consumer information to make vehicles safer.   
 
 This paper will describe how analysis of crash field 
data and in-depth case analysis has helped to identify 
vulnerable populations of occupants as well as areas 
of the human body that require further research.  
Injury tolerance of the elderly, pediatric 
biomechanics, head and brain injury, and thoracic 
and abdominal injuries are examples of the projects 
that will be described.  The use of advanced 
computer modeling techniques for assessing human 
injury and enhancements to current and future crash 
dummies will be discussed.   Finally, a framework for 
carrying out this research plan will be shared with the 
intent to stimulate future ideas and collaborations. 
 
BACKGROUND 
 
 The biomechanics research sponsored and conducted 
by NHTSA for the last three decades has resulted in 
significant advances in the knowledge of human 
impact response and injury tolerance.   These 
advances have led to new crash dummy designs for 
frontal and side impact, dummy response 
requirements, associated injury criteria for head, 
neck, chest, and lower extremities, and the 
development of computer-based human models.   
This work has been implemented in Federal motor  

 
vehicle safety standards (FMVSS) to help improve 
vehicle crash and restraints performance and 
ultimately to improve safety for all motor vehicle 
occupants.   
 
This work has not been done alone, but through the 
relationships developed at many institutions across 
North America, Europe, Asia, and Australia.   
NHTSA funding has helped foster and develop a 
generation of researchers in impact biomechanics 
who continue to dedicate their careers to understand 
better the human tolerance to vehicular crash 
conditions and help NHTSA achieve its mission.   
 
In 2005, NHTSA engaged in discussions with 
industry and academic researchers and held extensive 
NHTSA inter-departmental meetings to develop a 
plan that would set the foundation for future 
biomechanics research sponsored by NHTSA.  This 
plan is to be a continually evolving plan that 
considers input from all sources.  For example, the 
IRCOBI (International Research Council on the 
Biomechanics of Injury, 2006) recently published a 
document outlining recommended research in impact 
biomechanics.  This kind of input helps the NHTSA 
plan remain current and relevant.  With these inputs 
in mind, the plan has set strategic objectives to be 
followed to achieve the plan�s success.  Those 
objectives are: 

 
1) Conduct detailed analysis of NHTSA Data 

Systems (NASS, FARS, SCI, and CIREN) 
to determine injury severity and causation. 

2) Prioritize and conduct necessary 
experimental research that identifies and/or 
improves the understanding of the 
mechanics of impact trauma in the 
automotive environment. 

3) Pursue the development and application of 
advanced structural and statistical modeling 
techniques to obtain a better understanding 
of injury processes and improve the 
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agency�s ability to predict the extent and 
severity of impact injuries. 

4) Pursue detailed medical and engineering 
analysis of selected, real world, automotive 
crash events to identify causes and 
consequences of observed trauma and 
identify and/or monitor emerging field 
injury issues. 

5) Develop new and improve existing test 
devices (dummies, impactors, 
instrumentation, etc.), to better represent the 
living crash victim and/or improve the 

means by which estimations of expected 
extent and severity of injury are obtained. 

6) Promote and conduct necessary design, 
development, testing, and evaluation efforts 
to federalize biomechanical test devices to 
accelerate their introduction into NHTSA�s 
evaluation and regulation activities. 

7) Maintain a viable database of all NHTSA 
sponsored biomechanical test results to 
allow merging of experimental efforts and 
maximize statistical basis for conclusions 
derived from analysis of data. 

 
 
 

 
Figure 1: Flow Chart of Principal Methodology for Human Injury Research 

 
Figure 1 shows a schematic as to how the items listed 
above flow into tangible deliverables that NHTSA 
and the industry can use to prioritize the safety efforts 
of vehicles.  The following pages describe the 
initiatives to complete the objectives.  Examples of 
the research and results will be given. 
  
CRASH DATA ANALYSIS 
 
Population-Based Data Analysis 
 
A detailed analysis of NHTSA Data Systems was 
done to determine injury severity and causation.  This 
analysis queried the National Automotive Sampling 

System (NASS) and Fatality Analysis Reporting 
System (FARS) for the years 1995-2004 covering 
vehicles with model year 1995-2005.  The safety 
priorities for six different crash modes, nine types of 
occupants, and eight body regions were considered.       
The smallest fifteen percent (by height) of the adult 
population was considered to be represented by the 
5th percentile female dummy and the largest fifteen 
percent of the adult population was considered to be 
represented by the 95th percentile male dummy.  
Occupant age 65 years and older were classified as 
elderly. The safety priority is based on frequency of 
injury, fatality attributable to a given injury, and 
disability and cost associated with a particular injury. 
 

Component tests  
and models 
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Response corridors 
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Table 1: Distribution of Occupant Involvement in 
NASS (1995-2004) Crashes (MY 1995-2004). 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2: Distribution of Crash Modes in NASS 
(1995-2004) Crashes (MY 1995-2004). 
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Figure 2: Distribution of Crash Involvement by Occupant Type (NASS 1995-2004, See Table 1 for 
Occupant Descriptions) 
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Figure 3: Distribution of Injury Locations by Occupant Type (NASS 1995-2004, all crash modes) 

Occupant Percent of Total 
12 months  1% 
3 years 1% 
6 years 2% 
10 years 4% 
5th Fem   12% 
95th Male   12% 
50th Male   57% 
Pregnant <1% 
Elderly  11% 

Crash Mode Percent Total 

front 50% 

side 27% 

rear 5% 

rollover 10% 

pedestrian 3% 

motorcycle 5% 
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Tables 1 and 2 show the initial results of segregating 
crash involvement by occupant type and by overall 
crash mode.  The dominant population groups 
involve the 50th percentile male, large male, small 
female and elderly.  Children (classified by age) 
comprise a small, but not insignificant, subset of the 
total occupant population. For crash modes, frontal 
impact and side impact comprise over three quarters 
of all crashes in NASS, indicating that a continuing 
research emphasis is required for these modes.  
Further analysis of all crash modes by the frequency 
of involvement by the various occupant groups and 
the injuries they sustained is shown in Figures 2 and 
3.  The data indicates that frontal impacts are still a 
major concern for mid-sized males, and the elderly to 
a lesser extent, yet side crashes are a major concern 
also.  In terms of injury locations, the various 
occupant groups show a high representation of head, 
neck, thorax, and abdominal injury.   
 
More substantial injury analysis for frontal impact 
assessment was undertaken by Eigen and Martin 

(2005).  They analyzed the NASS-CDS dataset to 
include only occupants with an MAIS injury greater 
than or equal to MAIS 2 (all AIS 1 injuries are 
disregarded) in vehicles of model year 1998 or later.  
Also, the dataset included for each case all the 
traditional descriptive variables (model year 1998 or 
later, vehicle type, crash type (front, near side, far 
side, rear, rollover), delta-V, occupant age (12 and 
older are considered to be adults), seat belt use, 
seating position, etc.   The dataset ultimately resulted 
in 138,000 weighted NASS occupants and 2,800 
weighted fatalities.   The injuries were further 
classified and ranked according to comprehensive 
descriptions of the injuries as well as the cost and the 
fatality attributable to an injury (Blincoe, 2002).  The 
result for costs and fatality attributed to an injured 
body region is shown in Figure 4.  This result 
indicates that the head and chest injuries are 
responsible for most fatalities while lower leg and 
head injuries incur the most cost.  These results have 
helped to address the research areas that the NHTSA 
is pursuing currently. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: NASS-CDS Analysis of Cost and Fatalities Attributed to Injured Body Regions (see Eigen and 
Martin, 2005 for additional details) 

 
CIREN Program Enhancements 

  
To gain additional insight into injury causation and 
mechanisms, the Crash Injury Research and 
Engineering Network (CIREN) has become 
integrated into the Human Injury Research Division.  
For over ten years, CIREN has been a sponsor-led, 
multi-center collaborative research program that 

focuses on in-depth studies of serious motor vehicle 
crashes.  Researchers collect and analyze crash and 
injury data in order to improve vehicle design and the 
treatment and rehabilitation of crash victims.   One of 
CIREN�s stated goals is to use this information to 
reduce crash injuries, deaths, disabilities, and 
associated societal and economic costs.     
 

Costs and Fatalities Attributable to Injury Class

0 125 250 375 500 625 750 875 1000

Skull

Brain/intracranial

Ear, eye, internal neck organs

Nose, mouth, face, scalp, neck

Cervical spinal cord

Upper Extremity

Thorax

Ribs/sternum

Back (including vertebrae)

Trunk (other abdomen,thorax)

Trunk Spinal Cord

Abdominal Organs

Hip, Thigh, Pelvis

Knee

Lower Leg

M
ill

er
 I

nj
ur

y 
C

la
ss

Attributable Fatalities

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Costs (Millions $)

Fatals Costs



Ridella, 5 

CIREN began a new chapter in 2005 with new 
performance-based cooperative agreements for six 
NHTSA-funded centers spread across the United 
States joined with two industry-funded centers.   The 
six NHTSA-funded centers are: Children�s Hospital 
of Philadelphia, Medical College of Wisconsin, 
University of Maryland-Baltimore, University of 
Michigan, County of San Diego � Health and Human 
Services and Harborview Injury Prevention and 
Research Center (Seattle).    The new Toyota-funded 
center at Wake Forest University School of Medicine 
in Winston-Salem, North Carolina joins the existing 
Honda-funded center at Inova Fairfax Hospital in 
Fairfax, Virginia.   
 
CIREN data is being analyzed at all centers and 
throughout NHTSA to learn even more about crash 
injury than ever before.  Two new initiative, BioTab 
and DICOM image collection (described below) will 
add even more insight.   
 
The Biomechanics Tab or BioTab of the CIREN 
database provides a means to completely and 
accurately analyze and document the physical causes 
of injury based on data obtained from detailed 
medical records and imaging, in-depth crash 
investigations, and findings from the medical and 
biomechanical literature.  The BioTab was developed 
because the terminology and methods currently used 
to describe and document injury causation from crash 
investigations are sometimes vague and incomplete.  
For example, the terms �direct� and �indirect� 
loading are often used to describe how an injury 
occurred.  However, there are situations where these 
terms are unclear, e.g., is a femoral shaft fracture 
from knee-to-knee bolster loading from direct 
loading of the knee or indirect loading of the femur 
through the knee?  In addition, the term inertial 
loading is often used to describe how tensile neck 
injuries occur, however, using this terminology fails 
to document that neck tension would not have 
occurred unless the torso was restrained.  The BioTab 
removes these ambiguities by providing a consistent 
and well-defined manner for coding injuries and 
recording the biomechanics of injury in crash injury 
databases.  It also allows the identification and 
documentation of factors that led to a specific AIS 3+ 
injury such as: 

 
1) Whether the injury was caused by another 

injury (e.g., a rib fracture causes a lung 
laceration), 

2) The Source of Energy (SOE) that led to the 
occupant loading that caused the injury 
(crash, air bag, etc.), 

3) The Involved Physical Component (IPC) 
that caused injury by contacting the 
occupant and the body region contacted by 
the IPC, and 

4) The path by which force was transmitted 
from the body region contacted, through 
body components, to the site of injury. 

 
This effort is particularly noteworthy since this will 
lead to a greater understanding of crash kinematics 
and injury mechanisms.  Users of other NHTSA 
crash data collection systems have requested to be 
trained on the use of this coding technique. 
 
Starting in 2006, CIREN centers began collecting    
2-D and 3-D DICOM (Digital Imaging and 
Communications in Medicine) images of all case 
occupants.  DICOM image sets are a standard 
medical industry method of collecting digital images 
(e.g., Computed Tomography, CT) of patients.  These 
images may be assembled to allow two and three 
dimensional views of injured case occupants that will 
shed further light into the understanding of injury 
causation and mechanisms.  Figure 5 shows an 
example of a 3-D DICOM reconstruction.  
 

 
 
Figure 5: DICOM reconstruction showing bone 
and organ detail. 
 
With the rich detail of these images, it will be 
possible to use them to better define human 
anthropometry in terms of bony geometry, fat and 
muscle thickness, and organ location.  By studying 
hundreds of such images, NHTSA researchers will be 
able to understand the human anatomical variability 
as it relates to injuries suffered in car crashes.  The 
images will be used to create better defined human 
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finite element models that represent this vast range of 
human variability in ways that have not yet been 
attempted.   Work is underway to catalog and create 
standard measures that can be translated into a 
database for future research.    It should be noted that 
for legal and ethical reasons, all personal data 
associated with any image collected have been 
removed. 
 
One example of how CIREN data has been used by 
NHTSA is represented by the work by Rupp et al 
(2002).  Based on the prevalence of knee-thigh-hip 
(KTH) injuries and the associated injury causation, 
Rupp performed research that has led to a proposal 
for a KTH criteria to assess occupant protection in 
the NHTSA�s New Car Assessment Program 
(NCAP) (NHTSA,2006).   Additional examples of 
such work are underway for other body regions and 
that will be described below.  
 
INJURY MECHANISMS AND CRITERIA 
RESEARCH 
 
To meet objectives 2 and 3 listed in the Background 
section above, NHTSA engages several institutions to 
conduct impact trauma research to understand the 
human body component and system response to these 
impacts.  The crash data from NASS and CIREN 
indicate the priorities of what body regions should be 
researched and the research plan is made accordingly.  
With the data gathered from the research performed 
by funded institutions, NHTSA uses statistical 
methods to generate injury risk curves that can be 
used in the development of potential injury criteria 
for application to a crash dummy subjected to a 
similar loading condition. The following are 
examples of research areas that NHTSA is 
investigating through its collaborations with research 
institutions. 
 
Head/Brain Injury 
 
In the analysis of real-world car crashes, head and 
brain injuries were still a major source of cost and 
fatality even in later model year vehicles (Figure 4).  
Researchers place head and brain injuries into three 
broad categories: those manifested by rotation only 
(such as diffuse axonal injuries), those manifested by 
translation with impact (such as skull fractures), and 
those manifested by a combined rotation/translation.   
 
With that premise, NHTSA is trying to develop a 
better understanding of the head and brain injury 
mechanisms.  Research is underway to review 
existing information and to generate needed 
experimental data to elucidate the mechanics and 

detection of skull fracture and closed brain injuries 
(i.e., diffuse axonal injury, focal injuries, and acute 
subdural hematomas).  Both adult and pediatric brain 
injury mechanisms will be studied.   
 
NHTSA continues to develop a tool for assessing the 
potential for brain injury in vehicle crash tests.   The 
SIMon program (Simulated Injury Monitor, 
Takhounts et al, 2003) was developed to bridge the 
dummy response to the human response and 
probability for different brain injuries.    SIMon 
(Figure 6 shows updated model) has been tested in 
many different areas and is even being used in 
reconstruction of brain injuries in real vehicle crashes 
(Hasija et al, 2007).  In another funded research 
project, data is collected from accelerometers 
embedded in the helmets of football players as they 
are playing.  This data is to be fed into the SIMon 
program to assess the potential for the SIMon 
parameters to predict the potential for mild traumatic 
brain injury that is sometimes suffered by these 
players. 
 
It is the intent of the brain research to suggest injury 
criteria and injury threshold levels for brain injury 
assessment that may be used by NHTSA to further 
reduce the head injuries seen in the field.   In 
February, 2007, NHTSA hosted a Brain Injury 
Symposium which gathered over 100 lead brain 
injury experts to determine short and long term 
research goals based on the current understanding of 
the issues.   
 

 
 

Figure 6: Enhanced SIMon Brain Model 
 
Thoracic Injuries 
 
In spite of the advancement in occupant restraint 
technology such as force limiting belts, pretensioners, 
and advanced air bags, thoracic injuries remain a 
frequent injury in frontal crashes, particularly to the 
elderly.  This research program examines thoracic 
response and injury criteria for assessing thoracic 
injury risk in different restraint environments. The 
research program in this area will include human 
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cadaver and surrogate testing. Attempts will be made 
to assess local phenomena correlated with specific 
injury patterns as opposed to generic thoracic injury 
predictors. Specifically, injury thresholds 
(deformation-based or other physical parameters) for 
various thoracic organs (aorta, liver, spleen, heart and 
lung) will be assessed. The culmination of this 
research may provide the information necessary to 
suggest new impact response requirements (torso and 
organ level) and improved injury criteria for 
assessing injury risk in current restraint 
environments. This research will help improve the 
ability of frontal crash dummies and other human 
surrogates to assess the real-world performance of 
current and future restraint systems.   
      
Particular attention will be paid to thoracic injuries to 
the elderly occupants in different restraint 
environments to assess which restraints are more 
likely to be used (comfort-based) and beneficial 
(injury-based) to the elderly in frontal crashes.  In 
addition the restraints of rear seats are evaluated 
using human cadaveric subjects and advanced 
dummies.  The efficacy of improved rear seat 
restraints is being examined as well. 
 
A new system of evaluating cadaver and dummy 
thoracic and shoulder response has been developed.    
Sled tests are being run on a simplified universal 
buck to facilitate 360 degree visualization of the 
impact event.  The buck will be generic in nature and 
will be sufficiently simple to serve as a standardized 
evaluation tool at multiple laboratories.  Preliminary 
dummy and cadaver tests conducted with a standard 
belt system have confirmed the viability of using a 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Vicon™ Camera Image of Targets on 
Dummy (oblique view) 
 
multiple Vicon� motion-analysis camera system to 
record thoracic kinematics and deformation (Figure 

7).  By testing cadaver and dummy surrogates with a 
variety of standard and force limiting belt conditions, 
an overall assessment of cadaver and dummy 
response will be done.  This could lead to future 
improvements in injury criteria and dummy design. 
 
VULNERABLE OCCUPANT INJURY 
ANALYSIS 
 
Child occupants 
 
A dedicated research effort in understanding child 
occupant injury patterns and tolerance has been 
ongoing at NHTSA for many years.  The research led 
to the development of new injury criteria that are now 
part of FMVSS No. 208 and other standards.   A 
renewed emphasis on child safety is underway as 
data has showed that motor vehicle crashes are the 
primary cause of death for children over 4, 
adolescents and teenagers.    In 2005, NHTSA began 
coordinating meetings between a number of research 
labs involved in child passenger safety research.  
These meetings have led NHTSA to fund a number 
of projects with the intent of creating better 
understanding of pediatric impact response and in 
2006, a more detailed project plan was created.  
These projects include the following: 
 

1) Pediatric neck response and injury 
tolerance 

2) Pediatric head injury analysis 
3) Pediatric spinal kinematics 
4) Pediatric thoracic response and 

compliance 
5) Assessment of pediatric pelvic geometry 

 
The objectives of this combined research are to 
determine potential child dummy enhancements that 
could be implemented so that dummy responses 
better mimic actual child responses.  It is also 
desirable to have injury criteria consistent with 
tolerance directly measured from pediatric tissue.  It 
may also be possible to support the creation of a child 
human computer finite element model with the data 
from these projects.  A coordinated effort is needed 
to better understand this issue. 
 
Elderly Occupants 
 
Real world crash data indicates that elderly vehicle 
occupants generally have lower impact tolerance than 
younger occupants (Kent et al, 2003). In addition, the 
elderly often suffer from pre-existing conditions 
making them unable to recover as quickly or easily 
from injuries sustained in a crash.  In particular, the 
data indicates a significantly greater risk of thoracic 
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injury to the elderly compared to younger occupants 
while there is no significant difference in injury risk 
exists between groups for other body regions. 
 
NHTSA is developing an approach to understanding 
the elderly crash injury response with a program 
aimed at the following: 
 

1) Analysis of CIREN Data 
a. Perform data analysis from NASS-

CDS and CIREN data on elderly 
occupants to compare injury trends 
in the two databases. 

b. Analyze CIREN data regarding 
injury causation and injury 
mechanisms for older case 
occupants compared to younger 
case occupants. 

c. Use advanced medical imaging 
data captured on CIREN subjects to 
analyze how human body geometry 
and composition changes with 
aging and assess its impact on 
injuries. 

2) Research Related to Human Injury and 
Assessment of the Need for an �Elderly� 
Dummy  

a. Research on elderly injury 
tolerance through the testing of 
human surrogates and different size 
dummy tests with current and 
advanced restraint systems.   

b. Feasibility of developing injury 
criteria based on age. 

c. Determination of need for �elderly� 
crash dummy based on data 
analysis and available research 
results. 

 
This research effort will be done both internally at 
NHTSA research and in collaboration with research 
institutions that have experience with elderly injury 
mechanisms and response. 
 
ANTHROPOMETRIC TEST DEVICE 
RESEARCH 
 
NHTSA has long engaged in the development of 
anthropometric test devices or crash test dummies.   
The Federal motor vehicle safety standards stipulate 
over a dozen crash dummies and dummy components 
required for testing in a frontal, side, and rear impacts 
as well as component level tests to evaluate vehicle 
crashworthiness and occupant protection.   These 
vital tools have helped vehicle manufacturers and 
suppliers design safer vehicles and restraint systems 

for many years.   The following discussion describes 
current crash test dummy research at NHTSA. 
 
WorldSID Evaluation 
 
To assess the potential for incorporating the 
WorldSID dummy into part 572, CFR 49, NHTSA 
has been analyzing the biofidelity, repeatability, 
reproducibility, oblique impact sensitivity, 
temperature sensitivity and overall performance of 
the dummy.  The NHTSA Vehicle Research and Test 
Center (VRTC) began testing with the WorldSID 50th 
Percentile prototype dummy in 2001, using a dummy 
on loan from the WorldSID Committee.  The 
prototype dummy demonstrated improved biofidelity 
over all currently existing 50th percentile male side 
impact dummies, although the pelvis response 
appeared to need improvement. In August 2004, two 
production WorldSID dummies on loan from the 
WorldSID Committee were delivered to VRTC for 
evaluation testing.  VRTC personnel and the 
WorldSID committee met and agreed to the VRTC 
evaluation plan.  VRTC and the WorldSID 
committee continue to evaluate and develop the 
dummy in a cooperative effort. 
 
THOR Advanced Frontal Crash Dummy 
 
Final design drawings for THOR-NT (New 
Technology) were released to the public in July 2005.  
The NT version of THOR (Test device for Human 
Occupant Restraint) incorporated many design 
changes after the initial release and testing evaluation 
of THOR Alpha in the late 1990s (Shams et al, 
2005).   THOR-NT represents the culmination of a 
project that can trace its beginnings to the advanced 
dummy projects that NHTSA began in the early 
1980�s.  Since that time, there has been a substantial 
increase in available anthropometric and 
biomechanical data that has been incorporated into 
THOR.  THOR is meant to be used to test the 
emerging advanced restraint systems that are being 
incorporated into vehicles.   With its increased ability 
to measure neck, chest, abdominal, pelvic, and lower 
extremity loads, THOR seems well suited to evaluate 
the capability of these new safety systems.   
 
Since 2005, there have been many industry tests and 
evaluations of the existing THOR-NT dummies.   
These data are being analyzed by NHTSA and others 
to determine if THOR is meeting its design targets.  
Industry groups in Europe and the U.S. have been 
meeting regularly to understand the results and to 
undertake continued testing and analysis of THOR 
that could lead to an international agreement on a 
future uses for this frontal impact dummy. 
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In addition to the 50th percentile male THOR-NT, a 
5th percentile female THOR-NT prototype is nearing 
completion.  This dummy will have an improved 
neck design that mimics the geometry and curvature 
of the human neck.  Currently, the neck design is 
undergoing prototype testing and will be used in 
whole dummy out-of-position tests in order to assess 
its performance capabilities. 
 
Child Dummies 
 
Currently, the Hybrid III 3-year old and 6-year old 
dummies are used in FMVSS No. 208 out-of-position 
tests, FMVSS No. 213 frontal sled tests, and have 
been used for research purposes in the rear seats of 
NCAP frontal rigid barrier vehicle crash tests.  The 
child dummies are also used in the side impact air 
bag out-of-position tests.  More recently, the Hybrid 
III 10-year old dummy was proposed by NHTSA to 
evaluate booster seats as part of Anton�s Law.   
 
The Hybrid III type child dummies are scaled 
versions of the HIII-50M (Hybrid III 50th percentile 
male dummy) based on scaled biomechanical impact 
response requirements using previously published 
scaling methods (Mertz et al, 1997).  Regional 
anthropometry differences and dynamic response 
differences between children and adults indicate the 
need for further research. Because of this potential 
difference, NHTSA is funding a study of child 
anthropometry to suggest improvements in child 
dummy design and performance.   In addition, work 
is being carried out to better understand the thoracic, 
individual rib, and abdominal responses of children 
in a variety of funded programs.   Direct 
measurement of such properties will lead to more 
biofidelic dummy designs than could be achieved 
with scaling methods.  This methodology is also 
being applied to the dummy head and neck properties 
also. 
 
 The TREAD Act requires NHTSA to consider and 
make recommendation to Congress on the need for 
and current feasibility of a side impact child dummy 
and test procedure.  The Agency recommended 
further research primarily because a test procedure 
and a suitable dummy do not exist.  The Q3s child 
side dummy has been developed in Europe and is 
being evaluated by VRTC.  The intent of the 
evaluation is to assess the Q3s for biofidelity and 
usefulness for injury assessment and to work with 
appropriate national and international organizations 
to effect needed revisions based on the best available 
human response data. 
 

 
COMPUTER MODELING IN INJURY 
BIOMECHANICS 
 
The impact of computer modeling technology on the 
safety and crashworthiness of vehicles has been 
dramatic and continues to grow.  The influence of 
faster computing power and increased storage 
capacity has allowed the creation of vehicle models 
and crash dummy models that can be used to develop 
vehicle crashworthiness and occupant safety.  
 
Dummy modeling 
 
Computer models of current Hybrid III crash 
dummies have been commercially available for many 
years.   To evaluate dummies under development, 
such as THOR, a finite element model can be a useful 
tool to compare responses in different loading 
conditions and to help identify potential design 
improvements. 
 
A three-dimensional finite element model was 
developed to represent the response of the THOR 
thorax (model named THOR-X). Three dimensional 
CAD drawings of the THOR hardware were used to 
construct the geometry of the model. Most of the 
components were modeled as rigid bodies, with the 
exception of elastomer (shoulder and neck bumpers, 
flex joints, jacket and bib), foam material (upper 
abdomen and mid-sternum), and the steel ribs. The 
rigid bodies that moved relative to each other were 
connected with joint elements; a variety of contact 
definitions were used to define the interaction 
between rigid bodies and deformable materials. The 
finite element model outputs the same measurements 
as the THOR Crux (Compact Rotary Unit) device, 
that is, deflection units in four locations and one 
accelerometer located on the mid-sternum of the 
dummy. The completed finite element model was 
correlated with the physical THOR by simulating two 
Kroell impacts; one at 4.3 m/s and the other at 6.7 
m/s and comparing model to experimental results. 
The force deflection curves for impactor force vs. 
chest deflection derived from the simulation 
compared well with those obtained from 
experimental data (Figure 8). It was concluded that 
the THOR-X finite element model can be used to 
accurately predict the results of physical tests 
performed with the THOR. 
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Figure 7: THOR Thorax Finite Element Model 
(THOR-X) 

 
 

 
 
Figure 8: THOR-X Model (blue) Comparison to 
Weighted Pendulum THOR Dummy Impact Tests 
(red and green) 
 
Human modeling 
 
NHTSA has been involved in modeling human 
impact response since the early 1990s.  Early 
versions of human head, brain and chest models were 

created and validated (Plank al, 1994 and Bandak et 
al, 1994).  Since that time, significant enhancements 
in computing power and memory capabilities have 
allowed the creation of whole human body finite 
element models.  These models are used in the 
automotive industry to understand the human impact 
response in a simulated crash environment.  The 
proliferation of such models has led to a call for a set 
of unified models that can be used by the industry.  
This endeavor may find the biomechanics research 
data collected by the Human Injury Research 
Division useful as it develops its human computer 
models.    
 
DATA ARCHIVE AND SUMMARY 
 
The value of the research above is the variety of tools 
and products that are derived from the work.  To 
satisfy objective 7 above, the research data itself is 
maintained in the NHTSA Biomechanics Database 
for all interested parties to download and use.  
NHTSA uses this data to create injury risk curves and 
criteria.  The dummy components, dummies, and 
computer models are made available to the 
automotive safety industry for use in the development 
of safer vehicles.  In this way, the mission of 
NHTSA, to reduce crash related fatalities, injuries, 
and their associated costs is fulfilled. 
 
The plan for human injury research outlined here is 
meant to be fluid, not static.   Continued acquisition 
of field crash data and experimental results, 
discussions with industry, academic, and other 
interested groups, and influences of government 
objectives, will help shape future research plans.  
Publication of results and presentations at all major 
biomechanics conferences is desired to achieve 
maximum dissemination of results and feedback on 
future directions. 
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Abstract 
 
The FreedomCAR and Fuel Initiative is a cooperative 
automotive research partnership between the U.S. 
Department of Energy, the U.S. Council for 
Automotive Research (USCAR), and fuel suppliers.  
It was initiated in 2002 as part of the President’s goal 
to reduce U.S. dependence on foreign oil, improve 
vehicle efficiency, reduce emissions, and make 
hydrogen fuel cell vehicles (HFCVs) a practical and 
cost-effective choice for large numbers of Americans 
by 2020.  
 
Following the announcement of the FreedomCAR 
program, NHTSA began collecting information on 
the status of hydrogen vehicle technology and 
drafting a research plan to address the impact of fuel 
cell and hydrogen fuel systems on vehicle safety.  In 
2004 NHTSA published the plan in the Federal 
Register for public comment and issued a voluntary 
request to manufacturers asking them to provide 
written information on their strategies to ensure that 
hydrogen fueled vehicles attain a level of safety 
comparable to that of conventionally fueled vehicles 
[1].  Additionally, NHTSA published an updated 
version of this plan for the 19th Enhanced Safety of 
Vehicles Conference [2]. 
 
Funding to initiate NHTSA’s hydrogen safety 
research program was not made available until 2006.   
This paper provides a status report on several projects 
assessing hydrogen fuel system safety that were 
initiated that year, and the follow-on work that will 
be conducted in 2007.   
 
Introduction 
 
NHTSA’s mission is to save lives, prevent injuries, 
and reduce vehicle related crashes, which it does 
through a variety of means including testing and 
statistical research, regulation and enforcement, and 
educational programs.  Often a safety problem will be 
identified through statistical analysis of real world 
crash data or reported failures, and then a test 
program is executed to determine the cause and to 
assess remedial strategies. 
 

Previous reports have identified fuel system integrity 
as the unique safety challenge in hydrogen and fuel 
cell vehicles [1,2].  Current Federal Motor Vehicle 
Safety Standards (FMVSS) for fuel system integrity 
set performance criteria to limit crash induced 
leakage in vehicles powered by liquid fuels and 
compressed natural gas, and impose post-crash 
electrical isolation and electrolyte spillage limits for 
electric vehicles [3].  However, no analogous 
regulations currently exist in the U.S. to ensure fuel 
system integrity for hydrogen or fuel cell systems 
because crash integrity information does not exist to 
support data-driven performance requirements.  
Research is required to assess the unique 
characteristics of hydrogen and fuel cell propulsion 
system safety performance in crashes.   
 
Hydrogen is colorless, odorless and difficult to 
contain when compared to conventional fuels like 
gasoline, diesel, and compressed natural gas.  Its 
flammability, buoyancy, and dispersion properties are 
different; and it can cause embrittlement of some 
metals, which could lead to failure of fuel lines and 
other components.  Hydrogen storage methods range 
from very high-pressure gas storage to cryogenic 
liquid, and chemical and solid metal hydrides.  Each 
of these storage methods presents specific hazards 
should the containment fail due to a crash or defect in 
fail-safe design.  Because fuel cells are electrical 
devices they operate at high voltage and currents so 
that electrical shock, isolation, and ignition of 
surrounding materials are issues to be considered in a 
safety assessment. 
 
In addition to the challenges presented above 
concerning fuel handling and fuel system architecture 
of hydrogen and fuel cell vehicles, there are more 
practical concerns that set them apart from 
conventionally fueled vehicles in terms of safety 
assessment. 
 
First, there is a lack of real world safety performance 
data because the vehicle population is very small.  
Hydrogen fuel cell vehicles number only in the 
hundreds worldwide, are used under strictly 
controlled conditions in demonstration fleets, and are 
typically accompanied by trained personnel from the 
manufacturers that build them.  The vehicles are 
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prototypes and preproduction prototypes for which 
very few of a given model exists.  Because they are 
experimental vehicles, they are also usually over-
engineered to meet more stringent safety factors than 
those to which a typical production vehicle would be 
built.  If any particular safety issue comes up in the 
demonstration of the vehicle, the manufacturer is on 
hand to pull it out of service and repair or retire it 
immediately based on assessment of the problem.  
Because these vehicles are managed so closely, there 
is no history associated with them of real world 
driving experience, maintenance, aging, or crash 
exposure. 
 
A second issue which affects the practical aspect of 
assessing hydrogen fueled vehicle safety is the cost 
and availability of components and vehicles to test.  
Vehicles are not currently available on the open 
market for purchase and testing.  Other than testing 
conducted in-house by manufacturers, the results of 
which are proprietary, there is no opportunity at this 
time for an independent safety assessment of vehicle 
crashworthiness. 
 
A third concern is the relevance of any safety 
assessment that is conducted on prototype vehicles or 
their components.  As mentioned earlier, prototypes 
are expensive, low production vehicles that may be 
over-designed for safety and utilize components, 
materials, and packaging architectures that are not 
representative of designs that will eventually be 
mass-produced for the market. 
 
Despite these challenges, a strong interest in effecting 
a safe transition to hydrogen and fuel cell vehicles is 
supported by government and industry worldwide.  
This support has been critical to the implementation 
of NHTSA’s research program.  Collaboration and 
cooperation is essential to promoting a 
comprehensive safety initiative that will provide 
benefits to consumers, the economy, and the 
environment. 
 
Objective 
 
The objective of this research program is to assess 
fuel system integrity of hydrogen and fuel cell 
vehicles through real world data collection, research 
testing, and analysis.  This assessment will ultimately 
support promulgation of FMVSS and Global 
Technical Regulations (GTRs) that afford an 
equivalent level of safety to vehicle occupants, 
emergency response personnel, and the public, to that 
provided by enforcement of the existing fuel system 
integrity requirements for conventionally fueled 
vehicles. 

 
Status of 2006 Research Projects 
 
Four safety assessment projects were initiated in 
2006 for hydrogen and fuel cell vehicles.  These 
projects were selected in conjunction with market 
research consisting of collaborative talks with 
stakeholders in government and industry on the scope 
of near-term research topics, the state of 
recommended practices ensuring fuel system safety 
performance, and the availability of test articles from 
which useful test protocols could be developed and 
executed to assess a subset of fuel system safety 
issues at the component and subsystem levels.  It is 
anticipated that the results of these projects form a 
foundation for a future assessment of fuel system 
integrity and fire safety at the full vehicle level. 
 
Projects are discussed in the order of their initiation: 
 
Project 1:  Evaluation and Comparative 
Assessment of the Fuel System Integrity 
Performance Requirements of Existing Industry 
Standards and Government Regulations 
 
NHTSA is actively working with other countries and 
international communities to develop GTRs for 
vehicle safety under a Program of Work of the 1998 
Global Agreement administered by the United 
Nations World Forum for the Harmonization of 
Vehicle Regulations.  Consequently, NHTSA has 
been collaborating with international partners to 
develop a GTR for hydrogen fuel cell vehicles.  The 
effort, which was formally kicked off in FY 2006, 
seeks to ensure the development of a comprehensive, 
performance-based and data driven GTR that would 
ensure the integrity and safety of hydrogen fuel cell 
powered passenger vehicles.  A GTR is desirable 
because it would enable manufacturers to build 
vehicles for a global market, easing the economic 
burden of producing vehicles designed to meet 
divergent national and regional regulatory safety 
requirements. 
 
There are several Standards Developing 
Organizations (SDOs) and regulatory bodies that 
have issued final or draft requirements for hydrogen 
fuel cell vehicle safety.  During the development of a 
GTR or FMVSS, these standards and regulations can 
be used as the basis for technical discussion.  In order 
to better understand these requirements, NHTSA is 
conducting a comparative assessment of those 
standards, directives and regulations specific to 
onboard vehicle fuel system safety and 
crashworthiness at the component, system, and full 
vehicle levels. Table 1 shows a list of the standards 
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under consideration at this time.  Culmination of this 
project will result in a final report detailing 
similarities, redundancies, and differences in 
performance and design restrictive requirements of 

each standard.  This study is being conducted by 
Battelle Memorial Institute under NHTSA contract.  
The final report will be made available in 2007. 
 

 
Table 1:   Standards for Fuel System Integrity of HFCVs 
Standard Title/Description 
SAE J2578 Recommended Practice for General Fuel Cell Vehicle 

Safety 
SAE J2579 Recommended Practice for Fuel Systems in Fuel Cell and 

Other Hydrogen Vehicles (draft) 
ISO 23273-1 Fuel Cell Road Vehicles – Safety Specifications – Part 1:  

Vehicle Functional Safety 
ISO 23273-2 Fuel Cell Road Vehicles – Safety Specifications – Part 2:  

Protection Against Hydrogen Hazards for Vehicles Fueled 
with Compressed Hydrogen 

ISO/DIS 23273-3 Fuel Cell Road Vehicles – Safety Specifications – Part 3:  
Protection of Persons Against Electrical Shock 

WP.29 Draft Standard for Compressed 
Gaseous Hydrogen 

Proposal for a New Draft Regulation for Vehicles Using 
Compressed Hydrogen 

WP.29 Draft Standard for Liquid Hydrogen Proposal for a New Draft Regulation for Vehicles Using 
Liquid Hydrogen 

Japanese HFCV Regulations Attachment 17, 100, 101 
CSA HGV2 Standard Hydrogen Vehicle Fuel Containers (Draft) 
CSA HPRD1 Standards for Basic Requirements for Pressure Relief 

Devices for Compressed Hydrogen Vehicle Fuel 
Containers (Draft) 

 
Project 2:  Failure Modes and Effects Analysis 
(FMEA) for Compressed Hydrogen Fuel Cell 
Vehicles 
A failure modes and effects analysis is a tool through 
which potential failures, and remedial fail-safe 
strategies may be assessed and ranked in terms of 
consequence to assist engineers in reiterative design 
to mitigate hazards.  Prior to conducting any physical 
testing of HFCVs, NHTSA decided that a structured, 
high-level FMEA would be helpful in determining 
potential areas of concern for assessment of HCFV 
crashworthiness and fuel system safety. 
 
This assessment formalizes the process through 
which NHTSA determines how best to implement its 
test plan to generate data that evaluates fuel system 
safety performance under the current front, side, and 
rear impact conditions specified in the FMVSS. 
 

The first task under this project, which is being 
conducted by Battelle under consultation with 
NHTSA and vehicle manufacturers, is development 
of a generic, high-level schematic of a compressed 
HFCV fuel system.  This schematic is not 
representative of any one vehicle design.  It identifies 
and links the components that are expected to be 
common in all vehicle architectures.  This includes 
multiple hydrogen storage tanks, (assuming around 4 
kilograms of onboard hydrogen storage), fill port, the 
fuel delivery system, coolant system components, 
fuel cell stack, humidifier, valves, pressure relief 
devices, regulators, pumps, and hydrogen sensors. 
 
From this schematic, a table is being developed that 
lists each of the critical components in the vehicle 
schematic, which at this point number around thirty, 
and applies the seven descriptors shown in Table 2 
below, to each: 
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Table 2:  FMEA Table Outline and Example Entries (Work in progress) 
N Subsystem/ 

Component 
Component 
Description 

Component 
Function 

Potential 
Failure 
Modes 

Failure Mode 
Consequence 

Counter 
measure 

Relative 
Risk 

1 Compressed 
Hydrogen 
Storage Tanks 

Type III, IV 
Rated to 
10,000 psi 
Temp 20 - 180 
F 

Store and 
deliver 
hydrogen fuel 
to fuel system 

    

2 Thermally 
activated 
Pressure Relief 
Device (PRD) 

Thermally 
activated 
valve that 
employs 
thermal 
expansion or 
melting to 
activate 

Release 
pressure in 
case of 
extreme 
temperature 
exposure 

    

n        
 
Upon completion of populating Table 2 through the 
sixth descriptor, “Countermeasures,” a panel of 
experts will convene to prioritize and rank each 
failure mode in terms of the risk and hazard imposed 
by that failure. 
 
The final report from this assessment will be 
available in 2007. 
 
Project 3:  Electrical Isolation Test Procedure for 
Hydrogen Fuel Cell Vehicles 
Fuel cells generate electricity through a catalytic 
chemical reaction between hydrogen and oxygen.  
Current FMVSS 305 Electric-Powered vehicles; 
electrolyte spillage and electric shock protection, sets 
post–crash requirements for electrical isolation of the 
high voltage system for electric vehicles, but is 
written specifically for vehicles utilizing high voltage 
batteries.   In the case of a crash, FMVSS 305 
requires that electrical isolation be maintained 
between the charged traction battery system and the 
vehicle chassis.  Unlike a battery, which is an 
electrical storage device, the operating voltage of a 
fuel cell stack is dependent upon the hydrogen flow 
through the system.  The goal of this project is to 
develop an analogous test procedure for evaluating 
electrical safety of high voltage fuel cell systems 
under the same front, side and rear crash conditions 
prescribed in FMVSS 305. 
 
Of concern is the fire safety of conducting crash tests 
with a combustible fuel onboard the vehicle.  
Currently, NHTSA conducts FMVSS compliance 
crash tests using non-flammable surrogate “fuels” to 

detect post-crash fuel system leakage.  In the case of 
liquid-fueled vehicles, such as those utilizing 
gasoline or diesel, a replacement called Stoddard 
solvent is used.  Stoddard solvent has a specific 
gravity close to that of liquid fuels, but is much more 
difficult to ignite.  For testing compressed natural gas 
(CNG) vehicles, nitrogen is used as the surrogate to 
detect fuel leakage through a pressure drop in the 
system.  NHTSA has not yet promulgated a standard 
for crash testing hydrogen fueled vehicles, but it 
would be likely, given the recommendations of 
current industry practices (i.e., those being reviewed 
under project 1) that helium would be used as a 
surrogate fuel to assess fuel leakage in crashes. 
 
Since a hydrogen supply is necessary to provide the 
electron flow through the high voltage propulsion 
system of a fuel cell vehicle, determining electrical 
safety in a crash test using helium as the surrogate 
energy carrier would not keep those portions of the 
propulsion system that are dependent upon the fuel 
cell for power generation active.  Therefore, NHTSA 
is exploring different methods for testing post-crash 
electrical isolation in a laboratory setting that 
minimize the risk to the technicians conducting the 
tests. 
 
Under this contract, Battelle, in consultation with 
NHTSA and vehicle manufacturers, is developing a 
generic schematic of an HFCV electrical system and 
tabulating isolation hazards and requirements in 
conjunction with a review of applicable industry 
standards for shock prevention.   The standards under 
review are listed in Table 3. 
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Table 3:  Standards for Electric Shock Protection 
Standard Title 
ISO 23273-3:2006 Fuel cell road vehicles – Safety specifications – Protection of persons against 

electric shock 
ISO 6469-3:2001 Electric road vehicles – Safety specifications – Protection of persons against 

electric hazards 
SAE J1766 June 1998 Recommended Practice for Electric and Hybrid Electric Vehicle Battery 

Systems Crash Integrity Testing 
SAE J1766 April 2005 Recommended Practice for Electric, Fuel Cell and Hybrid Electric Vehicle 

High Voltage Power Generation and Energy Storage Systems Crash Integrity 
FMVSS 305 Electric-powered vehicles; electrolyte spillage and electrical shock 

protection 
SAE J2579 Recommended Practice foe Fuel Systems in Fuel Cell and Other Hydrogen 

Vehicles 
IEC 60479-1 & 2 Effects of current on human beings and livestock 
 
Several test methods are under consideration for 
measuring post-crash electrical isolation at this time, 
both with and without hydrogen onboard the vehicle 
at the time of the test.  Following selection of the 
most appropriate of these methods, the contractor 
will draft a test procedure and validate its efficacy 
through bench top testing.  A draft work plan will 
also be developed for potential full scale 
demonstration testing at a later date.  The results will 
be documented in a comprehensive report which will 
be published in 2007. 
 
Project 4:  Compressed Hydrogen Fuel Container 
Integrity Testing 
As a key early step in its strategy for ensuring safety 
of hydrogen fuel cell vehicles, NHTSA desires to 
conduct component level integrity testing of the 
cylinders used to store high pressure hydrogen on 
HFCVs.  FMVSS 304 Compressed natural gas fuel 
container integrity, specifies performance, labeling, 
and inspection requirements for compressed natural 
gas (CNG) motor vehicle fuel containers [3].  
Typically CNG containers are rated up to 3,600 psi 
service pressure.  Hydrogen containers are typically 
rated from 5,000 to 10,000 psi service pressure, but, 
although industry standards exist, NHTSA currently 
imposes no regulatory requirements on their 
performance.   
 
In order to generate performance data on HFCV 
storage integrity, research oriented testing of 
hydrogen cylinders will be performed in general 
accordance with FMVSS 304, and any applicable or 
draft industry standards and test specifications 
analogous and/or supplemental to those requirements, 
and specific to hydrogen storage.  Testing is being 
conducted at Southwest Research Institute by the 
Department of Fire Technology under contract to 

NHTSA, and the proposed test matrix is currently 
under review. 
 
As mentioned earlier, hydrogen vehicle components, 
including the storage cylinders used on prototype 
vehicles, are not readily available on the open 
market.  However, four different models of “off the 
shelf” cylinders have been identified for NHTSA’s 
first round of integrity testing.  It is hoped that as the 
HFCV safety program progresses, more test articles 
that are actually in use on state-of-the-art vehicles 
will become available. 
 
The four models that will be tested initially are 
NGV2-2000 certified cylinders of type 3, composite 
metallic full wrapped, or type 4, composite non-
metallic full wrapped. 
 
The draft test matrix is shown below in table 4. 
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Table 4:  Hydrogen Cylinder Test Matrix 
Test Type Pass/Fail 

Criteria 
Test Description Reference 

Std/Reg 
Test condition/ 
comments 

Bonfire 20 minutes or 
vent 

Position longitudinal axis of 
cylinder horizontally over uniform 
fire source 1.65 meters in length, > 
430 degrees Celsius  

FMVSS 304 100% fill   10% fill 

Pressure 
Cycling 

No leakage 13,000 cycles between 100% and 
<10% SP, and 5,000 cycles 
between < 10% and 125% SP 
 

FMVSS 304 Fleet cycle, 4 
refuelings/day, 300 
days, 15 years. 

Penetration Test No rupture Penetration of at least one cylinder 
wall with a .30-in. caliber bullet 
 

ISO 15865 100% fill   10% fill 

Test to failure Hydrostatic 
Burst 

2.25x service 
pressure 

Increase pressure to minimum 
prescribed burst pressure at a rate 
up to and including 200 psi per 
second and hold constant for 10 
seconds 

FMVSS 304 

Cylinders that survive 
other tests will be tested 
to failure 

 
Tests may include instrumentation beyond the 
requirements of the certification test procedures, e.g., 
addition of strain gauges, pressure transducers, 
thermocouples, and any cylinders that pass the test 
criteria will be hydrostatically burst-tested to failure. 
 
Testing will be documented in a final report that 
should be made available in May 2007. 
 
Plans for FY 2007 HFCV Research and Testing 
 
HFCV technology is developing rapidly as evidenced 
by the recent announcements by GM and Honda that 
they will be releasing wholly new vehicles for 
demonstration in the near future.  GM plans to begin 
placing its new Equinox FCV with customers in the 
fall of 2007, and Honda plans limited introduction in 
2008 of a new FCV based on its FCX Concept. 
 
 To aid in planning follow-on research to the projects 
discussed in this paper, NHTSA published a Request 
for Information (RFI) in December 2006, to identify 
potential sources, costs, and schedule estimates for 
obtaining hydrogen and fuel cell vehicles, fuel 
system components, and test facilities with the 
capabilities to conduct fuel system integrity research 
testing. 
 
Specifically, this RFI sought the following 
information: 
� Availability and cost of hydrogen fueled 

vehicles and fuel system components for 
destructive testing. 

� Availability of facilities, personnel, 
expertise, material and equipment to 
perform fuel system integrity testing and 
evaluation of hydrogen fuel systems and fuel 
system components. 

� Schedule estimates and costs for component, 
systems level, and full scale vehicle fuel 
system integrity testing. 

� Information concerning likely fuel system 
packaging configurations and test methods 
to assess failure mitigation strategies for 
hazards imposed by crash or fire exposure. 

� Information concerning the value of using 
purpose-built, generic hydrogen fuel 
systems to collect baseline performance data 
in crash or fire exposure testing.  

� Suggestions for evaluating fuel system 
safety in prototype or preproduction 
vehicles, through non-destructive 
assessment or testing. 

 
The responses to this RFI are being analyzed and will 
help define the scope and scheduling of near and long 
term projects assessing HFCV safety.  In the near 
term, NHTSA plans on expanding physical testing 
from single cylinders to plumbed cylinder assemblies 
to assess deceleration and crash performance at the 
subsystem level.  It also plans to subject cylinders 
and plumbed arrays to flame impingement testing to 
assess pressure relief device performance with 
remote, localized heating.  NHTSA also hopes to 
obtain vehicles from manufacturers for testing, which 
could include non-destructive assessments such as 
hydrogen sensor sensitivity testing, leak detection 
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while garaged or parked, and electrical isolation 
testing during normal operation. 
 
Future Work 
 
As the industry matures, NHTSA will continue to 
monitor the progress of vehicle and standards 
development, and assess each through testing and 
analysis.  Although most manufacturers are utilizing 
high pressure hydrogen storage at this time, it is 
likely that the industry will continue to explore 
cryogenic and low pressure hydrides as options for 
the future, so that as those systems come closer to 
utilization, they will have to be assessed for safety 
performance as well. 
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ABSTRACT 
 
This paper focuses on an accident reconstruction 
methodology by estimating the errors introduced into 
reconstruction analysis as a result of assumptions 
made due to lack of data availability and other 
uncertainties.  Mathematical models are used to show 
the sensitivity of their results, i.e., occupant 
kinematics, injury predictions, etc., to changes in 
these assumptions. For demonstration purposes, a 
real world crash involving an occupant with “no 
brain injury” was selected from NHTSA’s Crash 
Injury Research and Engineering Network (CIREN) 
database and reconstruction was carried out using the 
information available from the crash. The crash pulse 
for the case was obtained using Human-Vehicle-
Environment (HVE) software and then applied to a 
MADYMO (Mathematical DYnamic MOdel) 
occupant simulation model of the case vehicle and 
occupant.  Head acceleration output from the model 
subsequently served as an input into the NHTSA-
developed SIMon (Simulated Injury Monitor) finite 
element (FE) head model and used to compute 
probabilities of various brain injuries.  The results of 
the SIMon predictions were then compared to the 
brain injuries reported in CIREN. Sensitivity analysis 
was carried out at each step with respect to various 
assumed parameters starting with generation of the 
collision pulse in HVE and ending with SIMon brain 
injury predictors. Important parameters required for 
better injury predictions were also identified, and 
some observations that may be relevant to the CIREN 
accident investigation team are made. This paper 
shows that a “no injury” case can become an “injury” 
case due to the introduction of variability in 
reconstruction parameters. This paper thus shows the 
methodology, including important details to be taken 
into account as well as the additional information that 
needs to be collected from the real world crashes for 
better accident reconstruction analysis. 
 
INTRODUCTION 
 
Computerized accident reconstruction analysis is a 
tool used to investigate crash sequences and to study 
occupant kinematics during crashes. Information 

obtained on occupant kinematics can then be used to 
design better and more efficient safety systems for 
occupant protection.  There are several potential 
parameters influencing a real occupant’s injury risk, 
but unfortunately many of them are unknown and an 
accurate accident reconstruction analysis cannot be 
carried out. As a result, the occupant injuries cannot 
be predicted correctly. Since assumptions have to be 
made for these unknown parameters, one set of 
reconstruction parameters is not sufficient to predict 
occupant injuries.  It becomes imperative to carry out 
a sensitivity analysis with respect to these assumed 
parameters to find those critical parameters that affect 
the injury predictions significantly. These critical 
parameters need to be controlled better (minimize 
their range of variation by gathering additional 
information on these parameters) before injuries are 
predicted. The predicted injuries can be quite 
different from the actual injuries if control is not 
exercised.  
 
In the past, an occupant’s injury evaluation based on 
reconstruction has been carried out using 
computational models, but with only one set of 
reconstruction parameters and without any sensitivity 
analysis.   For example, Franklyn et al [1] presented a 
paper on accident reconstruction in which they 
physically reconstructed real world accidents, and the 
information from these physical tests was used as 
input to finite element head models for predicting 
injuries and subsequently compared with actual 
occupant injuries.  During experiments, various 
errors can affect the data. For example, the crush 
depth obtained from their physical tests do not match 
up with the real world crash data, and this 
discrepancy can certainly affect the crash pulse 
experienced by the vehicle as well as the 
accelerations experienced by the Anthropomorphic 
Test Device (ATD) used in their physical tests, which 
provides input data for the computational models.  
Sensitivity analysis was not carried out in the 
Frankyln study to see how the results, i.e., the injury 
predictions obtained from the finite element head 
models, were affected due to these errors. This 
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analysis is very important when using computational 
models to predict injuries as the models are only as 
good in predicting injuries as the input data driving 
them.  
 
Also, Mardoux et al [2] presented a paper showing 
the head injury-predicting capability of HIC (Head 
Injury Criterion), HIP (Head Impact Power), SIMon 
FE head model and ULP (Louis Pasteur University) 
FE head model. Input data for the finite element head 
models was obtained by experimental reconstruction 
of real-world cases with the Hybrid-III (H-III) 
dummy head. The experiments have errors associated 
with them that can lead to errors in the model’s injury 
predictions. Sensitivity analysis of the model or the 
model’s injury prediction was not carried out in this 
study either. The effect of these uncertainties must be 
analyzed. Also in this study, von-Mises stress and 
global strain energy were used as a measure of brain 
injuries that have not been shown experimentally to 
be related to brain injuries. Different injury metrics 
were studied in this paper (and some were shown to 
be better than others), but it becomes necessary to 
first control the reconstruction parameters before 
showing the effectiveness of the injury metrics, as 
variability in the parameters can lead to quite 
different injury metrics.  
 
The objective of this paper is to show a 
reconstruction methodology that involves sensitivity 
analysis with respect to the assumed parameters and 
identify the critical parameters using injury 
assessment quantities such as HIC and SIMon brain 
injury metrics [3], namely Cumulative Strain Damage 
Measure (CSDM), a correlate for diffuse axonal 
Injury; Dilatational Damage Measure (DDM), a 
correlate for contusions; and Relative Motion 
Damage Measure (RMDM), a correlate for subdural 
hematoma. The methodology is shown by 
reconstructing a “no brain injury” real world crash 
selected from the CIREN database [4] and comparing 
injury predictions with real world injuries. It shows 
that due to variability of reconstruction parameters, 
some injury metrics can switch from “no injury” to 
“injury.” Finally, some observations are made for the 
CIREN crash investigation team on the additional 
data that needs to be collected on the field, which can 
be used for accident reconstruction. 
 
METHODOLOGY 
 
The methodology for reconstructing real world 
accidents using computer simulations starts with 
selection of real world case from the CIREN database 
(Figure 1). The Event Data Recorder (EDR) 
information listed in CIREN is then searched to find 
the crash pulse. If no EDR information is available, 

the crash details available from the selected case are 
used in Human-Vehicle-Environment (HVE) 
software [5] to generate the crash pulse. This is 
followed by setting up the occupant simulation model 
in MADYMO [6] using the information available 
from the selected case such as occupant information, 
restraints information, etc. The crash pulse obtained 
from either EDR or HVE is used for driving this 
occupant simulation model. During the set up, the 
unknown parameters are identified and assumptions 
are made for these parameters (Figure 1). Once this 
model is set up, the baseline run is obtained by 
matching the occupant-vehicle contacts happening 
during the simulation with those listed in CIREN. 
Sensitivity studies are carried out around this baseline 
run with respect to the assumed parameters. For all 
these parametric simulations, the CIREN-listed 
occupant-vehicle contacts are maintained to ascertain 
the validity of the selected case. The head 
accelerations obtained as output from the baseline run 
and all the parametric runs are then used as input into 
the SIMon finite element head model [7] to predict 
brain injuries, which are then compared with the 
actual occupant injuries. HIC and SIMon brain injury 
metrics obtained are further analyzed to identify the 
parameters that affect the output considerably and 
thus need to be controlled better before running the 
final simulation for injury predictions. The 
methodology is demonstrated here by reconstructing 
a “no brain injury” case.  

 
Figure 1.  Reconstruction Methodology Diagram.   
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Case Selection 
 
The case selection matrix was taken from CIREN. 
Only cases with single event, frontal impact with 

PDOF of o10± , with no rollover and having a status 
of “COMPLETED” were considered.  Cases were 
selected that provided enough information for 
reconstruction in HVE (vehicle type, collision partner 
involved, Collision Deformation Classification 
(CDC), Principal Direction of Force (PDOF), Crush 
and DeltaV) and also enough information for 
occupant simulation in MADYMO (age, height, 
weight of the occupant, occupant role, restraints used, 
airbag information, seat performance information, 
etc). One important criterion for case selection was 
good occupant-vehicle contacts that could be 
simulated. All cases with airbag failure, seat 
performance failure and seatbelt failure were ignored. 
Cases where the occupant was asleep or in an Out-of-
Position (OOP) state were also ignored. Based on 
these selection criteria, the case that had the most 
information available for reconstruction was a case of 
moderate crash severity with the case occupant 
sustaining “no brain injuries.” 
 
     Selected “No Brain Injury” case –Details of the 
“no brain injury” case that was reconstructed are 
provided below: 
 
This crash occurred at night with no streetlights while 
it was raining on a wet roadway surface.  The speed 
limit was posted at 25 mph. Case vehicle one (V1), a 
1995 Saturn SL four door sedan, was traveling 
eastbound on a two lane, two-way roadway that 
curved right to the south (Figure 2).  Vehicle two 
(V2), a 1988 minivan, was northbound on the same 
roadway, but was traveling in the opposite lane.  As 
V1 had completed the curve and recognized V2 in the 
lane, the driver began to apply the brakes and 
attempted to move right partially on the shoulder.  V2 
also applied the brakes, leaving lockup evidence prior 
to striking head-on with V1.  Post impact, V1 rotated 
counterclockwise and was forced rearward into the 
roadside ditch. This was a moderate severity head-on 
crash with a delta-V of 34 mph. 

 
Figure 2.  Crash Scene for “no brain injury” case. 

In this case, the case occupants were the driver and 
back center seat passenger in V1.  In our study only 
the driver was considered. The driver (28-year-old 
female, 173 cm in height and 73 kg in weight) was 
wearing the lap/shoulder belt and had a frontal airbag 
deployment.  The occupant (driver) did not have any 
major injuries; all listed injuries were minor skin 
contusions/lacerations (Table 1). 
 

Table 1.  
Occupant Injuries 

 
AIS Code Description 
8906021 Lower Extremity Skin 

Laceration Minor 
4904021 Chest Skin Contusion 
7904021 Upper Extremity Skin 

Contusion 
7902021 Upper Extremity Skin Abrasion 
2904021 Facial Skin Contusion 

 
The occupant contact points with the vehicle interior 
(Table 2) were taken from CIREN. During the 
reconstruction simulations, it was made sure that 
these contacts were maintained between the occupant 
and the vehicle interior. 
 

Table 2. 
 Occupant-Vehicle Contacts 

 
Contact Component Body 

Region 
1 Airbag –Driver side Face 
2 Knee Bolster Knee-Left 

3 Steering Column/ 
Transmission 

Knee-Right 

 
Crash Pulse Generation 
 
For the crash pulse (vehicle deceleration pulse during 
impact), EDR data (if available) should be preferred, 
but since the EDR data was not available for this 
case, Human-Vehicle-Environment (HVE) software 
developed by Engineering Dynamics Corporation 
(EDC) was used for crash pulse generation. 
Specifically, Engineering Dynamics Simulation 
Model of Automobile Collisions (EDSMAC4) 
module was used for this purpose [5, 8, 9, 10, and 
11].  
 
Before using this module for the selected CIREN 
case, the module’s crash pulse generation capability 
was evaluated by generating the crash pulse for 
several tests for which the crash pulse was already 
known. These were vehicle-vehicle compatibility 
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tests that were selected from NHTSA’s vehicle 
database [12]. Two different types of vehicle-vehicle 
impact tests were selected; one full frontal collinear 
(Figure 3 - Chevy Venture into Honda Accord), and 
the other 50% offset frontal (Figure 4 - Dodge Grand 
Caravan into Honda Accord). Vehicle-vehicle impact 
tests were evaluated so as to be consistent with the 
selected CIREN case which involves vehicle-vehicle 
impact.  
 

 
 
Figure 3.  Full frontal case set up. 
 

 
 
Figure 4.  50% Offset frontal case set up. 
 
For this evaluation study, vehicle models were 
chosen from the vehicle database and updated with 
respect to the exterior specifications (overall length, 
width, wheelbase, front overhang, rear overhang, 
weight, etc.) as per the test report. The tire model was 
also updated and was selected from the tire database. 
Position and velocities were then assigned to the 
vehicles according to the information in the test 
report. Delta-V and crush were matched to get the 
crash pulse.  
 
In HVE, even though only homogeneous and linear 
stiffness could be defined for any side of the vehicle 
by specifying parameters A and B (Figure 5), a 
reasonably good approximation of the crash pulse 
was obtained (Figures 6 and 7). 
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Figure 5.  Stiffness used in HVE. 
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(a) 

Crash Pulse For Full Frontal (Honda Accord)
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Figure 6.  Crash pulse comparison for full frontal 
case for (a) Venture and (b) Accord. 
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Crash Pulse for Offset Frontal(Honda Accord)
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(b) 

Figure 7.  Crash pulse comparison for offset 
frontal case for (a) Caravan and (b) Accord. 
 
To generate the crash pulse for the CIREN case, the 
vehicles involved in the crash were first selected. For 
the 1995 Saturn SL, which was the case vehicle, a 
generic passenger car model was used. For the 
second vehicle (1988 Dodge Caravan) involved in the 
crash, a generic van model was used. Generic models 
were used to calculate crush more precisely. Both 
these vehicle models were then updated with respect 
to the exterior vehicle specifications: front overhang, 
rear overhang, overall length and width, wheelbase 
and weight. The exterior specifications for both 
vehicles were obtained from the CIREN database. 
The total weight used was the sum of “Curb weight,” 
“Weight of the Occupants,” and “Cargo weight.” 
Since CIREN did not list any information for the 
occupant in the non-case vehicle (V2), a weight of 
150 lbs was assumed for the driver of the non-case 
vehicle. Vehicle stiffness plays an important role in 
correct crash pulse generation. Hence, the front, side, 
rear, top and bottom stiffnesses and the inertias of 
these generic vehicle models were updated based on 
the values available from actual vehicle models 
available in the HVE vehicle database for the case 
and the non-case vehicle. After these vehicles were 
set up in the vehicle mode, the crash event was set up 
in the event mode. The vehicles were positioned 
(Figure 8) with respect to the global coordinate 
system according to the heading angles given in 
CIREN. An estimated initial velocity was then 
assigned to each vehicle as their velocities were 
unknown.  

 
 
Figure 8.  HVE set up for the “no brain injury” 
case. 
 
To generate a valid crash pulse (Figure 9) for the 
selected CIREN case, various quantities (i.e., 
Principal Direction of Force (PDOF), Collision 
Deformation Classification (CDC), Crush and Delta-
V) were matched between CIREN and the HVE 
simulation by carrying out parametric variations with 
respect to the impact location, vehicle velocities, 
inter-vehicle friction, etc. Since CIREN did not report 
all these quantities for the non-case vehicle, only 
Delta-V was matched for the non-case vehicle. A 
good match was obtained for both the case and non-
case vehicle (Tables 3 and 4). Post-impact motion 
obtained for both the case and the non-case vehicle in 
the HVE simulation was consistent with the 
information provided in CIREN. The damage photo 
from CIREN was also compared with the damage 
profile obtained from HVE (Figure 10). The match 
seemed to be reasonable coming from an EDSMAC4 
module simulation which is a 2D physics program 
and thus incapable of simulating hood buckling. 
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Figure 9.  Crash pulse generated using HVE.  
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Table 3.  
Case vehicle match 

 

 
Table 4.  

Non-case vehicle match 
 

Dodge CIREN HVE 

DeltaV mph 28  28.9 
 

 
(a) 

 
(b) 

Figure 10.  Damage photo from (a) CIREN and 
(b) HVE. 
 
Occupant Simulation 
 
The occupant simulation was carried out using 
MADYMO, which is a widely used occupant safety 
analysis tool that can be used to simulate the response 
of an occupant in a dynamic environment. The 
occupant size for this “no brain injury” case was 
close to a 50th percentile size, and hence the H-III 50th 
ellipsoid model and the 50th percentile human facet 
model were used as occupant models in MADYMO. 
The case vehicle interior surfaces were created in 
MADYMO. The location of these surfaces was 
obtained from HVE, which had the actual vehicle 
model of a 1996 Saturn SL available in its vehicle 

database. The contact surfaces were first created in 
HVE (Figure 11), and only the necessary contact 
surfaces were created based on the contacts listed in 
CIREN between the occupant and the vehicle 
interior. This information was then used to create the 
case vehicle in MADYMO (Figure 12). 
 

 
(a) 

 
(b) 

Figure 11.  Contacts Surfaces generated in HVE 
(a) Full View and (b) No Body View. 
 
The properties for the seat structure, seat back, seat 
cushion, knee bolster, steering column and the 
contact characteristics between the occupant model 
and the vehicle interior were taken from the frontal 
impact application file [13] available in MADYMO, 
which has generic but realistic properties. Since the 
occupant (driver) had an airbag deployment during 
the crash, a generic airbag model was added to the 
steering wheel hub.  The generic driver airbag model 
was selected from MADYMO applications [13].  
 
Pre-simulation for positioning the occupant model in 
the seat was carried out for both the H-III 50th 
ellipsoid model and the 50th human facet model. 
Gravity loading was applied for a total time of 1 sec. 
The joint positions obtained from the last time step 
were used to update the impact-simulation file to 
position the dummy correctly in the seat (Figure 12). 
After this positioning was done, the right foot of the 
occupant was placed on the brake as mentioned in 
CIREN case file and the hands were positioned in 

Saturn CIREN HVE 
DeltaV mph 34 35  

Crush, in 31 28.62  
CDC 12FYEW4  12FYEW5 

PDOF (deg) 350 349.6 
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driving mode. Since the occupant was wearing the 
lap/shoulder belt during the event, an FE lap and 
shoulder belt was created and wrapped around the 
occupant (Figure 12). The properties for the belts 
were taken from MADYMO application file to be 
close to the realistic properties.  
 

 
 
Figure 12.  Impact Simulation model for “No 
Brain Injury” case. 
 
The crash pulse obtained from HVE (Figure 9) was 
used as a fictitious acceleration field applied on the 
occupant during the impact simulation. The baseline 
run was obtained once the occupant-vehicle contacts 
were matched with those listed in CIREN. Time 
histories of the head linear accelerations and angular 
velocities were generated as output to be used for 
further analysis with SIMon finite element head 
model. The human facet model took over 15 hours to 
run as compared to 5 hours for the ellipsoid dummy 
model on an SGI machine with 1 processor. Because 
of this time constraint, the human facet model was 
not used for any parametric studies. The results 
presented in this paper are thus only from the 
simulations carried out with the H-III 50th ellipsoid 
dummy model. 
 
HIC & SIMon Injury Metrics 
 
After the baseline run was obtained in MADYMO, 
the linear accelerations at the head CG and the 
angular velocities of the head were obtained in head-
body coordinates. These pulses were then input into 
the NHTSA-developed SIMon finite element head 
model and the injury metrics were obtained (Table 5), 
namely CSDM, DDM and RMDM. The HIC values 
were also calculated (Table 5). 
 

Table 5.  
HIC and SIMon Injury Metrics for baseline run 

 
Injury Metrics Value Threshold 
CSDM (0.15) 0.04628 0.55 * 

DDM 0.000185 0.072 * 

RMDM 0.8368 1 * 

HIC15 424 700 

HIC36 564 1000 

* Threshold corresponds to 50% probability of injury 
 

The injury metrics CSDM, DDM, RMDM and the 
HIC values predicted “no brain injury”-below 
threshold - for the selected case for the baseline run. 
HIC15, CSDM, DDM and RMDM were further used 
as assessment quantities to find the critical 
parameters from the reduced parametric studies 
carried out with the assumed parameters described in 
the next section. 
 
Parametric Studies 
 
Parametric studies were carried out around the 
baseline run with respect to the assumed parameters 
to show how the predicted injuries were affected due 
to changes in these assumed parameters, and to 
identify the important parameters that need to be 
controlled better for accurate reconstruction. It was 
made sure that the CIREN-listed occupant-vehicle 
contacts were maintained during all these parametric 
simulations so that the parametric effect could be 
seen in the valid solution space. Overall, 19 different 
parameters were studied with an assumed range of 
variation (Table 6). 9 of these 19 parameters were 
functions (Figures 9 and 13). Some of the parameter 
ranges were taken from references [12] and [14].  
 

Table 6.   
Assumed parameters  

 
 Parameters Baseline 

Value 
Variations 

Seat 
Structure 
Properties 

Figure 
13a 

 
± 20% 

Seat Back 
and Cushion 
Properties 

Figure 
13b 

 
± 20% 

Seat 
Inclination 

19 o5±  

Seat Track 
Position  

Figure 
12 

56mm    
22mm  

 
 

SEAT 

Seat Friction 0.3 0.1, 0.6 

POSTURE Seating 
Posture 

Normal Different 
positions 
of left leg 

KNEE 
BOLSTER 

Knee Bolster 
Properties 

 

Figure 
13c 

 
± 20% 
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Knee Bolster 
Angle 

27 o10±  

Belt Segment 
Properties 

Figure 
13d 

± 20% 

FE 
Lap/Shoulder 

Belt 
Properties 

Figure 
13e 

 
± 20% 

 

Belt Friction 0.2 0.1, 0.4 

Retractor 
Properties 
(film spool 

effect) 

Figure 
13f 

 
± 20% 

 
 
 
 
 
 

BELT 
SYSTEM 

Retractor 
Locking 

Time 

1 ms 10ms,20ms 

Airbag 
Firing Time 

20ms 25ms,35ms 

Airbag 
Friction 

0.2 0.1, 0.6 

Steering 
Column 
Angle 

(Airbag 
Deployment 

Angle) 

 
 

    30 

 
 
o5±  

 
 
 
 
 

DRIVER 
AIRBAG 

Airbag Mass 
Flow Rate 

Figure 
13g 

 

± 20% 

Crash Pulse-
X component 

(Fwd Acc) 

Figure 9 0.82,1.11  
CRASH 
PULSE 

SCALING 
FACTORS 

Crash Pulse-
Y component 

(Lat Acc) 

 
Figure 9 
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Figure 13.  Plots showing the properties used for 
different vehicle components. 
 
Even though the knee bolster angle was taken from 
the HVE vehicle model, it is only an approximate 
way of obtaining the contact surfaces. Hence, 
parametric variations were carried out with respect to 
the knee bolster angle. Also, since the position of the 
right leg was already known, the position of the left 
leg was changed to study seating posture effects. 
 
The delta-V reported in CIREN is not exact and an 
error of mph5±  was assumed in the delta-V value 
(34 mph) reported in CIREN. Based on this 
assumption, the scaling factors for the X and Y 
components of the pulse were obtained. The scaling 
factor range for the X-component was obtained by 
making sure that the delta-V obtained by integrating 
the resultant crash pulse stayed within 34 mph5± . 
Since the Y-component had a much lower magnitude 
(Figure 9), scaling did not affect delta-V (obtained 
from the resultant crash pulse) too much. So the 
scaling factors were selected to produce a change of 
around sg'4± . 
 
Since there were a large number of parameters, it was 
impossible to use the full parametric matrix. Thus, 

reduced parametric studies were carried out where 
only a subset was performed to demonstrate the 
effect of variability/uncertainty.  
 
The reduced parametric studies were carried out first 
by independently changing each parameter while 
controlling for the others (fixed to the baseline 
values). 38 MADYMO simulations were run, two 
variations for each parameter (Table 6), with each 
simulation having a run time of 5hrs on a SGI system 
with one processor.  Out of these 19 parameters 
studied, 14 were found to be critical.  The critical 
parameters were identified by using the following 
methodology: 
 
First the change in each assessment quantity, i.e. 
HIC15, CSDM, DDM and RMDM, was calculated 
for each parameter (Equation 1). 
 
∆HIC15i / CSDM i / DDM i / RMDM i =Max (run1, run2, run3) - 
Min (run1, run2, run3); i=1 to 19                          (1). 
 
Once the change was obtained for each assessment 
quantity for each parameter, normalization was 
carried out (Equation 2). 
 

              
15

1515

HIC

iHICHIC
normi Max∆

∆
=∆ ; i=1 to 19              (2). 

 
where 15HICMax∆ corresponds to the maximum value 

of 15HIC∆  obtained for any parameter. 
 
Similar normalization was carried out for CSDM, 
DDM and RMDM. This normalization was 
performed because the scales of HIC, CSDM, DDM 
and RMDM were quite different. Next, the total 
effect of each parameter on the output was obtained 
by summing up the normalized values of each 
assessment quantity (Equation 3). 
 

RMDM
normi

DDM
normi

CSDM
normi

HIC
normiieffectTotal ∆+∆+∆+∆= 15_  

where, i=1 to 19                        (3). 
 

Finally the % effect was obtained for each parameter 
(Equation 4). 
 

4

_
% i

i
EffectTotal

Effect =  ; i=1 to 19              (4). 

 
From the % effect, the critical parameters were 
identified. As it was impossible to carry out a full 
cross-effect study due to large number of parameters, 
around 12 simulations were run by using some of the 
critical parameters (identified using independent 
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parametric analysis) to study the cross-effects. The 
limited cross-effect study carried out was in the valid 
solution space, and was sufficient in the context of 
this paper.  Thus, the reduced parametric study 
consisted of independent parametric analysis plus 
some cross-effect analysis. 
 
The output from all these occupant simulations was 
used for driving the SIMon finite element head model 
to predict brain injuries.  49 FE simulations were run, 
with each simulation having a run time of around 
3hrs on a PC with a Pentium 4 processor. Therefore a 
total of 100 simulations (51 MADYMO + 49 SIMon) 
were carried out for this reduced parametric study of 
the “no brain injury” case. 
 
RESULTS 
 
The results of the first 38 simulations (independent 
parametric study) were analyzed in terms of the 
assessment quantities - HIC, CSDM, DDM and 
RMDM (Table 7) - to show how different parameters 
affected the output. 
 

Table 7. 
Parametric effect (normalized values) 

 

 

The assessment quantities for these 38 simulations 
were also compared with the baseline run (Figures 14 
- 17) to show their variation with respect to the 
assumed parameters. 
 

 
 
 

 
 
 

 
 
 

 
 
Figure 14.  Plots showing the variations in HIC15. 
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Figure 15.  Plots showing the variations in CSDM. 
 
 

 
 
 

 
 
 

 
 
 

 
 
Figure 16.  Plots showing the variations in DDM. 
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Figure 17.  Plots showing the variations in 
RMDM. 
 
The results (table 7 and figures 14 - 17) showed that 
the assessment quantities varied more with some 
parameters and less with other parameters.  Hence 
from this first run we could identify the critical 
parameters which were: (a) Seat Track position; (b) 
Seat inclination; (c) Belt Friction; (d) Airbag 
Friction; (e) Airbag mass flow rate; (f) Airbag firing 

time; (g) Crash Pulse; (h) Belt segment properties; (i) 
Seat back and cushion properties; (j) Seat friction; (k) 
Seating Posture; (l) Seat Structure properties; and (m) 
Steering Column Angle (Airbag deployment angle). 
These critical parameters were the ones that produced 
25% or more change in any one of the assessment 
quantities. This 25% change in assessment quantities 
corresponded to a % effect of more than 15%.  
 
The highest CSDM, DDM, RMDM and HIC15 
obtained from the independent parametric study were 
0.0709, 0.000431, 0.9958 and 526 respectively. None 
of the injury metrics exceeded the threshold, thus 
predicting “no brain injury.” 
 
Also as part of the reduced parametric study, around 
12 simulations were run (Figure 18) using some of 
these critical parameters while maintaining the range 
of these parameters and the CIREN contacts to study 
the cross-effect of parameters. 
 

 
 
Figure 18.  12 Cross-effect simulations. 
 
The seat inclination, airbag and belt friction 
coefficients used above were the ones that produced 
high HIC value (based on the independent parametric 
study). These were used in combination along with 
variations in mass flow rate, airbag firing time and 
applied pulse to see the effect on the results. Cases 
that violated CIREN contacts were eliminated (table 
8).  

 
 
 
 
 
 
 

Seat Inclination 

Airbag µ=0.6 

Mass Flow Rate Factor=0.7/1/1.5 

Airbag Firing 
Time=20ms 

Original 
Pulse 

Belt µ=0.1 

Airbag Firing 
Time=35ms 

Scaled 
Pulse 

Scaled 
Pulse 

Original 
Pulse 



 
                                                                                                                                    Hasija 13  

Table 8.  
Details of the 12 simulations 

 

 
 
Two cases (run1 and run2) were eliminated as they 
produced head-steering wheel contact, which was 
outside of the valid solution region.  
 
The assessment quantities HIC15, CSDM, DDM and 
RMDM for the valid runs were compared with the 
baseline run (Figure 19). The highest CSDM, DDM, 
RMDM and HIC15 obtained were 0.2901, 0.0018, 
1.38 and 812 respectively. Even though CSDM and 
DDM values did not reach the 50% probability of 
injury limit, HIC15 and RMDM values exceeded the 
threshold, and thus predicted “brain injury.” 
 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

Figure 19.  Plots showing (a) HIC15, (b) CSDM, 
(c) DDM and (d) RMDM results for the valid 
cross-effect simulations. 
 
DISCUSSION 
 
This paper shows on one hand the potential of 
computational tools for reconstructing real world 
accidents,  but on the other hand the difficulty of 
accurately carrying out the reconstruction as a result 
of assumptions made due to lack of data availability.  
 
Reconstruction of the “no brain injury” case shows 
that there are several parameters that have to be 
assumed in order to obtain a solution. Overall, 19 
parameters were assumed for this case. The 
variability in these parameters can produce quite 
different results in the valid solution space, as can be 
seen from the variations in the assessment quantities - 
HIC, CSDM, DDM and RMDM.  
 
Due to variations in the assessment quantities, one set 
of reconstruction parameters is not sufficient to 
evaluate occupant injuries, and it is imperative to 
identify the critical parameters affecting the results. 
Parametric analysis can be used to identify the main 
parameters influencing the occupant response.   
 
The reduced parametric analysis carried out in this 
paper for the “no brain injury” case shows the 
process of selecting critical parameters that need to 
be controlled better. Overall, 14 out of 19 parameters 
were found to be critical. Lack of parameter control 
can lead to considerable changes in the injury 
predictions. The “no brain injury” case reconstructed 
in this paper went from “no injury” prediction to 
“injury” prediction due to introduced variability.  Out 
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of four injury assessment quantities, two (HIC and 
RMDM) switched from “no injury” to “injury.” 
Although CSDM and DDM did not switch, they did 
show considerable variation in their values. 
Depending on the crash scenario, some or all 
assessment quantities may change from “no injury” 
to “injury” if control is not exercised. 
 
The results indicated that crash pulse has a 
considerable affect on the occupant’s injuries. The 
crash pulse in this study was obtained using HVE, as 
EDR data was not available. HVE has its own 
limitations, insofar as the stiffness of the vehicle, 
which plays an important role in generating the right 
crash pulse, can only be defined as linear and 
homogenous for any given side of the vehicle. 
Additionally, hard spots cannot be defined. As a 
result the crash pulse obtained from HVE is not 
precise but approximate. Therefore, EDR data, if 
available, should be preferred to reduce the 
variability issues of the crash pulse. 
 
In this study, neither full finite element nor human 
facet models that better define human geometry and 
material properties were used for any parametric 
analysis because of the prohibitive run times. For 
better reconstruction, human models should be 
preferred if the run time can be reduced. 
 
All critical parameters substantially affecting 
reconstruction results were identified using the injury 
assessment quantities: HIC, CSDM, DDM and 
RMDM. HIC is based only on the translational 
accelerations, whereas the SIMon FE model is driven 
using both translational and angular accelerations. 
Hence the critical parameters were identified based 
on changes in both linear and angular components, 
which were reflected by changes in the injury 
metrics. Some parameters had more effect on the 
linear accelerations, and others had more effect on 
the angular accelerations, thus justifying the use of 
SIMon injury metrics (CSDM, DDM and RMDM) in 
addition to HIC for critical parameter identification.  
 
This study only concentrated on identifying critical 
parameters that affected head injury criteria. These 
might be different for different body regions and an 
analysis such as the one presented in this paper can 
help identify those critical parameters which need to 
be controlled better before running the final 
simulation for predicting injuries.  
 
Based on this study some general observations, not 
limited to the reconstructed case, may be relevant for 
the CIREN crash investigation team. These are:  

1. If possible, CDC, Crush, PDOF and the 
weight of the occupants for the non-case 
vehicle should be listed so that a better 
reconstruction analysis can be carried out to 
generate the crash pulse. 

2. An estimate of the range of variation in the 
measurement of delta-V, CDC, PDOF and 
Crush listed in CIREN should be included. 
Protocols could be developed to eliminate 
the subjectivity involved in the measurement 
of CDC, PDOF and Crush. 

3. The distances between the seat and vehicle 
interior surfaces with which the occupant 
has contacts at different seat track positions 
obtained from an undamaged, exemplary 
vehicle should be listed. Protocols could be 
developed for these measurements. 

4. The seat model used in the vehicle should be 
listed so that the properties can be taken 
directly from the source. If possible, the seat 
cushion properties should also be listed. 

5. The range of seat back angle (seat 
inclination) and the value of the seat back 
angle corresponding to different positions 
(upright, slightly reclined, etc) obtained 
from an undamaged, exemplary vehicle 
could be listed. 

6. The seat material could be included to get an 
idea of the friction coefficient. 

7. The knee bolster inclination angle obtained 
from the undamaged, exemplary vehicle 
could be listed. If possible, the knee bolster 
properties (stiffness) could also be 
mentioned. 

8. The belt system model used in the case 
vehicle should be listed so that the 
properties can be taken directly from the 
source, and if possible, the properties 
(lap/shoulder belt properties, retractor 
characteristics, etc). 

9. The airbag model used should be included 
so details can be obtained from the source. 

10. The range of steering column angle  and the 
value of the angle corresponding to the 
different positions of the steering column 
(full up, center, etc., as mentioned in 
CIREN) obtained from an undamaged, 
exemplary vehicle could be listed. 

11. More details could be mentioned on the 
seating posture. For example, if the person is 
asleep, what posture would generate the 
occupant-vehicle contacts being seen for 
that case. 
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The information based on these observations, if made 
available, may help control the critical parameters 
and help in a better reconstruction analysis.  
 
Future work may involve, among other things, 
reconstructing more real world crashes with brain 
injuries, expanding the parameter matrix, carrying 
out a more detailed parametric analysis and using 
human FE or facet models for better occupant 
simulations. 
 
CONCLUSION 
 
The reconstruction methodology used in this paper 
and demonstrated by reconstructing a real world 
crash with “no brain injuries” shows that there are 
several parameters that have to be assumed during 
crash reconstruction. The variability in these 
parameters can change the predicted injury output 
significantly.  The paper indicates the importance of 
carrying out a sensitivity analysis, identifying the 
critical parameters and better controlling them before 
attempting to predict injuries.  It was shown that 
injury predictions for a simulated case can go from 
“no injury” to “injury” if the analysis is not carried 
out properly. In essence, sensitivity analysis and 
parameter control are important steps to improving 
the injury predictive capabilities of any 
reconstruction process. 
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ABSTRACT 
 
An external airbag (bumper bag) for improved 
sport utility vehicle (SUV) to passenger vehicle 
compatibility in side impact and improved 
pedestrian protection was developed. The bag was 
developed and evaluated by means of mathematical 
simulations and mechanical crash tests.  
 
The mounting location of the bumper bag was 
below the bumper structure of an SUV. The 
volume of the bag was 134 liters and the peak 
pressure of the bag when loaded was approximately 
7 bars. 
 
In the mechanical crash tests a Ford Explorer with 
and without a bumper bag was run into the side of a 
Toyota Corolla. The impact angle was 90 degrees 
and the impact velocity was 48 kph (30 mph). It 
was found that the bumper airbag significantly 
reduced the b-pillar peak intrusion velocities and 
maximum deformation of the impacted vehicle. 
 
The potential injury reducing benefits for a 
pedestrian impacted by an SUV equipped with a 
bumper bag was also evaluated. Using a pedestrian 
leg form both impact and inadvertent firing tests 
were carried out. In the impact test the leg form 
was impacting the front of the Ford Explorer at 40 
kph (25 mph) with and without bumper airbag. In 
the inadvertent firing tests the leg form was 
positioned in contact with the bumper of the SUV 
when inflation of the bumper bag was initiated. It 
was found that the bumper bag reduced the knee 
bending angle, shear displacement and tibia 
acceleration significantly. All injury measures but 
one was below the EuroNCAP injury assessment 
values for the lower extremity. 
 
The potential reduction in injury measures for an 
occupant on the impacted side of the passenger car 
impacted by an SUV with a bumper airbag was 
evaluated. The evaluation was carried out by means 
of sled tests. The intrusion velocities at the chest 
level of the impacted vehicle in the crash tests were 
used to drive the sled in sled tests. In the sled tests 
a state of the art occupant protection system was 
used. The system comprised a seat belt system and 

a side airbag. It was found that chest injury 
measures were significantly reduced when a 
bumper bag was used in a SUV to passenger 
vehicle side impact.  
 
Future development of the bumper airbag system 
will include improved frontal impact compatibility 
and self protection. 
 
 
INTRODUCTION 
 
The crashworthiness of passenger cars have been 
considerably improved during the last decades. 
From the early 1980’s until 2000, the driver death 
rate per million cars registered decreased 47 
percent according to IIHS [1]. However, this 
improvement was mainly made in frontal crashes 
for which driver death rate decreased 52 percent, 
compared to only 24 percent in side impact.  
 
In side impact crashes, on the other hand, IIHS 
found that side impact crashes accounted for 51 
percent of driver deaths during 2000 and 2001 
compared to 31 percent during 1980 and 1981. 
According to information in the FARS database the 
driver of a struck vehicle involved in a side impact 
crash is more likely to be killed when the striking 
vehicle is a large pickup than when it is a passenger 
car [1] (Figure 1). Out of 40 fatal side impact of 
pickups into passenger cars, 39 occupants will die 
in the passenger car while one will die in the LTV 
(Light Trucks and Vans). Large SUVs such as Ford 
Explorer are included in the definition of LTV. 
 

 
Figure 1 

Driver Fatality Ratio of Side Impact Crashes Into 
Passenger Cars [1] 

 
A study by IIHS confirms the increased risk for an 
occupant in a passenger vehicle impacted in the 
side by a SUV. The relative risk of death can be 
27-48 times greater for the occupant of a passenger 
car (Figure 2) [2]. 
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Figure 2 

Death in Other Vehicle /1000 Police Reported 
Crashes with Subject Vehicle [2] 

 
The sales and registration of LTV’s in the US have 
steadily increased as the percentage of the fleet, 
since 1981 (Figure 3) [1]. In 2004 LTVs 
represented 45% of the vehicles sold in the US [3]. 
As the number of LTVs on the roads increases the 
number of accidents in which a LTV is a part 
increases. 
 

 
Figure 3 

LTV US sales and registrations [1] 
 
The increased number of LTVs relative to the 
number of passenger cars has lead to an increasing 
number of fatalities for car occupants that are 
struck by LTV’s, while the fatalities have 
decreased in car to car crashes (Figure 4) [4]. 
 

 
Figure 4 

Occupant Fatalities in Vehicle-to-Vehicle Crashes 
[4]  

 

A reason for the increased risk for an occupant at 
the impacted side of a passenger car in a SUV to 
passenger car side impact is that the SUVs are 
stiffer, heavier than passenger cars. In addition the 
frame structures of the SUVs are also located 
higher above the ground. There is a significant 
height mismatch between a Sport Utility Vehicle 
(SUV), such as a Ford Explorer, and a passenger 
car, such as a Honda Accord (Figure 5) [5]. When 
an SUV impacts a passenger vehicle in the side, the 
SUV bumper completely mismatches the sill floor 
of the passenger vehicle. Since the sill and floor is 
one of the stiffer structures of the car side, there 
will be a great risk for the SUV to deform the 
passenger vehicle heavily, thereby increasing the 
intrusion velocity of the b-pillar and the door. It 
will result in reduced survival space for the 
passenger.  
 

 
Figure 5 

Front Profile of Various Vehicles [5] 
 
Side impacts are the second most frequent type of 
crashes causing serious injury and death. More than 
half occur at intersection collisions, and the most 
serious impacts are those in which the vehicle is 
struck centrally.  
 
The most common areas for injury include the 
chest (73%) and the head (53%) (Figure 6) [6]. 
 

 
Figure 6 

Percent of Patients with Injury AIS > 2 designated 
body regions [6] 

 
These injuries are related to the intrusion of the 
door panels and B-pillar, and in some cases direct 
contact with the impacting vehicle.  
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The intrusion is related to many factors for 
example the vehicles weight, stiffness, design and 
speed. Data used by Acierno [6] shows that the 
intrusion of a pickup into the driver compartment 
of a passenger car was in the range of 20 cm to 50 
cm. The maximum intrusion often appeared above 
the mid to lower door reinforcement of the 
passenger vehicle due to the height of the SUV 
bumpers. In some cases, the occupant’s head had a 
direct contact with the hood of the SUV. The SUV 
frame contacted the side of the passenger car in 
weaker, non-reinforced areas, leading to maximal 
intrusions into the head and upper thorax of the 
occupants. 
 
The current regulation does not include the SUV to 
passenger car load case. The lower edge of the 
ECE R95 side impact barrier is 300 mm above the 
ground [7]. The FMVSS 214 side impact barrier 
lower edge is 280 mm above the ground and the 
bumper part of the barrier is 330 mm above the 
ground [8]. That means that the FMVSS 214 
barrier begins 127 mm (5 inches) above the bottom 
of the door and ends no more than 13 mm above 
the window sill (Figure 7). The average LTV front 
end is considerably higher, striking above the 
reinforcement added to the vehicles to pass both 
the ECE R95 and FMVSS 214 regulation. 
 

 
Figure 7 

FMVSS 214 Crash Test Barrier Compared to 
Average LTV Front End [8] 

 
A consumer test procedure that takes the height of 
the LTV front end above ground into account is a 
test method developed by IIHS [9]. The moving 
deformable barrier used in this test was designed to 
match the front end geometry and ride height of 
LTVs and SUVs. The bottom of the barrier is 379 
mm above ground and the bumper part of the 
barrier is 430 mm above ground. This is 
considerably higher than what it is for the ECE R95 
and FMVSS 214 barrier. 
 
After analyzing the injury consequences of a side 
impact an LTV impacting a passenger vehicle, 
physical criteria had to be found to analyze the 
severity of simulated side impact since no dummy 

model was implemented into the passenger car 
model used in a mathematical analysis. As Ludo 
[10] demonstrated, it is appropriate to use the 
velocity change along the y-axis (perpendicular to 
the side doors) as a representative parameter for 
dummy impact severity. 
 
To conclude, the following statements by Ludo 
[10] were useful for the study: 
 

• The door structure velocity in the same 
time frame of occupant impact is 
controlled much more by stiffness ratio of 
the two vehicles than by the mass ratio. 

• The door skin peak velocity is that of the 
bullet car. 

• The mass ratio controls the final velocity 
of the two vehicles. 

• A stiffer door reinforcement structure 
decreases the velocity with which the 
occupant is struck. 

• The velocity change in y-direction of the 
b-pillar is appropriate to evaluate 
occupant injuries. 

 
Many concepts and designs of bumper airbag 
systems have been proposed and patented [11, 12 
and 13]. In one external airbag study, two crash 
tests were carried out using a Cutlass Sierra four 
door sedans equipped with bumper airbags. The 
first test was a frontal crash into a rigid barrier at 
48.5 kph using two unventilated bags, one set at a 
high pressure (2.21 bars) and the other set at a low 
pressure (0.35 bars). With this test setup, 19% of 
the crash energy was absorbed by the bags. The 
second test was a side impact crash in which a rigid 
barrier impacted the passenger car at 48.5 kph. A 
pressurized bag (0.6 bars) was placed on the side of 
the passenger car above the sill, overlapping the 
side door and centered on the B-pillar. The result of 
this test was not successful. The bag deformed the 
weak structures of the panel of the side doors 
providing little additional protection. Two 
important conclusions were drawn from this study: 
 

• The bumper airbag must deform with a 
stopping force up to 300 kN for a frontal 
airbag and 200 kN for a side airbag. 

• The deformation of the bumper airbag will 
deform weak structures of the panel of the 
side doors. 

 
An additional application of a bumper airbag 
system can be to reduce injuries to the lower leg of 
pedestrians in SUV to pedestrian accidents. In 
pedestrian accidents with passenger vehicles, knee 
and lower leg are the most frequently injured area. 
The most frequent injury producing part of the car 
is the bumper. Therefore EEVC working group 17 
proposed in 1998 a test method for the leg to 
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bumper impact which was later introduced in the 
EuroNCAP rating testing [14]. In the EEVC test 
method bending and shearing requirements were 
proposed to mitigate knee injuries as well as an 
acceleration requirement for the upper tibia 
mitigating the risk for tibia fractures. A bending of 
15 degrees and a shearing of 6 mm was proposed 
as a threshold values for the knee and 150 g for the 
upper tibia acceleration. To design a passenger car 
in order to meet these requirements there are 
basically two features that can be added. First thick 
and soft foam in the bumper can be introduced and 
secondly a support for the tibia below the bumper 
can be added. All EU regulations and proposals are 
limited to cars with a gross weight of less than 2.5 
tons. This means that many LTVs and SUVs will 
be excluded. Recently there was a proposal by the 
US to increase the gross weight to 3.5 tons or even 
4.5 tons. This would include more or less all SUVs. 
 
For SUVs the occurrence of leg and knee injuries 
are slightly lower than for passenger cars, when 
calculating as a percentage of all injuries, not actual 
risk. Longhitano et al (2005) reported that for 
SUVs in the US leg and knee injuries place 3rd after 
head and chest for both AIS 2+ and AIS3+ injuries 
[15]. However, for AIS2+ injuries the occurrence 
was very similar to chest injuries. Lefler and 
Gabler reported that the overall fatality and injury 
risk increases with SUVs compared to passenger 
cars [16]. This involved accidents 1995-2000 in the 
US. Per 1000 reported single vehicle/pedestrian 
impacts 115 were killed when an SUV was 
involved compared to 45 when a passenger car was 
involved. The fatality risk was thereby increased 
with more than 2.5 times for SUVs compared to 
passenger cars. Also it was likely that the risk of so 
called “run-over” accident increases with SUVs 
compared to passenger cars due to the higher 
bumper and ground clearance. 
 
There is a need for a system that will improve the 
LTV and SUV to passenger car side impact 
compatibility and pedestrian protection. 
 
 
AIM 
 
The aim of the study was to by means of 
mathematical simulations and mechanical crash 
tests evaluate possible side impact compatibility 
and pedestrian protection benefits from mounting 
an external airbag (bumper bag) in the front end of 
an SUV. 
 
 
MATHEMATICAL MODEL 
 
The initial development of the bumper airbag was 
carried out by means of mathematical simulations. 

The vehicle models used were Chevrolet C250 
Pickup Truck model and a Ford Taurus model 
(Figure 8). The number of elements of the 
Chevrolet Pickup was 53856 and for the Ford 
Taurus 65921. The models were developed and 
initially validated by NCAC [17]. The Ford Taurus 
model was additionally validated by means of in 
house crash tests. 
 

 

 
Figure 8 

Vehicle Models Used 
 
For evaluation of the potential benefits of using a 
bumper bag the intrusion velocity and intrusion 
depth were analyzed for four sensor locations on 
the b-pillar in the Ford Taurus model (Figure 9). 
The four locations were sill, pelvis, chest and head 
level on the b-pillar of the impacted vehicle. 
 

 
 

Figure 9 
Sensor Locations Used to Record B-Pillar Intrusion 

Velocity and Intrusion Distance 
 
In the development of the bumper bag the influence 
of a great number of parameters were evaluated by 
means of mathematical simulations. The 
parameters were shape, location, pressure, volume 
and ventilation of proposed bumper bag. In the 
shape, ventilation, location and volume evaluation 
of the bumper bag a pressure of 7 bars was used. 
 
Two different locations for the bumper bag were 
evaluated. The locations were in front of the 
bumper and below the bumper (Figure 10). 
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Figure 10 

Location of the Bumper Bag 
 
The initial over pressures evaluated were 1, 3, 7 
and 10 bars and the volume of the bag evaluated 
was 47, 102, 147 and 189 liters. 
 
 
RESULTS MATHEMATICAL MODEL 
 
Some of the most important simulation results from 
the parameter study are summarized below.  The 
results shown are peak intrusion velocity and peak 
intrusion distance. The intrusion velocity was the 
velocity of a point on the b-pillar on the impacted 
side of the vehicle relative a point on an 
undeformed location, such as the tunnel, of the 
impacted vehicle. The intrusion distance was the 
displacement of a point on the b-pillar on the 
impacted side of the vehicle relative a point on an 
undeformed location, such as the tunnel, of the 
impacted vehicle. 
 
For the evaluation of the location of the bumper 
bag the lowest intrusion velocity and intrusion 
distance was obtained for a bumper bag mounted 
below the bumper (Figure 12). For head, chest and 
pelvis sensor locations the intrusion velocity was 
significantly reduced with a bag mounted below the 
bumper. For the sill sensor location only minor 
reductions in peak intrusion velocity was obtained. 
For a bag mounted in front of the bumper only 
minor reductions were obtained for the head and 
sill sensor locations. For the chest and pelvis sensor 
locations no reductions were obtained. 
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Intrusion Velocity, Peak Values (m/s), Location of 
Bumper Bag 

 
For the peak intrusion distance significant 
reductions were also obtained for a bag mounted 
below the bumper for all sensor locations but the 
sill location (Figure 13). For the sill sensor location 
no reductions in intrusion distance was obtained for 
a bag mounted below the bumper relative to when 
no bag was used. 
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Intrusion Distance, Peak Values (m), Location of 
Bumper Bag 

 
For the bag pressure evaluation it was found that 
for the chest and pelvis sensor location the higher 
the pressure the lower the intrusion velocity (Figure 
14). For the sill sensor location the intrusion 
velocity increased significantly for all bag 
pressures but 10 bars. For 10 bar pressure intrusion 
velocity was reduced also for the sill sensor 
location. For the head sensor location significant 
reductions were obtained by adding a bag. 
However only minor variations in intrusion 
velocity was obtained for the various bag pressures. 
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Intrusion Velocity, Peak Values (m), Bag Pressure 
 
In the bag pressure evaluation it was found that for 
the chest and pelvis sensor locations the higher the 
pressures the lower the intrusion distance (Figure 
15). For the head and sill sensor locations only 
small differences in intrusion distance for the 
various bag pressures was observed. However, 
significant reductions in intrusion distance relative 
to when no bag was used was obtained. 
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Intrusion Distance, Peak Values (m), Bag Pressure 
 
For the bag volume evaluation greatest reductions 
in intrusion velocity was obtained for the large 
volume airbag. The volume of that airbag was 189 
liters (Figure 16). For the smallest bag, 47 liters, an 
increase in intrusion velocity for the sill sensor 
location was obtained and for the pelvis sensor 
location no reduction in intrusion velocity was 
obtained. For the bag with 102 and 147 liter 
volume reductions in intrusion velocity was 
obtained for the pelvis sensor location. For the sill 
sensor location there was an increase in intrusion 
velocity for 102 and 147 liter bag volume. 
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Intrusion Velocity, Peak Values (m), Bag Volume 
 
For the intrusion distance greatest reductions was 
obtained for the bag with greatest volume 189 liter 
(Figure 17). For all bag volumes but one peak 
intrusion distance was reduced significantly. For 
the sill sensor location there was no reduction in 
intrusion distance for the various bag pressures. 
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Intrusion Distance, Peak Values (m), Bag Volume 
 
From the mathematical simulation results a bumper 
bag system was proposed. The preferred location of 
the bumper bag was below the bumper, the volume 
was 189 liters and the pressure was 10 bars. 
 
MECHANICAL BUMPER BAG 
 
Based on the results from the mathematical model 
a mechanical bumper bag was designed and a 
prototype made (Figure 18). The bag was of tubular 
shape. The length of the bag was 2.4 m, the width 
was 0.3 m and the volume was 134 liters. The bag 
was covered with 53 circular seat belt elements. 
Half of the bag diameter (0.15 m) was extending in 
front of the bumper when the bag was inflated. The 
bag was inflated using 3 passenger side airbag 
gasgenerators. The peak pressure obtained was 7 
bars. 
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Figure 18 

Mechanical Bumper Bag 
 

For the bumper bag to transfer load from the SUV 
to the passenger car, in a side impact, a load 
carrying support structure was needed. The support 
structure was mounted with a hinge joint to the 
SUV. The bumper bag was mounted on the support 
structure (Figure 19). When not used the bumper 
bag was folded and the support structure with the 
bag was located behind the bumper. In the crash 
the bumper bag was expanded and pushed the 
support structure downwards. When in position, the 
bumper bag support structure was locked providing 
the bumper bag with a load carrying support 
structure. 
 
 

 

 
Figure 19 

Bumper Bag Schematic 
 

 
MECHANICAL SUV TO CAR CRASH TEST 
 
The potential compatibility benefits of the 
mechanical prototype bumper bag were evaluated 
by means of Ford Explorer to Toyota Corolla crash 
tests (Figure 20). In the tests the Ford Explorer was 
impacting the side of the Toyota Corolla at an 
impact angle of 90 degrees and an impact velocity 

of 48 kph (30 mph). The mid point of the Ford 
Explorer bumper was impacting at the H-point of 
the Toyota Corolla. The Toyota Corolla was MY 
1992 and the Ford Explorer was MY 1993. The 
mass of the Ford Explorer was 2043 kg and the 
mass of the Toyota Corolla was 1100 kg. Two 
crash tests were carried out. One reference test 
without bumper bag and one test with bumper bag.  
Accelerations and Intrusion distances at 4 sensor 
locations on the b-pillar were recorded. The 
intrusion distances were recorded by means of 
string potentiometers. The same locations as were 
used in the mathematical model were used in the 
mechanical tests. In addition, accelerations were 
recorded at numerous locations on the impacted 
and non-impacted side of the Toyota Corolla and 
acceleration was recorded at the tunnel of the Ford 
Explorer. No crash test dummies were used in the 
crash tests 
 

 
Figure 20 

SUV to Car Side Impact 
 
RESULTS FORD EXPLORER TO TOYOTA 
COROLLA CRASH TESTS 
 
For the impacting vehicle, the Ford Explorer, The 
acceleration, at an undeformed location (tunnel) of 
the vehicle, was altered somewhat by the addition 
of a bumper bag (Figure 21). The first local peak 
acceleration was increased, when a bumper bag 
was added, from 75 m/s2 to 100 m/s2. Peak global 
acceleration was increased from 136 m/s2 to 146 
m/s2. 
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Figure 21 

Tunnel Acceleration Ford Explorer 
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The final velocity at an undeformed location 
(tunnel) of the Toyota Corolla was 10 m/s for the 
reference test (Figure 22). For the test with a 
bumper bag the final tunnel velocity was 11 m/s. 
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Figure 22 

Tunnel Velocity Toyota Corolla 
 
Peak intrusion velocity was very small at the head 
sensor location for both the reference test and the 
test with the bumper bag (Figure 23). For the chest 
and pelvis sensor location peak intrusion velocity 
was reduced when a bumper bag was added. At the 
chest sensor location peak intrusion velocity was 
reduced from 12.5 m/s to 10.0 m/s and at the pelvis 
sensor location peak intrusion velocity was reduced 
from 12.0 m/s to 11.0 m/s. At the sill sensor 
location, however, peak intrusion velocity was 
increased from 5.0 to 8.5 m/s when a bumper bag 
was added. 
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Figure 23 

Peak Intrusion Velocity 
 
Peak intrusion distance at the head, chest and pelvis 
sensor location was reduced with the bumper bag 
(Figure 24). At the head sensor location peak 
intrusion distance was reduced from 0.12 m to 0.07 
m. At the chest location it was reduced from 0.32 
m to 0.28 m and at the pelvis location it was 
reduced from 0.32 m to 0.24 m. At the sill location 
it was increased from 0.14 m to 0.24 m. 
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Peak Intrusion Distance 

 
PEDESTRIAN TESTS 
 
A pedestrian evaluation of the bumper bag was also 
carried out. In the evaluation a pedestrian leg form 
was used [12]. The tests were a reference without 
bumper bag, an impact test with an inflated bumper 
bag and an inadvertent firing test. In the impact test 
the leg form was impacting the front of the Ford 
Explorer at 40 kph (25 mph) with and without 
bumper bag. In the inadvertent firing tests a leg 
form was positioned in front of the bumper bag 
when inflation of the bag was initiated. 
 
 
RESULTS PEDESTRIAN TESTS 
 
In the results from the leg form tests it can be 
observed that the bending angle was significantly 
reduced with the bumper bag (Figure 25). There 
was a significant difference in the bending angle 
between the two reference tests and the two tests 
with bumper bag. However, in both reference tests 
the bending angle was greater than the EuroNCAP 
injury criteria level. In one of the tests, with the 
bumper bag, peak bending angle was greater than 
the injury criteria level. For the inadvertent firing 
test the bending angle was significantly lower than 
the injury criteria level. 
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Figure 25 

Peak Bending Angle 
 
The shearing displacement in the reference test was 
5 mm (Figure 26). In the tests with the bumper bag 
peak shearing displacement was less than 1 mm. 
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The shearing displacement was significantly 
reduced with the bumper bag. However, all test 
results were below the EuroNCAP injury criteria 
level of 6 mm. The shearing displacement in the 
inadvertent firing test was very low. 
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Figure 26 

Peak Shearing Displacement 
 
The tibia acceleration in the reference tests were 
250 g’s (Figure 27). For the bumper bag the tibia 
accelerations were 120 g’s. Therefore great 
reductions in tibia accelerations were obtained with 
the bumper bag. The tibia accelerations in the 
reference tests were significantly greater than the 
EuroNCAP injury criteria level. The tibia 
acceleration in the inadvertent firing test was 100 
g’s which was significantly lower than the 
EuroNCAP injury criteria level. 
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Figure 27 

Peak Tibia Acceleration 
 
DISCUSSION 
 
The potential compatibility and pedestrian 
protection benefit of mounting a bumper airbag on 
an SUV was evaluated. It was found that the 
intrusion velocity and displacement was 
significantly reduced by adding a bumper bag. An 
added benefit with a bumper bag was that the time 
available to inflate a side airbag was also increased. 
 
In the modelling results in which the pressure of 
the bumper bag was evaluated it was observed that 
the sill sensor location velocity was increased for 
all pressures but for the bag with 10 bar pressure. 

The reason was that for all other evaluated 
pressures the bumper bag was bottoming out and 
the support surface was impacting the sill of the 
passenger vehicle resulting in high peak intrusion 
velocities. 
 
The mechanical prototype bumper bag that was 
made was not exactly the same as the bumper bag 
that was proposed based on the mathematical 
simulations. This was due to the fact that in the 
mathematical simulations a model of a pickup truck 
was used and in the mechanical test a Ford 
Explorer was used. The bag was modified to fit the 
Ford Explorer geometry. In addition, in the 
prototype bumper bag the pressure was 7 bar 
resulting in improved bag integrity. Also less 
powerful gasgenerators were used in the 
mechanical test relative to the gasgenerator used in 
the mathematical model. 
 
In the crash tests no dummies were used. For 
geometrical reasons it was not possible to both 
measure intrusion and include dummies. The 
intrusion measurements using string potentiometers 
were considered to be more important than dummy 
measurements.  
 
The acceleration of the Ford Explorer was not 
altered by adding a bumper bag. However, in both 
crash tests, the acceleration was at a very low level 
exposing an occupant to a minor risk of sustaining 
an injury. 
 
Generally small improvements in intrusion velocity 
and intrusion distance were observed for the sill 
sensor location. The aim of the bumper bag was to 
load the lower stiff structures of a passenger car in 
a side impact. Therefore the sill sensor location 
velocity and intrusion distance was not reduced to a 
great extent. In addition the velocity of an 
undeformed location of the Toyota Corolla 
increased when a bumper bag was used due to the 
fact that the bumper bag loaded the lower stiff 
structures. 
 
For the bumper bag generally smaller reductions in 
intrusion velocity and intrusion distance of the b-
pillar of the impacted passenger car was obtained 
in the mechanical tests compared to the 
mathematical model predictions. One explanation 
can be that the support structure was also used in 
the crash test without the bumper bag. Another 
explanation can be that the impacted vehicle in the 
mechanical test was a Toyota Corolla which seems 
to have stiffer side structures than the Ford Taurus.  
 
The reason for using the support structure in the 
crash test without the bumper bag was to 
investigate the influence of only the support 
structure. Therefore, the reductions in intrusion 
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velocity and displacement can be even greater if 
the result from a test with a bumper bag is 
compared to the result with a standard Ford 
Explorer without support structure for the bumper 
bag. 
 
In the crash tests carried out the bumper bag was 
unventilated. The energy absorption of the bumper 
bag can be increased if ventilation is used. In future 
analysis the potential improvement of a bumper 
bag system with ventilation will be evaluated. 
 
The potential injury reducing benefits for an 
occupant by adding a bumper airbag was evaluated 
by means of mechanical sled tests. The intrusion 
velocity from both crash tests, without and with 
bumper bag, was used to drive the sled in the sled 
tests (Figure 28). 
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Figure 28 

Intrusion Velocity in Crash Tests and Sled Tests 
 
In the sled test a belted ES-2 dummy was 
positioned in a seat. A rigid wall with 50 mm foam 
material (Ethafoam 220) with a state of the art side 
airbag was impacting the dummy (Figure 29). 
 

 
Figure 29 

Mechanical Sled Test Set Up 
 
The chest deflection for all ribs was reduced with 
the bumper bag (Figure 30). For the upper rib the 
deflection was reduced from 49 to 42 mm. For the 
middle rib it was reduced from 47 to 37 mm and 
for the lower rib it was reduced from 42 to 33 mm. 
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Mid Rib Deflection
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Lower Rib Deflection
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Figure 30 

Upper, Mid and Lower Chest Deflection 
 
The sled method used to evaluate the potential 
occupant injury reductions by using a bumper bag 
was a simplification of a side impact. The crash 
pulses used to drive the sled in the sled tests 
mimicked the corresponding crash pulse up until 
peak velocity was reached (Figure 28). After peak 
velocity the curves diverged. The sled velocities 
remained at a higher level than the velocities from 
the crash tests. However, the method will serve as 
an indication of the potential benefits that can be 
obtained with a bumper bag. 
 
In the pedestrian legform test results there were 
significant variations in peak bending angle. The 
reason for the variations was not clear. In the high 
speed movie a bending angle of 75 degrees, as was 
measured in the first reference test, was not 
observed. Therefore the variations are likely to be 
due to unreliable measurements. 
 
When the bumper bag is used in a pedestrian 
impact the kinematics of the occupant is altered 
compared to when the occupant is impacted by the 
bumper without bumper bag. In future evaluations 
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of the bumper bag system the kinematics of a 
pedestrian impacted by a bumper bag will be 
evaluated. 
 
The injury reducing benefits for the lower 
extremity of pedestrian with a bumper bag is not 
limited to SUVs. The benefits can also be obtained 
for a passenger car with a bumper bag. 
 
There are legal requirements (approach angle) for 
the angle between the bumper structure and the 
front wheel of an SUV [18]. Mounting a load 
carrying beam below and in front of the bumper 
structure, at the same location as an inflated 
bumper bag, infringes the legal requirements. 
Therefore, an advantage with the bumper bag is 
that it fulfills these requirements due to the fact that 
the bag is located behind the bumper when not 
inflated. A bumper bag increases the design 
freedom for the bumper structure of an SUV and 
also improves the compatibility between an SUV 
and a passenger car. 
 
For the bumper bag to work properly in a crash it 
has to be triggered prior to impact. Such triggering 
systems are now being developed [19 and 20]. 
They have to be able to reliably trigger irreversible 
systems such as the bumper bag. 
 
CONCLUSIONS 
 

• A bumper bag reduces the intrusion 
velocity of the door structure of a 
impacted passenger car significantly in a 
SUV to passenger car side impact 

 
• A bumper bag reduces the injury measures 

for the lower extremity of a pedestrian 
impacted by a SUV equipped with a 
bumper bag. 
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ABSTRACT

Innovative technology can induce improvement in
road safety, as long as its acceptability and its
adequacy are checked, taking into account the
diversified driver’s population needs and functional
abilities through a Human Centred Design process.
Relevant methodology has to be developed in this
purpose. Evaluation of the driver’s mental
workload is an important parameter,
complementary to objective ones such as control of
the vehicle and driver’s visual strategies. This paper
describes experiments conducted in the framework
of the European project AIDE aiming at validating
the DALI (Driving Activity Load Index), a tool set
up to allow evaluation of mental workload while
using in-vehicle systems; the main results and
conclusion from this approach are presented.

SAFETY ISSUES OF IN-VEHICLE
INNOVATIVE TECHNOLOGIES

Context

If the driving task has little evolved since the
creation of the car, this situation is changing today
under the combined effect of widespread of driver
information and communication systems and
emergence of advanced driver assistance systems.
These systems brought a strong hope in terms of
improvement in road safety, in mobility, in
transport environment with traffic optimization, as
they allowed an electronic support to human being
functional abilities and to road management.
Several functions are already available, dealing
with drivers’ perceptive, cognitive and motor
abilities such as preparation to unexpected events,
decision taking under time constraint, and reaction
time in emergency. Nevertheless, the driving task is
a complex activity, and the system functions have
to match with the driver’s expectations, needs,
requirements and capacities. This is really a
challenge when realizing that there is a wide
heterogeneity of drivers, meaning that the same
product has to fit with an important range of

contexts and users. This statement is true for any
product, but is even more challenging in the context
of the driving task, due to its real time constraint
and the severity of the issue in terms of road safety.
All these considerations lead to conduct
investigations about Human Centred Design
process, in order to avoid as much as possible
misconceptions, and in order to ensure safety,
reliability and acceptability of the proposed
functions for a wide range of environments and
types of drivers.

Informative and assistive functions

Nowadays, the various in-vehicle functions
proposed by communication and information
systems to the driver have diversified purposes,
linked to safety and comfort.

Some of them clearly aimed at facilitating
the driving task and at improving safety of
traveling. For example, the access to navigation
information allows a lowering of the attentional
level involved in orientation process of the driving
situation, even for elderly drivers (8). The
transmission of traffic information in real time can
be at the origin of critical situations avoidance.
Alert messages, concerning road infrastructure or
weather events arisen downstream, and displayed as
quickly as possible to the driver, allow the
activation of anticipation process. Adaptive cruise
control, while maintaining a safe headway with the
car ahead, decreases the drivers’ stress and mental
workload. In direct connections with the objectives
of road safety, the active assistance systems
conceived specifically to take effect in critical
situations, can balance some reaction latencies and
decision uncertainties, inherent to the human
functioning in driving situation.

Some other functions proposed by these
systems are disconnected to the driving task,
devoted to entertain the driver or developed in the
context of professional use, such as mobile phone
use and connection with electronic mail. Due to the
fact they are irrelevant for the driving task itself,
experimental investigations showed that this type of
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functions are prone to have negative impact on the
road safety, as requiring additional attentional
demand in comparison with a reference driving
situation, where no system would be available.
At this stage, these functions have been classified
under two categories: IVIS for In-Vehicle
Information System and ADAS for Advanced
Driver Assistance Systems. In the framework of the
European project AIDE ((2), the following
definitions are proposed:

- In-vehicle Information Systems (IVIS):
Systems with the main purpose of
providing information to the driver not
directly related to the primary driving
t a s k ,  including telematics and
communication services, infotainment
(radio, CD, DVD, mp3, email). These
functions potentially impose a secondary
task that may interfere with the primary
driving task. An important sub-category of
IVIS are so-called nomad systems, i.e.
systems brought into the vehicle by the
driver or passengers.

- Advanced Driver Assistance Systems
(ADAS): Systems with the main purpose to
enhance safety and/or comfort by
supporting the driver on performing the
primary driving task. Examples include
lateral control support, collision warning,
safe following, vision enhancement and
driver fatigue monitoring.

Thus, according to these definitions, ADAS have
the role of supporting the driving task while, by
contrast, IVIS imposes other tasks that may
interfere with driving.
Some other definitions propose that ADAS
functions cover only systems with more or less
automation properties, while IVIS functions cover
systems that transmit information to the driver, who
stay in charge of the final control of the vehicle.
Following the first definitions, a technology, such
as “identification of vehicle speed”, for example,
will be identified as ADAS functions, as speed is
linked to the driving task.
Following the second definitions, this technology
can transmit only “alert” messages to the driver,
having then the status of IVIS, or can take the
control of the vehicle and automatically slow down,
becoming an ADAS.
Whatever the final decision and agreement about
the adequate vocabulary, the various functions lead
to rather different Human Machine Interaction
requirements, and evaluation criteria – and hence to
different challenges for HMI design.

In fact, the effective achievement of the expected
benefits on road safety will depend on conditions of
systems design and implementation: in particular,
in which extent the system answers to drivers

needs, is compatible with their functional capacities
whatever their age and satisfies the criteria of
relevance, usability and acceptability.
This is true for informative systems, requiring
additional attention from the driver to be used,
where the benefit of this cognitive load has to be
put in balance with the potential interference
created with the driving task.
This is also true in the case of automation
technologies, where assistance systems is able to
take care of some control tasks traditionally
assigned to the driver, and which brings the
problem of the tasks dispatching between human
and machine, as well as the choice of the logic used
for the management of this control sharing,
substitute or co-operative.

METHODOLOGY FOR HUMAN
CENTRED DESIGN

Human Centred Design of
innovative technologies

In-vehicle devices have to be intuitive, self-
explanatory and non intrusive. In order to reach this
goal, the human-centred design approach is relevant
at each step of the development: setting up the
concept, development of the mock-up and the
prototype, implementation of the system, with
series of iterations to improve the final result (10).
The Network of Excellence HUMANIST
(HUMAN centred design for Information Society
Technologies), funded by the European
Commission DG InfSo, gathers research activities
directly linked to this issue: identification of the
driver needs in relation to ITS, evaluation of ITS
potential benefits, joint-cognitive models of driver-
vehicle-environment for user centred design, impact
analysis of ITS on driving behaviour, development
of innovative methodologies to evaluate ITS safety
and usability, driver education and training for ITS
use, use of ITS to train and to educate drivers
(www.noehumanist.org).

Generally, the ergonomic approach for design and
evaluation processes aims at:
- assisting designers to allow quicker and more

efficient design process by setting up
ergonomic criteria, taking into account the
wide heterogeneity of drivers’ needs and
requirements

- evaluating safety for drivers using these
devices.

In order to process a human-centred design, it is
necessary to investigate deeply the drivers’
behavior in relation to the various stages of the
driving task: operational (basic vehicle-control
processes), tactical (choices of vehicle maneuvers
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according to rules and road environment) and
strategic (decisions at high level such as route to
follow) in addition to the drivers functional abilities
(visual, auditory and cognitive capacities)
according to age and experience of driving.
Identification of drivers’ behavior according to new
technological development requires several types of
investigations, as there is a wide heterogeneity of
the population in terms of functional abilities and
requirements. Several researches devoted to
identification of drivers’needs have been already
conducted for functions such as navigation and
guidance, Advanced Adaptative Cruise Control,
Intelligent Speed Adaptation, Lane Change
Assistance (5).

Evaluation of driver’s behavior and
functional abilities

There are discussions and propositions about tools
and methods to be developed in order to investigate
the impact of system use on road safety according
to users population variability.
Classically, the parameters to take into
consideration in this framework are related to
vehicle (trajectory deviations consequent to the
system use), drivers' visual strategies (visual
demand due to on-board screen) and overall drivers'
workload according to the situation.
Vehicle deviation trajectories can be a good
parameter in relation to visual strategies.
Unfortunately from an experimental point of view,
and fortunately for road safety, this parameter
reveals very high and very rare workload situation,
where the driver is on the way to loose control of
his vehicle. Some complementary measurements
are necessary in order to identify the increase
driver's workload with more accuracy than this type
of extreme situation.

Evaluation of driver’s mental
workload

One of the possible definitions of the workload is
that it is the ratio of the task demands to the average
maximal capacity for each individual (12). To put it
in an other way, the assessment of workload is
coupled with the task difficulty as experienced by
the individual (3). The individual can adapt his
behavior to an increased demand of the task,
leading for him to more effort and a higher cost,
with the consequence of no perceptible effect on the
performance. On the contrary, this individual in the
same context can adopt the strategy to have a stable
level of effort with a decrease of the resulting
performance in managing the task. So, objective
performance measures are not sufficient by
themselves to evaluate the overall constraint of a
given situation, evaluation of the corresponding

effort for this task is missing to be able to
characterize the overall parameters of the context.
In order to measure the individual's mental
workload, several approaches are encountered in
the literature:

- measurements of the physiological
parameters in order to correlate mental workload :
this method has been considered quite
disappointing (1) and requires a heavy methodology
in real road situations.

- method of dual task : the principle is to
evaluate the availability of the individual capacity
to perform a task supplementary to the primary one.
The workload is considered as being important
when the available capacity left by the primary task
is poor. This method is considered as a typical
laboratory approach, taking into account the
consequences in terms of interference in real
situations (14). Furthermore, using an in-vehicle
system is already a dual task: adding a
supplementary task raises questions about the driver
choice in terms of priority (which task is considered
as the main one).

- method consisting in formalizing the own
driver judgment about the workload he experienced
: this approach considered as "subjective" has been
developed according to various methods such as the
S.W.A.T. - Subjective Workload Assessment
Technique (13), the NASA TLX - Task Load
Index- (4)...
This type of tool allows evaluation rather than
measurement by establishing relative comparison
between situations.

Subjective Task Load Index

The mental workload is multidimensional and,
among other things, depends upon the type of task.
An efficient tool called the NASA-TLX, NASA-
Task Load Index, set up by the NASA for the
evaluation of pilot’s workload, has been used for
many decades to evaluate subjective mental
workload of operators (6, 11, 14). A modified
version of the NASA TLX has been proposed (8) in
order to adapt it to the driving task. As we want to
evaluate the workload during a well-defined task,
namely the driving task when using an in-vehicle
system, we set up a tool focusing on the specific
dimensions to take into account for this task. We
called it DALI for Driving Activity Load Index.
The NASA TLX assumes that the workload is
influenced by mental demand, physical demand,
temporal demand, performance, frustration level
and effort. After assessing the magnitude of each of
the six factors on a scale, the individual performs
pair wise comparisons between these six factors, in
order to determine the higher source of workload
factor for each pair. A composite note quantifying
the level of workload is set up by using both factor
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rating and relative weights computed from the
comparison phase.
The basic principle of the DALI is the same than
the NASA-TLX, with a scale rating procedure for
six pre-defined factors, followed by a weighing
procedure in order to combine the six individual
scales into a global score. The main difference lies
in the choice of the main factors composing the
workload score.
Considering the NASA-TLX, one of the factors to
be rated is called the Physical component and is
usually defined in the following terms: " How much
physical activity was required ? -pushing, pulling,
turning, controlling, activating,...-" It appears that
this question would not be very relevant when
considering the driving activity where the control of
the vehicle is quite automatic for an experienced
driver, and where maneuvers  are not supposed to
be physically demanding in our nowadays modern
cars.
Another example is the mental component defined
in the TLX as follows " How much Mental and
perceptual activity was required? - thinking,

deciding, calculating, remembering, looking,
searching,...-". This statement covers both
perceptive and cognitive aspects of the workload,
and we think it would be interesting in the context
of the driving task to be able to identify impact of
each of these various modalities.
Finally, the evaluation of the Performance factor
can be made using objective data. The subjective
rating of a good performance by the driver can
show discrepancies with the measured one, but this
difference might be due to many other factors than
the mental workload itself - low or high self-
esteem, motivations to fit to the standard
performance,...-
The procedure to set up the DALI was to ask
various experts involved in the driving task studies
to define which were, in their opinion, the main
factors inducing mental workload for people
driving a vehicle equipped with an on-board system
(car phone, driving aid system, radio,...).

This investigation leads to the following definitions
for the 6 workload dimensions for the DALI:

Title Endpoints Description
Effort of attention

Low / High
To evaluate the attention required by the activity - to
think about, to decide, to choose, to look for,...

Visual demand
Low / High

To evaluate the visual demand necessary for the
activity

Auditory demand
Low / High

To evaluate the auditory demand necessary for the
activity

Temporal demand
Low / High

To evaluate the specific constraint due to timing
demand when running the activity

Interference
Low / High

To evaluate the possible disturbance when running the
driving activity simultaneously  with any other
supplementary task such as phoning, using systems or
radio,...

Situational stress
Low / High

To evaluate the level of constraints / stress while
conducting the activity - fatigue, insecure feeling,
irritation,  discouragement, ...

This tool has been used in two specific ergonomic
evaluations conducted in real road situations,
aiming at investigating a guidance/navigation
system and a hand-free car phone usability by a
diversified sample of drivers.

The Driving Activity Load Index for
the evaluation of the driver’s mental
workload

Workload in relation to
navigation functions and phoning               

The DALI has been previously used for the
evaluation of a Guidance/Navigation System (7),

which allowed to show that the system was
presenting an incorrect timing for the
auditorymessage display, not adapted to the driving
pace maneuvers, and inducing high driver’s
workload in terms of auditory demand. The DALI
values resulting of the comparison between a
guidance arrow display versus an electronic map
confirmed the fact that the first context was
inducing less interference with the driving task for
the driver than the second context.
The DALI has been also applied to the context of
the evaluation of driver’s mental workload linked to
mobile phone use (9).
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The tool showed a statistically significant impact of
the phoning task on the global cost of the driving
task, in comparison with a reference situation. The
detail of the DALI factors showed that the stronger
effect of the phoning was interference with the
driving task and auditory demand, inducing also
stress for the driver.

Validation of the DALI in the
AIDE project      

This paper describes a recent experimentation
aiming at validating the DALI method in a generic
context.

The study has been conducted in the framework of
the European project AIDE (Adaptive Integrated
Driver-vehicle InterfacE) supported by the DG
InfoSo.
The general objective of this project is the
assumption that if the Driver, the Vehicle and the
Environment (DVE state) is monitored, the driver-
vehicle interface can be adapted accordingly in
order to optimise safety and usability for the driver.
Within the objective of designing this adaptative
interface, one important part of the process is to
define adapted methodology to evaluate developed
prototypes through iterative phase.

a. Aim of the evaluation and
assessment methods activity

 The aim is to develop a generic, cost efficient and
industrially applicable methodology for evaluating
ADAS and IVIS.

– Development of methods and tools for
quantifying the behavioural effects of in-
vehicle systems (in particular workload,
distraction and behavioural adaptation).

– Development of methods for
extrapolating from these effects to
actual road safety

– Development of a general evaluation
methodology for application in different
stages of product development, including
standardised test scenarios. Linked to
European Statement of Principles

– Applying the methodology to the
evaluation of the AIDE prototypes

b. Evaluation of DALI in real
road context

A real road experiment has been conducted in order
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to define advantages and limits of DALI method for
the evaluation of driver’s mental workload. If the
objective of the experiment was to test tools and
methods, then a knowledge a priori of the level of
workload induced by the situation is the way to
proceed. Indeed, definition of the context will allow
to evaluate if the tools reflect correctly what is
expected in terms of conditions and in which way
the results from the subjective evaluation tool
correspond to the workload deliberately induced on
the driver.
So, the general principle of the conducted
experiment was to set up experimental sessions that
are varying objectively in terms of requirements for
the driver, inducing then various levels of mental
workload to deal with these contexts.

The 4 tested experimental sessions were presenting
the following characteristics:

- to vary according to the level of workload
induced on the driver

- to be as realistic as possible in a context of
driving task

• 2 situations with a high
task demand  

High (Context + System) HCS: While driving, the
driver had to run a task according to stimulations
emitted by an on-board system. The information to
deal with is not related to the task and induced a
manual action or a verbal answer. The route to
follow is given by a guidance system. The
workload was linked to perceptual processes,
decision making and motor and/or verbal output
(detailed description in annex)

High (Context) HC: Before the experimentation
started, the driver had to consult a paper map to
know the route to follow. Then, he can stop
anytime to check again the directions. The
workload was linked to the mental representation
of the route and to memorize it.

• 2 situations with a low
task demand 

Low (Context + System) LCS: The driver had to
follow the route according to visual and auditory
information given by a guidance system. The
workload was linked to perceptual processes but
the decision making and the mental
representation/memorization were lighter than in
the previous sessions.

Low (Context) LC: During the route, the
experimenter gave clear and on time directions to
follow. The workload was linked only with the
management of the driving task, without any added
activity.

The subjective evaluation tools have been applied at
the end of each of these sessions.

To summarise, process for the experimental
procedure was the following:

• To set up diversified situations varying on
purpose by their level of demand:
cognitive process (e.g.: to memorise the
route) and perceptivo-motor process (e.g.:
to run manual action following auditory,
visual or tactile stimulations)

• To apply the tool for each of these sessions
in order to gather subjective data

• To check that the highly demand session
corresponds to the highly values for the
tools and to identify in which way

In the following graph, the values for each factor
and for the global score are displayed for the 4
experimental sessions varying by their level of
complexity and induce workload on the driver.
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In addition to the 6 factors used in the previous
studies (Effort of attention, Visual demand,
Auditory demand, Temporal demand,
Interference, Situational stress), a supplementary
factor : Tactile demand , has been used.
Proprioceptive perception is not very well known
nowadays in the context of the driving task, and
there are more and more projects about haptic
systems for the driver. In this experiment, the
objective was to investigate how this stimulation is
perceived by the driver in comparison with the
auditory and the visual ones. Theoretically, tactile
stimulations are not inducing high level of mental
workload, and we made this hypothesis a priori.
The use of this stimulation in this experiment was
an opportunity to evaluate the subjective evaluation
tools for this specific case.

The non parametric test Wilcoxon has been
conducted in order to analyze the significance of
the difference between experimental session.

Global workload

There is a significant difference between the 4
experimental sessions in terms of subjective
assessment of workload by the driver when looking
at the DALI results (Wilcoxon, Z= 3,007, p=0,003;
Z= 2,224, p=0,026, Z= 2,539, p=0,011; Z= 3,923,
p<0,001).
These sessions were defined with this goal, so this
result is very positive while checking the validity
and the sensitivity of this tool.
The chosen sessions were varying according to
various characteristics that can participate to this
global workload: an analysis of the detail of the
results for each factor allows to better identify and
understand what are the components of this global
score.

Workload linked to cognitive components

Attention
There is a significant difference between the High
and the Low workload sessions in terms of
attentional requirements (Wilcoxon, Z= 2,840,
p=0,005; Z= 3,869, p<0,001). In the High contexts,
the attention required to interact with the complex
on-board system is higher than the one to find his
route according to the memorised information, but
the difference is not that significant (Z= 1,991,
p=0,047). In the Low context, there is no significant
difference  in terms of attention between using a
guidance system and following the instructions of a
co-pilot.

Interference
In terms of interference, there is no significant
differences between the High Context With or
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Without System (between HCS & HC: Wilcoxon,
Z= 0,471, p=0,638), indicating that navigating with
a paper map would be rated as interfering with the
driving task as using a very complex in-vehicle
system or “ergonomic mock-up” displaying several
messages and there is no significant difference
between the Low Context With or Without
System (between LCS & LC: Z=1,896, p=0,058),
indicating that using a well designed in-vehicle
guidance system is equivalent in terms of
interference with the driving task to be guided by a
human co-pilot. Nevertheless, there is a significant
difference when comparing High Context and
Low Context, indicating, among other thing,  that
navigating with a paper map is more interfering for
the driving task than using a guidance
system(between HC & LCS:Z= 3,037, p=0,002,
between HCS & LCS: Z= 3,662, p<0,001).

Stress
There is a significant difference between most of
the different types of driving contexts in terms of
stress (Wilcoxon, Z= 2,382, p=0,017; Z= 2,041,
p=0,041, Z= 3,880, p<0,001), with a lesser value
between the High Context + System and the High
Context (Wilcoxon, Z= 1,729, p=0,084). The factor
stress is reflecting a global evaluation of the task
constraint for the driver, and, in a coherent manner,
is very low in the situation where the co-pilot is
supporting the driver, a bit higher when a guidance
system is fulfilling this part, much higher when the
driver has to memorise his route and very high
when the driver has to manage a secondary task in
addition to the driving task.

Workload linked to perceptive components

Visual Factor
Considering the visual demand of each session,
there is a significant difference between the session
with high workload High (Context + System) &
High (Context) and the one with low workload
Low (Context + System) & Low (Context)
(Wilcoxon, Z= 3,218, p=0,001; Z= 3,95, p<0,001).
The DALI allows to show  there is no significant
differences between the 2 sessions “using an on-
board system displaying complex stimulations” and
“using a paper map to find the route” (Wilcoxon,
Z= 1,312, p=0,190; Z= 1,231, p= 0,218). There are
also no significant differences between the session
“to be guided by a guidance system” and “to be
guided by an other person”. Taking into account the
fact that in both situations, the driver relied on the
auditory information coming from the system or
from the co-pilot, it is relevant to find no significant
visual workload in these two contexts.

Auditory Factor
Considering the auditory demand of each session, a
very low value of workload is displayed in the

situation where the driver has to memorise his route
with a paper map and to find his way based upon
the road directions in comparison with the 3 other
situations (significant difference (Wilcoxon, Z=
3,954, p<0,001; Z= 3,771, p<0,001; Z= 3,804,
p<0,001). Indeed, in this case, even if the general
workload of the situation appeared to be high, the
DALI results show that the auditory demand is not
involved in this workload.
Furthermore, there is no significant difference
between the situation “using a guidance system”
and following instructions from a co-pilot, showing
that the auditory messages coming from the on-
board system did not induce a noticeable workload
by the driver (Wilcoxon, Z= 1,144, p=0,253).

Tactile Factor
Implementation of vibrations in the seat of the
vehicle was a first approach to define if the driver
was able to detect this kind of “unusual” stimulus
with accuracy, and if this stimulus was inducing
workload. The tactile stimulations were quite well
detected and induced a light workload in
comparison with situations where this stimulation
was non-existence (Wilcoxon, Z= 3,703, p<0,001).
Nevertheless, this workload is far less important
than the one induced by auditory and by visual
stimulations for the same session.

Workload linked to temporal components

Like for the global score, for the stress and for the
attention, the temporal demand is highly different
in relation to the type of session (Wilcoxon, Z=
1,118, p=0,264; Z= 1,556, p=0,120, (Wilcoxon, Z=
2,116, p<0,034; Z= 2,843, p=0,004). Indeed, like
the other 3 factors, this factor is revealing a global
estimation of the cost of the task. As driving task is
under time constraint, it is then not surprising to
have a workload value in terms of timing closely
linked to the level of the task complexity.

c. Summary of main results
from the DALI factors

The values of the DALI factors showed the
significant difference between the 4 experimental
sessions, defined a priori on purpose with an
increased level of workload for the driver: this tool
allowed in a quick and reliable way to identify the
global workload of a given context, and to bring
additional precision about the level of load for the
vision, the audition, the stress, the attention
components for each of these driving contexts.

The values of driver’s load (visual, auditory and
attentional demands) are not significantly different
in the context « using a regular guidance system
implemented in the vehicle” and the context of a
“co-pilot giving verbal guidance instructions to the
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driver”. These results showed that the implemented
system in this case was correctly design in terms of
visual and auditory messages (timing, loudness,
content) and is not inducing noticeable attentional
requirement in terms of management of a secondary
task. Nevertheless, the DALI results showed that
there is a slightly higher level of stress while using
the system in comparison with relying on the
human co-pilot. These results showed that this tool
is sensitive to various aspects of the driving task,
and can then support the design process by
identifying which part of the task was heavier for
the driver. In this specific case, the conclusion
would be that the guidance system is correctly
design, but that its use requires a phase of
familiarisation for the driver to be fully comfortable
with it.

The values of driver’s load in terms of interference
are no significantly different between the High
Context With or Without System, indicating that
“navigating with a paper map” would be rated as
interfering with the driving task as “using a
complex ergonomic mock-up” displaying several
messages.
The values of driver’s load in terms of interference
are no significantly different between the Low
Context With or Without System, indicating that
using a well designed “in-vehicle guidance system”
is equivalent in terms of interference with the
driving task to be guided by a “human co-pilot”.
Nevertheless, there is a significant difference when
comparing High Context and Low Context,
indicating, among other things, that “navigating
with a paper map” is more interfering for the
driving task than “using a guidance system”.

CONCLUSION

This tool allowed showing significant differences
between the experimental sessions in terms of
perceptive, cognitive, stress, temporal demand and
interference induced by the driving task.
One of the main advantages is the possibility to
identify origins of the driver’s workload, allowing
then to correct the situation at this identified level
(e.g. interference and visual load indicate that an in-
vehicle system will have a visual demanding visual
display). The possible improvements would be to
add factors linked to specific aspect of the driving
task useful to evaluate impact of ADAS (e.g. level
of stress to keep distance with the vehicle ahead, in
the case of a system having an impact on this
specificity of the driving task). It is planned to
conduct further investigations to improve this
method by varying the type of situations. The
“DALI tool kit”, gathering the detailed method in
addition to the automatic computation of the
statistics and the display of the graphs, will be soon

available on the web site, in order for any
researcher to be able to use it in his/her scientific
context.
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ABSTRACT

 
This paper analyzes data available as part of 
telematics-based automatic collision notification in 
vehicles so equipped for all cases of frontal impact 
that generated the collision notification. Such data are 
transmitted as part of collision notification system 
and intended to enhance the effectiveness of 
emergency services in providing timely and 
appropriate care to vehicle occupants.  Only the 
information related to vehicle kinematics is used for 
the present study and any information that may 
uniquely identify vehicle customers was removed. 
 
The correct values of maximum velocity change 
during these crashes are presented here. It was also 
possible from this data to generate estimates of the 
time period over which these velocity changes 
occurred. Since injury parameters measured in tests 
are related to the rate of dissipation of the vehicle’s 
kinetic energy, the availability of the information 
regarding the time period for maximum velocity 
change greatly enhances the value of crash data in 
defining crashes and thus in setting research priorities 
for improving traffic safety.    
 
INTRODUCTION 
 
Knowledge of parameters defining automobile 
crashes is of great significance in developing 
priorities and countermeasures for reducing societal 
harm associated with such crashes. Historically, in 
order to generate such information, motor vehicle 
safety researchers examined selected vehicles 
involved in crashes, measured residual deformation 
patterns, applied conventional modeling techniques 
along with known algorithms and calculated various 
collision parameters such as dissipated kinetic 
energy, post-collision vehicle motion and change in 
velocity. Such post-crash reconstructions are known 
to be limited in terms both of the amount of 
information that can be generated as well as the 
precision of the results. For example, crashes are 
quantified by estimates of maximum change in 
vehicle’s velocity (∆V) by these techniques.  It is 

shown in this paper that it is possible to obtain a more 
complete and accurate description of crashes by using 
the limited data used by a telematics-based advanced 
automatic crash notification system (AACN).  
 
The capability to automatically provide information 
about a crash to a central source was introduced by 
OnStar several years ago. This system, known as 
ACN, uses airbag sensors in the car along with a GPS 
system to determine the car location and notifies an 
operator when an airbag is deployed. The operator, in 
turn, contacts emergency services to get proper 
services to respond to the vehicle crash.  
 
The Advanced Automatic Crash Notification 
(AACN) system was introduced by OnStar in 
General Motors vehicles to further improve the 
existing capabilities of the automatic airbag 
deployment notification system [1].  This AACN 
system provides an automatic call to the OnStar 
Center when any of the following occur during a 
crash: 
a) an airbag is deployed; 
b) maximum change in velocity (∆V) of the vehicle 
exceeds pre-determined crash severity criteria; 
c) a vehicle rollover is detected by a rollover sensor. 
 
The AACN system thus enhances the capability of 
the previous system by also providing notifications in 
other types of crashes where a possibility of 
significant injury may exist.  
 
In this paper, AACN data for the period from May 
2005 to May 2006 are utilized for study of front 
impact crashes.  These crashes are divided into two 
categories – (a) those with airbag deployment and, 
(b) those where the crash severity was not sufficient 
to deploy airbags but exceeded a predetermined 
maximum change in velocity (∆V). The cases 
corresponding to condition ‘b’ are referred to as ‘non 
deployment’ cases in this paper.  
 
The determination of ∆V of the vehicle is made from 
crash sensors which are present in the vehicle for 
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deployment of restraint systems (e.g. airbags, seatbelt 
pretensioners, etc).  These sensors usually measure 
acceleration of the vehicle and ∆V is obtained by 
integration of the acceleration, beginning from the 
instant a crash is determined by pre-programmed 
algorithms. For purposes of AACN and for getting an 
indication of crash severity for communication to 
emergency services, the maximum change in velocity 
(∆V) calculated from the vehicle crash sensors is 
utilized. The vehicle velocity is calculated during a 
300 millisecond window with 15 discrete data points 
each separated by 20 milliseconds. For deployment 
events, three ∆V samples are taken prior to 
deployment, one sample is approximately at 
deployment and eleven samples are after deployment. 
For non-deployment events, the ∆V samples start at 
the time the impact is detected. Since there are 
sensors present for longitudinal as well as for lateral 
impacts, estimates of ∆V are available in all crash 
directions. In addition, an estimate of the direction of 
impact is made from the x- and y-components of ∆V.  
 
It should be noted here that the AACN system uses 
the acceleration records in the sensing and diagnostic 
module (SDM) in the vehicle and the calculated ∆V 
approximates the change in velocity at the center of 
gravity of the vehicle. Other accelerometers that may 
be present for detection of localized impacts (e.g. 
front sensors mounted near the radiator front) are not 
utilized in the calculation of ∆V in the present study, 
although they are utilized in determining the 
deployment of restraints in the automobile. 

 
 
 

Figure 1: Schematic Representation of AACN  
   System 
 
 
In the event of a front-, rear- or side-impact crash 
exceeding the crash severity criteria, the SDM 
transmits crash information to the vehicle’s OnStar 

module. In cases of rollover, the rollover sensor also 
provides the data for transmission to OnStar. The 
following data are transmitted: 
a) Identification of the deployed airbag and if any 
were suppressed because of suppression systems; 
b) Identification of a non-deployment event meeting 
or exceeding crash severity criteria; 
c) Maximum change in velocity (∆V) of the vehicle 
and the time step at which this occurs (if the 
maximum ∆V occurs later than the above-mentioned 
window of 300 milliseconds, its value is transmitted 
but the time step count remains at 15); 
d) The principle direction of impact at maximum ∆V;  
e) Identification of a vehicle rollover when rollover 
sensors are present; 
f) Identification of single or multiple impacts if they 
occur within the 300 millisecond window. 
 
Upon receipt of this crash information, the OnStar 
module sends a signal to OnStar Center through a 
cellular connection, informing the advisor that a 
crash has occurred. A voice connection between the 
OnStar advisor and the vehicle occupant is 
established and the advisor can then contact the 
appropriate emergency services (e.g. ambulance, 
rescue, etc) and provide these with crash information 
that can help estimate the severity of the crash and 
determine the appropriate rescue and medical 
services. This pre-determination of likely crash 
severity and direction of impact, as well as vehicle 
location determined by GPS system (as part of 
OnStar system), may help reduce the time taken for 
appropriate response as well as for the readiness of 
appropriate medical care. Previous studies [2, 3] have 
shown that the time taken from the moment of injury 
to the administration of medical care in the proper 
facility is a critical factor in determining post-crash 
outcome for the automobile occupant and the AACN 
system may provide a significant reduction in this 
total time taken. 
 
The present study is based only on the above-
mentioned transmitted records from the selected 
crashes and does not contain other data about the 
vehicle or its occupants. Although the data utilized in 
this study are a subset of those studied elsewhere [4, 
5], the large number of cases that can be included in 
the present methodology provide a wider perspective 
than is possible from smaller sample sizes. 
 
ANALYSIS OF AACN DATA FOR FRONT 
IMPACTS 
 
For the present study, vehicle-related data from 
frontal crashes with AACN notifications from May 
2005 to May 2006 was analyzed.  During this period, 
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there were 1045 recorded frontal crashes with frontal 
airbag deployment in the AACN-equipped vehicles. 
In addition, there were 356 cases of ‘non 
deployment’ frontal crashes where the predetermined 
thresholds for AACN in frontal impact were reached 
or exceeded. For these events, the maximum changes 
in velocity (∆V) were analyzed as follows. 
 
For each of the 1045 events of frontal impact 
accompanied by deployment of one or both front 
airbags, the maximum change in velocity (∆V) is 
shown in Figure 2.  

Frontal AB Deployment Events; May 2005-2006
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         Figure 2: Maximum ∆V for Frontal Crashes  
           with Airbag Deployment 
 
It is observed that maximum ∆V in these crashes has 
a wide distribution, with most of the cases being 
below 40 kilometers per hour. The frequency 
distribution of ∆V is shown in Figure 3, indicating 
that 95% of these crashes have maximum velocity 
change of less than 50 kilometers per hour. 

Cumulative Distribution of Maximum ∆V in Front 
Airbag  Deployment Events 
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 Figure 3: Distribution of Maximum ∆V in Front 
 Crashes with Airbag Deployment 
 
The maximum change in velocity in the 356 cases of 
‘non deployment’ in front impacts is shown in Figure 
4. It is observed that these ∆V values are bounded at 
the lower end by the AACN deployment threshold set 
for the system. 

Frontal Non Deployment Impacts, May 2005-2006 

0

10

20

30

40

50

60

70

80

90

0 50 100 150 200 250 300 350 400

Event Number

M
ax

im
u

m
 D

el
ta

 V
(K

m
/H

)

 
     Figure 4: Maximum ∆V for Frontal Non- 
         Deployment’ Events 
 
Definition of Crash Severity for Front Impacts 
 
In existing literature, statistical information on crash 
severity has been presented as estimates of maximum 
velocity change during the crash, without any 
estimates of the time period over which such velocity 
changes occur. This lack of information about time 
period is due to the fact that accident reconstruction 
techniques utilized by researchers for post-crash 
investigation are capable of generating only limited 
information with some degree of reliability. This 
knowledge of maximum change in velocity provides 
information of the pre-impact kinetic energy of the 
vehicle dissipated during the impact but not about the 
rate of such energy dissipation. 
 
However, as is well understood, the probability of 
injury during an impact is proportional not to the 
energy dissipated but to the rate at which energy is 
dissipated (defined as mechanical ‘power’). This is 
illustrated by two simple examples of considering a 
moving body traveling at a given initial velocity and 
impacting two different surfaces – one being a stiff 
surface with little energy dissipation and the other 
being a soft surface with significant energy 
dissipation. An example of the first type of surface 
would be a thick steel plate and an example of the 
second type would be expanded metal honeycomb of 
low stiffness. The injury suffered by the moving body 
impacting a hard surface with little energy dissipation 
capability is likely to be of much higher severity than 
the same body impacting a softer surface with 
significant energy dissipation, all other variables 
being the same in both impacts.  
 
As another example, a crash of a certain ∆V over a 
longer duration (for example, an impact into a soft 
embankment) is of lower severity (less likely to cause 
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injuries) than another crash with the same ∆V in a 
shorter duration (e.g. an impact into a rigid barrier). 
 
The relationship between injury probability and the 
rate of energy dissipation can be expressed as the 
functional relationship: 

Injury Probability  α Rate of Energy Dissipation  
 
Therefore, defining crash severity by only the 
maximum ∆V value is not likely to reliably estimate 
the injury probability in the crash. It is therefore 
highly desirable that crashes be described not just by 
the maximum ∆V but also by the duration over which 
this velocity change occurred in the crash. Such 
information is available when detailed time history of 
the crash event is obtained [4] from devices such as 
the data recorders available in some vehicles.  
 
This detailed velocity-versus-time record in crashes 
was not available for the present study (since it is not 
part of the data utilized in AACN transmission) and 
therefore, an attempt is made here to estimate these 
from the available data. As described earlier, the 
transmitted data provides 15 values of ∆V every 20 
milliseconds arranged such that the first three values 
of ∆V are prior to the event (airbag deployment or 
AACN deployment) and 12 samples are after the 
event (in the case that the maximum ∆V in the crash 
occurs later than 12 time steps from the deployment, 
the maximum ∆V is available but the time step count 
stops at 15 as described above). Thus, each value of 
∆V is associated with a counter which enables the 
estimation of time duration from airbag or AACN 
deployment to the maximum ∆V in the crash. This 
distribution of maximum ∆V and the time calculated 
for all the front crashes with front airbag deployment 
is shown in Figure 5. 
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Figure 5: Maximum ∆V versus Time in Front 
 Crashes with Airbag Deployment 
 

To compare this data from field events to similar data 
from crash tests, the velocity versus time plot from a 
64 kilometer/hour front impact test against a rigid 
barrier (US NCAP test) is shown in Figure 6. The 
maximum ∆V in such tests is usually higher than the 
nominal test speed due to the ‘rebound’ of the vehicle 
during the test (approximately 5 to 10 km/h). 
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Figure 6: Vehicle Velocity versus Time in 64 km/h 
front rigid barrier impact 
 
Front airbag sensing systems are designed to predict 
crash severity in time to inflate airbags and restrain 
the occupants, and a ‘typical’ ∆V associated with the 
airbag deployment command in the above test (64 
km/h front impact into a rigid barrier) may be at 4-8 
km/h (this is dependent on the vehicle and is likely to 
be somewhat different for each vehicle depending on 
design parameters).  
 
It is then possible to compare the severity of frontal 
crashes observed in the field to that in existing tests 
such as the one described above. In order to do this, 
NCAP test data for the vehicle groups in the AACN  
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 Figure 7: Comparison of Front Crashes with   
           Airbag Deployment to 56 km/h NCAP Tests 
 
data set were analyzed to obtain the time and the 
value of maximum ∆V as well as the time and the ∆V 
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of front airbag deployment. This ‘corridor’ of crash 
severity for NCAP tests is shown in Figure 7. Also 
shown in this figure are crashes where the crash 
severity would meet or exceed the NCAP test 
severity of the corresponding vehicle showing only 
two cases whose crash severity as measured by the 
averaged deceleration would meet or exceed the 
severity of the NCAP tests. 
 
A similar evaluation was done to compare the 
severity of the 1045 frontal crashes with airbag 
deployment to the crash severity of front offset 
crashes into a deformable barrier with an impact 
speed of 64 km/h. The calculated severity of the 
offset deformable barrier tests for the same family of 
vehicles is shown in Figure 8 along with those 
crashes in the field whose severity (as defined by the 
‘averaged’ severity described above)  
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Figure 8: Comparison of Front Crashes with 
 Airbag Deployment to 64 km/h ODB tests 
 
would meet or exceed that of the severity of the 64 
km/h offset deformable barrier test for the 
corresponding vehicle. It is noted that there are only 
two such crashes among the 1045 frontal impacts in 
the crash database of frontal impacts with airbag 
deployment. 
 
CONCLUSIONS 
 
A methodology for obtaining crash statistics from 
advanced automated crash notification (AACN) data 
has been described in this paper. With this 
methodology, it is possible to obtain correct values of 
maximum ∆V as well as estimates of the time scale 
associated with the ∆V in a crash. Data for the correct 
direction of impact (principal direction of force) are 
also available but are not shown here. Results have 
been presented for front crashes with airbag 
deployment as well for front crashes without airbag 
deployment but with maximum ∆V exceeding 

predetermined values. Almost all (99.8%) of the front 
airbag deployment crashes observed were less severe 
(based on averaged deceleration) than the 56 km/h 
NCAP test and the 64 km/h ODB test, two of the 
front impact tests currently used in the US to assess 
and rate vehicle crashworthiness. It is also observed 
that large number of crashes occur with lower values 
of maximum ∆V and over longer time durations. 
 
The significance of the present study is that all 
crashes of vehicles equipped with AACN or similar 
systems can be analyzed without need for detailed 
investigations and that crash severity can be obtained 
in terms of velocity change, associated time duration 
as well as direction of impact (not presented here). 
Such enhanced description of crashes by a complete 
set of parameters relevant to injuries is important 
since it provides a better description of the field 
conditions than is possible by classical methods and 
is therefore valuable in setting research priorities for 
improvement of automotive safety. 
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ABSTRACT 
 

The International Harmonization Research 
Activities Side Impact Working Group (IHRA-
SIWG) focused on a new barrier face such as the 
Advanced European Moving Deformable Barrier 
(AE-MDB), which reflects recent car characteristics. 
Since the proportion of females severely or fatally 
injured in vehicle-to-vehicle crashes was greater than 
in males in the USA and Europe, a difference of 
injury criteria between male and female dummies 
should be investigated. Therefore, the purpose of the 
present study is to investigate the effect of AE-MDB 
on the injury criteria in male (ES-2) and female 
(SID-IIs) in the front seat and in female (SID-IIs) in 
the rear seat. In the present study, the ECE/R95 
MDB or AE-MDB or car was impacted into the side 
of the same type of small passenger car. The present 
study also describes the results of the pole side 
impact test against the small passenger car used in 
the above test series according to the impact 
conditions proposed by the FMVSS/214 draft and E-
NCAP. 
 
INTRODUCTION 
 

Japan introduced a side impact regulation(1) in 
1998 for occupant protection in side collisions. As a 
result, the number of fatal and serious injuries in side 
collisions has been reduced. However, there are still 
many side collision accidents, and further effective 
countermeasures are needed to reduce fatalities and 
serious injuries in side impacts. It is known that 
occupants in cars are inclined to sustain serious 
injuries when struck by vehicles with high front 
stiffness and high ground clearance such as Sport 
Utility Vehicles (SUVs), Multi-Purpose Vehicles 
(MPVs) and minivans(2)(3). It is also necessary to 
consider improving the protection of occupants 
against side collisions with narrow objects such as 
trees and poles in single collisions. 

The proportion of females severely or fatally 
injured in vehicle-to-vehicle crashes was greater than 
in males(2) in the USA and Europe. A difference of 
injury criteria between male and female dummy 
should be investigated. 

In this paper, new side impact test procedures 
using AE-MDB were investigated, which have been 
discussed in IHRA SIWG and EEVC/WG13. The 
side impact test procedure using pole proposed by the 
United States and E-NCAP was also investigated. 
These tests consist of (1) MDB-to-car test: AE-MDB 
test in which the current vehicle specifications and 
front stiffness are taken into consideration, ECE/R95 
MDB test and car-to-car test, and (2) Car-to-pole 
test: procedure of FMVSS/214 draft and E-NCAP. 

In the tests of the present research, SID-IIs and 
ES-2 were used in order to investigate the difference 
in injury criteria between female and male. 
 
TEST CONDITIONS 
 
Moving Deformable Barriers-to-Car Test 

Table 1 shows the test configurations and 
conditions in the moving deformable barriers 
(MDBs) to car test and the car-to-car. In the present 
study, one type of Japanese bonnet-type 4 door sedan 
was used as the struck car. The specification of the 
tested car is listed as Table 2. This car is one of the 
representative models of the small car fleet in Japan. 
The striker (MDB or car) impact velocity was 50 
km/h. 

The test configuration of Test No. 1 and 2 was 
according to the ECE/R95 test procedure. In Test 
No.1, the ECE/R95 MDB was used, and the ES-2 
was placed in the front seat and SID-IIs in the rear 
seat. In Test No. 2, only the SID-IIs was placed in the 
front seat. 

In Test No. 3, 4 and 5, the AE-MDB version 
2(4) was used as an MDB. The AE-MDB is an MDB 
that was developed based on the car dimensions, 
mass and front stiffness in the current vehicle fleet(5). 
It also considers both-vehicle traveling and loading 
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of the rear seat occupants. The AE-MDB face was 
made in Japan according to the specification(4) 
required by EEVC/WG13. The AE-MDB tests were 
conducted under two conditions: The center line of 
the AE-MDB was aligned with the driver Seat 
Reference Point (SRP) (Test No. 3), 250 mm behind 
the front seat SRP (Test No.4 and 5). 

In Test No. 3, the two SID-IIs were placed in a 
front seat and a rear seat, respectively. The center 
line of the AE-MDB was aligned with the driver Seat 
Reference Point (SRP). In Test No. 4, the two SID-
IIs were placed in the front and rear seat, respectively. 
In Test No. 4, the two ES-2 were placed in the front 
and rear seat, respectively. The center line of the AE-
MDB was 250 mm behind the driver SRP. In Test 
No. 5, the two SID-IIs were placed in the front and 
rear seat, respectively. The center line of the AE-
MDB was 250 mm behind the SRP. 

In Test No. 6, a car was used as a striker. The 
specifications of the car are the same as those used 
for the struck car. The two ES-2 were placed in the 
front and rear seat, respectively. The center line of 
the striking car was aligned with the driver SRP in 
the front seat.  

 
Car-to-Pole Test 

Table 3 shows the test configurations and 
conditions in the car to pole test. The same type of 
car employed in the moving deformable barrier to car 
test was used (Table 2) except for the optional 

equipment with curtain air bag. In Test No. 7, 8 and 9, 
a curtain airbag was installed in the tested car. 

The test configuration of Test No. 7 and 8 was 
according to the car-to-pole test proposed by NHTSA 
(FMVSS/214 Draft), where the impact velocity is 32 
km/h and the impact angle is 75 degrees. The pole 
diameter is 254 mm. The ES-2 was placed in the 
front seat in Test No. 7 according to the FMVSS/214 
Draft. When the ES-2 is used, the seat was set in the 
midway position in the seat slide range. In Test No. 8, 
the SID-IIs was placed in the front seat in order to 
investigate the injury criteria difference between the 
ES-2 and SID-IIs. When the SID-IIs is used, the seat 
was set in the forward most position in the seat slide 
range (hereafter referred to forward-most). In both 
tests, the gravity center of the dummy head in a front 
seat was in alignment with the center of the pole.  

The test configuration of Test No. 9 was 
according to the car-to-pole test proposed by Euro-
NCAP, where the impact velocity is 29 km/h and the 
impact angle is 90 degrees. The pole diameter is 254 
mm. The ES-2 was placed in the front seat. The 
gravity center of the dummy head in the front seat 
was aligned with the center of the pole. 

 
Table 2.  Specification of tested car 

Kurb Mass 1100 kg
Wheel base 2600 mm
Engin Displacement 1498 cc
Passenger 5

 
 

Table 1.  Impact conditions in moving deformable barriers or car-to-car test 
1 2 3 4 5 6

50 km/h 50 km/h 50 km/h 50 km/h 50 km/h 50 km/h

Striker Vehicle C/L Vehicle C/L Vehicle C/L Vehicle C/L Vehicle C/L Vehicle C/L

Struck
Car SRP SRP SRP SRP+250 mm SRP+250 mm SRP

Type ECE/R95 MDB ECE/R95 MDB AE-MDB AE-MDB AE-MDB Car

Mass 948 kg 948 kg 1503 kg 1503 kg 1503 kg 1269 kg

Ground
Height 300 mm 300 mm 300 mm 300 mm 300 mm 300 mm

Curtain
air bag without without without without without without

Mass 1194 kg 1249 kg 1251 kg 1304 kg 1256 kg 1317 kg

Front
Dummy ES-2 SID-IIs SID-IIs ES-2 SID-IIs ES-2

Rear
Dummy SID-IIs - SID-IIs ES-2 SID-IIs ES-2

C/L: Center line
SRP: Seat reference point of driver in front seat
SRP + 250 mm: 250 mm behind the SRP

Struk
Car

Striker

Test No.

Test config.

Impact Verocity

Impact
Point

 
 

                 
                                Figure 1.  ECE/R95 MDB.                             Figure 2.  AE-MDB ver.2. 
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Table 3.   Impact conditions in car-to-pole test 

8 9

32 km/h 29 km/h

Pole center to
Front Dummy Head center

Pole center to
Front Dummy Head center

Impact
 Angle 75° 90°

Curtain air bag with with

Mass including Dummy 1161 kg 1195 kg

Front Dummy SID-IIs ES-2

Rear Dummy － －

254 mm
(10 in)

7

32 km/h

Pole center to
Front Dummy Head center

Pole
Size 254 mm

(10 in)
254 mm
(10 in)

75°

Test No.

Test configuration

Impact Verocity

Impact Point

with

Struk
Car

1194 kg

ES-2

－

75 75 90
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TEST RESULTS 
1. Moving Deformable Barri

 - The deformations of 
struck car (outer panel) and striker (MDB or car) in 
all test cases (Test No.1, 2, 3, 4, 5 and 6) are 
presented in Figures 3a, 3b and 3c. 
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The deformations of the outer door panel of the 
struck car at the level of (a) dummy thorax, (b) 
dummy hip point and (c) side sill in moving 
deformable barriers-to-car test with ECE/R95 MDB 
(Test No.1), AE-MDB  (Test No. 3), AE-MDB 
SRP+250 (Test No. 4) and car-to-car test (Test No
5) are s mation

DB 
on of 
0 is 

rger than that by car or AE-MDB at thorax level.  
n the other hand, the door panel deformation shapes 
ruck

. 
 hown in Figure 4. The door panel defor

shapes struck by car, AE-MDB and AE-M
tiSRP+250 are similar. Especially, the deforma

 door panel struck by AE-MDB SRP+25rear
la
O
st  by ECE/R95 are different from those by AE-
MDB, AE-MDB SRP+250 and car. The door panel 
deformation did not create the cavity shape due to 
impact with the B-pillar in the car struck by the 
ECE/R95. Thus, the MDB characteristics at the 
location contacting the B-pillar are more rigid than 
the AE-MDB characteristics or car. 
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Figure 4.  Deformation of outer door panel of 
struck car in moving deformable barriers-to-car
test and car-to-c 3, 4 and 6). 
 
 
 

Velocity-time histories of the struck car at the 
gravity center, front door, MDB and dummy upper 
and lower rib deflections in Test No. 1 (ECE/R95 
MDB, ES-2), No. 3 (AE-MDB, SID-IIs), No. 4 (AE-
MDB, SID-IIs) and No. 6 (Car-to-car, ES-2) are
shown in Figure 4. 

The maximum velocities of the front door are 
different in each test case. Furthermore, the time of 

the maximum ve oor and dummy 

sts, 
ecause the bumper equipped in the striking car front 
ight intrude into the struck car door at the level of 
e dummy chest. 
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(a) Test No. 1 (ECE/R95 MDB, ES-2) 
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(b) Test No. 3 (AE-MDB, SID-IIs) 
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(c) Test No. 4 (AE-MDB, SRP+250 mm, ES-2) 
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Figure 5.  Velocity-time histories of struck car and
str
 
 

 
iker (MDB or car). 

Matsui, 4



Dummy Injury Criteria 
 

Front seat dummy (ES-2) - Using the results of 
Test No. 1, 4 and 6, the injury criteria of ES-2 sit in a 
driver seat in the struck car by ECE/R95 MDB, the 
AE-MDB SRP+250 and actual car were compared. 

HPC (head performance criteria) of ES-2 in 
each test are shown in Figure 6. The HPC of the 
dummy in three test cases were close to 700, due to 
the fact that the dummy head grazed the edge of the 
roof-side-rail. he injury

e shown in Figure 7. The 
oracic deflections are in descending order of lower, 

e AE-MDB SRP+250 test 
acic rib deflection is the 

sm

 The HPC 700 is under t  
threshold of 1000. 

Thoracic rib deflections at upper, middle and 
ower of the ES-2 arl

th
middle and upper rib in th
and car-to-car test. The thor

allest in the test using ECE/R95 MDB. When we 
focus on the maximum deflection, the thoracic 
deflections are in descending order of car-to-car test, 
AE-MDB SRP+250 test, and ECE/R95 MDB test. 

The thoracic rib V*C of ES-2 are shown in 
Figure 8. The V*C are in descending order of lower, 
middle and upper rib in the ECE/R95 MDB test and 
car-to-car test. The V*C in middle rib is the smallest 
in the test using AE-MDB SRP+250 test. When we 
focus on the maximum V*C, the thoracic rib V*C are 
in descending order of car-to-car test, AE-MDB 
SRP+250 test, and ECE/R95 MDB test. 

The abdominal force and pubic force of ES-2 
are shown in Figure 9. The abdominal force shows 
similar values among the three tests, whereas the 
pubic force is higher in the AE-MDB SRP+250 test 
than the ECE/R95 MDB test and car-to-car test. 
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Figure 8.  Thoracic rib V*C of ES-2. 
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Figure 9.  Abdominal and pubic forces of ES-2. 
 
Front seat dummy (SID-IIs) - Using the results of 

Test No. 2, 3 and 5, the injury criteria of SID-IIs sit 
in a driver seat in the struck car by ECE/R95 MDB,

ed with the 
rget car front seat SRP), and AE-MDB SRP+250 

were compared. 
HPC of SID-IIs in each test are shown in 

Figure 10. The HPC in AE-MDB test is higher in 
three test cases. However, they were less than 500, 
due to the fact that the dummy head did not impact 
the interior. Thus, the HPC of SID-IIs are smaller 
than that of ES-2. 

Thoracic rib deflections at upper, middle and 
lower of the SID-IIs are shown in Figure 11. When

ic 
95 

 
AE-MDB (AE-MDB center was align
ta

 
we focus on the maximum deflection, the thorac

eflections are in descending order of ECE/Rd
MDB test, AE-MDB SRP+250 test, and AE-MDB 
test. The order is different from that observed in HPC 
results. 

The thoracic rib V*C of SID-IIs are shown in 
Figure 12. When we focus on the maximum V*C, the 
thoracic rib V*C are in descending order of ECE/R95 
MDB test, AE-MDB test and AE-MDB SRP+250 
test. 

The pubic force of SID-IIs is shown in Figure 
13. The pubic forces are in descending order of AE-
MDB SRP+250 test, AE-MDB test and ECE/R95 
MDB test. 
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Figure 7.  Thoracic rib deflection of ES-2. 
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Figure 10.  HPC of SID-IIs sitting in front driver 
seat in struck car by ECE/R95 MDB, AE-MDB 
and AE-MDB SRP+250. 
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Figure 11.  Thoracic rib deflection of SID-IIs. 
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Figure 12.  Thoracic rib V*C of SID-IIs. 
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Figure 13.  Pubic force of SID-IIs. 
 
Rear seat dummy (SID-IIs) - The injury criteria of 
the rear seat dummy (SID IIs) in struck car by 
ECE/R95 MDB, AE-MDB and AE-MDB SRP+250 
were compared from the results of Test No. 1, 3 and 
5. 

HPC of SID-IIs in each test is shown in Figure
 of AE-MDB 

RP+250 test, AE-MDB test and ECE/R95 MDB test. 

SRP+250 test and AE-MDB test as with the order 

racic rib deflections were not measured in 
ECE/

MDB

 test and AE-MDB test as with 
the o

test and ECE/R95 
MDB

 measured (Figure 18).  
When

acic rib deflections could 
be the

 
14. The HPC are in descending order
S

Thoracic rib deflections at upper, middle and 
lower SID-IIs are shown in Figure 15. The thoracic 
deflections are in descending order of AE-MDB 

observed in HPC results. In the present study, 
tho

R95 MDB test. 
The thoracic rib V*C of SID-IIs are shown in 

Figure 16. The V*C are in descending order of AE-
 SRP+250 test and AE-MDB test as with the 

order observed in HPC and thoracic rib deflection 
results. In the present study, V*C were also not 
measured in ECE/R95 MDB test. 

The pubic forces of SID-IIs are shown in 
Figure 17. The pubic forces are in descending order 
of AE-MDB SRP+250

rder observed in HPC, thoracic rib deflection 
and thoracic rib V*C results.  

In the impact configuration in the present 
research, the distance between the dummy in rear 
seat and left edge of the MDB are close order of AE-
MDB SRP+250 test, AE-MDB 

 test, which would affect the injury criteria of 
the dummy in the rear seat. 

 In ECE/R95 MDB test, thoracic rib 
deflections were not measured, on the other hand, 
thoracic rib accelerations were

 we focus on the maximum acceleration, the 
thoracic accelerations are in descending order of AE-
MDB SRP+250 test, AE-MDB test and ECE/R95 
MDB test. Since thoracic rib deflections would 
connect to the thoracic rib accelerations, the 
descending order of the thor

 same as for thoracic rib accelerations. 
Overall, the injury criteria measured in SID-IIs 

in rear seat are in descending order of AE-MDB 
SRP+250 test, AE-MDB test and ECE/R95 MDB test. 
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Figure 14.  HPC of rear seat dummy (SID-IIs) in 
struck car by ECE/R95 MDB, AE-MDB and AE-
MDB SRP+250. 
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Figure 15.  Thoracic rib deflection of rear seat 
dummy (SID-IIs). 
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Figure 16.  Thoracic rib V*C of rear seat dummy 
(SID-IIs). 
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Figure 17.  Abdominal and pubic forces of rear 
seat dummy (SID-IIs). 
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Figure 18.  Thoracic rib acceleration of rear seat 

2. Car-To-Pole Test 
Car Deformation

dummy (SID-IIs). 
 
 

 - The deformations of struck car 
in all test cases (Test No. 7, 8 and 9) are presented in 
Figures 19a and 19b. ES2 dummy heads contacted 
the curtain airbag in Test No. 7 and 9. On the other 
hand, in Test No. 8, the SID-IIs dummy head did not 
contact the curtain air bag as shown in Figure 19b 
right. 

The deformation of outer door panel of struck

ntrusions are in descending order 
f Test No. 7 (32 km/h, 75 degrees, ES-2), Test No. 8 

, SID-IIs) and Test No. 9 (29 
). Thus, the intrusion in the 

car-to-pole test conducted at 32 km/h (Test 7 and 8) 
are larger than that in the car-to-pole test conducted 
at 29 km/h. The contact location of the outer door 
panel to the pole in Test 8 (SID-IIs in forward-most 
seating position) is 250 mm forward comparing to 
the location in Test 7 (ES-2 in middle seating 

 
car at the level of (a) dummy thorax, (b) dummy hip 
point and (c) side sill in a car to pole test are shown 

 Figure 20. The iin
o
(32 km/h, 75 degrees
km/h, 90 degrees, ES-2

position), since the contact location of the dummy 
head was aligned with the center of the pole. 
 
Exterior 

 

 

 

    
Interior 

  
Test No.7                          Test No.8 

            (ES-2)                             (SID-IIs) 
Figure 19a.  Deformation of test car struck by 
pole at 32 km/h and 75 degrees. 
 

Exterior 

 

 
Interior 

 
Test No.9 

 (ES-2) 
Figure 19b.  Deformation of test car struck by 
pole at 29 km/h and 90 degrees. 
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Figure 20.  Deforma r panel of struck 
car in the pole test (T , 8 and 9). 

y Injury Criteria

tion of oute
est No. 7

 
 
 
Dumm  - The injury criteria of ES-
 (Test No. 7 and 9) and SID-IIs (Test No. 8) in a 

ver seat in the car struck by a pole were compared. 
HPC measured in each test are shown in Figure 

21. Although the equipped curtain airbag deployed in 
all tested cars, the HPC of the SID-IIs dummy (Test 
No. 8) was far higher (over 7832) in the car-to-pole 
test compared with the other two tests with ES-2 
(Test No. 7 and 9). At the moment of impact, t  
curtain airbag did IIs dummy head, 
due to the forward-most seating position. 

Although the curtain airbag deployed, the HPC 
in ES-2 measured in Test No. 7 (75 degrees, 32 
km/h) was 1964. The HPC in ES-2 in Test No. 9 (90 
degrees, 28 km/h) measured 783.  

Thoracic r er, middle an
lower are shown i we focus on the 
maximum deflection, the thoracic deflections are in 
descending order of Test No. 9 (ES-2, 90 degrees, 29 
km/h), Test No. 7 (ES-2, 75 degrees, 32 km/h) and 
Test No. 8 (SID-IIs, 75 degrees, 32 km/h). 
Furtheremore, the thorax upper, middle and lower rib
deflections were pole test than in

e ECE/R95 MDB test or because the 
-

Figure 23. 
hen we focus on the maximum V*C, the thoracic 

b V*C are in the same descending order of the one 

(ES-2

2
dri

he
 not cover the SID-

ib deflections at upp
n Figure 22. When 

d 

 
 larger in the car-to-

AE-MDB test th
door intrusion at the thorax was large in the car-to
pole test (Figures 4 and 20). 

The thoracic rib V*C are shown in 
W
ri
observed in thoracic rib deflections. 

The abdominal and pubic forces are shown in 
Figure 24. The pubic forces are in descending order 
of Test No. 7 (ES-2, 75 degrees, 32 km/h), Test No. 9 

, 90 degrees, 29 km/h) and Test No. 8 (SID-IIs, 
75 degrees, 32 km/h). 
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Figure 21.  HPC of ES-2 (75 degrees, 32 km/h), 
and SID-IIs (75 degrees, 32 km/h) and ES-2 (90 
degrees, 29 km/h) in car-to-pole test. 
 

0
Test No.7

(ES-2, 75 , 32 km/h) 
Test No.8

(SID-IIs, 75 , 32 km/h) 
Test No.9

(ES-2, 90 , 29 km/h) 

10

20

30

0

Th
or

ac
ic

 R
ib

. D
ef

4

50

60

io
n 

(m
m

)
le

ct

Upper Middle Lower

 
Figure 22.  Thoracic rib deflection in car-to-pole 
test. 
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Figure 23.  Thoracic rib V*C of ES-2 in car-to-
pole test. 
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Figure 24.  Abdominal and pubic forces in car-to-
pole test. 
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DISCUSSION 
In the moving deformable barriers-to-car test, 

e injury criteria measured in SID-IIs (Figures 6, 7, 
8 and 9) were lower than in ES-2 (Figures 10, 11, 12 
and 13). Following reasons could be considered. 

1) Stiffness of impacted area in car: 
Fundamentally, the seating position of the SID-IIs 
was set to the forward-most, while the ES-2 was set 
to the middle position. Since the door panel 
corresponding to the SRP was impacted by the MDB, 
the impact position of the car using SID-IIs was 
different from the impact position of car using ES-2

e cabin stiffness using ES-2 test (Figure 
). Furthermore, the seat back can prevent intrusion 

of the door in the test using SID-IIs. On the other 
hand, the door intruded directly toward the dummy in 
ES-2 test. 

2) Distance between dummy and door inner 
panel: A distance between dummy and door inner 
panel using ES-2 was smaller than that using SID-IIs.  
Thus, greater force was applied to the ES-2 than the 
SID-IIs. Therefore, the distance between dummy and 
door inner panel also affected the injury criteria in 
ES-2 and SID-IIs. 

 the thoracic deflection and thoracic rib 
*C measured in car-to-car test are larger than those 

 SRP+250 test or AE-MDB test. On 
the ot

nce, 
the ab

t impact energy in these tests. The impact 
energ

le test with an impact angle of 75 
degre

t 
impac

 
center

th a 
curtai

riteria, HPC, thoracic deflection 
and thoracic rib V*C measured in SID-IIs in 

t were smaller than those measured in 
ES-2 in front seat. 

(iii) 

n the other hand, the HPC 

th

. 
For example, when the MDB is impacted against the 
door using SID-IIs, the cabin stiffness could be more 

gid than thri
20

Regarding the injury criteria of ES-2 in the 
front seat,
V
in the AE-MDB

her hand, the abdominal force and pubic force 
in the AE-MDB SRP+250 test or AE-MDB test were 
larger than those in car-to-car test. Each MDB has 
different compressive characteristics in height. He

ove-mentioned phenomena could be owing to 
different force distribution due to the type of MDB. 

In moving deformable barriers-to-car test, the 
present study used AE-MDB version 2. On the other 
hand, the AE-MDB has been under development and 
the current version of AE-MDB was 3. When the 
development of AE-MDB is finished, the present 
research should be modified using the final version. 

In a car-to-pole test, although the curtain 
airbag deployed, the HPC measured by ES-2 in Test 
No. 7 (75 degrees, 32 km/h) was higher (HPC 1964) 
than by ES-2 (HPC 783) in Test No. 9 (90 degrees, 
28 km/h). The first reason for this phenomenon was 
the differen

y of Test No. 7 is roughly 22% higher than that 
of Test No. 9.  The second reason was the different 
air bag deployment timing due to the different impact 
angle in these tests. Therefore, the deployment 
timing and volume of the curtain air bag may be the 
key factors influencing the driver injury criteria. 

In a car-to-po
es and impact velocity of 32 km/h, the thoracic 

rib deflection, thoracic rib V*C and pubic force 
measured by ES-2 (Test No. 7) were higher than 
those measured by SID-IIs (Test No. 9). The main 
reason was the different intrusion in these tests. The 

intrusion in the pole test at thorax level, hip joint 
level, and side sill level conducted with ES-2 were 
larger (471 mm, 455 mm, 440 mm) than those with 
SID-IIs (391 mm, 381 mm, 371 mm), respectively. 
Those intrusion differences were due to differen

t locations on the door panel in these tests. The 
contact locations of the outer door panel in relation to 
the pole in Test 8 (SID-IIs in forward-most seating 
position) is 250 mm forward of the location in Test 7 
(ES-2 in middle seat position), since the contact 
location of the dummy head was aligned with the

 of the pole. 
 
SUMMARY 
 

In the present study, the ECE/R95 MDB or 
AE-MDB was impacted onto the side of one 
Japanese small passenger car which was not 
equipped with a curtain air bag. The injury criteria in 
ES-2 and SID-IIs on the front passenger seat, and the 
injury criteria in SID-IIs on the rear passenger seat 
were investigated. Pole side impact tests against the 
same type of small passenger car equipped wi

n air bag were conducted according to the 
FMVSS/214 draft (75 degrees, 32 km/h) to 
investigate the injury criteria in ES-2 and SID-IIs. 
Furthermore, a pole side impact test according to E-
NCAP (90 degrees, 29 km/h) was conducted to 
investigate the injury criteria in ES-2. The results are 
summarized as follows. 
 (1) Moving Deformable Barriers-To-Car Test 
(i) Regarding the injury criteria of ES-2 in front 

seat, the thoracic deflection and thoracic rib 
V*C measured in the car-to-car test are larger 
than those in the AE-MDB SRP+250 (AE-
MDB test with rearward target point) test or 
AE-MDB test. On the other hand, the 
abdominal force and pubic force in the AE-
MDB SRP+250 test or AE-MDB test were 
larger than those in car-to-car test. 

(ii)  The injury c

front sea

The injury criteria, HPC, thoracic deflection 
and thoracic rib V*C and pubic force of SID-
IIs in rear seat, are in descending order of AE-
MDB SRP+250 test, AE-MDB test and 
ECE/R95 MDB test. 

 
(2) Car-To-Pole Test 
(i) The injury criteria of the head and chest of the 

dummy in the pole test were far higher than in 
the MDB test. 

(ii) Although the curtain airbag deployed, the HPC 
measured by ES-2 in the test according to the 
FMVSS/214 draft (75 degrees, 32 km/h) was 
higher (HPC 1964) than the injury reference 
value HPC 1000. O
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measured by ES-2 in the test according to the 
E-NCAP (90 degrees, 29 km/h) was 783.  
The injury criteria of thoracic rib deflection, 
thoracic rib V*C, abdominal force and pubic 
force measured by ES-2 in the test according 
to the FMVSS/214 draft (75 degrees, 32 km/h) 
were higher than by ES-2 in the test according 
to the E-NCAP (90 degrees, 29 km/h). 
Although the curtain airbag deployed

(iii) 

(iv) , the HPC 

did not cover the SID-IIs 

 

(v) to the FMVSS/214 draft 
(75 degrees, 32 km/h), the injury criteria of 

flection, thoracic rib V*C, 
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of the SID-IIs dummy was far higher (over 
7832) in the pole test compared with the other 
two tests using ES-2. At the moment of impact, 
the curtain airbag 
dummy head, due to the forward-most seating 
position of the SID-IIs dummy. On the other 
hand, the HPC in ES-2 measured in the test 
(75 degrees, 32 km/h) was 1964. 
In the test according 

thoracic rib de
abdominal force and pubic force measured by 
SID-IIs dummy were lower than those 
measured by ES

 
In Japan, a side impact regulation for occupant 
tion in side collisions was introduced in 1998. 
esult, the side protection safety performance of 
t production cars has reached the level five 
according to the J-NCAP (Japan New Car 

sment Program). On the other hand, the curre
barrier face employed in ECE/R95 side impact test 

dure referred to in European regulation, 
ese regulation and J-NCAP, was developed 
 on the front characteristics of production cars 
e 1970s. Since the stiffness of front 
teristics and mass of recent cars have in

drastically compared to those of cars in the 1970s, it 
essary to develop a new barrier face reflecting 
rrent car accident situation. 
In the present study, we used the Advanced 
ean Moving Deformable Barrier (AE-MDB) 
n 2, which was developed by IHRA-SIWG. 
E-MDB was developed based on the current 
nt situation in several countries. Our research 
ive is to continue fundamental re (6) (7) (8) 

in or er to introduce a new Japanese side impact test 
dure reflecting the current accident situation 
 high level of occupant protection. 
In the present study, we used the SID-IIs, 
se the proportion of females severely or fatally 
d in vehicle-to-vehic

(2)th
In addition to car-to-car collisions, occupant 

protection in single-car crashes is also important. In 
the present research, the pole test proposed by 
NHTSA was carried out, and the influences of the 
curtain air bag on the dummy injury criteria were 
investigated. In Japan, basic research on occupant 
protection in side collisions will be continued, and 

side impact test procedures will be developed in the 
near future. 
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ABSTRACT 

 
An extensive study on using non-linear finite element 
analyses to aid in calibrating a thorax or roof rail 
curtain airbag sensing system is presented. Modeling 
techniques and lessons learned from previously 
investigated frontal sensing finite element analyses 
were adopted in this side impact study. Modeling 
techniques that can be applied to the side impact 
simulations were identified and incorporated in a 
chosen van model. The van model was then used to 
simulate a set of no-deployment and deployment side 
impact calibration events. The simulation results were 
compared with available test data and side impact 
sensing algorithms were used to determine the airbag 
deployment time from the simulations. Airbag 
deployment times from the simulations are comparable 
to the test and it is strongly suggested from this study 
that a high fidelity vehicle model with a FEA-
compatible sensing algorithm can greatly improve 
sensing simulation capability for side impacts. 

 
INTRODUCTION 

 
The use of math-based tools has reduced the need for 
hardware prototyping and testing, which in turn 
reduces a vehicle’s development time and cost. 
However, there are still many tasks in the vehicle 
development process that math-based tools cannot do 
well. Of these, the task of calibrating a side airbag 
sensing system is a major task that has not been 
addressed. To obtain the required acceleration signals 
for sensing calibration, expensive prototype vehicles 
have been routinely crashed for vehicle development. 
A math-based side sensing calibration capability could 
significantly reduce prototyping and testing costs, as 
well as shorten the vehicle development time.  
 
There have been a few papers published for the frontal 
sensing impact simulations [1,2,3,4,5] but none for the 
side impact sensing impact simulation. The major 
difference between the frontal impact and the side 
impact is that the latter generally requires a much 
earlier airbag deployment time, which, in turn, 
demands an even higher degree of model fidelity to 
ensure timely deployment. In these frontal sensing 
studies, the necessary modeling techniques to achieve 
high fidelity FEA models for simulating a suite of 
frontal sensing impact events have been documented. 
In this paper, study of the FEA-compatible sensing 
impact tests is extended to side impact sensing tests. 
The modeling techniques identified in previous studies 
are employed, if applicable, onto the side impact 

model and other necessary and unique side sensing 
impact modeling techniques are identified and studied 
so a high fidelity FEA-compatible side sensing impact 
vehicle model can be built to replace some of the tests 
and speed up the vehicle development process.   

 
A van, shown in Figure 1, is selected for study in this 
paper. The following seven van vehicle side impact 
tests are available for correlation study: Side 
NCAP(New Car Assessment Program), FMVSS214 
MDB (Moving Deformable Barrier) impact, IIHS 
(Insurance Institute for Highway Safety) side impact, 
front and rear door pole impacts, EEVC (European 
Enhanced Vehicle-safety Committee) barrier impact, 
and MDB no-deployment impact. The van side impact 
calibration crash matrix is shown in Table 1. Non 
destructive immunity tests, such as door slam, 
shopping cart/bicycle hits, etc., are not studied in this 
paper since they can be conducted more efficiently and 
economically in the test laboratories.  

 

 
Figure 1. The van vehicle model. 

Table 1.  
Sensing calibration test matrix. 

Tests 
IIHS 

Side NCAP 
FMVSS214 

Front Door Pole 
Rear Door Pole 

EEVC 
MDB No-Deployment 

 
 

MODELING TECHNIQUES CRUCIAL FOR 
CRASH TEST SIMULATIONS 

 
Finite element simulations have been conducted 
routinely in the past decade to evaluate and improve 
crash and safety designs for specific high-speed 
impact conditions or regulations. Knowledge of 
fundamental modeling techniques had been 



 
Lin 2 

accumulated for building a quality finite element 
model. These fundamental modeling techniques are:  

• Reduce element size to about 10 mm in the 
crush zone to capture correct buckling modes 

• Avoid initial penetration between parts 
• Use joints, instead of rigid connection, to 

represent the door hinge and latch/striker 
system 

• Use mass scaling option with caution 
• Space the welding locations close to physical 

model and minimize the weld length  
• Include gravitational force 
 

All the analyses are completed using LS-DYNA 
version 960.1488[6]. The number of parts, elements 
and nodes of the model are summarized in Table 2. In 
what follows, we document the crucial modeling 
techniques, beyond what have been stated above, that 
are required for building a high fidelity side impact 
model for sensing calibration purpose.   

Table 2.  
Total number of parts, elements and nodes of the 

van FE model. 

 Van FE Model 
No. of Parts 246 

No. of Nodes 232,959 
No. of Shell Elements 227,223 
No. of Solid Elements 829 
No. of Beam Elements 28 

 

Crucial Sensing Modeling Techniques For Side and 
Frontal Vehicles 

 Accelerometers -  
Physical accelerometers measure the acceleration and 
deceleration in a fixed local frame, which translate and 
rotate with the component that the accelerometers are 
mounted on. Hence, the 
"ELEMENT_SEATBELT_ACCELEROMETER" 
card in LS-DYNA is used in our model to monitor the 
acceleration change in such a local coordinate frame. 
The FEA velocity curves shown in this paper are 
obtained by integrating the acceleration, filtered 
through SAE 180 class.  
 
Six side impact sensor locations, the front door beam, 
BSIS (B-Pillar Side Impact Sensor), rear door beam, 
C-pillar at beltline, CSIS (C-Pillar Side Impact 
Sensor), and the SDM (Sensing Diagnostic Module) 
on the floor under the passenger’s seat, shown in 
Figure 2, are used in this study for correlating crash 
pulses with available tests.  

 

Acc. sensor location

 
Figure 2. Monitored sensor locations: front door 
beam, BSIS, rear door beam, CSIS, C-pillar at 
beltline, and the SDM on the floor under the 

passenger’s seat. 

Strain Rate Effect  
The strain rate effect of the materials was previously 
identified as the most crucial factor that must be 
incorporated in a frontal impact model to simulate a 
set of frontal impacts, high-speed deploy and low-
speed no-deploy events [2,3,5,7]. In this side impact 
sensing study, the engineering properties of the 
metallic materials in the van FE model are updated to  
include strain rate sensitive material. A quasi-static 
stress-strain curve is substituted to study the results of 
the velocity changes in a high-speed FMVSS214 test 
and a low-speed MDB no-deployment impact test. The 
simulation setup for the FMVSS214 impact is shown 
in Figure 3. The differences of the velocity at the BSIS 
between the two simulations, shown in Figure 4, are 
insignificant before the side bags’ required 
deployment time while the SDM velocity curve of the 
simulation using a quasi-static stress-strain curve 
exhibits a slightly softer response since softer material 
properties are used. For the lower speed MDB no-
deployment impact, the differences of the simulations 
are less noticeable, as shown in Figure 5, with the 
quasi-static stress-strain material model showing a 
slightly softer response. The differences are not as 
significant as documented for the frontal impacts. 
 
In the frontal impacts, the rails and cradle are loaded 
axially, and these major energy absorbing components 
can yield different crush modes when not employing 
the strain rate effect. This results in significant 
velocity deviation. The B-Pillar and the door beams, 
designed mainly for side impact protection, are 
designed to resist the bending force during the side 
impacts, and these components will not have dramatic 
differences in deformations if the material properties 
are modeled using a single quasi-static stress-strain 
curve; hence the deviation in the velocity curves is not 
as pronounced as the frontal impact events. However, 
significant differences might exist for vehicles, say, 
with a cross car beam design. 

 



 
Lin 3 

 
Figure 3. FMVSS 214 FEA model setup. 

 
Figure 4. Comparing the FEA velocity curves with 

and without strain rate effect for FMVSS214 
impact test. 

 
Figure 5. Comparing the FEA velocity curves with 

and without strain rate effect for MDB no-
deployment impact test. 

Segment-Based Contact 
A full vehicle crash analysis involves interaction 
between all free surfaces, which includes contact at 
corners and edges. Correlation with the tests might be 
degraded significantly if the contacts are not defined 
properly. In one of the previous validation study [8], it 
was found that the velocity pulse correlation was 
improved by using the segment-based contact option 
in LS-DYNA. In this side impact study, however, the 
use of this option did not yield significant differences, 
as shown in Figure 6. To avoid any unrealized or 

unforeseen contact issues, it is still strongly 
recommended that the segment-based contact search 
parameter be considered when defining the contacts.  

 
Figure 6. Comparing the FEA velocity curves with 

and without segment-based contact option for 
FMVSS214 impact test simulation. 

 

Shell Element Type 16 and Type 2 
Many shell element formulations are available to the 
users in LS-DYNA while formulation types 16 and 2 
are the most commonly used. Use of the element 
formulation type 16 [6] significantly improves the 
overall SDM velocity correlation, depicted in Figure 7. 
The shell element formulation type 16, a fully 
integrated shell element, costs about 2.8 times more 
CPU-time than the default Belytschko-Tsay (BT) 
element (shell formulation type 2 in LS-DYNA). 
However, the BT shell element is very sensitive to 
element warping. Using the shell formulation type 2 
tends to make a vehicle model softer, and the velocity 
response at the SDM showed this trend while the 
response at the BSIS did not.   
 
For the lower speed MDB no-deployment impact, it 
has less effect on the SDM velocity, shown in Figure 
8. It is observed that the velocity at the BSIS is less 
wavy when the shell formulation type 2 is used. When 
the shell formulation type 2 is used, accuracy of the 
analysis can be improved by turning on the warping 
stiffness control and updating the shell normal 
direction based on the nodal rotation available in the 
*CONTROL_SHELL card and using the stiffness 
form hourglass formulation. Use of those parameters 
for shell type 2 did not bring the SDM velocity of 
FMVSS 214 simulation closer to the test and match 
the result of shell type 16 as expected, shown in 
Figures 7 and 8.  
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Figure 7. Comparing the FEA velocity curves with 

different shell element formulations, type 2 and 
type 16, for FMVSS214 impact. 

 

 
Figure 8. Comparing the FEA velocity curves with 

different shell element formulations, type 2 and 
type 16, for MDB no-deployment impact. 

 

Crucial Modeling Techniques For side impact 
vehicles ONLY 

Modeling of Door Striker 
In simulating the FMVSS214 quasi-static test, the 
inclusion of a detailed modeling of door striker and 
latch system can improve the correlation of the 
resistance force. The improvement is from the small 
relative displacement between the striker and the latch 
system. In our dynamic crash study, this system is 
modeled as a joint to allow the realistic relative 
displacement and rotation between the door and B-
Pillar. When the joint is replaced by a rigid 
connection, it does not result in significant difference 
in the overall SDM response as shown in Figure 9 and 
it shows a slightly stiffer response in the BSIS at 
airbag deployment time. 

 
 

 
Figure 9. Comparing the FEA velocity curves for 

the modeling of striker and hinge system for 
FMVSS214 impact. 

   

Friction Coefficient Between Barrier and Vehicle 
The friction coefficient between the moving 
deformable barrier and the vehicle in the crash test is 
also studied so that a proper coefficient can be 
established. The friction coefficient values of 0.0, 0.2, 
and 0.4 are used to study their effects on the SDM 
velocity. As a higher friction coefficient is used, the 
vehicle has a slightly stiffer response at the SDM, i.e., 
greater velocity change, shown in Figure 10, while the 
response change at the BSIS is less noticeable. It is 
concluded from this study that a friction coefficient of 
0.2 can achieve better correlation.   

 

 
Figure 10. Different friction coefficients between 

the barrier and the vehicle for FMVSS 214 
simulation. 

 
SIMULATION RESULTS 

Comparison Between the Tests and Simulations 
Using the enhanced model by employing the modeling 
techniques described above, we simulated seven side 
crash tests listed in Table 1 using a consistent vehicle 
model. FEA accelerations at the target locations are 
first extracted from the simulations and then integrated 
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to obtain the velocity histories. The complete velocity 
time histories for the seven side impact tests are shown 
in the Appendix. For the Side-NCAP and EEVC 
impact conditions, only the velocity curves at the 
SDM and BSIS for the tests are shown for 
comparisons, since there is no data available for the 
other locations.  

 
In this section, the IIHS side impact simulation results 
are selected to compare with the test. Deformation of 
the vehicle model after the impact is shown in Figure 
11. Correlations of the velocity history at selected 
locations are shown in Figure 12. The front door beam 
sensor signal was prematurely terminated before 3 
msec into this test. Comparing the velocity change at 
the BSIS, shown in Figure 12, between the simulation 
and the test, good agreement was observed upto 7 
msec into the crash event. Efforts were focused on 
improving the velocity at the BSIS, and it indeed 
results in a good correlation. For the rear door beam 
and C-pillar sensors, FEA velocity curves show a 2 ~3 
msec earlier rise than the test, but they do have similar 
velocity characteristics. The velocity curve at SDM for 
the IIHS impact simulation is lagging behind the test, 
which indicates that the FEA model has a softer 
overall response than that of the vehicle. Among all 
the simulated impacts events, MDB no-deployment 
impact, FMVSS214, EEVC, and front door side pole 
impacts have good SDM velocity correlation with the 
available tests, while the Side-NCAP, IIHS, and rear 
door side pole impacts show softer response, as shown 
in the Appendix.  
 

 
Figure 11. FEA model after the IIHS impact test. 

 

 
Figure 12. Velocity histories for IIHS side impact at 
the targeted locations for both simulation and test. 

 
FEA-COMPATIBLE PARAMETERS 

 
One of the objectives of this study is to identify what 
output parameters from finite element analysis 
generally correlate well with test data. These 
parameters are termed the FEA-compatible 
parameters, which are ideally suited for crash sensing 
algorithms if crash simulations will be used in place of 
crash tests for sensing algorithm calibration.  
 
Figures 13 and 14 depict the correlations between the 
simulated and the measured accelerations of the 
FMVSS214 vehicle test at the BSIS and SDM. The 
acceleration data shown in the two figures is filtered 
through a different SAE filtering class, class 60 and 
class 180. Acceleration correlations before the first 7 
msec at the two locations are fair, and the acceleration 
data can potentially be used for safing purpose, if the 
required airbag deployment time for FMVSS 214 is 
within 7 msec. The entire histories of the FEA 
accelerations, however, do not correlate well with the 
test.  
 
Velocity, shown in Figure 15, at both SDM and BSIS 
shows reasonable agreement with the test, and the 
displacements, plotted in Figure 16, shows good 
agreement. It is clearly indicated from the figures that 
the acceleration is not a FEA-compatible measure. A 
similar trend is observed from other types of crash 
events. Complete velocity pulses for other impact tests 
and sensor locations are shown in the Appendix.  
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Figure 13. Acceleration histories, filter with SAE 
180, for FMVSS214 side impact at the BSIS and 

SDM. 
 

 
Figure 14. Acceleration histories, filter with SAE 
60, for FMVSS214 side impact at the BSIS and 

SDM. 
 

 
Figure 15. Velocity histories for FMVSS214 side 

impact at the BSIS and SDM. 
 

 
Figure 16. Displacement histories for FMVSS214 

side impact at the BSIS and SDM. 
 
We summarized our observations on the FEA 
compatibility of each measurement in Table 3. Those 
parameters rated as “fair” or “good” are ideally suited 
for building FEA-compatible crash sensing 
algorithms. 

Table 3.  
FEA compatibility. 

Parameters FEA-
Compatibility 

Jerk at SDM and Satellite Sensors Poor 
Acceleration at SDM (Entire 

Duration) 
Poor 

Acceleration at Satellite Sensors 
(Entire Duration) 

Poor 

Acceleration at SDM (Before 
Airbag Deployment) 

Fair 

Acceleration at Satellite Sensors 
(Before Airbag Deployment) 

Fair 

Velocity at SDM Fair 
Velocity at Front Sensors Fair 

Displacement at SDM Good 
Displacement at Front Sensors Good 

 
 
FEA PERFORMANCE USING EXISTING 
ALGORITHM AND CALIBRATION 

 
Simulations inherently have a higher frequency 
content than the tests. An example of these 
accelerations and their frequency content at the front 
door beam for front door side pole impact is plotted in 
Figure 17. Satellite sensor signals received by SDM 
are also constrained by the sensor resolution and 
frequency of the communication. These constraints 
result in different clipped signals between the tests and 
the simulations. The filtered acceleration magnitude of 
the un-clipped FEA acceleration, shown in Figure 18, 
is higher than the test, while the magnitude of the 
clipped FEA data is smaller. This signal clipping and 
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filtering may produce different sensing performances 
between the test and the simulation, even though the 
FEA velocity correlates well with the test. 

 
Acceleration signals from the tests were first 
calibrated to meet the airbag deployment target times 
using the test data. Algorithms were then used to 
determine the airbag deployment times of the 
simulations without changing the existing algorithms 
and the thresholds. It was observed from this exercise 
that the FEA side sensing system performance was 
comparable with the tests and the development of a 
FEA-compatible side impact sensing algorithm 
becomes more favorable for side impacts sensing 
system.  

 
Figure 17. Test and FEA accelerations and 
frequency contents at the front door beam for the 
front door side pole impact.  
 

 
Figure 18. Test and FEA front door beam 
accelerations of the original and the clipped signals 
filtered through 4-Pole Bessel filter for the front 
door side pole impact. 
 
SUMMARY 
 
We identified and applied the critical modeling 
techniques and guidelines for building a high fidelity 
side impact finite element model for the van vehicle 

that could be used to simulate a suite of side impact 
tests for crash sensing calibration purposes. Using this 
enhanced model, we simulated seven different side 
crash events. Acceleration signals from the tests along 
with corresponding simulation results were calibrated 
to determine the side airbag deployment times without 
changing the existing sensing algorithms calibrated 
based on the tests. It was observed that the FEA side 
sensing system performance was comparable with the 
tests.  
 
From the velocity correlations and calibration results, 
it is strongly suggested that the acceleration data and 
the calculated vehicle velocity and displacement at 
both satellite sensors and SDM can be subsequently 
used in the development of a FEA-compatible sensing 
algorithm. 
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APPENDIX 
 

 
Figure A1. Velocity histories for the MDB no-

deployment impact. 
 

 
Figure A2. Velocity histories for the FMVSS214 

impact. 
 

 
Figure A3. Velocity histories for the Side NCAP 

impact. 
 

 
Figure A4. Velocity histories for the IIHS impact. 

 

 
Figure A5. Velocity histories for the EEVC impact. 

 

 
Figure A6. Velocity histories for the front door pole 

impact. 
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Figure A7. Velocity histories for the rear door pole 

impact. 
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ABSTRACT 
 
In 2006, Transport Policy Council, an advisory group 
of Japan Ministry of Land, Infrastructure and 
Transport (JMLIT) consisting of vehicle safety 
experts, submitted a report on future vehicle safety 
measures to the Minister of JMLIT. 
The projections in this report indicate that the 
number of traffic fatalities and injuries will 
dramatically decrease until 2010. This report also 
sets “zero fatalities” as the ultimate target. 

To achieve this aim, however, it is necessary to 
identify and promote new active safety measures. 
Therefore, near-miss situation data as well as 
accident data, which would be recorded by an on-
board VDR, should be analyzed and evaluated. 
In October 2006, JMLIT organized a panel of experts 
to discuss and develop technical guidelines for such 
VDRs. 
 
Introduction (The Japanese Government’s Stance 
on Measuring Transport Safety) 
 
In 2006, the number of Japan's road traffic accident 

fatalities was registered at 6,352, approaching the 
6,000 mark for the first time in 51 years. Moreover, 
the number of road traffic accidents and injuries both 
declined slightly compared to 2005. However, the 
number of road traffic accidents and injuries both 
remained at levels higher than one million 
throughout this time.  

To improve this situation, the Japanese 
government has set goals for transport safety over the 
5 year period from 2006 to 2010 in its '18th 
Fundamental Traffic Safety Program' as follows: 
- To reduce the number of road traffic fatalities to 
below 5,500 by 2010, and to establish the safest 
road traffic in the world. 

- To build a society having no traffic accidents as an 
ultimate goal. 
 In this report, road construction, road maintenance 
and driver’s education are listed as some of the safety 
measures needed to achieve these goals.  
 In addition to these principles, the Transport Policy 
Council, an advisory group within the Ministry of 
Land, Infrastructure and Transport that consists of 
vehicle safety measurement experts, submitted the 
report entitled ’Vehicle Safety Measures for Building 

Figure1. Traffic Accident in Japan
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a Society Free from Road Traffic Accidents’ to the 
Minister of Land, Infrastructure and Transport last 
June. 
 This report indicates an objective to achieve a 750 
annual fatality reduction in terms of fatalities that 
occur within 30 days of an accident injury ("within-
30-day fatalities") and a 25,000 annual injury 
reduction in 2010 from the 2005 baseline. 
 To continue fatality reductions into 2010 and beyond, 
efforts will be exerted to enhance active safety 
measures. 
 Moreover, this report indicates that in view of future 
developments, such as the advancement of 

information technology and the diminishing youth 
population, the following measures need to be 
undertaken jointly by industry, academia and 
government. 
- To promote vehicle safety measures specifically 

designed to increase the safety of heavy duty 
vehicles; 

- To introduce vehicle safety measures intended to 
build a motor society friendly to pedestrians and 
elders; 

- To formulate vehicle safety measures for reducing 
serious injuries and disabilities in addition to the 
reduction of fatalities and injuries in general.  

 

 
Figure 2.  Schematic of New Target Setting 

 
 
Overview of Current Vehicle Safety Measures 
 
The Japanese government has promoted vehicle 
safety by establishing vehicle safety regulations, 
promoting the ASV (Advanced Safety Vehicle) 
project and improving safety assessment tests. 
 As a first issue, establishing vehicle safety standards 
has been promoted by analyzing accidents and 
evaluating the effect of some vehicle safety devices 
based on a cycle of setting a target, implementing 
safety measures, and evaluating the effect.  
 ASV technology and driver assistance technologies 
such as the adaptive cruise control system, damage 
mitigation braking system, night vision and so on 
have been introduced and commercialized in the 
Japanese market over the past several years. The 
variety of automobile assessment tests has expanded, 
now including the pedestrian protection test and the 
child restraint test.    Regarding collision test results, 
the results of full-lap frontal crash, offset frontal 

crash and side crash tests have been integrated to 
facilitate the comparison of safe vehicle models in 
relation to collision configurations. 
Thanks to the vehicle safety measures in effect, a 
1,250 fatality reduction by 2010 as compared to the 
1999 baseline is likely to be reached. Since the 
number of vehicles incorporating these safety 
technologies will further increase and because new 
safety measures will be added, a further reduction in 
fatalities will be possible. 
However, effective vehicle safety promotion is 

mostly limited to passive safety measures. Because 
active safety technologies aren’t understood well 
enough by users, these technologies don’t spread 
widely. Passive safety technologies, however, are 
commercialized rapidly and widely. 
 In order to evaluate active safety technologies 

quantitatively, it is necessary to calculate how many 
accidents are prevented by this technology. However, 
the existing accident investigation techniques cannot 
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collect data on how dangers have been evaded in 
near miss situations.  
Therefore, the promotion of active safety 

technologies must be supported by the quantitative 
evaluation of their effects, which will necessitate 

further improvements in accident analysis and the 
establishment of performance evaluation techniques 
for new technologies. 

 
 

 
Table1. Commercialized Technologies from ASV Project 

 
 
  

 
Figure3. Profile of Japan's Automobile Assessment 
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Table2. Fatality Reduction Effects of Vehicle Safety Measures (estimates of within-30-day fatalities) 

 
 

 
The Necessity of VDRs  
 

After proving substantially effective, it is 
disconcerting that the passive safety technologies in 
use are predicted to near their maximum potential 
after 2010.  

Also, it is necessary to reduce the number of 
injuries and road traffic accidents by promoting 
active safety technology, instead of passive safety, 
which isn’t expected to reduce the number of these 
well after 2010. 
 To spread the active safety technologies: 
- As a short-term target, expansion of the use of ASV 

technology such as damage mitigation braking 
systems is promoted. 

- As middle- and long-term targets, the effect of 
active safety technologies should be clarified, and 
if some technologies are effective, these 
technologies should be promoted in the market. 

 As the above mentioned, to expand the use and 
accelerate the development of active safety 
technologies, it is necessary to increase vehicle users’ 
knowledge of safety technologies. 
 Therefore, the use of visual drive recorders (VDRs) 
is being considered. The VDRs, installed onboard, 
are designed to record the vehicle conditions (speed, 
acceleration, etc.) and the driver-occupant conditions 
(driving operation, seatbelt use, etc.) during an 
accident or in a near miss situation. 
The VDRs are designed to record, at a certain 
frequency, vehicle behavior in an accident or rapid 
deceleration through video images of the inside and 
outside of the vehicle, as well as deceleration data 
from the ten seconds before and after the point of 
impact.. 
 The VDRs’ data will enable quantitative assessment 
of safety technologies for the promotion of truly 

effective active safety technologies, to enable in-
depth accident analysis using visual data. 
So that MLIT will pay attention to this point, we 
decided to organize a panel of experts as soon as 
possible to establish a technical guideline on the 
basic performance requirements of drive recorders 
and to determine the following: 
- Examination of data items and specifications for 

drive recorders; 
- Method of collecting the data recorded by drive 

recorders in widespread use; 
Method of analyzing the collected data  
 
 
Establishment of Performance Evaluation 
Techniques with VDRs 
 
(1) The spreading situation of VDRs 
 In March 2006, 230,000 taxies were in use in the 
Japanese market. Of those vehicles, 34,000 have 
mounted VDRs and this number is increasing 
continuously. 
 Some taxi companies exert some effort to maintain 
transport safety, through educating their drivers and 
by using recorded data of VDRs.  
 Based on the above situation, to decide the 
specification of VDRs, we refer to the present VDR 
specification that is circulated in the market and that 
has more than ten kinds of different specifications.  
 
(2) Configuration of road traffic accidents should be 
analyzed by VDRs 

In Japan, rear-end collisions account for about 
30% of total injury-inducing accidents. The 
proportion of crossing collisions and rear-end 
collisions to total accidents is more than 50%. 
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Figure4. Road Traffic Accidents by Configuration 
 

 Therefore, using VDRs, we think that it is important 
to evaluate safety devices in relation to rear-end 
collisions and crossing collisions. As a first step, we 
plan to evaluate safety devices in relation to rear-end 
collisions. Specifically, we plan to evaluate braking 
assist systems, damage mitigation braking systems, 
high-mounted stop lamps and so on, as safety devices 
prevent rear-end collisions. The following VDR 
specifications will be evaluated through experiments 
reproducing accidents and so on. 
 
① Specification concerning image quality and 

horizontal visual angle 
Using visual data of VDRs, we have conducted an 

experiment to establish the specification concerning 
image quality and horizontal angles that would make 
it possible to calculate the distance to the vehicle 
ahead and the relative speed of the vehicle ahead. 
In general, when the horizontal visual angle 

becomes wider, it becomes easier to understand the 
outline of the accident. On the other hand, the image 
quality becomes poor, and detailed accident analysis 
becomes difficult. Therefore we have to look for the 
optimal VDR image specification. 
 
 

 
 

Figure5 Experimental situation (car-following). 
 
 

 
Fig.6  An example of the experimental geometry 

of “right-turn” at the intersection without 
“right-turn” lanes. 
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② Specification concerning sampling frequency of 

image and deceleration data 
It is necessary to understand in detail the VDR data 

of rear-end collisions and near miss situations exactly.  
It is therefore necessary to adjust the sampling 
frequency of image and deceleration data. 
 
 

 
 
Figure7  Difference between the "true" curve and 

the recorded one by the visual drive recorders 
(VDRs). 

 
 
Future Issues  
 
The above investigation will be finished by this 

summer. After that, we will start to evaluate safety 
technologies for rear-end collisions. However, it is 
necessary to develop effective active safety 
technologies by further utilizing the data from VDRs. 
To achieve this goal, we need to discuss the follows 
items. 
 

(1) Method of collecting the data recorded by 
VDRs in widespread use 

If we promote evaluation of active safety 
technologies with VDRs, it is necessary for drivers 
who attached VDRs to cooperate voluntarily. In 
order to conduct this investigation practically, we 
need sampling data of vehicles that have active safety 
devices such as a braking assist system or a damage 
mitigation braking system. However, it is very 
difficult to collect the data, because the number of 
vehicles with mounted active safety devices is very 

small. Therefore we need to discuss the method of 
collecting the data efficiently.  
 
(2) Method of analyzing the collected data 
The data collected by VDRs occupies huge memory 

space for the included visual data. Moreover, each 
VDR manufacturer formats the visual data differently. 
Therefore we need to discuss the method of 
analyzing the collected data easily. Whether the 
format of every manufacturer’s data should be 
unified will be addressed in this discussion. 
 
(3) Sustainable analysis by using the collected data 
We need to discuss the overall framework for 

sustainable analysis by using the collected data, as 
well as for the above implementation, examination, 
collection and analysis. 
Actually, we intend to utilize VDR data to analyze 

traffic accidents at ITARDA (Institute for Traffic 
Accident Research and Data Analysis). 
 
 
Conclusion (Summary) 
  
We should expand the use and accelerate the 

development of active safety technologies, to 
promote the measurement of traffic accidents by 
vehicle safety technologies. 
However, it is difficult to show quantitative effects 

of active safety technologies, which differ from the 
effects of passive safety technologies. 
 Recently, given the rapid advancement of electronic 
information technology and the development of new 
technologies such as VDRs, the establishment of 
quantitative methods for measuring the effect of 
active safety technologies is expected. 
By the middle of this year we will decide the 

specification of VDRs; after that we will promote 
this project. 
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ABSTRACT 
 
The objective of this traffic safety investigation was 
to find critical road sections using Post- and Pre-
accident analysis approaches. The Post-accident 
approach analyzes the effect of road geometric 
characteristics on accident rate. The study was based 
on accident and road maintenance data in Western 
Sweden. A total of 2912 accidents from 2000 to 2005 
on 1615 km median-separated roads was collected 
and combined with road characteristics (Speed, 
carriageway width, AADT, vertical and horizontal 
alignments, superelevation) for analysis (Post-
accident approach).  
The statistical analysis showed that road 
characteristics have great effect on accident ratio (AR 
defined as number of accidents per million vehicle 
kilometer 

• AR and injury severity increase with 
increasing speed limit. 

• A carriageway of 5,8m has the lowest AR, 
with a distinct tendency for AR to decrease 
with lane widths greater than 5.8m. 

• AR decreases with increasing radii of curve 
for right and left-turn curves. Left-turn 
curves have higher AR than right-turn. 

• Road sections with left-turn curve radii of 
less than 100m have highest AR; they are 
four times as high as those with curve radii 
greater than 500m and twice as high as 
right-turn curve radii less than 100m.  

• The lowest AR were observed for 
superelevations of 3-4%. AR increases when 
superelevations increase or decrease from 3-
4%.  

• AR on downgrades is higher than on 
upgrades. 

In a Pre-accident approach the IST-Checklist method 
2005 has been used. A tool based on human behavior 
that assesses a place or a road section’s inclination to 
trigger accidents. The purpose was to investigate 

applicability of IST on Swedish roads and then using 
it to find critical road sections. The results show that 
the method doesn’t function as expected for blind 
tests made on Swedish road sections which showed 
weak correlation between real accidents and IST 
results. 
The investigation approach and results are useful  
input for designing future active safety systems such 
as ABS and ESP that are sensitive to the road 
characteristics. 

 

INTRODUCTION 
 

Background 
 
Road safety engineers are faced with the challenge of 
addressing safety issues within the three major traffic 
safety pillars: human, vehicle, and infrastructure. All 
three aspects must be part of a traffic safety plan and 
dealt with subject to budget limitations. 
Consequently, the cost efficiency of systems and 
countermeasures are decisive factor for policy 
making. 
The European Commission (EC) funded RANKERS 
project (Ranking for European Road Safety) in the 6th 
Framework Research Program. The ambitious 
objective of this project is to develop scientifically-
researched guidelines enabling optimal decision-
making by road authorities in their efforts to promote 
safer roads and eradicate dangerous road sections. It 
was also designed to gain new knowledge by 
performing research and empirical studies of the 
road’s interaction with the driver and their vehicle in 
order to identify optimal road recommendations and 
predict their impact on safety. The main output of the 
project will include an index used for assessing and 
monitoring road safety and a comprehensive 
catalogue of road infrastructure safety 
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recommendations ranked according to their cost-
effectiveness [1]. 
 
This road safety analysis is a part of RANKERS 
project. Its main purpose is to find areas with clusters 
of problems (black spots) and dangerous road 
sections by defining a methodology to better 
understand road characteristics that leads to traffic 
accidents. 
Studying and analyzing accidents data on selected 
roads is the starting point to determine black spots. 
Finding road characteristics where most of the 
accidents occurred, a Post-accident approach is the 
method which has been used in this paper to find 
correlations between road geometry parameters and 
accident rate. 
Another strategy to find black spots is from a human 
behavior perspective studying and analyzing traffic 
situations to evaluate how safe a road is to drive on. 
This  pre-accident approach uses a tool called the 
IST-Checklist method 2005. The IST method has 
been developed by Intelligent System Transfer in 
Potsdam. It has already been applicable and 
successfully applied on parts of the German road 
network [2]. 
 
The idea behind applying the IST checklist is to 
examine its functionality on Swedish road network 
and apply it afterwards on the selected roads. The 
IST checklist is applied on a place or a road section 
to analyze its inclination to trigger accidents from 
human behavior knowledge. The evaluation is based 
on a checklist where the results suggests treatment 
actions. Another idea behind the IST checklist is to 
improve and gain new skills- and guidelines for new 
constructions to avoid accidents in the future [3].  
 

Objective 
 
The objective of this study was to use post- and pre-
accident approaches to find critical road sections. A 
Post-accident approach was to evaluate the effect of 
the main road geometry characteristics on accidents, 
in other words to quantify and test possible changes 
in accident rate on roads where their geometrical 
parameters change. To achieve this aim the existing 
data stored by road administration, police and 
hospitals have been used. 
In Pre-accident approach the IST-Checklist method 
2005 has been used as a tool used to analyse traffic 
safety on the basis of human factors. It analyses the  
road environment's inclination to trigger traffic 
accidents.  Evaluation of the IST checklist was to 

assess if the tool can be used on the Swedish road 
network in the future. 
 

Limitation 
 

Accident data was limited to personal injury 
accidents, while the road types of were limited to 
median-separated public roads in the western region 
of Sweden. The period of investigation was 6 years 
(2000-2005). Only the effects of the following 
parameters on accident rate have been addressed: 
speed, curvature, carriageway width, super elevation, 
and road grade. 
From human behavior perspective the IST checklist 
2005 method, has been tested only on two road 
sections of a total length of 5.6 km to evaluate and 
blind test their safety levels according to IST. 
 

METHODOLOGY 
 
Two different parallel methods have been used to 
achieve the mentioned objectives of this study, 
detailed methodology for each of them is explained 
separately in the following sections.  
 

Post-Accident Approach 
 

Existing accident and maintenance databases have 
been used to find correlations between road geometry 
characteristics and accidents. The maintenance data 
was from the Swedish Road Administration (SRA) is 
stored in a database called PMS (Pavement 
Management System) while accidents reported by 
police and hospitals collected in databases OLY and 
STRADA. 
After choosing an area and a period of investigation 
the analysis method was carried out in four phases: 1- 
Collecting accident data, 2- Collecting road 
characteristics data, 3- Locating accidents and 
combining them with the road data, 4- Analyzing 
collected-combined data statistically to locate and 
identify black spots. 
For evaluation of the effects of the road parameters, 
simple and multiple regression techniques were used, 
in which accident data was the dependant variable 
while geometry parameters were independent 
variables.  For the results to be considered 
significant, final regression equations were to have 
regression coefficient, R2, that was significant at the 
0.05 level for simple regression analyses. In multiple 
regression analyses, each of the independent 



   
  Othman 3 

variables included in the equation had to have R2 that 
was significantly different from 0 at the 0.05 level.  
 
     The Region of Investigation was the Western 
region of Sweden which has been chosen for the 
investigation due to weather variations which are 
comparable with other regions in Sweden. Another 
reason is the amount of traffic on the selected public 
roads is 36% of the total Swedish traffic flow.  
 
     Accident Data have been collected from two 
national accident databases, OLY (Accident 
Database) and STRADA (Swedish Traffic Accident 
Data Acquisition). Both databases contain only 
personal injury accidents. OLY contains accidents 
based on police reports until the end of year 2002. 
After that OLY has been replaced by STRADA 
which is based on reports from police and hospitals to 
minimize accident reporting loss. Through the 
hospital report acquires a better picture of the injury 
severity [4] is also achieved. The accidents known by 
both the polis and hospitals are matched in the 
database.  
In 2000-2005, a total of 3599 road traffic accidents 
involving personal injury (including fatal, severe and 
slight injuries) were reported to the databases. Of 
these, 690 accidents have been excluded due missing 
road data for accident location, or non-criteria 
accidents.  
For every reported accident the following 
information has been recorded in both the OLY and 
STRADA databases: accident ID, date, type, place- 
and description, number of killed, severe and light 
injuries, weekday, time, road condition (wet, dry or 
snow) and lighting conditions.  
Locating accidents are different in both databases. 
OLY uses start and end nodes and the accident 
locations are given as a distance from the start node 
to the accident location. STRADA is a GIS-based 
system (Geographical Information System) which 
permits mapping tools to locate accidents during both 
the  registering and analyzing of data.  
 
     Road Data for the specific types of roads has 
been targeted to fulfill RANKERS project guidelines, 
which is separated-median public roads. The total 
length of the selected roads in 2005 was 810 km 
including 480 km motorway, 47 km 2+1 semi-
motorway, 15 km semi-motorway and 147 km 4-
laneway.    
Sources used to collect road data were the PMS 
(Pavement Management System) and NVDB 
(National Road Database) databases, which are 
owned and maintained by the Swedish Road 
Administration (SRA).  
 

     The PMS (Pavement Management System) 
contains data for the road and its surface condition. 
Its main function is to supply information about road 
surface and road geometry which can be used to 
identify optimum maintenance strategies (repairs and  
rehabilitation activities). The system is to support 
decisions concerning when, where, and what 
countermeasures should be taken on paved roads. 
However it must be emphasized that the purpose of 
the system is not explicitly used for safety analyses. 
Annual road measurements are collected with a 
special survey vehicle, Laser Road Surface Tester 
(Laser RST). The Laser RST scans and measures the 
transverse profile of the road at varying speeds up to 
90 km/h with 17 laser sensors. They are placed on a 
support beam at the front of the test vehicle.  The 
collected data is processed and verified according to 
purpose-designed statistical and mathematical 
procedures. 
The parameters collected/calculated from the Laser –
RST sensors are wheel rut, IRI (International 
Roughness Index), super elevation, curvature, texture 
and grade.  They are stored for every 20 m road 
length. The database is completed with other road 
traffic information such as speed limit and AADT 
(Annually Average Daily Traffic).  
The PMS database is constructed with links which 
they have unique ID. The links are assembled 
together by joints (knot point). Every joint represents 
a junction or an interchange. 
To take advantage of the database for traffic safety 
purposes, measurements at accident locations have 
been extracted and recorded together with the 
accidents for further analysis. The chosen parameters 
are speed limit, carriageway width, curvature, super 
elevation and grade.  
 
     The NVDB (National Road Database) consists 
of road links connected to each other by joints (in the 
same way as PMS). Furthermore the links are divided 
into several sections. These sections are components 
of NVDB and every section has a unique ID. The 
nodes have identical names in NVDB and PMS 
which enable data interchange between them. 
NVDB contains a huge amount of data which 
describes roads and traffic regulations.  Presently just 
a small part of this data is of interest for accident 
analysis. Surface layer material and carriageway 
width are the only parameters in NVDB which 
describe roadway.  
Using NVDB in this study was limited to the speed 
limit for OLY accidents and road opening day to 
make sure that the accidents have occurred on the 
desired type of roads. 
Another use of NVDB is for boundary marking 
desired roads at STRADA then picking up 
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corresponding accidents. Other interested attributes 
in NVDB are also available at PMS in more detail 
such as road type.  

 
     Combining Accident- Road Data has been done 
manually. Accidents during 2000-2002 were 
collected from OLY manually, while the rest (2003-
2005) were gathered from STRADA with help of 
ArcGIS software. The collected accidents had to be 
completed by road data from PMS and NVDB for 
analysis. This part was the most time consuming in 
the method. The procedure began with selecting 
relevant accidents; deciding associated roads with 
driving direction and afterwards collecting road 
information for the accident locations. The road 
information had to be measured the same year when 
the accident occurred so that effect of road 
parameters on accidents could be studied.  

 
After removing accidents that hadn’t occurred on 
relevant roads and those that occurred before the 
road's opening day, a total of 1057 accident have 
been collected from OLY ( OLY were in paper 
document form), while 1855 accident were collected 
from STRADA. 
The next step was to provide and connect road data, 
from PMS and NVDB databases, to the data 
extracted and collected from OLY and STRADA. 
The step has been implemented manually [8].   
Connecting accidents to road data can be done also 
by using a automated method called ArcMap handle 
[9]. ArcMap handle had been applied to some 
collected accidents in order to compare it with the 
manual method. It was found that the automated 
method is faster and more effective than the manual 
method, but it is less accurate. About 15% of 
accidents ended up being reported for the wrong 
direction of the road while 87 accidents (3.7%) were 
connected to wrong roads.  
 
     Several Parameters were used in the subsequent 
analysis; orientations of parameters are referenced to 
the vehicle's original travel direction. Relevant road 
data were:- 

• Speed limit (50,70,90 or 110) km/h 
• Road type (motorway, expressway, 

expressway 2+1, normal 2+1 and 4-
lanesroad) 

• Annual Average Daily Traffic (AADT 
which provided by SRA for years 2002 and 
2005, interpolation has been used for other 
years) 

• Carriageway width, W, [m] (Classified to 
four groups, W≤5.8 m, 5.8 < W ≤ 7.5 m, 
8<W ≤ 11.7 m and W ≥ 12 m. 

• Curvature, classified to left and right- curves 
and analyzed in terms of radius of curve [m] 

)1(
10000

][
Curvature

mcurveofRadius =

. 
Right and left curves divided according to 
length of the radius: greater than 1500, 
1000, 500, 200 and 100 m.  

 
• Grade divided into up and down-grades, 

where they subdivided to: 0 – 2%, 2 – 4% 
and 4 – 6%.  

• Super elevation classified to negative and 
positive-super elevations, while each of 
them divided to: 0 – 1.5%, 1.5 – 2.5%, 2.5 – 
3%, 3 – 4%, 4 – 5% and   ≥ 5%.  

 
The assignment of accident location by the police at 
the time of accident was not always precise. Errors of 
up to a couple of hundred meters can occur in 
accident localization. But accident localization can be 
considered as normal distributed around the real 
accident location. [5]. Because of this, an average 
value of around 200 m (100 m before and 100 m after 
the 20 m section where the accident occurred) has 
been taken for the mentioned parameters.  
 
In the rest of sections where no accidents occurred, a 
mean value has been taken for the road parameters. 
In this case length of sections varies between 150 and 
400, which is length of the NVDB sections.   

Pre-Accident Approach (IST-Checklist) 
 
     The IST-Checklist Method was different from 
post-accident approach and was based on conflict and 
consequences.  The IST-Checklist, pre-accident 
approach, takes the human behaviour into account to 
identify spots which can trigger accidents. The 
evaluation is made with IST-Checklist 2005 
”Exercise Booklet” – a checklist with Yes/No answer 
to the relevant questions. The result is numeric where 
a low result indicates that a critical spot or section of 
road has a tendency to trigger accidents. The 
evaluation can be used as a ground for decision 
making. Certification in the method is required to 
perform the analysis. The IST-method includes 
sections before and after accident location in 
analyzing, rather than the spots where the accidents 
occurred [3]. For example, it assumes a driver 
requires 4-6 seconds to come to a right decision 
during driving when a crucial situation comes up.  
Therefore, the analysis section starts from the critical 
point to several meters before the point, depending on 
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operating speed. IST has classified trigger factors and 
divided into three groups, axioms:  
 
     300-Meter-Axiom is the first rule and it treats the 
section up to a straining/decision point. The axiom is 
named after the length of the section that the driver 
needed to prepare before the straining/decision point. 
The length of the section is variable depending on 
driving speed and reaction time of the driver (See 
Figure 1). The axiom is divided into [3]: 

• Moderation of the transitional area. 
• Straining point’s perceptibility.  

 

  
Figure 1.  300-m-axiom [2]. 
 
     Field of Vision Axiom treats the roadway/ 
environments capability to create a simulating 
environment for the driver. The road with its 
environment together offers an integrated field of 
view which either stabilizes or destabilizes driver’s 
behavior. For example a monotone environment 
cause fatigue which leads to speed increase or 
misdirection due to nonparallel lines or fences with 
the driving direction. This axiom is divided into three 
areas[3]: 

 
• Optical density of the field-of-vision  
• Lateral space structure  
• Depth of space structure  

 
 
     The Logic Axiom treats driver’s perception logic 
and road design. The road design has to be in 
accordance with the drivers expectations. For 
example if a road section looks or feels as a 
motorway, the real driving speed would be high 
(motorway speed) regardless the road’s speed limit. 
The logic axiom is divided into five areas [3]: 

• Avenue/town entrance effect  
• City bypass irritation  
• Effects of habits and routine  

• Accumulation of straining points 
• Signing  
 

     A Blind Test was carried out to evaluate the 
”IST-Checklist 2005” on the Swedish road system. 
This was done by comparing the results carried out 
from the checklist with the number of actual 
accidents on the road. 
The IST checklist was implemented on a main road 
between Gothenburg and Stockholm. The road is a 
primary type 2-lane rural road of width 12 m , AADT 
of  10 000- 13 000 vehicles/day and speed between 
70 – 90 km/h. 
Two different road segments, A and B were chosen, 
one with many accidents and the other with few. The 
road sections have been documented in the form of 
photographs at a frequent interval of 20 m length. 
The next step was to identify straining points and 
divide the sections into segments. Section A, 3.6 km, 
was divided into 13 segments while section B, 2 km, 
was divided into 6 segments. All segments have been 
evaluated with the IST-Checklist to determine the 
safety level predicted in terms of numeric results. The 
last step was to assess the IST checklist by 
calculating correlation, using statistical analysis, 
between the numeric results of the evaluation and 
real accident data. Real accident data of the sections 
have been collected from STRADA. Accidents which 
were not a result of human factors have been 
excluded such as wildlife accidents and alcohol/drug 
related accidents.  

ANALYSIS and RESULTS 
 

Post-Accident Approach. 

 
     Statistical Results visualized in Figure 2  show 
the absolute number of accidents distributed over the 
six years of analysis. From the illustration it is clear 
that the length of the main roads increased yearly 
which partially explains an increasing number of 
traffic accidents in the region annually. However, this 
trend of increasing number of accidents does not 
mirror hazardousness inclination of the roads since 
other factors such as length of road section and 
AADT have not been taken into consideration. A 
short road section with little traffic flow could be 
more dangerous than a longer one with more traffic 
although the first causes less number of accidents. 
More about accident investigations are discussed in 
section 5. 
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Figure 2.  Number of accident together with main 
road length during the investigation period. 
 
By dividing accidents according to accident types   
Figure 3 shows that rear-end and single accidents 
were the dominating accident types representing 49% 
and 32% respectively followed by overtaking, 
turning, pedestrian, crossing, head on and 
cycle/moped accidents. 
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Figure 3.  Distribution of accident type. 
 
     Accident Investigation by comparing the 
absolute number of accidents does not make much 
sense because of differing comparative conditions. 
Under comparative conditions, however, it is 
understood that section length and traffic volume 
exhibits an influence on the accident situation. For 
instance, the longer the roadway section is, the higher 
the accident possibilities are. Similarly, the higher the 
traffic volume is, the higher the accident possibilities 
are. Therefore, the length of investigated section and 
the traffic volume on that section (that is, vehicle 
kilometer traveled) must be considered in 
comparative accident investigations. 
Accident rate (AR) is one way to normalize the 
results. It considers the length of a roadway section 
and the traffic volume to allow a direct comparison of 
different roadway sections with respect to traffic 
safety [6]. Accident rate (Equation 2) is accident per 
Million Vehicle Kilometer (MVKm).  
 

)2(10
365

10 6
6

kilometersvehicleperaccidents
LTAADT

accident
AR

×=
 

Where: 
AR      = Accident rate 
AADT = Average annual daily traffic. 
L      = Length of investigated section, km 
T      = length of investigated time period, yr 
365       = number of days/yr 

 
After determining AR; statistical methods have been 
used to analyze the processed data including 
histogram graphs, simple and multiple linear 
regression analysis. 
In examining the whole period, Figure 4 shows that 
AR is almost constant the first three years then 
increases rather strong after that. The substantial 
increase of AR in the year 2003 is most likely due to 
less accident report loss in STRADA rather than the 
roads have become more dangerous. From the year 
2003 accidents from both police and hospitals have 
been reported to STRADA while before that only 
police reported traffic accident registered in OLY. A 
total of 297 (16%) could have been lost if only police 
reports considered in the last three year accident 
collection.  
 

 
Figure 4. Accident rate on the main public roads 
in the Western Region of Sweden. 
 
A comparison of the AR for various types of roads is 
done; Figure 5 reveals that motorways are safer than 
four-lane and 2+1 roads. However the AR for four-
lane and 2+1 roads are almost equal.  
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Figure 5.  Accident Rate for different road types. 
 
Figure 6 shows the outcome, in terms of injury 
severity, of the injured persons in the crashes 
investigated (based on police report information). 
The rate for killed persons have decreased to more 
than half in the year 2005 in relation to the first three 
years of analysis. Also severe injuries has decreased 
generally, apart from a deviation in the year 2005 in 
which the rate has increased compared to years 2003 
and 2004. The light injury rate increasing is 
explained by the fact that accident rate has increased 
in the last three years (See Figure 6) fatal and severe 
injury rate have decreased. Light injuries increased 
on all three road types in the last three years, mainly 
on four-lane roads, while severe injuries decreased 
mainly on motorways. Fatalities have decreased 
generally on four-lane and motorway roads.   
 

 
Figure 6.  Injury severity rates during  six years 
period 
 
     Linear Regression Analysis is a statistical 
method for modeling the relationship between two or 
more mentioned variables using simple and multiple 
linear equation. Simple linear regression (Equation 3) 

refers to a regression on two variables while multiple 
linear regressions (Equation 4) refers to a regression 
on more than two variables. A statistical software 
program, SPSS, has been used in regression analysis 
to find the effect of road attributes on accident rate. 
The dependent Y-variable represents accident rate. 
Independent X-variables included road speed limit, 
carriageway width, curvature, grade and super 
elevation. 
 

)3(XbaY ×+=  

)4(321 L+×+×+×+= XdXcXbaY  

 
Confidence of the result indicates in terms of 
significant value (P). The correlation was considered 
significant if (P) is zero or 5 % different from zero 
[7]. The correlation coefficient R2  only gives a guide 
to the "goodness-of-fit" or how closely variables X 
and Y are related. It does not indicate whether an 
association between the variables is statistically 
significant.  
Expressroads haven’t been considered in the 
following analysis due to the insufficient number of 
accidents. Most of the accidents have been excluded 
due to lack of road information. The following 
relationships have been drawn between design and 
traffic-related variables and accident history of 
analyzing road parameters. 
 
     Influence of Speed Limit on accident rate (for all 
three road types) showed that the accident rate 
increases as speed limit increases from 70 to 110 
km/h. However when the speed limits decreases from 
70 to 50 km/h accident rate increases.  As expected, 
the injury severity increases with increasing speed 
limit for motorway and four-lane road accidents. The 
selected equations have strong regression coefficient 
R2 (0.64 to 0.99). However the least significant value 
P; was found for motorways, 0.1. 
 
     Influence of Carriageway Width on accident 
rate was the following: 

• Carriageway width up to 5.8 m has the 
lowest accident rate; they usually are one-
lane roads. Accident rate was up to 3 times 
less than other carriageway widths. 

• A distinct tendency for accident rate to 
decrease with increasing lane width greater 
than 5.8 m.  The regression coefficient R2 

was 0.86. However value of P was 0.24. 
• Road categories with, 5.8 < W ≤ 7.5 m, had 

the highest accident rate. This category 
represents mostly two-lane roads without 
shoulder or with a narrow one ( See Figure 
7). 
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Figure 7. Influence of carriageway width on 
accident rate. 

 
     Influence of Curvature on accident rate has been 
shown in Figure 8. Statically analyzing left and right 
curves separately showed unchanged tendency of 
accident rate on curves for radii greater than 1500 m 
including straight sections. However a clear change 
of accident rate was noticed on curves with radii less 
than 1000 m as follow: 

• Accident rate decreases with increasing radii 
of curve for both right and left curves with  
R2, 0.7 and 0.88 and P value 0.16 and 0.19 
respectively,  

• Left-turn curves have a higher accident rate 
than right-turn curves. 

• Road sections with left curve radii of less 
than 100 m have accident rate that are twice 
as high as road sections with right curve 
radii less than 100 m.   

• Road sections with left curve radii of less 
than 100 m have accident rate that are four 
times as high as those on sections with curve 
radii greater than 500 m. 
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Figure 8.  Influence of curve radius on accident 
rate. 
  

     Influence of Grade on accident rate showed: 
• The accident rate on down grades is 

slightly higher than that on upgrades. 
• Upgrades have little effect on accident 

rate, while accident rate increases with 

increasing downgrade with R2 equal to 
0.7, however the correlation is not 
statistically significant, P = 0.36. 

• A sharp increase in accident rate on 
downgrades greater than 4 percent.   

 
     Influence of Super Elevation on accident rate 
resulted (See Figure 9): 
 

• Super elevations of between ±3 and ±4 
percent exhibited the most favorable results.  

• Accident rate increases significantly for 
superelevations greater and less than the 
favorable percent, ±3 to ±4. The correlation 
coefficients, R2, are generally high. 
However, only increasing accident rate were 
observed for decreasing negative super 
elevation (less than the favorable value) is 
statically significant with a P value of 0.02. 

• Negative super elevations have higher 
accident rate than positive super elevations.  

• 0 – 1 percent negative super elevations and 
positive super elevations ≥ 5 percent have 
the greatest accident rates which are about 
twice as high as that on the favorable 
percent, ±3 to ±4.  

 
Figure 9.  Influence of super elevation on accident 
rate 
 
There was no significant correlation between traffic 
accident rate and road parameters together, when 
multiple linear regression analysis was applied to the 
collected data for all road types. The relationship did 
not become stronger when the SPSS program was 
allowed to choose parameters that together have 
influence on accident rate.  
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IST-Checklist Method 2005 
 

Statistical analysis showed weak correlations 
between the low IST Checklist 2005 results and high 
accident frequency. The method should predict high 
accident rates when the checklist numerical scores 
are low. The overall correlation between IST and 
both sections was 0.05. Correlations increased 
slightly, but were still weak, when sections A and B 
analyzed separately. Results were -0.15 and 0.36 
respectively. 
When analyzing the sections separately according to 
driving direction,  correlations for section A, east and 
west  were -0.10 and -0.35, respectively  while 
section B results were 0.63 and 0.03. 
 

DISCUSSION  and CONCLUSION 
 

Post-Accident Approach 
 

A Post-accident analysis approach was based on 
accident and road data. It is well known [10] that the 
reporting of injury accidents in official road accident 
statistics is incomplete. The fact that reporting is 
incomplete does, by itself, not introduce any bias in 
studies evaluating the relationship between road 
characteristics and accident rate. Results can be 
biased, however, if the level of accident reporting 
changes over time (relevant to before-and-after 
studies). 
The locations of the accidents were only those 
provided by the police. An explicit assessment of the 
level of estimation, and its variation, is almost never 
done. It is, unfortunately, not possible to remove or 
control for this potential source of error. However to 
minimize effect of the errors; an average value of 
around 200 m has been taken for the road parameters. 
Another problem in determining the location of 
accident is when the reason of accident is not where 
the vehicle is stopped, which means that road 
measurements of another section should have used 
for analyzing the accident.  
The Pavement Management System (PMS) was not 
fully accurate for estimating accident locations.  In 
measuring the same road section, annual variations in 
the road geometry measurements were noticed. 
Parameters such as curvature, superelevation and 
grade have to be constant for the road section unless 
the section has been repaved or reconstructed. The 
200 m average used in this study reduces the effect of 
this error source. On the other hand several sections 
had no measurements registered in PMS especially at 

motorway exit and slipways which led to excluding 
10% of total collected accidents. Most of the sections 
of interest were on expressroad sections which have 
not been analyzed due to few numbers of accidents.  
The roads chosen for analysis (Motorway, 2+1way 
and Four-lane roads) are among the safest road types 
in Sweden [11], therefore finding black spots on such 
roads was not an easy task. 
Further investigation is required to study correlation 
between road surface data (unevenness, wheel rut and 
road condition) and accident rate. 
 
The statistical relationship results generally showed 
high correlation coefficients, R2. The main findings 
of the post-accident research presented in this 
approach can be summarized as follows: 
 

• There is a strong statistical relationship 
between speed limit and accident rate, when 
the speed limit increase, 70 – 110 km/h, the 
accident rate and the severity of injuries will 
almost always increase. However when the 
speed limit decreases from 70 to 50 km/h, 
increases accident rate.  

• Carriageway width less than 5,8 m has 
lowest accident rate, while two lane 
carriageway without shoulder or a narrow 
shoulder ,5.8 < width ≤ 7.5, is the most 
dangerous. 

• Accidents cluster at curves and left turn 
curves with radii less than 100 m. 

• Superelevations of 3-4% are in the safest 
range. Accident rate increases with roads 
deviating from this range.  

• Grade has a low effect on accident rate 
however downgrade road sections have 
slightly higher accident rates than upgrade 
sections.  

 

Pre-Accident Approach 
 
The safety tool “IST-Checklist method 2005” which 
is based on human behavior is a simple method as it 
is based on a checklist with Yes/No questions. 
However the method is very time consuming when it 
is applied to long road sections.   
The results of this research indicate that the method 
does not function as expected; blind tests made on 
sections of a Swedish road show a low correlation 
between real accidents and a low result from the IST-
Checklist 2005 method. This result doesn’t mean that 
the method is not applicable as a safety tool. The 
result, more likely, can be explained by a number of 
reasons - the main one being that due to the ‘human 
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side’ of this method, the analysis is highly subjective 
and therefore open for individual interpretation. 
However, it is the authors’ opinion that the method is 
useful in analysing traffic accidents due to its 
consideration of a large number of important factors 
when it comes to traffic safety and road design. Other 
possible error sources are division of segments from 
straining points, errors in accident statistics and the 
omission of traffic flow (AADT). The latter is highly 
relevant for safety comparisons between road 
sections.  
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ABSTRACT 

In the mid-1990s, seat belt load-limiting devices were 
introduced on many new passenger vehicles equipped 
with front airbags. These devices are intended to re-
duce belt-induced injuries such as rib fractures by 
allowing forward movement of occupants’ torsos 
when belt loads exceed some threshold. Load limiters 
have been shown to reduce thoracic injury risk in 
controlled experiments with cadavers and in full-
width rigid barrier frontal crash tests.  

The Insurance Institute for Highway Safety has 
evaluated many vehicles equipped with load limiters 
in 64.4 km/h (40 mi/h) frontal offset crash tests. Re-
sults indicate that in some crash circumstances the 
amount of forward movement allowed by load limit-
ers could increase the risk of head injury from con-
tacts with vehicle interior components. Thus, al-
though load limiters perform well in rigid barrier 
tests with high deceleration, short duration, and low 
intrusion, the forward movement they allow in 
crashes with longer duration and higher intrusion 
may increase head injury risk. 

To examine the effects of load limiters on driver 
fatality risk in real-world crashes, the present study 
compared rates of belted driver deaths per vehicle 
registration before and after load limiters were added 
to seat belts. Study vehicles were restricted to mod-
els and years with no other significant design 
changes. Fatality rate comparisons for passenger cars 
with and without load limiters suggest these devices 
have not reduced fatality risk and even may have 
increased risk. 

Also presented in this study is a review of a small 
number of cases from the National Automotive Sam-
pling System that illustrate how increased occupant 
forward movement can contribute to head injury risk 
even in vehicles with front airbags. 

INTRODUCTION 

Seat belts are the single most important safety feature 
of any passenger motor vehicle. They have been es-
timated to have saved more lives since 1960 than all 
other crashworthiness design features combined (Na-
tional Highway Traffic Safety Administration 
(NHTSA) 2005). However, many studies have shown 
that seat belts can contribute to thoracic injuries un-
der certain loading conditions, especially among 
older occupants (Augenstein et al., 1999; Dalmotas, 
1980; Hill et al., 1992; Niederer et al. 1977; Patrick 
and Andersson, 1974). Several patents filed as early 
as the 1950s and 1960s described methods of limiting 
the magnitude of belt loads to reduce the risk of these 
injuries (Viano, 2003). The major drawback of these 
technologies is that they must sacrifice occupant cou-
pling to the vehicle by allowing forward movement 
of the occupant’s torso, increasing the risk of head or 
chest contact with the steering wheel or other vehicle 
interior components. As a result, it was not until front 
airbags were installed as standard safety equipment 
that automobile manufacturers began to equip pro-
duction vehicles with seat belt load limiters in large 
numbers. Although airbags provide additional occu-
pant protection against contacts with the vehicle inte-
rior, they may not eliminate the risk associated with 
large amounts of increased forward movement in 
many serious frontal crashes. 

Prior Research on Load Limiters 

Cadaver tests – Cadaver testing has examined the 
potential of load-limiting seat belts in combination 
with airbags to mitigate thoracic injuries. Kent et al. 
(2001) conducted seven cadaver tests and found a 40 
percent reduction in the average number of rib frac-
tures for belts that limited loads to 3.5 kN compared 
with standard belts that did not limit loads. Cadaver 
subjects averaged older than 60 years and were posi-
tioned to avoid potential hard head contacts. Crandall 
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et al. (1997) conducted six cadaver tests and found a 
58 percent reduction in the average number of rib 
fractures for belts that limited loads to 2 kN com-
pared with standard belts. Cadaver subjects averaged 
57 years old, and although no hard head contacts 
were observed in tests with either standard or load-
limiting belts, forward head excursion averaged 42 
percent greater in tests with load-limiting belts. Kal-
lieris et al. (1995) conducted tests with five cadavers 
averaging 50 years old, two restrained with a stan-
dard belt and three restrained with a 4 kN load-
limiting belt. Fewer thoracic injuries per subject were 
observed in tests with load-limiting belts (three total 
rib fractures among three subjects) compared with 
standard belts (three rib fractures among two sub-
jects). Differences in the amount of forward head 
excursion were not reported. 

Field studies – Field studies also have examined the 
effects of load limiters on injury risk. An early field 
study in France examined load-limiting seat belts in 
Renault and Peugeot vehicles (Foret-Bruno et al., 
1978). Belt stitching near the upper anchorage points 
in these vehicles was designed to tear under load to 
introduce additional webbing into the belt system. 
The study correlated the amount of belt load to the 
risk of occupant thoracic injury. Among the findings 
were that occupants younger than 30 could sustain 
belt loads of 7.4 kN without any thoracic injury, but 
occupants older than 50 were susceptible to injury at 
lower belt loads. Mertz et al. (1991) later used these 
data to establish risk curves for Hybrid III dummy 
chest compression associated with seat belt loading. 

In 1995, Renault vehicles were equipped with a new 
type of limiter that mechanically deformed under 
load, limiting belt forces to 6 kN. Foret-Bruno et al. 
(1998) combined crash data for vehicles equipped 
with the new limiter with cases involving the vehicles 
manufactured in the 1970s. Only 6 percent of the 256 
total cases involved vehicles with airbags, and head 
injury risk was not reported. Risk curves were estab-
lished to correlate shoulder belt loads with thoracic 
injury risk. A very strong dependence on age was 
found; the risk of AIS 3+ thoracic injury reached 50 
percent with shoulder belt loads of less than 4 kN for 
80-year-old occupants but more than 9 kN for 20-
year-old occupants. The injury risk curves also were 
compared with those developed from 209 cadaver 
sled tests conducted in the 1970s. Belt loads associ-
ated with a specific level of injury risk were 2 kN 
lower in the cadaver tests than in the field cases. The 
authors suggested that belt load thresholds developed 
from cadaver tests may be low, possibly due to be-
low-average bone strength for the post-mortem hu-
man subjects. According to the injury risk curves 

developed from the field data, limiting shoulder belt 
loads to 2 kN (as suggested by Mertz et al. (1995) 
and used in the cadaver tests conducted by Crandall 
et al. (1997)) would produce less than a 10 percent 
risk of AIS 3+ thoracic injury for 80-year-old occu-
pants and essentially zero risk for younger occupants. 

Foret-Bruno et al. (2001) recently conducted a study 
based on field cases of vehicles equipped with a new 
4 kN load-limiting seat belt. Results confirmed the 
earlier injury risk curves, finding a further reduction 
in thoracic injuries associated with the lower belt 
load threshold. The vehicles with the new load limit-
ers were equipped with airbags, but the risk of head 
injury associated with increased forward excursion 
was not discussed. 

NCAP frontal tests – Load limiters have improved 
test scores for many vehicles in NHTSA’s New Car 
Assessment Program (NCAP), and this may have in-
creased the use of such devices as manufacturers tried 
to achieve better NCAP ratings. NHTSA (2003) pub-
lished a technical report and request for comments on 
the improvements in frontal NCAP scores associated 
with load limiters and belt crash tensioners. The In-
surance Institute for Highway Safety (IIHS) identified 
14 vehicle models that were structurally unchanged, 
added load limiters without other seat belt changes, 
and were retested in NCAP (Appendix A). None of 
these vehicles received a lower driver star rating in the 
retest with load limiters, and only one vehicle re-
ceived a lower passenger rating (one less star). Four 
vehicles had unchanged ratings for both occupants, 
whereas the other nine improved by at least one star 
for either the driver, passenger, or both. 

The frontal NCAP test is a full-width crash into a 
rigid barrier at 56.4 km/h (35 mi/h). The resulting 
crash pulse is very short, limiting the amount of time 
the dummy occupant loads the seat belt and airbag. 
The faster loading rate increases the effective initial 
stiffness of the restraint system. Furthermore, loading 
a vehicle across its full width limits the amount of 
intrusion, maintaining larger clearances in the occu-
pant compartment. This configuration also ensures 
that occupant loading and rebound phases occur with 
minimal vehicle rotation. Because of these factors, 
the risk of dummy head contact with the vehicle inte-
rior is lower than in longer pulse crashes and in 
crashes with greater vehicle rotation or intrusion. 

IIHS frontal offset tests – Since 1995, IIHS has 
conducted frontal offset crash tests in which only 40 
percent of a vehicle’s front end overlaps a deform-
able barrier. This configuration has a longer crash 
pulse than the NCAP test and is likely more represen-
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tative of real-world crashes. NHTSA studies have 
found that about 20-25 percent of frontal crashes in 
the field are full width (Saunders and Kuppa 2004; 
Stucki et al. 1998), and many of these impacts are 
with objects less rigid than the NCAP barrier. The 
performance of load limiters in the IIHS offset test 
could be an important indicator of their potential ef-
fectiveness in many real-world crashes. 

IIHS generally does not retest vehicles when adjust-
ments to restraint systems are unaccompanied by 
structural changes, so there are no paired vehicle tests 
that isolate the contribution of load limiters. How-
ever, general observations can be made between ve-
hicles with and without load limiters while recogniz-
ing that other restraint system differences exist. 

As of June 2006, IIHS has evaluated 123 passenger 
cars in the frontal offset test that received structural 
ratings of good or acceptable. Comparing similar ve-
hicles with such high ratings limits the influence that 
large amounts of intrusion have on dummy kinematics 
and injury measures and avoids issues that may arise 
from comparing different vehicle types. Of the pas-
senger cars tested, 103 were equipped with load-
limiting seat belts and 20 were not. Evidence from test 
film and dummy instrumentation plots suggest that 
driver dummy head excursion into the airbag resulted 
in steering wheel contact in 52 percent of the vehicles 
with load limiters and in 20 percent of vehicles with-
out. Although many of these head contacts would be 
unlikely to cause serious injury, the contacts in about 
two-thirds of the cases produced the maximum resul-
tant head accelerations recorded during the tests. In 
real-world crashes with different loading conditions or 
occupants of other sizes, the forces involved in these 
hard head contacts could be greater. 

For most of the tested vehicles with load-limiting 
belts, the amount of webbing that spooled from the 
retractor during the crash was measured. Figure 1 
shows the total amount of belt spool-out for the pas-
senger cars tested with load-limiting belts. If a vehi-
cle was equipped with belt crash tensioners, then the 
spool-out measurement was the amount of webbing 
pulled from the retractor after the tensioner activated. 
The average total amount of belt spool-out has been 
increasing in recent model years, from about 10 cm 
for 1997-2000 models, to 17 cm for 2003 models, 
and to 23 cm for the 2004-05 models for which 
spool-out was measured (15 tests). During the same 
period, many airbags were depowered and advanced 
airbags were introduced. These newer airbag designs 
are intended to reduce airbag inflation risks for out-
of-position occupants, but they may permit more oc-
cupant forward movement than earlier airbag designs.  

 
Figure 1. Total measured seat belt spool-out in passenger 
cars with load-limiting belt; IIHS frontal offset deformable 
barrier tests. 

Thus, seat belt spool-out has been increasing while 
airbags may have been allowing more forward move-
ment. Of 17 tests with more than 20 cm of total belt 
spool-out, 14 had hard contact between the dummy’s 
head and steering wheel through the airbag. 

The observations of load-limiting belts in frontal off-
set tests suggest that belt load thresholds that reduce 
measured injury risk in frontal NCAP tests could 
produce undesired results in longer pulse crashes. All 
three cadaver test series discussed earlier, as well as 
many of the mathematical models presented in the 
literature, employed crash pulses similar to those of 
full-width rigid barrier impacts. In addition to in-
creasing driver head excursion through the airbag, 
too much belt spool-out also may increase injury risk 
during the rebound phase of a crash or in multiple-
event crashes, including frontal impacts followed by 
a side impact or rollover. Front airbags provide occu-
pant protection only during the initial loading phase 
of a crash, whereas seat belts have the potential to 
restrain occupants for the duration of a crash. 

METHODS 

To investigate the effectiveness of seat belt load lim-
iters in real-world crashes, driver fatality rates for 
different vehicles were compared before and after 
load limiters were added to their designs. Vehicles 
with coincident changes to advanced airbags, elec-
tronic stability control, or front structure were not 
included. Due to these restrictions, only one vehicle 
model that also was equipped with belt crash tension-
ers could be included. Vehicle model years with un-
changed front structure were identified using the 
same information collected by IIHS for its frontal 
crashworthiness evaluation program. Vehicles not 
tested by IIHS were not considered for study due to 
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the limited amount of available structural and re-
straint system data. Only mechanical deformation-
type load limiters were evaluated. Reliable model-
specific information on belts with other energy man-
agement features, such as seat belt webbing with 
stitching that tears under load, was not widely avail-
able. The passenger cars that met the inclusion crite-
ria are listed in Table B-1 of Appendix B. 

Federal Motor Vehicle Safety Standard (FMVSS) 
208 was amended in 1997 to allow compliance with 
frontal crash performance requirements to be demon-
strated by using sled tests as an alternative to rigid 
barrier tests (NHTSA, 1997). In response, the airbags 
in many vehicles were depowered to inflate in a less 
aggressive manner. Because a depowered airbag 
could affect the performance of a seat belt load lim-
iter, this variable also was considered in the analysis. 
All vehicles in the present study had depowered air-
bags installed at either the beginning or during the 
middle of the 1998 model year. To isolate the effects 
of load limiters, fatality rates were calculated sepa-
rately for the years vehicles were equipped with de-
powered airbags. Any model that received depowered 
airbags in the middle of the 1998 model year was 
evaluated for 1997 and 1999 but not the year of the 
running change. It should be noted that the amount of 
airbag depowering may have varied considerably 
among these different makes and models. 

Driver Fatality and Vehicle Registration Data 

A query of the 1996-2003 Fatality Analysis Report-
ing System (FARS) provided the fatality counts of 
belted drivers in the study vehicles. FARS cases were 
restricted to crashes with a principal impact location 
of 12 o’clock. Direct frontal crashes were evaluated 
because load limiters are designed to have the great-
est effect in this loading condition. Additionally, side 
impact airbags were introduced on some models as 
optional safety equipment during the model years that 
were compared, and this could confound the results 
for other impact locations. 

Fatality rates were calculated by dividing the number 
of fatalities for a given model, model year, and cal-
endar year by the number of registrations for that 
vehicle. Registration data were obtained from the 
National Vehicle Population Profile of R.L. Polk and 
Company. Because registration data are collected in 
the middle of each calendar year, the vehicles for 
each model year in the study were not evaluated until 
the following calendar year. 

To test the null hypothesis that load limiters have no 
effect on driver fatality risk, expected fatalities were 

calculated for the vehicles with load limiters by mul-
tiplying the fatality rate for those vehicles before load 
limiters were added by the number of registered vehi-
cle years after load limiters were installed. The num-
ber of expected fatalities then was adjusted for 
changes in environmental and behavioral factors using 
an adjustment procedure described below. Finally, 
rate ratios for each vehicle were obtained by dividing 
the observed fatalities in vehicles with load limiters by 
the adjusted expected fatalities. Rate ratios less than 
1.00 indicate a reduction in fatal crash likelihood for 
vehicles with load limiters, whereas ratios greater than 
1.00 suggest an increased likelihood. 

Adjustment Procedure 

Because driver belt use, average travel speed, vehicle 
fleet mix, and other factors change over time, fatality 
rates vary over time even for unchanged vehicle 
models. To control for these differences, a set of pas-
senger car models that had no seat belt or structural 
changes across the same model and calendar years 
was identified for each study vehicle that received 
load limiting seat belts. The fatality rate ratios for 
these comparison models were used to normalize the 
rate ratios for the vehicles that received load limiters. 
Because airbag depowering also was tracked, this 
change was captured in the control group when the 
study vehicle also received depowered airbags. 

For example, the Dodge Stratus and its corporate 
twins were structurally identical for the 1995-2000 
model years and had load-limiting seat belts and de-
powered airbags installed beginning with 1998 mod-
els. An expected number of belted driver fatalities for 
vehicles with the seat belt and airbag changes was 
calculated based on the fatality rate for vehicles with 
the unchanged restraint systems. This expected value 
then was multiplied by the fatality rate ratio for a 
control group of vehicle models that also had depow-
ered airbags installed in 1998 but did not receive seat 
belt or structural changes during the same model 
years. Finally, the rate ratio for the Stratus was de-
termined by dividing the observed fatalities by the 
adjusted expected value. 

Two selection criteria were established for the con-
trol vehicles in this analysis. First, vehicles older 
than 4 years were excluded to reduce the effect of 
any model-specific trends related to changes in ve-
hicle ownership. The second criterion resulted from 
the fact that differing numbers of control vehicles 
could be used based on the range of model years for 
which each study vehicle was being compared. To 
balance the requirements for multiple vehicles in the 
control group and sufficient exposure for the study 
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vehicle, the model years in each comparison were 
chosen to produce the most registered vehicle years 
for the study vehicle, provided the control group 
contained at least four distinct models with a mini-
mum of 400,000 total registered vehicle years. In 
the few cases where no comparison existed with at 
least four such models, the next highest number of 
control vehicles was selected. Table B-2 in Appen-
dix B lists the models used for the control groups. 
Several control vehicles had side airbags introduced 
during this time period, giving further reason to 
consider only those crashes with a principal impact 
location of 12 o’clock.  

Overall rate ratios were computed by grouping vehi-
cle models that received the same restraint system 
change and comparing the total adjusted expected 
and observed fatalities. Because depowered airbags 
were distinguished from earlier generation airbags, 
four different technology combinations were possible 
for the vehicles without belt crash tensioners (all but 
one model in the study). In a given model year, a 
vehicle could have depowered airbags, load limiters, 
both, or neither. 

Ninety-five percent confidence limits were calculated 
for the overall rate ratios corresponding to each 
change in restraint technology. The limits were com-
puted using a formula developed by Silcocks (1994): 

Lower:  
β0.025(O, E + 1) / {1 – β0.025(O, E + 1)} (1). 

Upper: 
β0.975(O + 1, E) / {1 – β0.975(O + 1, E)}, (2). 

where O is the sum of the observed fatality counts, E 
is the sum of the expected fatality counts, and βp(x,y) 
is the pth percentile from the beta distribution with 
parameters x and y. The expected fatality counts were 
those adjusted with the control group rate ratios. This 
method does not capture the uncertainty in the rate 
ratio estimates of the control vehicles themselves, 
making the confidence intervals somewhat narrower 

than they would be otherwise. Rate ratios with asso-
ciated confidence intervals that do not include 1.00 
are considered statistically significant. 

RESULTS 

Results for the groups of vehicles with similar re-
straint system changes are reported in Table 1. The 
fatality rate ratios in the first and third rows of the 
table are relative to the ratio for other passenger cars 
that had unchanged restraint systems during the same 
model and calendar years, whereas the fatality rate 
ratios in the second and fourth rows are relative to the 
ratio for passenger cars that received only depowered 
airbags. In every case, the control group of vehicles 
had substantially more registered vehicle years than 
the study vehicle with which they were compared. 

The number of vehicle models and their exposure 
varied for each technology change. The smallest 
group consisted of the Chevrolet Cavalier and 
Pontiac Sunfire, corporate twins, which were the only 
vehicles that received load-limiting belts before de-
powered airbags (first row of Table 1). There were 18 
percent fewer fatalities than expected in these vehi-
cles after load-limiting belts were installed. This re-
sult was not statistically significant at the selected 
confidence level. 

Fifteen different model/body style combinations re-
ceived both depowered airbags and load-limiting 
belts, making up the largest group with a total expo-
sure of more than 17 million registered vehicle years 
(second row of Table 1). There were 36 percent more 
fatalities than expected for these vehicles after the 
airbag and seat belt changes, a statistically significant 
finding. This increase is relative to other models that 
received depowered airbags at the same time as the 
study vehicles but that had no seat belt changes. 
When analyzed individually (Table 2), six of the 
eight vehicle platforms in this group had adjusted 
fatality rate ratios ranging from 1.35 to 2.55. The 
other two vehicle models had fatality rate ratios near 
1 (1.01 and 1.04). 

 
Table 1 

Passenger cars that received load-limiting seat belts; rate ratios for driver deaths in crashes with 
principal impact location of 12 o’clock among structurally unchanged vehicles, adjusted for change in 
fatality rates of other passenger cars without load-limiting seat belts in same model and calendar years 

  Pre-change  Post-change  
   Belt load limiter and/or 

depowered airbag?    
Pre-change What added  

Registered 
vehicle 
years 

Driver 
deaths  

Registered 
vehicle 
years 

Driver 
deaths 

Adjusted 
expected 
deaths  

Rate 
ratio 

95% 
confidence 

interval 

Neither Load limiter  765,309 12  1,644,406 29 36  0.82 (0.48, 1.37) 
Neither Both  8,825,779 126  8,632,257 148 109  1.36 (1.06, 1.76) 
Depowered airbag Load limiter  6,069,741 91  8,281,390 131 130  1.01 (0.79, 1.30) 
Neither Both (+ crash tensioners)  1,410,719 14  3,263,383 34 27  1.27 (0.74, 2.19) 
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Not all vehicles received depowered airbags and load 
limiters simultaneously. As mentioned previously, 
the Cavalier and Sunfire designs incorporated load-
limiting belts before depowered airbags. Another 
subset of vehicles had depowered airbags for at least 

one model year before load limiters were introduced. 
Relative to other models that had no restraint system 
changes, these vehicles had 1 percent more fatalities 
than expected after seat belts were changed (third 
row of Table 1). At the model-specific level (Table 3), 

 
Table 2 

Breakdown of fatality rate ratios by make and model for vehicles that received  
load-limiting seat belts in combination with depowered airbags, adjusted for  

change in fatality rates of other passenger cars that received depowered airbags only 

 
Without depowered airbags 

or belt load limiters 
 With depowered airbags 

and belt load limiters 
 Adjusted using 

control group 

Vehicle 
Model 
years 

Registered 
vehicle 
years 

Driver 
deaths 

 
Model 
years 

Registered 
vehicle 
years 

Driver 
deaths 

Expected 
driver 
deaths 

 Expected 
driver 
deaths 

Rate 
ratio 

Chevrolet Cavalier 765,309 12  1,320,263 24 21  24 1.01 
Control group 

1995 
3,697,812 56  

1998 
2,431,750 40 35    

Dodge Stratus 1,455,193 15  786,383 14 8  8 1.78 
Control group 

1996-
1997 11,669,667 171  

1998 
4,916,952 70 72    

Ford Contour 392,015 5  674,760 13 9  8 1.54 
Control group 

1997 
2,896,644 56  

1999 
2,574,133 46 47    

Ford Escort 1,472,942 36  274,852 11 7  4 2.55 
Control group 

1997 
1,567,249 30  

2000 
843,361 10 16    

Ford Taurus 1,952,174 23  2,087,706 25 25  24 1.04 
Control group 

1997 
2,896,644 56  

1999 
2,574,133 46 47    

Honda Civic 1,179,115 12  1,002,126 16 10  10 1.60 
Control group 

1997 
2,896,644 56  

1999 
2,574,133 46 47    

Pontiac Grand Prix 845,252 8  1,752,665 26 17  16 1.60 
Control group 

1997 
2,896,644 56  

1999 
2,574,133 46 47    

Saturn SL 763,779 15  733,502 19 14  14 1.35 
Control group 

1997 
 2,896,644  56  

1999 
 2,574,133  46  47    

Study vehicle total  8,825,779 126   8,632,257 148 110  109 1.36 

 

Table 3 
Breakdown of fatality rate ratios by make and model for vehicles that 

received load-limiting seat belts after receiving depowered airbags, adjusted for  
change in fatality rates of other passenger cars that already had depowered airbags 

 
With depowered airbags 

and without belt load limiters 
 With depowered airbags 

and belt load limiters 
 Adjusted using 

control group 

Vehicle 
Model 
years 

Registered 
vehicle 
years 

Driver 
deaths 

 
Model 
years 

Registered 
vehicle 
years 

Driver 
deaths 

Expected 
driver 
deaths 

 Expected 
driver 
deaths 

Rate 
ratio 

Ford Escort 1,422,214 32  274,852 11 6  7 1.55 
Control Group 

1998 
7,132,151 96  

2000 
4,541,640 69 60    

Ford Taurus 1,624,862 20  2,087,706 25 26  34 0.74 
Control Group 

1998 
10,401,097 135  

1999 
9,580,961 156 118    

Honda Civic (4 door) 805,132 10  1,192,502 20 15  18 1.12 
Control Group 

1998 
7,132,151 99  

1999-
2000 11,446,869 180 149    

Pontiac Grand Prix 1,647,648 18  3,402,439 47 37  42 1.12 
Control Group 

1998 
5,159,890 73  

1999-
2001 11,127,943 168 149    

Saturn SL 569,885 11  1,323,891 28 26  29 0.97 
Control Group 

1998 
5,159,890 73  

1999 -
2001 11,127,943 168 149    

Study vehicle total  6,069,741 91   8,281,390 131 109  130 1.01 
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the fatality rate decreased for one of the five models 
after load limiters were installed, was essentially un-
changed for a second, and increased for the other 
three models. 

Finally, the Toyota Camry was the only vehicle in the 
study to receive load-limiting belts, crash tensioners, 
and depowered airbags, all for the 1998 model year. 
Relative to models that received only depowered air-
bags in 1998, Camrys with the new restraint systems 
had 27 percent more fatalities than expected. The 
small exposure associated with studying only one 
model meant this finding was not statistically signifi-
cant at the 95 percent confidence level. The observed 
increase was roughly in line with the study vehicles 
that received load limiters and depowered airbags 
without crash tensioners. 

DISCUSSION 

The present study attempted to evaluate the effec-
tiveness of seat belt load limiters in reducing driver 
fatalities in real-world crashes. These devices now 
are widespread, but because they usually were inte-
grated into vehicle designs at the same time as other 
crashworthiness changes, it is difficult to isolate the 
effects of their performance. The number of vehicle 
models available for study was fewer than desired, 
and their total exposure was too low to produce nar-
row confidence intervals. Although essentially all 
modern vehicle designs use load limiters in tandem 
with crash tensioners, this study could evaluate only 
one vehicle model with the combination of these 
technologies. This is due to the fact that manufactur-
ers usually waited for substantial structural or airbag 
redesigns to introduce crash tensioners. Load limiters 
require only a new belt retractor, but pyrotechnic 
crash tensioners must receive a signal from the re-
straint system’s sensing and diagnostic module based 
on the vehicle accelerometers. These additional struc-
tural and airbag changes confound comparisons of 
the belt technology. 

Despite these limitations, there is unlikely to be a 
better opportunity to evaluate load limiters in real-
world crashes. No current mainstream vehicle de-
signs are known to be manufactured without load-
limiting belts, so any changes in driver fatality rates 
associated with their introduction cannot be tracked 
in the future. Existing thresholds for belt loads will 
continue to be adjusted, but these modifications will 
be difficult to evaluate because of the proprietary 
nature of the information and the shorter design life 
of today’s vehicles. For these reasons, the limited 
results available from the present study warrant seri-
ous consideration. 

With few exceptions, the addition of load-limiting 
seat belts appeared to have no effect on driver fatality 
rates in some cases and some association with in-
creased fatality rates in others. When the largest 
group of vehicles received load limiters and depow-
ered airbags, a statistically significant 36 percent in-
crease in fatalities was observed compared with other 
vehicles that received only depowered airbags. The 
one model that received similar technology in combi-
nation with crash tensioners had a similar increase, 
though not statistically significant. 

In total, fifteen fatality rate ratios were calculated for 
different restraint combinations on nine vehicle plat-
forms to estimate the effect of load-limiting seat belts 
in fatal crashes. Of these combinations, two resulted 
in substantially fewer fatalities than expected: the 18 
percent initial reduction for the Cavalier platform 
(Table 1) and the 26 percent reduction for the Taurus 
platform (Table 3). Three results were within 4 per-
cent of the expected number of fatalities. The remain-
ing ten rate ratios, including one for the model with 
crash tensioners, ranged from 1.12 to 2.55, with an 
average of 1.55.  

Variation in Seat Belt and Airbag Load Sharing 
from Frontal NCAP 

The varying fatality rate changes among the different 
vehicle models that received load-limiting seat belts 
highlights an important issue. Although some varia-
tion would be expected due to the limited exposure of 
several models, the reduction in fatality rates ob-
served when load-limiting belts were installed on the 
Cavalier and Taurus platforms is in sharp contrast to 
the majority of the other models with large fatality 
rate increases. A significant explanation for these 
discrepancies may be the differences in the load-
limiting mechanisms and airbags themselves. Load-
limiter activation thresholds vary throughout the ve-
hicle fleet and, potentially, even in the same vehicle 
across different model years. The same is true of air-
bag designs; the amount of depowering varied among 
vehicles, and subsequent designs may have been 
modified when load limiters were installed. A more 
detailed understanding of how certain restraint sys-
tems were changed would supplement the observed 
fatality rates associated with these changes. 

One source of data that can be used to quantify re-
straint system changes is the frontal NCAP. In most 
of these tests, the belt is instrumented with a trans-
ducer to measure the force generated on each occu-
pant’s shoulder belt. Table 4 lists the study vehicles 
with belt load data available from frontal NCAP tests 
for the model years tested. 
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Table 4 
Maximum driver shoulder belt forces (kN) during tests of study vehicles in frontal NCAP;  

maximum forces listed by presence of depowered airbags and/or load-limiting seat belts in model year tested 

 
Shoulder belt loads by presence of 

depowered airbags and belt load limiters 

Vehicle Neither 
Depowered 
airbags only  

Load 
limiters only Both 

Chevrolet Cavalier (four-door) 6.7 N/A 9.5 6.9 
Dodge Stratus 8.2 N/A N/A 5.1 
Honda Civic (four-door) 8.1 12.5 N/A 7.2 
Pontiac Grand Prix / Oldsmobile Intrigue 8.6 7.0 N/A 4.8 
Saturn SL 5.4 5.4 N/A 3.5 
Toyota Camry 6.3 N/A N/A 5.7* 

*In addition to depowered airbags and load limiters, crash tensioners were also added to the Camry restraint system. 

A decrease in shoulder belt load for a vehicle tested in 
NCAP suggests that an increased amount of the occu-
pant’s kinetic energy is being transferred through the 
airbag than in the previous restraint system design. 
This can be accomplished by allowing more belt web-
bing to spool out from the retractor during the crash 
(as with a seat belt load-limiting mechanism), chang-
ing properties of the airbag (such as size, venting, or 
inflation speed), or a combination of both. As dis-
cussed previously, it is unknown what airbag modifi-
cations, if any, accompanied the installation of load-
limiting belts in the study vehicles. So although a 
change in belt load is not necessarily a direct estimate 
of the effects of a load limiter, it is likely a reasonable 
indicator of change in the restraint system’s overall 
balance of loads between the airbag and seat belt. 

Installation of a load limiter would be expected to 
produce a decrease in belt loads, and this was true for 
all vehicles listed in Table 4 except the Cavalier. The 
installation of load limiters on the Cavalier platform 
corresponded to an increased shoulder belt load 
measured in NCAP and a fatality rate ratio of 0.82 in 
real-world crashes. When depowered airbags subse-
quently were installed on the Cavalier platform, the 
measured belt load decreased to a value similar to the 
original measurement. The overall change in load 
was only 3 percent and corresponded to a fatality rate 
ratio of 1.01. A reason for the atypical belt loads in 
the Cavalier cannot be determined from the present 
study, but possibilities include adjustments to the 
driver airbag or load limiter or the previous installa-
tion of a load-limiting device other than the type ini-
tiated by mechanical deformation. In any case, the 
decrease in fatality risk for the Cavalier appears asso-
ciated with increased occupant loading of the belt, 
not a reduction. This leaves the fatality rate ratio as-
sociated with the Taurus platform as the only de-
crease potentially resulting from reduced belt forces 
among the study vehicles. 

Figure 2 plots the adjusted model-specific fatality 
rate ratios by the changes in shoulder belt loads 

 

 
Figure 2. Belted driver fatality rate ratios in frontal crashes 
for passenger cars that received restraint changes, plotted 
by the change in belt loads in frontal NCAP tests. 

measured in frontal NCAP. Restraint system changes 
that occurred in multiple steps are plotted for each 
individual step as well as the overall change. In-
creases in belt load suggest a greater emphasis on the 
seat belt in the overall function of the restraint sys-
tem, whereas decreases suggest the airbag is provid-
ing more restraining force than before. The figure 
shows that the shifts toward lower belt loads were 
correlated with increased driver fatality rates; of the 
ten restraint system changes producing decreased belt 
loads, nine corresponded to increased fatality rate 
ratios. The three restraint system changes that pro-
duced increased belt loads were associated with fatal-
ity rate ratios less than or approximately equal to 1. 

NASS/CDS Case Review 

The increased fatality rates for most vehicles chal-
lenges the assumption that for models with airbags, 
“the increased risk of significant head injury due to 
the greater upper torso motion allowed by the shoul-
der belt load limiter…only occurs for non-deploy ac-
cidents where the risk of significant head injury is low 
even for the unbelted occupant” (Mertz et al., 1995). 
Although a complete analysis of the overall effective-
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ness of load-limiting belts would include a compari-
son of injury risk to different body regions before and 
after installation, reliable injury data by body region 
are not available at the make-model level. However, 
review of a small number of cases from the Crashwor-
thiness Data System (CDS), a part of the National 
Automotive Sampling System (NASS), reveals that 
airbag deployment does not prevent injurious excur-
sion-related contacts with interior vehicle components 
in many crashes. Table 5 summarizes some of the 
relevant data from the reviewed cases. 

In certain cases, occupants also may have sustained 
injuries from the seat belts. It often was difficult to 
discern the direct source of injury; some of the inju-
ries coded as coming from excursion contacts may 
have been belt induced, whereas others coded as be-
ing caused by belt loading may have been excursion 
related. Due to the lack of photographic evidence, it 
also was impossible to determine precisely the 
amount of belt spool-out that occurred in most cases. 
However, the larger point is that these cases provide 
evidence that excursion contacts continue to occur in 
vehicles with airbags. In each of the NASS/CDS 
cases, either there was physical evidence of excursion 
contact in the vehicle or an investigator’s best expla-
nation for the observed injuries was hard contact 
through the airbag or with other interior surfaces. All 
vehicles appeared to have adequate postcrash sur-
vival space such that intrusion was not likely a source 
of upper body injuries. 

Factors such as offset loading and multiple impacts 
may have contributed to increased forward excursion 
in the NASS/CDS cases. However, the greatest in-

sight provided by review of the cases is the reminder 
that numerous and complex factors are involved in 
each real-world crash. Laboratory tests of individual 
restraint system components such as load limiters 
may produce desirable results and be generally re-
peatable. Crash tests add a level of complexity be-
cause the entire system of components is evaluated in 
a specific configuration that may be encountered in 
the field. However, real-world crashes are substan-
tially more intricate. They involve occupants of all 
sizes and in different positions, differing numbers of 
impacts with objects of various shapes and strengths, 
vehicle loading from any direction and for a range of 
durations, and potential contacts with intruding vehi-
cle components. Although it remains impossible to 
design restraint systems for every potential real-
world crash scenario, the present study suggests that 
optimizing the performance of airbags and load-
limiting belts for 56.4 km/h (35 mi/h) rigid barrier 
tests may compromise occupant protection in many 
serious real-world frontal crashes. 

Results of the present study in no way diminish the 
importance of managing belt-induced thoracic loads 
during crashes. However, they do imply that contin-
ued development of alternative belt technologies 
could have unexpected benefits. Inflatable restraints 
or four-point belt systems that can mitigate localized 
thoracic loads without substantially increasing the 
risk of excursion contact may prove more beneficial 
than the continued downward trend of belt load 
thresholds. Alternatively, advanced systems capable 
of adjusting belt restraint forces based on occupant 
size, position, and other crash conditions could be 
required (Miller, 1996). 

 
Table 5 

Sample of cases from NASS-CDS with possible excursion contacts and injuries 

Case number Vehicle Restraint system 
Possible excursion 
contacts 

Possible excursion 
injuries Contributing factors 

2002-042-025 2002 Jaguar 
X-Type 

Airbag, tensioner, 
load limiter 

Windshield, header, 
front dash (passenger) 

Aorta laceration,  
cerebral hemorrhage 

Multiple impacts,  
possible seat movement 

2003-048-228 2002 Honda 
CR-V 

Airbag, tensioner,  
load limiter 

Steering wheel Cerebral hemorrhage Front undercarriage  
loading 

2003-049-010 2002 Mitsubishi 
Galant 

Airbag,  
load limiter 

Steering wheel Loss of consciousness, 
facial contusions 

Multiple impacts 

2003-050-101 2001 Ford 
F-150 

Airbag, tensioner,  
load limiter 

Steering wheel Rib and sternum  
fractures 

Occupant mass,  
offset loading 

2004-050-041 2002 Ford 
Escape 

Airbag, tensioner,  
load limiter 

Steering wheel Loss of consciousness, 
facial contusions 

Multiple impacts,  
offset loading 

2004-081-007 2002 Toyota 
MR-2 

Airbag, tensioner,  
load limiter 

Left A-pillar Facial fracture and 
lacerations 

Vehicle rotating at  
impact 

2004-082-123 2002 Toyota 
Camry 

Airbag, tensioner,  
load limiter 

Steering wheel Facial fractures, loss  
of consciousness,  
pneumothorax 

Offset loading 
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CONCLUSIONS 

Laboratory tests and limited field studies have shown 
that load-limiting seat belts have the potential to de-
crease the risk of belt-induced thoracic injuries. In the 
past, the increased occupant forward excursion result-
ing from load limiters kept them from being widely 
installed. However, with a modern vehicle fleet 
equipped with standard front airbags, load-limiting 
belts have become an integral part of restraint sys-
tems in new vehicle designs. Low force thresholds 
have been proposed for these belts, with the assump-
tion that driver airbags can provide the necessary 
restraining forces during the later stages of a frontal 
crash. This can reduce injury measures in full-width 
rigid barrier tests. However, tests with greater intru-
sion, longer crash pulses, and impact forces offset 
from the vehicle centerline indicate an increased risk 
of excursion contact, and undesirable occupant kine-
matics can result from excessive amounts of belt 
webbing spool-out. Changes in driver fatality rates 
associated with the installation of load-limiting belts 
in passenger cars suggest this restraint technology has 
not reduced and may have increased the risk of driver 
fatality in some crashes. Where corresponding 
model-specific changes in seat belt restraint forces 
are available, the data indicate reductions in belt 
forces usually correspond to increased fatality rates. 
Observations from NASS/CDS cases illustrate the 
possibility of excursion contacts and injuries in vehi-
cles with airbags under certain crash conditions. The 
present study suggests that optimizing the perform-
ance of airbags and load-limiting belts for rigid bar-
rier tests without regard to the dangers of increased 
occupant excursion does not produce the most effec-
tive restraint systems for many real-world crashes 
and that alternative methods for reducing localized 
loading of seat belts should be targeted. 
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APPENDIX A 

Table A-1 
Vehicles tested in frontal NCAP before and after addition 

of load limiters; no significant structural changes were 
made and crash tensioners were not added between retests 

Make/model 
Model 
year 

Driver 
stars 

Passenger 
stars 

1997 3 1 Chevrolet Blazer 
1998 4 4 

1995 3 3 Chevrolet Cavalier 
1997 4 3 

1997 3 2 Chevrolet S-10 
(extended cab) 1998 4 4 

1995 3 1 Chevrolet S-10 
(regular cab) 2000 3 3 

1998 2 3 Dodge Durango 
1999 2 4 

1998 3 3 Dodge Grand Caravan 
1999 4 4 

1998 4 4 Ford Taurus 
1999 5 5 

1996 4 4 Honda Civic (2 door) 
1999 4 4 

1998 4 4 Honda Civic (4 door) 
1999 4 4 

1998 4 3 Oldsmobile Intrigue 
1999 4 2 

1997 4 4 Pontiac Grand Prix 
2001 4 4 

1998 5 4 Saturn SL 
1999 5 5 

1996 3 3 Toyota 4Runner 
1998 3 3 

1994 5 4 Volvo 850/S70 
1995 5 5 
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APPENDIX B 

Table B-1 
Passenger cars with load limiter introductions not associated with structural changes; actual model year spans with identical 

structural platforms may be larger; model years with advanced airbag features or electronic stability control are not included 
Model years with depowered airbags 

and/or load-limiting seat belts 

Make/model Neither 
Depowered 

airbag 
Belt load 
limiters Both 

Buick Century/Regal 1997 1998  1999-2002 
Chevrolet Cavalier 1995  1997 1998-2002 
Chrysler Cirrus 1995-1997   1998-2000 
Dodge Stratus 1995-1997   1998-2000 
Ford Contour 1995-1997   1999-2000 
Ford Escort 1997 1998  2000 
Ford Taurus 1996-1997 1998  1999 
Honda Civic (coupe) 1996-1997   1999-2000 
Honda Civic (sedan) 1996-1997 1998  1999-2000 
Mercury Mystique 1995-1997   1999-2000 
Mercury Sable 1996-1997 1998  1999 
Oldsmobile Intrigue  1998  1999 
Plymouth Breeze 1996-1997   1998-2000 
Pontiac Grand Prix 1997 1998  1999-2002 
Pontiac Sunfire 1995  1997 1998-2002 
Saturn SL 1995-1997 1998  1999-2002 
Toyota Camry 1997   1998-1999* 

*The Toyota Camry was the only vehicle that received crash tensioners in addition to load limiters and depowered airbags. 

 
Table B-2. 

Passenger cars without load limiters or that had load limiters added previously; these vehicles were 
used for control groups; actual model year spans with identical structural platforms may be larger 

Structurally identical model years 
before and after depowered airbags 

Make/model Before After 
Acura RL 1996-1997 1998 
Audi A6  1998-2001 
Buick Park Avenue 1997 1998-2002 
Cadillac Catera 1997 1999-2001 
Chevrolet Lumina 1995-1997 1998-2000 
Chevrolet Malibu 1997 1998-2002 
Chevrolet Prizm  1998-2002 
Dodge Neon 1995-1997 1998-1999 
Honda Accord  1998-1999 
Hyundai Sonata 1995-1997 1998 
Lexus LS400  1998-2000 
Lincoln Continental 1995-1997 1998-2002 
Mercury Tracer 1997 1998 
Mitsubishi Galant 1994-1997 1998 
Mitsubishi Mirage 1997 1998 
Nissan Sentra  1998-1999 
Oldsmobile Cutlass 1997 1998-2002 
Plymouth Neon 1995-1997 1998-1999 
Subaru Legacy 1995-1997 1999 
Toyota Avalon  1998-1999 
Toyota Camry  1998-2001 
Toyota Corolla  1998-2002 
Volkswagen Passat  1998-2000 
Volvo S70  1998-2000 
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ABSTRACT 
 
With the introduction of the FMVSS 208 upgrade for 
U.S. frontal crash safety, many new requirements 
were added.  In order to meet these new requirements, 
manufacturers had to develop new methodologies for 
sensing, controlling, and deploying airbags.  The 
standard achievement method is to use dual stage 
airbags with two firing thresholds. 
 
The objective of this research was to improve three 
key areas of the standard method: 
 
1) Prevent risk of inadvertent high output 
deployment for small occupants. 
2) Improve occupant injury by achieving the ideal 
deployment mode 
3) Reduce the complexity of the system to increase 
robustness. 
 
In order to achieve these goals, it was proposed that a 
single ideal deployment mode could be developed by 
performing a parametric study where Time to Fire 
(TTF) and the delay between firing the first and 
second stage were varied independently for the driver 
and passenger Anthropomorphic Test Devices 
(ATDs).  This was done for AM50% and AF5% 
ATDs in a front 40 km/h unbelted test mode.   Once 
the ‘ideal’ TTF/delay was determined, the test speed 
was increased to 48 km/h and 56 km/h respectively 
for both belted and unbelted occupants.   
The research showed that for the driver, an early TTF 
(10-15 ms) with a 20-30 ms delay provided the best 
combination of restraint for the AM50% ATD.  This 
also allowed for good injury results in the AF5% low 
risk deployment mode.  For the passenger, an early 
TTF (10-15 ms), with a longer delay (130 ms) 
showed the best combination of injury results.  This 
allowed for successful Out of Position (OOP) 
deployments as well as good frontal crash results.  It 
was also discovered during this research that there 
are some key interior lay out items that must be 
maintained in order to use this type of deployment 
strategy. 
 
 

INTRODUCTION 
 
Prior to the FMVSS 208 upgrade, most vehicles used 
a single stage inflator with a simple on/off firing 
threshold. 
 
 
 
 
 
 
 
 
Figure 1:  Pre FMVSS208 upgrade firing strategy 
 
In this case the airbag would be guaranteed not to fire 
below 13 km/h, and guaranteed to fire above 19 
km/h.  A gray zone is created between these speeds 
were either condition may occur, which is shown in 
Figure 1.  This airbag firing strategy was designed to 
protect for the regulation matrix shown Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Pre FMVSS208 upgrade regulation 
matrix 
 
In an effort to increase protection for children and 
smaller stature adults, the U.S. government upgraded 
FMVSS208 to include Low Risk Deployments 
(LRD) for AF5% drivers and the OOP deployments 
for CRABI, C3Y, and C6Y children. Increased 
frontal crash regulations were also added to the 
FMVSS 208 upgrade [1-FMVSS].  The updated 
frontal crash regulation matrix is shown in Figure 3. 

19０ km/h 48 56 6413

OFF ON

Must fire threshold

Gray Zone
19０ km/h 48 56 6413

OFF ON

Must fire threshold

Gray Zone
19０ km/h 48 56 6413

OFF ON

Must fire threshold

Gray Zone
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Figure 3:  New FMVSS208 upgrade regulation 
matrix 
 
This change in regulation necessitated a new 
approach involving dual stage airbags coupled with a 
redesigned SRS firing map to control them.  
Manufacturers needed a way to fire the airbags in a 
‘soft’ deployment for AF5% and OOP children, 
which meant a delay prior to the second stage being 
fired, but also be able to fire both stages at the same 
time for AM50% occupants in more severe crash 
modes.  This resulted in the SRS map shown in 
Figure 4. 
 
 
 
 
 
 
 
 
 
Figure 4:  New FMVSS208 upgrade SRS firing 
map 
 
The OOP portion of the regulation is written so that 
the firing time for the OOP occupant will be the same 
as the firing time that occurs when an AF5% 
occupant is placed in the passenger seat and the 
vehicle impacts a flat barrier at 26 km/h.  Ensuring 
that a delay fire occurs at 26 km/h results in a gray 
zone between the belted and unbelted regulation 
zones where a vehicle could fire in either delay or 
simultaneous mode.  To guarantee the regulation, the 
test matrix shown in Figure 5 is required.  As can be 
seen, this gray zone requires four additional test 
modes. 

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 5:  New FMVSS208 upgrade test matrix 
 
 
METHODS 
 
Crash Simulator System and Test Devices 
 
This parametric study was done using AM50% 
HYBRID III test devices positioned according to the 
FMVSS 208 regulation [1-FMVSS].  The ATDs were 
seated in a sled buck which was built by cutting a full 
vehicle body in front of the A-pillar and just behind 
the B-pillar.  Full instrument panel, steering system, 
pedals, and seats were applied to the sled buck, 
shown in Figure 6. 
 

 
 
Figure 6:  Crash simulator test buck 
 
The crash simulator, shown in Figure 7, is a 
hydraulically controlled G-pulse matching device.  
This device includes full linear acceleration control 
as well as vehicle pitch control, which is shown in 
Figure 7. 
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Figure 7: Crash simulator 
 
A vehicle deceleration pulse is taken from a full CBU 
frontal impact then applied to the crash simulator 
software.  The software interpolates the pulse and 
recreates it on the sled buck with a high degree of 
accuracy.  An example comparison of crash simulator 
and crash barrier Floor G is shown in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8:  Crash simulator G-pulse vs. actual full 
vehicle frontal impact G-pulse 
 
This accuracy and repeatability is ideal for this type 
of parametric study where the change in one variable 
can be assessed.  
 
Test Matrix and Injury Metrics Assessed 
 
Although all FMVSS 208 injury metrics were 
recorded, HIC, Chest G, Chest Deflection, and Neck 
Injury (NIJ) were the primary focus for comparison. 
Since the goal of the study was to determine the ideal 
TTF and delay for the airbag, the following test 
matrix in Figure 9 was used. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9:  Initial testing matrix 
 
Real World Injury Assessment 
 
In addition to the primary goals of this study, it was 
deemed important to confirm that the ideal firing case 
for the AM50% dummy at the regulated velocity of 
40 km/h would not cause a negative effect on 
unbelted occupants at speeds above the regulation.  
An additional test matrix was proposed to assess this 
possibility by comparing the traditional TTF/delay 
vs. the proposed ‘ideal’ TTF/delay. 
 
 
 
 
 
 
 
 
 
 
Figure  10:  Additional testing matrix 
 
 
RESULTS / DISCUSSION 
 
Once the initial test matrix was run, the resulting 
injury data was collected and graphed.  The data was 
normalized as a percentage of target injury.  100% 
injury represents 80% of the FMVSS 208 regulation 
values.  
 
Unbelted Driver Injury Comparison with 
Variable Second Stage Airbag Delay 
 
The first comparison was done on the Driver.   In this 
test series, the TTF was maintained at 10 ms and the 
second stage firing was varied from 20-60 ms.  The 
critical injury parameters in this mode were Chest G, 

Time

G 
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Chest Deflection, and NIJ.  These were compared 
with the standard TTF/delay of 10/15 ms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11:  Unbelted Driver Injury for Variable 
Delay 
 
 
In this case, the ‘ideal’ delay timing was from 30-40 
ms.  It became apparent that for the driver in the 
unbelted mode, the maximum amount of airbag 
restraint was preferable.  This was accomplished by 
firing the airbag early (10 ms) to get it into position, 
than increase the bag pressure with the second stage 
fire just before the unbelted occupant made contact.  
The delay limit was 50 ms.  At this point the second 
stage was pressurizing the bag while it was 
contacting the occupant.  This caused the bag to get 
under the chin and increase the neck tension and 
extension. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 12:  50ms Delay Causing Increasing Neck 
Injury 
 

Although the neck injury was below the max target 
injury level, this mode was deemed to be 
unacceptable. 
 
Unbelted Driver Injury Comparison With 
Variable Time to Fire 
 
The second portion of the test matrix was to identify 
the ‘ideal’ initial fire time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Unbelted Driver Injury for Delayed 
TTF 
 
Based on the test results, it was determined that a fire 
time between 10-20 ms was preferable.  At 30 ms, 
the airbag was not able to get into position on time 
and occupant injury began to increase. 
 

 
 
Figure 14: Airbag getting into position late with a 
30ms TTF   
 

TTF 30/50 

50ms 
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Unbelted Passenger Injury Comparison With 
Variable Second Stage Airbag Delay 
 
The passenger test matrix includes delays from 5ms 
to 140 ms.  The long delay of 140 ms is considered a 
disposal stage and occurs after peak occupant injury.  
As can be seen in Figure 14, the increase in delay has 
only minimal impact on the occupant injury. 
 

 
Figure 15: Comparison of delay timing on 
passenger injury   
 
 
It is important to note that the passenger side 
occupant’s pelvis must be restrained sufficiently to 
allow the head to arc into the airbag without 
contacting the windshield.  This causes the occupant 
to use a much greater portion of the airbag allowing it 
to be softer [2-Miller]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 Illustration of head arcing with no 
windshield contact     
 
 
 

Unbelted Passenger Injury Comparison with 
Variable TTF 
 
The passenger side TTF was varied from 10 to 40 ms 
and judged according to mode and restraint 
performance.  Again, an early deployment (10-20 ms) 
was preferable.  By 40 ms, the airbag was unable to 
get into position on time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Occupant is contacting the airbag 
before it is in position.   
 
This late deployment reduces restraint and allows the 
airbag to get under the chin resulting in high neck 
moments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Passenger injury comparison with 
variable TTF   
 
The final step for this study was to investigate the 
TTF/delay effect on AM50% occupants in a high 
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speed (56 km/h) unbelted condition.  The injury was 
then compared to a typical TTF/delay. 
 
Although all injury was compared, head and Chest 
Gs for the driver are shown below for comparison. 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Driver head injury comparison 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20:  Driver chest injury comparison 
 
Although the injury levels are high, as would be 
expected in a high speed unbelted crash, there is no 
significant difference in injury between the standard 
mode and the new proposed mode.  This holds true 
for the passenger results which have slightly lower 
injury values with the new longer delay mode. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21:  Passenger head injury comparison 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 22:  Passenger chest injury comparison 
 
 
CONCLUSIONS 
 
Although this was a relatively straightforward study, 
the conclusions are very significant.  By creating an 
ideal TTF/delay time for the driver and passenger, the 
sensing system only needs to fire in one mode.  This 
removes the gray zone from the SRS map [3-Miller]. 
 
 
 
 
 
 
Figure 23: SRS map with only one firing mode   
 
Since there is no longer a gray zone, crash 
verification no longer needs to be done for those 
speeds in the zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Verification test matrix with gray zone 
eliminated     
 
This creates a more robust system with less chance 
for unintended deployment modes.  This also opens 
up the future possibility of using a different firing 
mode to help protect occupants, like AM95% size 
occupants, that are currently not covered by 
regulation. 

Time

G 

Time
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Time
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Due to the significant softening of the passenger 
airbag deployment (130 ms delay) further benefits 
can be realized for in-position as well as out of 
position small stature occupants and children. 
  
Following the conclusion of this research, a full 
series of FMVSS 208 test were run using complete 
body units (CBU) with the ‘ideal’ TTF/delay SRS 
map.  The results are summarized in Figure 25 below. 
 
 
Mode                 Results                
 
FR40 km/h Flat Barrier AM50% No Belt OK 
FR40 km/h Flat Barrier AF5% No Belt OK 
FR48 km/h Flat Barrier AM50% Belted OK 
FR48 km/h Flat Barrier AF5% Belted OK 
FR40 km/h Right Angle AM50% No Belt OK 
FR40 km/h Left Angle AM50% No Belt OK 
FR40 km/h ODB AF5% Belted  OK 
Low Risk Deployment AF5% Pos 1 OK 
Low Risk Deployment AF5% Pos 2 OK 
Out of Position C6Y Pos 1   OK 
Out of Position C6Y Pos 2   OK 
 
 
Figure 25: CBU confirmation test matrix 
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ABSTRACT 
 
Ambulance vehicles are a unique passenger 
environment with complex crashworthiness and 
occupant protection issues, eg. occupants in various 
orientations, unique human factors aspects and an 
array of aftermarket interior modifications. In the 
USA, ambulance vehicle occupant protection, 
crashworthiness and safety testing lags 30 years 
behind current general automotive safety technology. 
This paper proposes crash test procedures and 
outlines some of the challenges faced for such 
vehicles based on manufacturer and consumer 
conducted pre-modification crash tests and previous 
ambulance sled and full scale crash tests.   
 
A typical ambulance vehicle from one of the largest 
fleets globally, was addressed. Based on 
manufacturer specifications, crash test data for the 
vehicle, inspections and other published data 
regarding ambulance vehicle crashes, sled and crash 
testing were considered – an approach to an impact 
testing procedure is outlined and developed by a 
multidisciplinary team.  
 
Assessment and development focused on vehicle 
crashworthiness performance and real world human 
factors aspects of aftermarket interior modifications. 
Frontal and side impact crashworthiness testing 
profiles for this vehicle were determined and 
developed inline with parameters outlined in ASA 
4535 (ambulance restraint systems standard) and the 
CEN 1789 standard. The testing profiles include a 
recumbent occupant, rear and forward facing seated 
occupants, 50th  and 95th  percentile ATDs, including 
side impact ATDs for seating positions exposed to 
side impacts.  
 
The authors propose that ambulance vehicle safety 
testing and design should be driven by accepted 
automotive safety practice. In a setting of high crash 
rates, a complex occupant and emergency care 
environment, and the absence of prescribed dynamic 

crashworthiness test procedures for ambulances - the 
proposed test procedures in this paper provide a first 
approach to describe the approach to the technical 
development of comprehensive crash testing profiles 
in this setting. Such profiles for this environment will 
ensure that system safety can be ascertained and 
optimized for these vehicles, and support safety 
enhancements and occupant protection for ambulance 
vehicle development. 
 
INTRODUCTION 
 
Emergency Medical Service (EMS) vehicles, 
ambulances, are relatively familiar vehicles to the 
community in general. They are perceived as ‘life 
savers’ racing through the streets to provide 
emergency medical care to the public. It is the 
vehicle that comes to rescue crash victims on roads 
and highways. However, what are the safety issues 
that pertain to this important public service and 
public safety vehicle? How safe are these vehicles 
and to what standards are they designed and tested?  
 
EMS is a relatively new industry, an industry that has 
an unusual history of beginnings within the mortician 
industry. The first modern ambulances were hearses, 
usually a Cadillac, a vehicle in which an occupant 
could be transported in the recumbent position. Over 
the past 30 years, the sophistication of the medical 
care possible to provide in the EMS environment has 
advanced dramatically, with EMS providers over that 
short time becoming highly skilled and expertly 
trained emergency health care professionals – with 
use of high tech medications and equipment. 
However, the vehicle occupant safety issues 
pertaining to the delivery of EMS care have not kept 
pace with the advancement of the medical emergency 
care provided. Nor has EMS vehicle safety kept pace 
with the developments in automotive safety. This is 
possibly due to the ambulance graduating from the 
Cadillac to a combined chassis with a mounted box, 
somehow outside of the purview of both automotive 
safety and also occupational safety and health arenas. 
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Compounding this also is that ambulance vehicles in 
many parts of the world are a very diverse fleet: vans, 
light and heavy trucks and freightliners. Despite the 
large strides the general automotive industry has 
made in the last 30 years in passenger vehicles 
occupant protection and passive and active safety, 
this expertise has not yet translated substantively to 
the safety of ambulance vehicles particularly in the 
USA.  
 
There are few safety standards and no 
crashworthiness safety test procedures and guidelines 
that pertain to ambulance vehicles in the USA and 
very limited safety testing requirements in Europe 
established in 1999 (CEN1789). Australia has had the 
ambulance restraint standard ASA 4535 in place 
since 1999 (AS/NZS 4535:1999), and it is the most 
stringent to date globally. Thus ascertaining the 
safety of EMS transport vehicles (and products in 
that environment) remained limited largely to expert 
opinion and peer evaluation in a piecemeal fashion 
until 1999 in Australia and 2000 in Europe, and still 
remain so in USA.  
 
EMS in the USA has been generally demonstrated 
recently to be a dangerous profession, and vehicles 
crashes have been shown to be the most likely cause 
of a work related fatality in EMS (Maguire 2002). 
The most dangerous part of the ambulance vehicle 
has been demonstrated in both biomechanical and 
epidemiological studies to be the rear patient 
compartment (Becker 2003, Levick 2000-2001), 
which currently is a part of the ambulance vehicle 
that is largely exempt from the USA  Federal Motor 
Vehicle Safety Standards (FMVSS 49CFR).  
 
There is approximately one ambulance crash fatality 
per week in the USA, and a number of serious 
injuries for each fatality, with over 4,000 reportable 
crashes per year (Becker 2003). Unfortunately in the 
USA, no national reporting system or database exists 
specifically for identifying ambulance crash related 
injuries and their nature. Hence, specific details as to 
which injuries occurred and what specifically were 
the mechanisms which caused them are scarce, and 
there is not yet a national system for this data capture. 
What we do know is that ambulances have high crash 
fatality rates per mile, well above those of passenger 
vehicles, or even when compared to similar sized 
vehicles (Ray 2005) and also when compared to 
buses and trucks (FMCSA). There are numerous 
reports of serious injury occurring from loose 
equipment becoming projectiles, and occupants being 
ejected from vehicles  - all issue that can be 
addressed with a combination of restraint standards 
for occupants and equipment – and practice policies 

mandating the use of such restraint systems.  
 
There has been a limited number of peer reviewed 
automotive safety engineering testing conducted for 
the EMS environment in Sweden (Turbell 1980), 
Australia (Best 1993, Levick 1998), and the USA 
(Levick 2000-2001). That which has been conducted 
has clearly identified some predictable and largely 
preventable hazards, particularly pertaining to 
intersection crashes and the hazards of the rear 
patient compartment, demonstrating the benefit of 
use of existing restraints for occupants, the 
importance of over the shoulder harnesses for the 
recumbent patient and firmly securing all equipment 
(Best 1993, Levick 1998-2001). These studies also 
identify hostile and hazardous interior surfaces of the 
rear compartment, as well as a need for head 
protection. Many fatal and injurious ambulance 
crashes occur at intersections, failure to come to a 
complete stop has been identified as an extremely 
high risk practice, Lack of use of seatbelts by EMS 
personnel is cited frequently in the literature as a 
predominant cause for the high injury and fatality 
rates for occupants in EMS crashes (Becker 2003). 
The hazards resulting from the failure to secure 
equipment in the patient compartment, which has 
also been found to cause serious injury in the event of 
a collision has also been documented. This is 
supported by the engineering data from ambulance 
safety research involving crash tests (Levick 2001), 
as well as insurance and litigation records. With 
ambulance crashes being identified in the USA as the 
highest cause of patient adverse event mortality and 
serious morbidity (Wang 2007) 
 
Existing Ambulance Standards 
 
Prior to 1999 there were no dynamic safety 
performance standards for ambulances globally. The 
first nationally approved safety performance standard 
was the Australian  ASA 4535, in 1999 that required  
dynamic impact testing of the components in the 
ambulance vehicle, and the use of a 50th percentile 
and a 95th percentile, anthropomorphic crash test 
dummy (ATD) with a 24 G impact test forward and 
rear and 10 G laterally. 
 
The CEN followed, implemented in 2000 in Europe, 
requiring safety performance testing to 10 G forward, 
rear, laterally and vertically, being a much reduced 
severity level. There is a 2006 revised draft currently 
under review. 
 
Both the ASA and CEN are mandated and not 
voluntary.  
   



Levick 3

The very recently developed USA American National 
Standards Institute/American Society of Safety 
Engineers Z15.1 Fleet Safety Standard (ASSE/ANSI 
2006) is possibly the only nationally approved fleet 
safety standard that is now applicable to the safety 
management of EMS vehicle fleets in the USA. It 
requires that the vehicles be crashworthy and safe – 
yet, in the USA there are no crashworthiness 
standards for these vehicles.  The GSA KKK 
ambulance vehicle specification guideline, currently 
version E and soon to be updated to version F –  is a 
purchase specification and not a safety performance 
standard (GSA KKK), and does not provide for 
guidelines for any dynamic crash testing – rather 
simply static tests. Moreover it has no automotive 
safety crashworthiness impact performance 
requirements. It does make reference to the Federal 
Motor Vehicle Safety Standards – however in the 
USA ambulances have a specific exemption from that 
standard (FMVSS). Also the GSA KKK is a 
voluntary specification and compliance is not 
mandated.  It is likely that the implementation of the 
new ASSE/ANSI standard will enhance the data 
collected regarding EMS vehicle safety, and 
hopefully provide more emphasis on EMS vehicle 
safety generally and assist in bringing EMS vehicle 
safety more inline with state of the art automotive 
safety practices.  
 
Study focus vehicle selection 
 
Much of Europe, Scandinavia, Asia and Australasia 
currently use fleets of automotive industry designed 
and manufactured vans with specialized aftermarket 
additional retrofits to adapt them to the ambulance 
market. There is decreasing presence of the chassis 
with aftermarket box outside of the USA. 
 
There are some interesting challenges pertaining to 
ambulance vehicle crashworthiness. Asides from the 
fact that the CEN standard is a less severe impact 
testing profile than the ASA standard, both are 
standards which only require 
deceleration/acceleration sled testing. In other words 
these are tests of stability and safety performance of 
the retrofit under acceleration/deceleration conditions 
– in contrast to structural crashworthiness testing of 
the whole vehicle with impact, barrier or full vehicle 
deforming and intrusion crash tests. 
 
This is an important aspect of the safety and safety 
testing of these vehicles. Vehicles manufactured by 
the automotive industry are complete vehicles 
subjected to sophisticated structural and automotive 
crashworthiness design, testing and oversight prior to 
their retrofit. Furthermore, any ambulance retrofits 

built into structurally modified vehicles or the 
chassis/box design, may well not share safety 
performance of ambulance vehicles with retrofits 
built into an intact automotive industry manufactured 
vehicle, where there are no structural modifications.  
In the case of the chassis /box type of ambulance – in 
the USA there has been no formal sophisticated 
automotive industry dynamic or impact structural and 
automotive crashworthiness impact design, testing 
and oversight in the manufacture of the rear 
passenger compartment box asides from the research 
conducted by the authors (Levick 2000-2001), and 
one project conducted in Canada, for which 
comprehensive findings are still pending. In the USA 
there is currently no requirement or parameters by 
which to dynamically crash test the rear compartment 
box or the chassis/box combination. 
 
Thus the ambulance retrofit into a complete intact 
automotive industry designed and manufactured 
vehicle such as a van, is in a vehicle which has 
already a high degree of structural crashworthiness 
design and testing at the outset by the original 
automotive manufacturer – so a basic 
deceleration/acceleration sled test is more a test of 
the safety performance of the retrofit modifications, 
and rather than a test for the safety of the vehicle as a 
whole. Albeit that there does exist some useful 
indication of general vehicle safety and 
crashworthiness performance with 
acceleration/deceleration dynamic testing.  Thus the 
testing of the performance of the retrofit and 
equipment mounts are somewhat of an additional 
issue beyond the whole vehicle’s crashworthiness 
including intrusion and vehicle structural deformation 
and crashworthiness for a vehicle that has already 
been subjected to this type of testing. However it is 
understood that the retrofit may perform differently 
to some degree in a setting of vehicle deformation 
and intrusion.  In the setting of the chassis/box design 
– these rear occupant compartments are not produced 
by the automotive safety engineering and 
manufacturing industry and are not required to be 
dynamically safety tested in the USA by automotive 
industry manufacturers. Thus if the only dynamic 
impact testing  these aftermarket chassis/ box 
combination vehicles are subjected to would be a  
deceleration/acceleration test – this is a test that does 
not involve any automotive structural deformation 
crashworthiness testing but is simply the deceleration 
test of the retrofit. Thus the safety of the chassis/box 
construction under true impact, deformation and 
intrusion conditions cannot be effectively 
demonstrated with the existing ambulance testing 
standards, either CEN or ASA. Although the ASA 
and CEN may give some indication of the 
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performance of the retrofit under deceleration 
conditions – it does not address the combined vehicle 
and retrofit performance structurally under impact 
crashworthiness conditions in the real world setting 
of a crash – where intrusion occurs. 
 
For these reasons additionally, the vehicle selected 
here for this paper was the automotive industry 
manufactured intact structurally unmodified van and 
not the combined box and chassis vehicle, and also 
not a van that has undergone any structural after 
market modification. For those vehicles the research 
team suggests that this form of testing is suboptimal. 
 
Approach to Crash Test Profiles 
 
Configuration of ambulance vehicles to reflect real 
world practice and within realistic parameters of 
anthropometric test devices (ATDs) for each test 
procedure are key aspects of safety testing of 
ambulances. Ambulances differ from other passenger 
vehicles in that the occupants are oriented in a range 
of seating and lying positions and the medics are 
trying to perform clinical and emergency care during 
transport. Although in only less than 5% of transports 
is it life threatening care. Additionally there is often 
heavy equipment in close proximity to occupants, 
such as oxygen cylinders and cardiac monitors. 
 
Despite the comparatively small market of the 
ambulance retrofit industry when compared to the 
general automotive market – it is important that 
testing requirements and standards be designed to 
address real world risks and hazards for the 
occupants of these vehicles. In the general 
automotive industry – crashworthiness testing is 
driven strongly by real world injury data, with the 
design and ongoing development of the New Car 
Assessment Program (NCAP) testing (EuroNCAP, 
USA and Australian NCAP). However, real world 
injury data on ambulance occupants for each vehicle 
and retrofit type is at best limited, if available at all.  
Also, the ambulance environment is an unusual 
environment where occupant protection is impacted 
by both realms of vehicle and interior design and also 
practice policy. Policies such as seat belt use, 
equipment required to be carried on the vehicles and 
procedures that are required to be performed all have 
bearing on what design and testing is appropriate. 
This makes the design of testing procedures very 
complex – Additionally, given the expense of testing 
for this small niche market, it is important that the 
testing procedures are not redundant – ie. requiring 
protection in a part of the vehicle that has no injury 
hazards described.  For example, if it were that the 
occupants were to be seated and belted at all times in 

a moving vehicle then the focus of interior design and 
testing may differ if this was not the case. Challenges 
faced by the ambulance retrofit industry in Europe 
are two fold: one that any testing required be testing 
that improves safety and outcome, and two that the 
‘standard writing’ process is voluntary - and 
participation is not reimbursed and thus that active 
input from the retrofit manufacturers is likely to be 
minimal due to the expense of participation in the 
process. Hence there are concerns from the retrofit 
manufacturers regarding the concept of safety testing 
standards in the absence of real world injury data and 
also the practical challenges for their input to be 
included.  
 
Recent epidemiologic data describes frontal impact, 
right side impact and rollover as the most frequent 
mechanisms that occur with serious morbidity and 
mortality in the USA – often the result of intersection 
crashes. 
 
An additional challenge is that in most USA 
ambulances, the right hand side of the vehicle is 
fitted with a ‘squad bench’ – a structure that has 
minimal if any automotive safety features. And this is 
a structure which has been described in previous 
military vehicle crash testing to be a hazardous mode 
of occupant transport in a forward traveling vehicle 
(Richardson et al 1999, Zou et al 1999). 
 
Also as per the ASA 4345 standard occupant seating 
in the ambulance vehicle is required to include 50th -
95th percentile male ATD. The seating position 
options include rear facing captains chair, one to 
three occupants on the right sided ‘squad bench’ 
seated sideways facing toward the left  wall over the 
vehicle  - and a recumbent patient (See Fig 1). Some 
USA ambulances also have a seated occupant in a 
small seat (the CPR seat) in the middle of the 
cabinetry on the left wall of the ambulance. Although 
most USA ambulances are configured with a squad 
bench – and some the CPR seat, the new proposed 
KKK – F purchase specifications do not mandate a 
squad bench. Thus a testing profile should consider 
the possibility for a similar occupant layout as in the 
European and Australian ambulance vehicles. Neither 
the testing profiles for the European ambulance 
vehicles, nor the testing profiles for the Australian 
ambulance vehicles specify a side impact ATD for 
the occupants seated in seating positions vulnerable 
to a side impact crash.  
 
So there are fundamentally three issues that appear to 
have bearing on the real world applicability of 
existing testing profiles of ambulance vehicles: one is 
the difference between acceleration/deceleration 
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testing of the retro fit separately from full crash and 
deformation testing of the full vehicle with the 
retrofit in place, the second is the use of a side impact 
ATD for occupants in involved in a crash scenario 
where they would be seated sideways, and thirdly the 
limitation of real world injury and crash data for 
guiding design and testing profiles. These three 
issues are also confounded to some degree by the 
impact of practice policies on the potential for 
specific risks and hazards – as well as the broad 
spectrum of ambulance vehicle configurations in the 
USA, and that currently that those designs are 
strongly being driven by end users who have no 
formal background in automotive safety. 
 

 
 
Figure 1. Seating positions as per. As per current 
USA ambulance layout – Test Plan 1 
 
 

 
 
Figure 2. Seating positions as per anticipated USA 
ambulance layout post KKK F release, with only 
forward and rear facing seats – Test Plan 2 

Test procedure 
 
As stated above, given that the chassis/box style 
vehicle is not crash tested as a unit prior to retrofit it 
is felt that the testing profile of this vehicle would not 
be included within the constraints of this paper and 
that the profiles discussed here will be restricted to 
application in the setting of an automotive industry 
built structurally intact van with an ambulance 
retrofit that does not interfere with the original 
vehicle structure. The chassis/box combination would 
require more extensive and detailed testing, including 
full vehicle testing to ascertain the crashworthiness of 
the structure as a whole and to be deemed safe for 
occupants than this profile provides.  
 
Also there is no specific ATD for a recumbent patient 
– so a standard 50th percentile ATD such as a Hybrid 
III with articulating legs, is suggested in this testing 
for the recumbent occupant, although the existing 
standards suggest that a simple mass object could 
replace the recumbent occupant. Given that the 
effectiveness of the recumbent occupant restraint 
system has been demonstrated to be a potential injury 
hazard – this opportunity to evaluate that system 
should be considered. For each test where seated 
occupants are subjected to a side impact force – a 
side impact ATD should be used to demonstrate more 
accurately what the hazards are for that occupant and 
the restraint of that occupant. Ascertaining which 
sized ATD should be in which seating position is 
challenging as there is no population data to describe 
the real world situation. 
   
The test procedure described here attempts to address 
testing that reflects the safety of real world practice 
and under real world conditions. 
 
For frontal and rear collision, from the limited crash 
data that exists – it appears that USA ambulances are 
most frequently involved in frontal high speed and 
rear lower speed impacts. As such a test procedure as 
outlined in the ASA for frontal impact of 24 G and a 
rear impact of 10 G as specified in the CEN could 
also be considered appropriate. The nature of the 
ATDs for each position, should reflect real world 
practice, and the 50th and 95th percentile ATDs as 
described in the ASA standards address the size 
spectrum of ambulance occupants. The restraint 
configuration used should be the restraint 
configuration to be implemented in the on road 
vehicle – and restraint of medics, patient, and other 
occupants, key equipment such as oxygen tanks, 
sharps containers and cardiac monitors as well as 
medication bags and communications equipment 
should be addressed.  

 A 

B D 

C 

A 

B 

C 

D 
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There is much discussion in the literature regarding 
the optimal restraint configuration for a side facing 
occupant in a forward moving vehicle. Ideally the 
floor plan for Test Plan 2 provides more optimal 
occupant protection for all occupants in a frontal or 
rear crash, and likely also a side impact when 
compared to Test Plan 1’s layout. 
 
It is unfortunate that the side of the vehicle that is 
most frequently struck in a side impact, is the right 
side of the vehicle (due primarily to the driver being 
on the left). It is also the side of the vehicle that has 
the most seated occupants. However as there are 
other issues that come into play regarding the access 
to the vehicle and the safety of that with respect to 
road traffic this is likely to be a feature of the 
ongoing design of ambulance vehicles in the USA.  
An important aspect to consider in the testing is for 
the correct type of ATD to be in the positions that   
coincide with the location of occupants in the real 
world setting. 
 
The following are possible test procedures that could 
be applied in this environment. They are based on 
current ASA and CEN documented and mandated 
test requirements. However the authors note that 
there are no injury criteria (NHTSA) associated with 
these published requirements, never the less these 
procedures could act as a first step to bring the USA 
up to current world practice. Even though the authors 
believe these procedures as described, are deficient. 
 
Frontal 
 
In the longitudinal direction with a 50th percentile 
ATD in forward or rearward seating positions A, B, 
C, D. When the test rig (sled) is subject to a velocity 
change of not less than 49 km/h in the forward 
direction, a deceleration of between 24g and 34g 
shall be achieved within 30 milliseconds. The 
deceleration shall remain within the range of 24g to 
34g for not less than 20 milliseconds, deceleration 
values outside this range that occur for period of not 
greater than 1 millisecond may be disregarded. 
 
In the longitudinal direction with a 95th percentile 
ATD in forward or rearward seating positions A, B, 
C, D.  When the test rig (sled) is subject to a velocity 
change of not less than 49 km/h in the forward 
direction, a deceleration of between 18.2g and 26g 
shall be achieved within 30 milliseconds. The 
deceleration shall remain within the range of 18.2g to 
26g for not less than 20 milliseconds, deceleration 
values outside this range that occur for period of not 
greater than 1 millisecond may be disregarded. 
 

Rear  
 
In the longitudinal direction with a 50th percentile 
ATD in forward or rearward seating positions A, B, 
C, D.  When the test rig (sled) is subject to a velocity 
change of not less than 32 km/h in the rear direction, 
a deceleration of between 12g and 22g shall be 
achieved within 30 milliseconds. The deceleration 
shall remain within the range of 10g to 17g for not 
less than 20 milliseconds, but deceleration values 
outside this range that occur for periods of not greater 
than 1 millisecond may be disregarded. 
 
For the 95th percentile ATD, when the test rig (sled) 
is subject to a velocity change of not less than 32 
km/h in the rear direction, a deceleration of between 
9g and 19g shall be achieved within 30 milliseconds. 
The deceleration shall remain within the range of 10g 
to 17g for not less than 20 milliseconds, but 
deceleration values outside this range that occur for 
periods of not greater than 1 millisecond may be 
disregarded. 
 
Right Side Impact 
 
For the squad bench layout Test Plan 1, the 50th and 
95th percentile manikins could be utilized for this test 
in that seating position. However, for the Test Plan 2 
layout,  in the side impact test – the side impact ATD 
should be utilized.  
 
For the 50th percentile ATD, when the test rig (sled) 
is subject to a velocity change of not less than 32 
km/h in the lateral direction, a deceleration of 
between 12g and 22g shall be achieved within 30 
milliseconds. The deceleration shall remain within 
the range of 10g to 17g for not less than 20 
milliseconds, but deceleration values outside this 
range that occur for periods of not greater than 1 
millisecond may be disregarded. 
 
For the 95th percentile ATD, when the test rig (sled) 
is subject to a velocity change of not less than 32 
km/h in the lateral direction, a deceleration of 
between 9g and 19g shall be achieved within 30 
milliseconds. The deceleration shall remain within 
the range of 10g to 17g for not less than 20 
milliseconds, but deceleration values outside this 
range that occur for periods of not greater than 1 
millisecond may be disregarded. 
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Vertical 
 
This test is to provide for safety performance in the 
setting of an aspect of a rollover situation. Clearly 
this is not a rollover simulation – but a proxy for the 
performance of the ambulance retrofit in this 
orientation for impact. Ideally a roll over test would 
provide far more comprehensive and valuable 
information, however this may not be realistic to 
achieve in the real world setting of this particular 
industry at present. The ASA 4535 does not include a 
vertical component. Nevertheless, given the nature of 
ambulance crashes – it is felt by the authors that this 
test should be included in this test profile. For a 50th  
percentile ATD, when the test rig (sled) is subject to 
a velocity change of not less than 32 km/h in the 
vertical direction, a deceleration of between 12g and 
22g shall be achieved within 30 milliseconds. The 
deceleration shall remain within the range of 10g to 
17g for not less than 20 milliseconds, but 
deceleration values outside this range that occur for 
periods of not greater than 1 millisecond may be 
disregarded. 
 
For the 95th percentile ATD, when the test rig (sled) 
is subject to a velocity change of not less than 32 
km/h in the vertical direction, a deceleration of 
between 9g and 19g shall be achieved within 30 
milliseconds. The deceleration shall remain within 
the range of 10g to 17g for not less than 20 
milliseconds, but deceleration values outside this 
range that occur for periods of not greater than 1 
millisecond may be disregarded. 
 
CONCEPTUAL DISCUSSION 
 
This paper presents a basic and initial step in 
addressing the automotive safety testing and safety 
performance standards for ambulance vehicles in the 
USA. The testing parameters put forward in this 
paper have been modeled on the existing two 
accepted and ratified ambulance safety performance 
testing standards, ASA 4535 and CEN 1789, thus 
these are recommendations that are within the 
currently available ASA and CEN standards. Whilst 
the authors would like to see changes in the USA 
ambulance safety and crashworthiness practice and 
standards incorporating these suggested requirements 
as outlined in this paper - It is clear that what has 
been suggested here is but a first step. These 
requirements are in no way regarded as adequate 
from an automotive safety engineering perspective. 
True vehicle performance and crashworthiness safety 
standards should include comprehensive real world 
crash data, full vehicle crash test data, include formal 
injury data and address known injury criteria, and 

embrace active involvement of the automotive safety 
engineering industry as is accepted practice in the 
field of automotive safety engineering.  
 
Regarding specific aspects of the USA ambulance 
vehicle interior retrofit, an issue that is of major 
concern is that the practice of use of a side facing 
‘squad bench’ – a structure constructed devoid of 
automotive safety principles (Richardson et al 1999, 
Zou et al 1999) – This issue should be addressed in 
the USA in a similar fashion as Europe and Australia 
- ie. discontinued – there is no supporting medical 
evidence for its need, and extensive automotive 
safety evidence that it is a dangerous occupant 
practice- both in the setting of frontal and side 
impacts, as well as of limited ergonomic function. 
Additionally, in the setting of side impacts, even with 
the use of automotive designed seating forward or 
rear facing - the issue of side impact protection is of 
concern.  A potential solution to this is to design a 
seat for this environment that integrates some side 
impact head and upper body protection.  
 
Importantly there is no reference to any injury 
criteria, for example, the HIC or chest decelerations 
(NHTSA)  - this is of great concern particularly given 
two data points. One being that ambulance vehicles 
in the USA have a specific exemption from FMVSS 
CFR 49 517 (for head impact protection) and 
secondly that it has been documented that serious 
head injury is associated with greater than 60% of 
rear occupant fatalities.  
 
Furthermore, it is the opinion of the authors that for 
ambulance vehicles which are not retrofits of intact 
and structurally unmodified automotive industry 
complete vehicles (structurally intact vans) – such as 
the chassis and box design or also retrofits of vans 
that involve any structural modifications that may 
affect crashworthiness performance, that standards 
such as the CEN and the ASA are inadequate for 
demonstrating the occupant safety of such 
combination or structurally modified vehicles. In 
such circumstances, with structurally modified 
vehicles or combination vehicles, demonstration of 
occupant safety and crashworthiness would require 
full vehicle crash testing – simple 
deceleration/acceleration testing of an intact vehicle 
shell may not provide meaningful results – 
particularly at 10G - as deformation of the structure 
of the shell via intrusion is not able to be modeled in 
a simple deceleration/acceleration test. There is much 
evidence from real world crash ambulance crashes, 
even relatively low speed intersection collisions or 
collisions involving fixed objects that there are 
serious occupant hazards and failures of occupant 
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protection of the chassis and box type of ambulance 
design, particularly for the rear compartment 
occupants. It remains an irony that the occupant 
protection for the rear compartment of vehicles 
carrying laundry and packages is no different from a 
dynamic impact crashworthiness perspective than for 
these chassis box combination ambulance vehicles 
carrying our emergency providers, patients and next 
of kin in the USA.  
 
CONCLUSIONS 
 
Emergency medical service transport is occurring in a 
setting where its own vehicle safety has been 
identified as less than optimal in the USA. 
Ambulance vehicle design and safety testing should 
be driven by accepted automotive safety and 
engineering practice. In a setting of high crash rates, 
a complex occupant and emergency care 
environment, and the absence of prescribed dynamic 
crashworthiness test procedures for ambulances - the 
proposed test procedures in this paper provide a first 
approach to describe the technical development of 
comprehensive crash testing profiles in this setting in 
the USA. Ambulance vehicles that are not intact 
automotive industry manufactured vehicles, or are 
structurally modified cannot be demonstrated to be 
safe for occupants in the rear compartment in the 
absence of full vehicle dynamic impact testing to 
demonstrate intrusion. Additionally, use of design 
features such as a non automotive designed side 
facing squad bench should be avoided given the 
challenges in addressing both occupant safety and the 
provision of patient care with this orientation. Such 
profiles as outlined in this paper for the ambulance 
environment could ensure that vehicle design and 
vehicle system safety can be ascertained and 
optimized, and also support safety enhancements for 
ongoing ambulance vehicle development. 
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Abstract 
 

     Recent studies have pointed out that conventional lifting rotors in forward flight have efficiencies far lower than the 
optimum efficiencies predicted by theory.  Finite-state inflow models have been suggested as a theoretical basis whereby to 
study the reasons for this efficiency deficit.  In this paper, a finite-state inflow model is utilized to formulate the optimum 
circulation and inflow distribution for rotors in axial flow.  The results show that a formal optimization with finite-state 
models can be done in closed form and that such an optimization recovers the classical uniform-flow condition (for an 
actuator disk with an infinite number of blades), the Prandtl solution (for an actuator disk with a finite number of blades), 
the Betz distribution (for a lifting rotor with an infinite number of blades) and the Goldstein solution (for a lifting rotor with 
a finite number of blades).  Thus, it should be possible to use finite-state models to investigate optimum rotor performance 
in forward flight.  
 

Notation  
 

m
njA    special case of the matrix L%  

,m m
n nC D  Fourier expansion coefficients for the pressure 

PC  power coefficient 

IPC  induced power coefficient 

TC  thrust coefficient 
0m

njE    expansion transformation matrix 
H rotor inplane force 
[ ]I  identity matrix 
j, n polynomial number 
k Prandtl�s tip loss correction factor 
K thrust deficiency 

m
nK  kinetic energy matrix 

qL  blade loading 

,c sL L% %  cosine and sine parts for the L-matrix 
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L  L% -matrix with the elements where m = 0 are 
 multiplied by two 
m, r harmonic number 
PI induced power 
Ps shaft power 

m
nP  associated Legendre function of the first kind 
m

nP  normalized associated Legendre function of the 
 first kind 

P∆  rotor disk pressure 
Q power or number of blades 

m
nQ  associated Legendre function of the second kind 

r  non-dimensional radial position 
R radius 
t time 
t  t= Ω  
T thrust 
u horizontal component of induced velocity 
U inplane flow 
v vertical component of induced velocity 
V flow normal to the disk 
V∞  free-stream velocity 
w induced flow 
W inflow 
x distance on the blade from the center of the rotor 
X tan / 2χ=  
 



  
,m m

n nα β  induced flow expansion coefficients 
η climb rate / Rν= Ω   
 
η  ellipsoidal coordinate system component 
θ pitch angle 
κ swirl parameter = 2.2 
λ total inflow η ν= +  
Λ Lagrange�s multiplier 
µ advance ratio /u R= Ω  

ν ellipsoidal coordinate or 21 r−  
ν  normalized inflow /w R= Ω  
ρ density 

,mc ms
n nτ τ  pressure coefficients for Fourier series expansion 
φ angle between the lift and the thrust 

m
nφ  radial expansion shape function 

Φ  pressure 
χ skew angle 
ψ angular position from rotor aft 
ψ  ellipsoidal coordinate 
Ω angular velocity 
 

Introduction 
 

     Work-Energy principles indicate that the induced 
power PI generated for a lifting rotor (i.e., the power that 
does not perform useful work) can be found by computing 
the shaft power and then subtracting the work done on the 
vehicle 
 
   PI  = PS � TV � HU                 (1) 
 
where T is the thrust perpendicular to the disk, V is the 
rotor velocity in the T direction, H is the rotor force in the 
inplane direction, and U is the rotor velocity in the H 
direction (See Figures 1 and 2).  By necessity, the 
magnitude of this power must equal the power that is 
expended into the kinetic energy of the induced flow.  It 
follows that simple, Glauert momentum theory can be 
used to compute the minimum possible induced power for 
a given flight condition.  Based on these, one would 
predict that a rotating wing in forward flight would be 
almost as efficient as a fixed-wing aircraft.  However, 
flight test data (as well as comprehensive simulations) 
give induced power several times as large as the ideal 
value.  In an effort to determine the source of those 
deficiencies, Ormiston [1],[2] performed extensive runs 
with RCAS to try to determine why the actual results 
were differing from the ideal results.  In these studies, the 
profile drag of the airfoil was assumed to be zero so that 
the induced power could be separated.  The results of 
those studies similarly showed that there is an order-of-
magnitude difference between ideal induced power and 

the actual induced power of rotorcraft.  An obvious 
question is, �Why is there such a difference?� 
     Several potential sources of decreased efficiency can 
be identified in terms of the physics of an actual rotor as 
compared to an ideal actuator disk.  First, an ideal disk 
produces thrust perpendicular to the disk whereas a true 
rotor produces a tilted thrust vector that results in swirl 
velocity.  Therefore, there is lost energy.  Second, an ideal 
rotor has an infinite number of blades whereas a true rotor 
has a discrete number.  The fact that there are vortex 
sheets coming off the individual blades implies an upwash 
outside of the slipstream that further translates into lost 
energy.  Third, an ideal disk can generate an arbitrary lift 
distribution over the span and azimuth.  An actual blade, 
on the other hand, can only produce lift under the 
constraints of both allowable blade pitch changes and of 
the limits on airfoil lift coefficients at high angles of 
attack.  The ultimate goal of the present research effort is 
to determine which of these contribute to the drastic 
increase in induced power and, consequently, what 
changes in rotor hardware (if any) might address the 
issue. 

 
Figure 1: Basic illustrative problem for a rotor [1]. 

 
     The scope of such a study is so broad that the use of 
large, comprehensive codes is prohibitive for these 
purposes.  On the other hand, finite-state wake models are 
ideally suited to such task.  These models expand both the 
pressure field and the velocity field in orthogonal 
expansion functions. Therefore, the computation of 
induced power (the dot product of thrust and induced 
flow) simplifies nicely into a quadratic cost function that 
allows classical optimization to be used for the minimum 
power under a variety of constraints.  Thus, it is 
anticipated that such an approach can yield insight into 
this issue.  As a preliminary step in such an endeavor, this 
present paper looks at the induced power of a non-ideal 
lifting rotor in axial flow to verify that dynamic wake 
models can indeed compute the proper induced power.  



 Since theory and experiment agree with simple 
momentum approaches for power in axial flow, such 
conditions provide the ideal test bed to verify that this 
optimization approach is viable.  Future studies will then 
concentrate on induced power in forward flight. 
 

Optimization with Finite-State Model 
 

He inflow equations. 
 
     He [3] developed an unsteady induced-flow theory to 
be used in stability, vibration, control, and aeroelastic 
studies.  The theory is based on an acceleration potential 
for an actuator disk.  The induced flow, w, is expressed in 
a polynomial distribution (proportional to Legendre 
functions) radially and in terms of a Fourier series 
azimuthally.  The way the induced flow is set up allows 
for all harmonics and describes the induced flow for any 
radial position. 
     The He theory provides the pressures on the rotor disk 
as a Fourier expansion.  As more harmonics are added, 
that pressure converges to the lift concentrations on the 
blade and to zero lift off the blade.  One of the issues to 
be addressed in this present work is whether or not such 
an approach can give adequate convergence to induced 
power.  The form of this pressure expansion is as follows:                   
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The pressure at the rotor disk is obtained by the difference 
between the pressure above and the pressure below the 
disk.   
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(3) 

The power  Q can be expressed as: 
 

                       ( )
A

Q P w v xdxdψ= ∆ +∫∫                         (4)    

     The He model also sets out the velocity field normal to 
the rotor disk in terms of the same Legendre Functions 
and variables, as given below. 
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(5)                                                        

                            

1( ) ( )m m
n nr Pφ ν

ν
≡                                 (6) 

where t t= Ω , and ( )m
n rφ are a complete set of functions 

that arise from the solution to Laplace�s equation in 
ellipsoidal coordinates. 
The form of the functions is: 
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m
n
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+ −

       

substitution of the induced flow and the pressure at the 
disk yields: 
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 + Ω  
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∑∑∫             (9) 

 
The functions m

nP  are Legendre Functions of the first 

kind, and ν is related to the radial position be 21r ν= − . 
      The equations that relate the pressure coefficients in 
the pressure expansion ( ,mc ms

n nτ τ ) to the velocity 
coefficients ( ,r r

j jα β ) are derived from the momentum 
equation of potential flow. 

              
{ } { } { }1 1

2
m m c m mc
n n n nK V Lα α τ

• −
   + =   
%

          
  (10)

              

{ } { } { }1 1
2

m m s m ms
n n n nK V Lβ β τ

• −
   + =   
%             (11) 

where ( ) d
dt

•

= , 
2

2 2

( )V µ λ ν λ
µ λ
+ +=

+
, λ is the total inflow, 

µ is the advance ratio, V is the flow parameter, and m
nK is 

diagonal; 2m m
n nK H

π
= .  The L  

%  cosine and sine 

matrices are given in closed form in terms of the wake 
skew angle, χ. 
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where l = min(r,m), X = tan|χ/2|.  The forcing functions, 

m
nτ , are given in terms of the blade loading, Lq.  
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Theorem on Induced Power. 
     A Rotor Induced-Power Theorem is used to verify the 
approach of this work. Let a rotor, Figure 2, be moving 
along an arbitrary, straight path through still air with a 
velocity W.  Let χ be the angle between the flight path 
and a vertical to the rotor.   

 
Figure 2: Inflow velocity components for a moving 

rotor. 

It follows that the inplane component of air velocity as 
seen by the rotor is U = Wsinχ and the normal component 
is V = Wcosχ. 
     Let the rotor loading perpendicular to rotor plane be 
called T and the rotor load in plane be called H, each with 
a positive sense in the direction of the flight path (i.e., 
opposite to V and U).  Let the blades in the rotor disk be 
rotating counter-clockwise at angular velocity Ω, when 
looking down on the rotor, and let ψ be the azimuth angle 
of a blade as measured from aft, ψ = Ωt.  Let a generic 
point on the blade be a radial distance x from the center of 
rotation as shown on Figure 3. 
 

 
Figure 3: Rotor blade generic position and rotating 

angle. 

Let φ be the inflow angle as seen in the local blade 
system, Figures 3 and 4.  In that system, let dL be the 
incremental local lift per unit length (perpendicular to the 
total inflow), let dD be the incremental local induced drag 
per unit length, and let dT be the incremental thrust.  Let 
w be the induced flow, opposite to L, Figure 4. 

 

 
Figure 4: Geometry of the forces on the blade. 

 
                                   cosdT dL ϕ=                             (15) 
                                   sindD dL ϕ=                             (16) 

                                 sindH dD ψ= −                           (17) 
 

sgn( )
(2 1)(2 1)2

rm
jn m r

n j

r m
n jH H

π −Γ =
+ +



      Figure 5, taken from the work of Glauert [4], 
shows the geometry of the flow in the blade coordinate 
system.  The relative flow due to rotor motion alone is Ωx 
+Usin(ψ) in the rotor plane and V perpendicular to that 
plane.  The induced flow w must be parallel to the lift, so  
 
it is added vectorally at the angle φ as shown (see 
Glauert).  The resultant total inflow (due to rotor motion 
and due to induced flow) must be perpendicular to the 
local incremental lift, due to circulation considerations.  
Therefore, w can be considered perpendicular to the total 
flow vector.  The resultant relationships gives rise to the 
geometry in the figure and to the following identities: 

                               

cos costan
sin sin sin

wV
w V

x w U x U
ϕ ϕϕ
ϕ ψ ψ

+
+

= =
Ω − + Ω +            (18) 

 

          

cossin tan cos
sin

V w
x U

ϕϕ ϕ ϕ
ψ

+= =
Ω +

                     (19)                                         
 

 

 
Figure 5: Geometry of the flow. 

                                                                                                              
The above can be used to transform the induced power 
equations. 
                            I SP P TV HU= − −                              (1) 

 

        sin cos sin sinIP L x L V L Uϕ ϕ ϕ ψ= Ω − +           (20) 
                                                                                                        

( )sin sin cosIP L x U L Vψ ϕ ϕ= Ω + −             (21) 
 

(where the differentials are omitted for clarity).   

But cossin
sin

V w
x U

ϕϕ
ψ

+=
Ω +

.  Therefore 

                                    
cos cosIP LV L LV Lwϕ ω ϕ= + − =          (22) 

 
The induced power is, then:              
 

  IP Lw=         (work done by L on w)  (23)     

                   
Thus, the incremental induced power can be found from 
the integral of the dot product of the local lift and local 
induced flow, which is the work done on the flow field.  
The above theorem is, strictly-speaking, exactly true only 
for axial flow because of the assumption that local lift is 
parallel to local induced flow.  On the other hand, that 
assumption is less and less important as one transitions 
away from hover.  Furthermore, it is exactly true that the 
work done on the flow field will equal the induced power.  
Therefore, Equation (23) seems a valid approach to 
computing the induced power from a dynamic wake 
model. 
 
Induced power derivation from He model. 
     For the Peters-He model in its actuator-disk form, we 
have a skewed wake as shown in Figure 6 below. 

 
Figure 6: Normalized velocity components. 

The power Q can be found from Equation (4) to be: 

( )
A

Q P w v xdxdψ= ∆ +∫∫  

Notice that the power does not depend on the velocity 
component u.  The pressure at the disk (as shown in 
equation (3)) is: 
 

( )2 2

,

cos( ) sin( )m mc ms
n n n

m n

P R P m mρ ν τ ψ τ ψ ∆ = Ω + ∑  

 Advance ratio U
R

µ =
Ω

                         (24) 

Climb rate V
R

λ =
Ω

                           (25) 

Non-dimensional radial position xr
R

=             (26) 

Non-dimensional inflow w
R

ν =
Ω

                (27) 

Note that rdr = -νdν, and λ and µ are constant. 
 
The inflow is given by Equation (5). 
     Introducing the definitions for pressure change, v from 
the climb rate, and the induced velocity we obtain the 
expression for the power where the climb rate, λ, is a  
 
 



  
constant.  The normalized Legendre function is 0

1 3P ν=  
by definition.  Introduction of it into the expression for  
the power yields Equation (28).  By the use of the simple 
relationship between power and power coefficient, we 
obtain the following, 
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(29) 

and 

        { } { }2
Tm m

T n nC Cτ=                            (30) 
 
A simple check using m = 0 only, and n = 1 only, 
provides the common expression that shows the Peters-He 
model agrees with the induced power from Momentum 
Theory.  The lift and pressure coefficients for this special 
case are shown in equations (31) through (33). 
 

0
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α ν=                                  (31)  

0
1

3
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c
TCτ =                                 (32)       

( ) ( )2 3
23P T TC C Cλ ν λ ν= + = +           (33) 

 
     Equations (29) and (30) provide the framework for a 
classical, quadratic optimization of power. 
 
Optimization. 
     The classical quadratic optimization problem is stated 
as follows: 
Minimize { } [ ] { }Tx A x subject to { } { }Tc x q= (given).  
Use of Lagrange�s multiplier to include the constraint 
leads to the cost fuction. 

{ } [ ] { } { } { }1
2

T TJ x A x c x= − Λ
             

(34) 

where Λ is the Lagrange multiplier. Optimizing, we 
obtain that for the change of the functional to be zero  
 

{ } { } { }1 0
2

T TJ x A A x cδ δ   = + − Λ =    
     (35) 

 

{ } [ ] [ ]( ) { }
11

2
Tx A A c

−
 = + Λ  

              (36) 

Notice that the matrix to be inverted is the symmetric part 
of [A]. 
The Lagrange multiplier must be chosen such that: 

{ } [ ] [ ] { }
1

2 TT

q

c A A c
−Λ =

 + 

                  (37) 

     We may now apply this approach to the case for 
minimum induced power that we are presently discussing.  
For an actuator disk, with infinite number of blades that is 
lightly loaded, we will minimize CP for a giver CT. 
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   { } { }2
Tm m

T n nC Cτ=                           (39) 
 
Physically, the coefficients m

nC  are a Legendre-function 
fit to the function cosν ϕ and they are defined as: 

                         
2 10 0

0 0

1 cos ( )
2n nC P d d

π
ϕ ν ν ν ψ

π
= ∫ ∫                (40) 

                         
2 1

0 0

1 cos ( ) cos( )
2

mc m
n nC P d m d

π
ϕ ν ν ν ψ ψ

π
= ∫ ∫     (41) 

                         
2 1

0 0

1 cos ( ) sin( )
2

ms m
n nC P d m d

π
ϕ ν ν ν ψ ψ

π
= ∫ ∫      (42) 

where 
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Then, the relationship between the coefficients and the 
function cosφ becomes: 

                       
0 0

,
cos 2 cos( ) sin( )m mc ms

n n n n n
n m n

C P P C m C mν ϕ ψ ψ = + + ∑ ∑
(44) 

 
Notice that, for axial flow, the advance ratio (µ) is zero.  
For an ideal actuator disk, the non-dimensional climb rate 
(λ) is arbitrarily small, whereas for tilted lift it will have a 
finite value. 
     From He�s inflow equations (10) and (11) for an 
infinite number of blades, this is a steady system.  
Furthermore, all the coefficients associated with the sine 
component are zero, that is, mβ  and msτ are zero. 



 Rearranging the equation with this in mind, it can be 
solved in matrix form for the induced velocity 
coefficients, as expressed by: 

{ } { }1 1
2

c m mc
n nV L α τ

−
  = 
%                        (45)

{ } { }11
2

m mr r
n nj jL

V
α τ

−
 =  
%                        (46) 

 
     Let the matrix L% with the m = 0 row partition 
multiplied by two will be called L .  Then, the minimum 
induced power problem can be formulated as the 
optimization of a functional J, shown, subject to the 
constraint expressed by Equation (48).  The optimization 
is carried out in to yield the optimum value for the 
pressure coefficients.   
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T
rm rm m m
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{ } { }
11 1

2 2

T
m mr mr m
n nj nj noptimal

V L L Cτ
−

    = + Λ        
    (51) 

      
     Equation (51) is the solution for this optimization 
problem, which will yield the minimum induced power 
for a lightly loaded actuator disk with infinite number of 
blades.  In these equations Λ is the Lagrange multiplier of 
the optimization, that is chosen to give 0

1 3 2 TCτ = , as 
it was explained for the constraint in the general 
formulation of an optimization process. 
     The general solution for the pressure coefficients can 
be applied to different cases.  It is the purpose of this 
paper to show results for axial flow, but these coefficients 
can be also used to obtain pressure, circulation and inflow 
velocity for a variety of flows, including edgewise flow 
( 90 )χ = o .  For axial flow, 0χ = o , the elements in L are 
zero except when r = m.   
     With the calculation of thrust and power coefficients, 
the determination of the figure of merit is simple.  The 
general solution for the figure of merit that will be shown 
by the use of finite-state methods is: 

{ } { }
1

. . 2
Tm m

finite state n nK F M C L C
−

−
 = =               (52) 

The conditions for each of the special cases will cause the 
coefficient vector or the L-matrix to change, but the 
general form will remain for all of the cases. 
 
Special Case of Actuator Disk 

For the case of an actuator disk Equation (43) 
reduces to the unity (λ = 0) and the coefficients in 
Equations 40 through 42 reduce to: 
 

10
1 0

13
3

C dν ν= =∫  

and all the others become: 
0m

nC =  
 
Therefore, the vector { }m

nC  is the vector {1 0 0 � 0}T 
with as many elements as the number of terms that 
correspond to the harmonics studied in the problem and 
the optimization becomes simplified.   
     Momentum theory [5],[6] predicts that the minimum 
induced power for an actuator disk in axial flow will be 
achieved by constant pressure and constant inflow 
distributions.  Results using the finite-state method show 
agreement with these predictions.  Figures 7 and 8 show 
the constant profile for the pressure and the inflow 
respectively with a reduced amount of terms in the 
Fourier series.  According to Momentum theory the lift 
distribution corresponding to this pressure and velocity 
should be linear.  Finite-state methods agree with the 
predicted results, as it is shown in Figure 9. 

 

Figure 7: Pressure profile that provides minimum 
induced power for an actuator disk in axial flow with 

an infinite number of blades. 
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Figure 8: Velocity profile that provides minimum 
induced power for an actuator disk in axial flow with 

an infinite number of blades. 

 

Figure 9: Lift distribution for optimum flow for an 
actuator disk with an infinite number of blades. 

  
Closed-Form Expression.   
     Since the above shows that a formal optimization with 
the dynamic wake model gives the Glauert result for 
minimum power, it seems that it would be useful to 
consider some closed-form results under the Glauert 
hypothesis.  From momentum theory [5],[6], one can 
show that  

( )2TC η ν ν= +                              (53) 

( ) ( )22P TC Cη ν ν η ν= + = +                 (54) 
 
Because we optimize for a given CT, it is very convenient 
to normalize all velocities on induced flow in hover.  
Thus, / / 2TCη η= , / / 2TCν ν= , λ η ν= + .  It 
follows that the proper normalization of induced power is 

3/ 2

2 P
P

T

CC
C

=                                 (55) 

The result is a normalized set of inflow equations.  The 
thrust equation becomes: 

( )1 η ν ν= +                               (56) 
which can be solved for normalized or flow due to a 
normalized climb rate.  That value can then be used to 
determine the normalized induced power for an ideal 
actuator-disk rotor. 

11/ 22

1
2 4IP PC C η ηη

−
  
 = − = + + 
   

          (57) 

One can see that the ideal induced power ranges from a 
normalized value of unity in hover ( )0η =  and then 
decreases with climb rate as 1/η .  This is the Glauert 
result.  We will use this ideal value to compare minimum 
power settings for various rotors.  We will define a 
generalized figure of merit which is the ideal power, 
Equation (52), divided by the actual induced power. 
 
Special Case of Lifting Rotor with an Infinite Number 
of Blades. 
     When the lift vector is tilted perpendicular to the 
vortex sheets, the ideal power is no longer attainable.  
Thus, uniform flow is no longer the optimum condition.  
Betz [7] determined that the minimum power is obtained 
when the induced flow at the individual blades is such 
that the vortex sheet remains along a helical path.  Thus, 
the optimum inflow distribution is proportional to cosφ, 
Figure 5.  For an infinite number of blades, it follows that 
the pressure field must follow this same shape.  Thus, let 
the optimum pressure at the rotor be: 

2 2
cos

2 2
V V rP

r
ϕ

λ
Λ Λ∆ = =

+
               (58) 

where k is a Lagrange multiplier.  Then the induced 
velocity, w is:     

 
2 2

1
2 4

rw P
V r λ

Λ= ∆ =
+

                  (59) 

 
The thrust coefficient is :  

31 1

2 20 0
2 cosT

rC P rdr V dr
r

ϕ
λ

= ∆ = Λ
+∫ ∫

   
    (60) 

dividing both sides by CT, introducing the normalized 

values 
/ 2TC

ΛΛ = and 
/ 2T

VV
C

=  , and letting  

/y r λ≡ we obtain an expression that can be integrated to 
obtain a solution in closed form. 

  
31/2

30
1

2 1
V y dy

y
λ

λΛ=
+∫                    (61) 

performing the integration on Equation (61) gives the 
value of the normalized Lagrange multiplier to be: 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

r

Li
ft

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

r

V
el

oc
ity



 
2

2

4 1
11 ln 1V λ

λ

Λ =
 − + 
 

                 (62) 

To obtain the induced power coefficient, we must 
consider the power. 

2 31 1

2 20 0
2

4P
V rC Pwrdr dr

r λ
Λ= ∆ =

+∫ ∫      (63) 

Then,  the normalized power coefficient is: 

( )3/ 22 / 2I

P
P

T

C
C

C
= , which provides the final expression 

for the normalized induced power. 
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V λ
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              (64) 

 

For axial flow, 
2

1
2 4

V η ηλ η ν= = + = + + . 

The result of this closed-form solution yields the 
expression for the ideal figure of merit for a lifting rotor 
with an infinite number of blades.  Rearranging the 
previous equations, one obtains: 

2
2

1. . 1 ln 1BetzK F M λ
λ

 = = − + 
 

                (65) 

     The question remains if the use of finite-state methods 
will suffice to obtain the Betz distribution for a lifting 
rotor with an infinite number of blades.  To verify this, 
the figure of merit is found by finite-state methods using 
the formulation described in the optimization section.   
These coefficients represent the general solution.  To 
customize them to the present special case, some 
modifications were performed.  Since the present cases 

are for axial flow, the matrix L 
  

 ─ defined by Equation 

(13) ─ simplifies to a diagonal in terms of mm
jnΓ .  It should 

be noted that these matrices are identical to m
njA    in Ref. 

3.  For an infinite number of blades in axial flow, 0m
nC =  

except when m = 0 so that only 0
jnA  enters the 

optimization.  0
nC  comes from the following integral over 

the wake skew angle, 
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cos r

r
ϕ

λ
=

+
 and rdr dν ν= − .  With those Cn 

the thrust and power coefficients become: 
 

0

1,3,5
2 c

T n n
n

C C τ
=

= ∑                            (66) 
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2 c

P T n n
n

C Cη α τ
=

= + ∑                     (67) 

For this optimization, again the power coefficient is 
minimized for constant thrust, and the functional J 
becomes:

{ } { }0 0 0 0

1,3,5,... 1,3,5,...

1
2

Tc c c
T n nj j n n

n n
J C A C

V
η τ τ τ

= =

 = + − Λ ∑ ∑
 

                               (68) 
where Λ  is the Lagrange multiplier.  Performing the 
optimization (δJ = 0), the optimal pressure coefficients for 
this particular case are: 

{ } { }10 0
j nj noptimal

A C Vτ
−

 = Λ                 (69) 

Introducing the above changes to the general optimization 
formulation, the figure of merit using finite-state methods 
is: 

{ } { }10. . 2 T
finite state n nj nF M C A C

−

−  =              (70) 
     Figure 10 shows the comparison for the figure of merit 
from the finite-state method as compared to the Betz 
formula.  It is seen that the finite-state method agrees 
satisfactorily with Betz result.  The difference between 
them can be reduced by addition of more terms to 0

njA    
and {Cn}.  However, the present approximation, which 
uses twenty terms is thought to be close enough so that 
the dynamic inflow model is verified.   
     What is most important about Figure 10 is the large 
drop in figure of merit with climb rate, even for an 
optimized rotor.  The drop is due purely to the effects of 
tilted lift and swirl velocity.  It may well be that the 
deficiency in rotor efficiency in forward flight is due to a 
similar phenomenon. 

  

Figure 10: Comparison of the finite-state optimization 
to Betz distribution. 

     Figure 11 gives Figure of Merit as a function of climb 
rate η rather than λ.  Since λ is determined by the total 
flow through the rotor, the Figure of Merit thus becomes a  
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function both of climb rate η and thrust coefficient CT.  
For larger climb rate, the effect of CT is diminished.  
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Figure 11: Figure of Merit versus climb rate for 
different thrust coefficients (infinite number of 

blades). 

     Figure 12 presents the induced power coefficient as a 
function of climb rate for a range of CT values.  

 

Figure 12: Induced power coefficient (helicopter 
convention) versus climb rate (infinite number of 

blades) 

An important characteristic seen in Figure 12 is a 
�bucket� in the induced power for each thrust coefficient 
at a given climb rate.  This is due to the fact that ideal 
power decreases with η whereas the figure of merit also 
decreases with η.  Thus, there is an optimum climb rate.  
The lowest curve is for CT = 0 and is equal to  1/λbar.  This 

ideal minimum power monotonically decreases with η , 
so the �bucket� is not present, and the induced power 
coefficient does not increase for high climb rates.   
 
Special Case of Finite Number of Blades. 
     The effect of a finite number of blades is a further loss 
in wake energy due to the individual vortex sheets from 
each blade.  Goldstein worked out the exact effect for 
optimized rotors.  Prandtl, on the other hand, worked out 
an approximate correction factor that agrees very well 
with Goldstein for moderate climb rates.  Prandtl 
[5],[6],[7] introduces a correction factor, k, in the 
calculation of induced flow that accounts for the loss at 
the tip of the blades.  Because of this tip loss, for a given 
thrust, there is more induced flow than predicted by 
momentum theory.  Using these principles an 
approximation to the theoretical figure of merit for an 
actuator disk or a lifting rotor for a finite number of 
blades can be obtained using Prandtl formulation.  The 
Prandtl k factor is applied as follows. 
      

( ) ( )( )2 2dL rdr V v v kπ ρ= +                  (71) 
where 
 

12 (1 )cos exp
2

Q rk
π λ

−  − −  =     
                 (72) 

where Q is the number of blades. 
     Because the Prandtl correction as applied to the Betz 
distribution agrees so closely with Goldstein, that it 
makes sense to do some calculations with the Prandtl 
factor to determine the magnitude of the effect of number 
of blades on figure of merit.  Thus, the following formula 
can be used for the figure of merit computations. 

1 2
Prandtl 0

. . 2 cosK F M k rdrϕ= = ∫                     (73) 

where,  

 
2 2

cos r

r
ϕ

λ
=

+
                          (74) 

 
where λ is the climb rate and φ is the inflow angle.   
     Figure (13) shows the effect of tip loss (as determined 
from Prandtl�s k-factor) on Figure of Merit.  The top 
curve, for the case φ = 0, is the effect for an actuator disk 
with a finite number of blades for a four-bladed, lightly 
loaded rotor.  The middle two, coincident curves are the 
figure of merit for a rotor with tilted lift but infinite 
number of blades.  The lowest curve is for tilted lift and 
finite number of blades (i.e., the Goldstein solution).  One 
can see that blade number is also an important factor in 
the loss of ideal induced power. 
 



 

 

Figure 13: Effect of Tip Loss on Figure of Merit, 
Lightly-Loaded Rotor. 

     We now wish to see if the finite-state methodology can 
give the correct optimum distribution and figure of merit 
as Goldstein (i.e., as the Prandtl-corrected Betz).  
Makinen, [8],[9] showed that the inflow model can indeed 
match Goldstein provided that a correction is applied for 
the swirl kinetic energy.  Thus, the added energy is added 
to the mass matrix; and the resultant induced flow is 
assumed parallel to the tilted lift vectors.  
     To be precise, the apparent mass matrix m

nK    
(diagonal), must be replaced to include the effect of the 
wake swirl.  There are different swirl corrections that can 
be applied, but from Ref. 8 the following correction gives 
the best results. 
 

[ ] [ ]
2

2 m
m m m m
n n nj nK K I m I A K

Q
κλ −          ⇒ + −               

(75) 
where κ =2.2, Q is the number of blades, and λ is the total 
inflow.  It should be noted that for an actuator disk (no lift 
tilt), κ is set to zero. 
     When the dynamics of the unsteady blade-passage is 
added to the dynamic wake model, (see Ref. 8) shows that 
the L%  used in axial flow, 0

njA   , is replaced by the 
following. 

0
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,2 ,3 ,...

12
0

2
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Tm m
nj nj

m Q Q Q

m m m m
n nj n nj

L A

E A

m K A K E
λ

−

=

−

   = +  
      

         +            

∑

%

         (76) 

The 0m
njE    matrix is the expansion transformation matrix 

(Ref. 8) defined as: 

( ) ( )10 0

0

m m
nj n jE P P dν ν ν= ∫                      (77) 

 
Performing the optimization for this case, and using 
finite-state methods, the figure of merit is obtained.  The 
{ }m

nC remains the same as for an infinite number of 
blades.  There is no change in the values because 
physically these coefficients are a fit of the function 

cosν ϕ , and for an actuator disk cos 1ϕ = .   

{ } { }1
. . 2

Tm m
finite state n nK F M C L C

−

−  = =  
%          (78) 

 
     Once the theory has been verified, some useful plots 
of induced power for different numbers of blades at 
various climb rates can be obtained, as it is shown in 
Figure 14.  The importance of this graph is that the effect 
of finite number of blades on the induced power can be 
noticed.  It is seen that induced power increases for a 
decreasing number of blades.  It is an expected result, as 
the ideal induced power exists for an infinite number of 
blades (for Prandtl is k = 1).  The profile of the curves is 
similar to the one observed for infinite numbers of blades 
at different thrust coefficients.  The �bucket� effect is 
present here also, and the general profile is maintained.  
Thus, the effect of these differences for finite number of 
blades affecting the induced power is as less critical as the 
increase in induced power due to lift tilt. 

Figure 14: Induced power coefficient comparison for 
various numbers of blades. CT = 0.02. 

 
     Finite-State methods should agree with the theory 
developed by Goldstein [10] for every flight condition in 
axial flow.  There is no closed-form solution or 
expression that Goldstein developed for the theoretical 
figure of merit for a lifting rotor with a finite number of 
blades.  However, Makinen [8],[9] was successful in the 
further development and application of the finite-state 
method to obtain circulation for a given induced velocity.  
These circulation results are in agreement with 



 Goldstein�s circulation for an optimal propeller, as it 
is shown in Figures 15 and 16.  The fact that the 
application of finite-state methods provides an accurate 
optimal circulation results in the confidence that the 
calculations of figure of merit for this special case will 
also be accurate. 
     Figures 15 and 16 show the circulation at any radial 
position of the blade using Prandtl�s approximation, 
Goldstein�s optimal circulation, and Makinen�s results 
with the swirl velocity corrections made to the apparent 
mass matrix in Equation (75).  Figure 15 is for a µ0 = 5 (λ 
= 0.20) and Figure 16 is for µ0 = 20 (λ = 0.05).  It is 
noticed that Prandt and Goldstein�s circulations give 
results that are very close to each other.  Since there is 
such close agreement in both approaches, and there is a 
figure of merit expression for Prandt�s approximation, the 
finite-state approach could be comparabe to Prandtl�s 
approximation.   
     It is not surprising that the quadratic optimization with 
the dynamic wake model gives the correct figure of merit 
due to both lift tilt and finite number of blades.  Figures 
15 and 16 (from Ref. 8) show that the dynamic wake 
model (with swirl correction) gives the correct inboard 
(swirl) and outboard (tip loss) velocities. 

 
 

Figure 15: Circulation at any blade radial location for 
Prandtl, Goldstein, and using Finite-State methods. 

Plot obtained from [8],[9].  

 
Figure 16: Circulation at any blade radial location for 

Prandtl, Goldstein, and using Finite-State methods. 
Plot obtained from [8],[9]. 

 
Future Work 

 
     Since the method has been validated, the theory can be 
applied to the same cases for skewed flow.  Most of the 
approach for skewed flow is similar to that for axial flow.  
The case for an actuator disk with an infinite number of 
blades will be revisited.  However some changes will be 
done for forward flight.  For this case, momentum theory 
predicts that the optimum induced power is obtained for a 
constant pressure distribution (similarly as to what 
happened for axial flow) but the induced velocity profile 
will no longer be constant.  For an actuator disk with an 
infinite number of blades, we have already applied the 
finite-state model and verified that it gives the Glauert 
solution of uniform pressure.  However, to go on to the 
other cases, all harmonics (and their periodic coupling) 
will need to be included.  The rest of the special cases, 
for an actuator disk with a finite number of blades and for 
the two cases for a lifting rotor, will provide results never 
obtained before.  The results will hopefully provide the 
conclusion as to why the experimental minimum induced 
power for a helicopter is orders of magnitude greater to 
what theory predicts should be.  These results could allow 
determining what changes, if any, should be introduced in 
the rotor to reduce the minimum induced power.   
     The formulation for the figure of merit in forward 
flight will remain similar to the general figure of merit 
shown by Equation (52): 

{ } { }
1

. . 2
Tm m

finite state n nK F M C L C
−

−
 = =    

 
However, the coefficients and the L-matrix will be 
different than the ones obtained before, and also different 
for each of the four cases. 



 The main difference for skewed flow is that when 
calculating the cosine of the inflow angle the advance 
ratio, µ, must be considered.  Equation (43) again is: 
 

( )2 2

sincos
sin

r

r

µ ψϕ
µ ψ λ

+
=

+ +
 

 
where r is the radial position along the blade and  ψ is the 
angle at which the rotating blade is with respect to the aft 
position of the rotor.                
     For skewed flow, the total inflow also changes.  The 
total inflow for axial flow was defined before as:  
 

2

1
2 4
η ηλ η ν= + = + +  

and it was derived from momentum theory for a uniform 
induced flow distribution.  In forward flight, the total 
inflow becomes: 

λ η ν= +                                 (79) 
where the normalized inflow is the solution of Equation 
(80) for given normalized climb rate and advance ratio. 
 

( )221 ν µ ν η= + +                          (80) 
 

     These changes will affect the optimum coefficients, 
but the L-matrix will also be altered because the skew 
angle is no longer zero, and so there are more harmonics 
than the m = 0 for axial flow.  The expression for this 
matrix will be obtained using He�s formulation 
(Equations (13)). 
     With the results in forward flight, the study of 
minimum induced power will be complete for any flight 
condition. 

 
Conclusions 

 
     The objective of this paper is to validate the use of 
finite-state methods to obtain accurate minimum induced 
power results.  The theory is validated by the comparison 
to classical solutions for the figure of merit.  The results 
compare favorably for a variety of flight regimes in axial 
flow.  The current method was verified for: 1) an actuator 
disk with an infinite number of blades, which was in 
agreement with the predictions made by momentum 
theory; 2) for an actuator disk with a finite number of 
blades, which proves similar results as to the ones 
obtained by Prandtl; 3) for a lifting rotor with an infinite 
number of blades, which agrees with Betz�s distribution; 
and 4) for a lifting rotor with a finite number of blades, 
which should agree with Goldstein�s solution, but was 
compared to Prandtl�s approximation modified to include 
a finite number of blades. 
     Because the method has been validated for all the 
cases in axial flow, it is hopeful that the formulation can 

be used to obtain results for skewed flow in all four 
special cases.  These will result in the fulfillment of the 
complete scope of flight conditions for a helicopter, and 
will provide a greater understanding on what the 
requirements are for minimum induced power conditions.       
     Also, because of the results obtained by Ormiston 
[1],[2], a conclusion as to what makes the induced power 
to increase well above ideal values should be found.  
These studies will determine which of the three main 
causes for the increment of induced power is the most 
important: the fact that a real rotor has a finite number of 
blades, the limitations in lifting capabilities of the blades 
as airfoils, or the tilted thrust that produces swirl velocity.   
 

Acknowledgements 
 
     This work was sponsored by the Army Research 
Office, Agreement #DAAD19-01-1-0697, Tom 
Doligalski, Technical Monitor. 
 

References 
 

1.  Ormiston, Robert A., �Helicopter Rotor Induced 
Power, � Proceedings of the AHS International 60th 
Annual Forum and Technology Display, Baltimore, MD, 
June 8-10, 2004. 
 
2.  Ormiston, Robert A,. �Further Investigations of 
Helicopter Rotor Induced Power, � Proceedings of the 
AHS International 61st Annual Forum and Technology 
Display, Grapevine, TX, June 1-3, 2005. 
 
3.  Chengjian, He, Development and Application of a 
Generalized Dynamic Wake Theory for Lifting Rotors, 
Ph.D. thesis, Georgia Institute of Technology, July 1989. 
 
4.  Glauert, H., Aerodynamic Theory: A General Review 
of Progress, volume IV, chapter Division L, Airplane 
Propellers. Dover Publications, Inc., New York, NY, 
1963, pp. 169-368 
 
5.  Gessow, A. and Myers, Garry C., Aerodynamics of the 
Helicopter, Ungar, New York, 1952. 
 
6.  Johnson Wayne, Helicopter Theory, Dover 
Publications, Inc., New York, NY, 1980. 
 
7.  Betz, A., and Prandtl, L., � Schraubenpropeller mit 
geringstem energieverlust, � Goettinger Nachrichten, 
March 1919,  pp. 193-217  
 
8.  Peters, D.A., and Makinen, SM., �A Comparison of 
Prandtl and Goldstein Optimum Propeller Solutions with 
Finite-State Dynamic Wake Models,� Georgia Institute of 
Technology and Army Research Office 10th International 
Workshop on Aerolasticity of Rotorcraft Systems, 
Atlanta, GA, November 3-5, 2003. 



  
9. Makinen, S.M., �Applying Dynamic Wake Models to 
Large Swirl Velocities for Optimal Propellers, � Doctoral 
thesis, Washington University in Saint Louis, May 2005. 
 
 
10.  Goldstein, S., �On the Vortex Theory of Screw 
Propellers,� Proceedings of the Royal Society of London.  
Series A, Containing Papers of a Mathematical and 
Physical Character, volume 123.  The Royal Society, 
April 6 1929, pp. 440-465 
 

Addendum 
 
     Equations (52), (65), (73), and (78) give formulae for 
Figure of Merit for a lightly-loaded rotor.  Thus, to be 
precise, they are actually formulae for thrust deficiency K.  
This thrust deficiency is a function of λ, the flow rate.  In 
order to extend these formulae to apply to rotors with 
significant loading (i.e., ν not small relative to η) one 
must correct for the lift deficiency in the momentum 
equation (54).  This is done as follows. 
     First, λ is computed without thrust deficiency 
 

2

2 2 2
TCη ηλ  = + + 

 
 

and this λ is used to compute the thrust deficiency K.  
Next, K is used in the momentum theory to compute 
Figure of Merit. 
 

 

2

2

2 2 2
. .

2 2 2

T

lightly loaded

T

CK

F M
C
K

η η

η η
−

   + + 
   =
   + +    

           (81) 

 
For lightly loaded, η2  >> 2CT, this reverts to F.M. = K.  
For hover, η = 0, this reduces to  
 

3 / 2. .
hover

F M K=  
 

Thus, Equation (81) is the Figure of Merit for full loading. 
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ABSTRACT 
 
A detailed finite element (FE) model has been 
developed of the human lower leg in order to 
investigate the mechanisms that cause severe ankle 
injuries in frontal impacts. 
 
Predictions from the model have been validated 
against the results from two separate sets of sub-
injurious and injurious PMHS tests. The model 
correlated well against the test results and it was 
estimated that a predicted von Mises stress of 
120 MPa correlates to a predicted risk of injury to 
the calcaneus and talus bones in the model. 
 
A series of predictive model runs were also carried 
out to investigate the influence that environmental 
and subject variations have on the predicted injury 
risk of the ankle. The set-up of all these model runs 
were based on sled impact tests in which PMHS 
legs were mounted on a sled rig with the feet 
resting on a heel and mid-foot pad. The 
environmental investigations included model runs 
with and without the heel pad and loading the foot 
in eversion and a neutral position. Subject 
variations investigated the influence that the 
stiffness of the ligaments joining the mid-foot to 
the hind-foot have on the predicted injury risk. 
 
Without the heel pad there was considerable dorsi-
flexion of the foot and a predicted increased injury 
risk to the neck of the talus and a reduced injury 
risk to the calcaneus. Loading the foot in eversion 
it was predicted that the greatest injury risk was to 
the lateral aspect of the talus where the lateral 
malleolus of the fibula articulates with the talus. 
Increasing the ligament stiffness reduced the 
shearing motion in the joints between the mid-foot 
and the hind-foot and there was an increased injury 
risk to the neck of the talus. 
 
INTRODUCTION 
 
Injuries to the foot and ankle, as a result of 
automotive accidents, are typically not life 
threatening, but are relatively common and can 

result in long-term medical complications and 
permanent disability (Owen et al., 2001, Wheeler 
et al., 2000). These complications can have 
dramatic consequences on the individual’s quality 
of life and also amount to a sizeable societal cost 
(McMaster et al., 2000). 
 
Despite the known complications of ankle injuries 
the mechanisms conspiring to cause them are not 
fully understood. This presents difficulties in 
developing comprehensive and robust assessment 
techniques and/or injury criteria that could promote 
the design of effective countermeasures that will 
reduce the likelihood of debilitating ankle injuries. 
 
Biomechanical testing can be used to develop the 
necessary understanding on ankle injuries, but 
biomechanical tests are often complicated by 
difficulties in obtaining quality test specimens in 
sufficient numbers and recreating realistic impact 
conditions. There are also ethical and physical 
restrictions that may limit the types of tests that can 
be carried out and the physical measures that can 
be made in order to appreciate fully the 
mechanisms contributing to the most debilitating 
ankle injuries. 
 
As an alternative and complimentary means of 
developing an understanding of ankle injuries a 
finite element (FE) model of the human lower leg 
and ankle could be used. The expected benefits in 
using a leg model include: 
• Carrying out virtual loading tests that would 

be difficult or impossible to achieve with 
physical tests; 

• An ability to measure parameters that would 
be difficult or impossible to assess in Post 
Mortem Human Subject (PMHS) tests; 

• A cost-effective means of completing large 
parameter sweeps investigating the 
influence that impact conditions and leg 
posture have on the injury risk to the ankle; 

• Accurate and consistent control over the 
physical structure and material properties of 
the leg; 
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• The potential to alter and scale material 
properties and physical features of the leg 
model to match specific groups or 
individuals of the population; 

• An ability to look at the sensitivity of the 
injury risk assessment criteria under 
different loading situations and severities. 

 
As part of a three year lower leg injury research 
project funded by the UK Department for Transport 
(DfT) TRL Limited has developed a FE human 
lower leg model. This paper details the work 
carried out in developing the model and the 
validation of the model against two separate sets of 
PMHS test data (Wheeler et al., 2000 and Hynd et 
al., 2003). The paper also details the results from a 
series of predictive model runs carried out to 
investigate the influence that environmental and 
subject variations have on the predicted injury risk 
of the ankle. 
 
THE FINITE ELEMENT MODEL OF THE 
LOWER LEG 
 
The leg model was developed in the LS-DYNA FE 
software package. In total the model was structured 
from 59515 finite elements and 33444 nodes. 
 
The Modelled Bones of the Leg, Ankle and Foot 
 
The geometrical information used to create the 
separate bones of the model was purchased from a 
commercial library of 3D digital data 
(Viewpoint.com). 
 
To simplify the structure of the model and reduce 
model run times the less important bones of the 
foot, with respect to injury risk, were modelled as a 
single non-deformable rigid body; this included the 
phalanges, metatarsals, cuneiforms, cuboid and 
navicular bones. The femur was also modelled as a 
single rigid body, in addition to the upper part of 
the tibia, fibula and patella (see Figure 1). These 
latter structures were modelled as a single rigid 
body in order that a rigid kinematic revolute 
(hinge) joint could be used to approximate the 
articulation of the knee joint. 
 
All remaining bones of the leg model were 
represented as deformable bodies with elastic-
plastic material properties. Each of these bones was 
modelled with an inner cancellous and outer 
cortical bone structure. The cancellous bone was 
modelled with solid elements and the cortical layer 
modelled with shell elements. Details of the 
structure and material properties of the bones in the 
model are provided in Table 1. With the exception 
of the tibia and fibula the material properties and 
thicknesses of the bone layers were based on values 

presented in the published literature (Yamada, 1970 
and Beillas et al., 2001). 
 
The cortical bone layer thicknesses and material 
properties for the tibia and fibula were obtained 
through reverse engineering in which the properties 
of the bones were altered in a series of model runs 
until the model’s predictions adequately matched 
the results from PMHS three-point bending tests on 
tibia and fibula bones carried out by Takahashi et 
al., (2000 and 2003). As shown in Figure 2, the 
thickness of the cortical bone layer for the tibia was 
varied along its length to provide a better 
representation of the variation in cortical bone 
thickness for the tibia and the best approximation 
of the three-point bending test results. 
 
Joints explicitly represented in the foot and ankle 
were defined by sliding contact interfaces between 
the surfaces of the modelled bones. This approach 
provided an accurate representation of the joints, as 
it relied on the geometrical shape of the bones and 
the ligament properties to control the range and 
limits of joint movement. The coefficient of 
friction for the joints was set at 0.01. 
 

 
Figure 1. Parts of the tibia, fibula and patella 

modelled as a single rigid body. 
 

 
Figure 2. The distribution in the thickness of the 

cortical bone layer in the modelled tibia. 

Femur rigid 
body 

Single rigid 
body 

2.0mm 

2.0mm 
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Table 1. Structure and material properties of the leg model’s bones. 
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The Modelled Ligaments and Tendons 
 
Altogether 26 ligaments were represented in the 
model, choosing those that would have the greatest 
influence on the impact response of the lower leg 
and ankle. At the knee the cruciate, collateral, 
anterior ligament of the head of the fibula and the 
inter-osseous ligament between the tibia and fibula 
were modelled. The modelled ligaments 
surrounding the foot and ankle joints are detailed in 
Figure 3. 
 
The location and geometrical size of the ligaments 
in the model were based on subjective 
examinations of images in published sources such 
as Gray’s Anatomy and information available on 
the internet (e.g. www.bartleby.com). Advice on 
the anatomical structure of the model was also 
obtained from orthopaedic surgeons based at the 
Queen’s Medical Centre Hospital in Nottingham in 
the UK. 
 

 
Figure 3. The modelled ligaments surrounding 

the foot and ankle joints in the leg model. 
 
The stretching behaviour of ligaments is 
characterised by a ‘J’ shaped response, as shown in 
Figure 4. To represent this response in the model 
the ligaments were modelled with low stiffness 
shell elements with parallel sets of springs and 
damper elements attached to the nodal points of the 
shell elements, as shown in Figure 5. The shell 
elements were used to define contact between the 
ligaments and the bones, while the spring elements 
were used to create the characteristic ‘J’ shaped 
stretch response of ligaments. The dampers were 
used to remove erratic and unrealistic oscillations 
observed in the ligaments when stretched. 
 

Material properties for the ligaments were initially 
based on preliminary results from PMHS ligament 
stretch tests carried out by Lowne et al., (2001) and 
information on ligament behaviour presented in 
Yamada (1970). Reverse engineering was then 
used to fine tune and balance the material 
properties of the ligaments using the results from a 
‘basic’ series of ankle articulation tests carried out 
by McMaster et al., (2000) on 21 fresh frozen 
PMHS lower legs. The articulation tests 
investigated the torque rotation characteristics of 
the ankle in inversion, eversion, dorsi-flexion and 
plantar-flexion. The leg model was set up to match 
the test configuration of McMaster and the 
modelled ligament properties were altered between 
repeated model runs until a good correlation was 
obtained between the model’s predictions and the 
PMHS test results. 
 

Strain

Fo
rc

e

Figure 4. The characteristic ‘J’ shape stretch 
response of ligaments. 

Parallel sets of springs
and dampers joined to
the nodal points of the
shell elements

Parallel sets of springs
and dampers joined to
the nodal points of the
shell elements

Figure 5. Structure of the ligaments in the leg 
model. 

 
It is understood that ligaments are in an initial state 
of tension even when joints are in a neutral 
position. It was considered important to represent 
this initial state of ligament tension in the model. 
This was achieved by defining initial extended 
offsets in the ligament springs (Figure 5) and the 
model was run for an effectively infinite length of 
time in order to achieve an initial balanced and 
steady-state set-up for the leg model and the 
ligament offsets. It was rationalised that in a neutral 
position, when the leg is not supporting the body 

Medial 
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ligament 

Anterior 
talofibular 
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ligament 

Anterior 
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Bifurcate ligament Long plantar 
ligament 

Posterior talotibial 
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Deltoid ligament 
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Calcaneofibular 
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Posterior lateral 
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weight, that the load through the articular surfaces 
of the ankle joints due to initial tensions in the 
ligaments and hydrostatic pressure would be 
approximately 30-40 N. This value was used as a 
basis to set the initial offsets in the springs of the 
modelled ligaments. 
 
In order to simulate the loading conditions under 
which the model was validated, as detailed later in 
the paper, it was necessary to represent the Achilles 
tendon in the model. This tendon was modelled 
using inelastic seat-belt elements attached to the 
calcaneus at one end and to an Achilles spring at 
the other (see Figure 6). The seat-belt elements 
passed through a seat-belt slip-ring positioned close 
to the distal end of the tibia in order to tether the 
tendon closer to the tibia and make the line of 
action of the tendon more representative of the 
in-vivo situation. 
 

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements Slip-ring

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements Slip-ring

 
Figure 6. Set-up of the Achilles tendon in the 

human leg model. 
 
The Achilles spring was connected between the 
seat-belt elements and the rigid part of the tibia as 
detailed in Figure 1 above. The spring was 
introduced so that initial offsets could be set in the 
spring in order to represent initial active loads in 
the tendon due to active muscle responses. 
 
Two further ‘hypothetical’ ligaments were also 
introduced into the model to represent the soft 
anatomical features, such as ligaments, tendons and 
flesh not explicitly represented in the model. The 
decision to introduce these ‘hypothetical’ ligaments 
was based on the results of preliminary model runs 
where it was found during dorsiflexion of the 
modelled foot that the talus came away from the 
tibia creating a large gap between the articular 
surfaces of these bones, as shown in Figure 7. It 
was apparent from observations of the model 
animations that the talus pivoted against the tibia 
rather than the bones rotating or sliding against 
each other as expected. 

It was believed that the pivoting motion of the talus 
was due to an imbalance of the ligament forces 
surrounding the talocrural joints. To compensate 
for the imbalance and resolve the problem of the 
pivoting talus it was decided to introduce two 
additional ligament springs in the model to act as 
‘hypothetical’ ligaments to help correctly control 
the motion of the talus. A ligament spring was 
added between the fibula and the front of the 
calcaneus and a further ligament spring was 
introduced between the rear of the tibia and the 
calcaneus, as shown in Figure 8. Properties for 
these springs were consistent with the properties 
that were used for the other ligaments in the model. 
As shown in Figure 7 the introduction of the two 
‘hypothetical’ ligaments improved the motion of 
the talus during dorsiflexion. 

Without ‘hypothetical’ 
ligaments 

With ‘hypothetical’ 
ligaments 

Figure 7. Change in the rotation of the talus 
with the introduction of two ‘hypothetical’ 

ligaments. 
 

‘Hypothetical’ ligaments‘Hypothetical’ ligaments

 
Figure 8. The two ‘hypothetical’ ligaments 

added to the leg model. 
 
The Modelled Flesh 
 
The geometrical data for the leg flesh was 
purchased from ‘Viewpoint.com’. The flesh 
geometrical data provided an external boundary for 
creating the FE mesh of the flesh (see Figure 9) and 
the modelled bones provided an internal boundary. 
A tied surface contact was used to fix the modelled 

Pivoting talus 
and rear gap 

Rotating talus 
and reduced 
gap between 
talus and tibia 
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flesh to the external surfaces of the bones. This 
avoided the problem of matching and merging the 
mesh of the flesh with that of the bones. 

Flesh was not modelled around the foot because of 
the relatively greater geometrical complexity of the 
model in this region. In order to allow for the 
absence of flesh in this region weight was added to 
the bones of the modelled foot by scaling the 
density of the modelled bones, as detailed in 
Table 1 above. 
Material properties for the flesh were derived using 
data from compression and indentation tests carried 
out on PMHS leg flesh samples (Untaroiu et al., 
2005). Based on this data the viscoelastic material 
model in LS-DYNA was found to provide the most 
efficient model for characterising the dynamic 
behaviour of the flesh. 
 
MODEL VALIDATION 
 
Results from two sets of sub-injurious and injurious 
PMHS tests were used to validate the predictions of 
the leg model: 
• Pendulum impact tests; 
• Sled impact tests. 
 
The Pendulum Impact Tests 
 
Wheeler et al. (2000) reported on sub-injurious 
pendulum impact tests carried out on eight PMHS 
leg specimens in order to develop biofidelity target 
corridors. A rigid pendulum impactor instrumented 
with a single axis accelerometer was used to impact 
the PMHS feet. The impact occurred on the plantar 
surface of the PMHS feet, centred at the level of 
the ball of the foot (Figure 9). 
 
The pendulum weighed 1.5 kg and had an initial 
impact velocity of 6 m.s-1. In the tests a constant 
load of 960 N was developed in the Achilles 
tendon. Pre-impact, a stirrup was placed around the 
foot to prevent plantar flexion of the foot due to the 
Achilles load. An equivalent Achilles load was 
generated in the model by modifying the 
characteristics and offset in the modelled Achilles 
tendon spring. Pre-impact plantar flexion of the 
modelled foot was prevented by initially resting the 
plantar surface of the modelled foot against a rigid 
contact plane. This contact plane was removed 
immediately after the pendulum struck the 
modelled foot. 
 
In the model the pendulum impacted a 10 mm thick 
soft pad that was introduced to represent the flesh 
on the sole of the foot (Figure 9). This pad was 
rigidly fixed to the rigid forefoot of the model. The 
upper rigid part of the tibia, as shown in Figure 1 
above, was also rigidly fixed in inertial space in 
order to represent the potting of the PMHS 
specimens in the Wheeler et al. tests. 

Knee fixed 
in space

Skin pad fixed to 
the plantar 
surface of the 
foot 

Pendulum 
impactor

Knee fixed 
in space

Skin pad fixed to 
the plantar 
surface of the 
foot 

Pendulum 
impactor

Figure 9. The set-up of the model for the 
pendulum impact tests. 

 
The Sled Impact Tests 
 
Figure 10 details the set-up of the sub-injurious and 
injurious PMHS sled impact tests reported by Hynd 
et al., (2003). The design of the sled tests was 
intended to create the dual loading of the leg during 
automotive accidents caused firstly by the 
deceleration of the vehicle and pelvis, and secondly 
by the intrusion of the footwell. In the tests the 
deceleration of the vehicle and pelvis was 
characterised by the deceleration of the sled by a 
honeycomb energy absorber (A in Figure 10) and 
the footwell intrusion was represented by a foot 
plate on the rig impacting a separate honeycomb 
energy absorber (C in Figure 10). The design of the 
sled impact resulted in the footplate moving in the 
aft direction relative to the sled rig 30 ms into the 
impact. In all the PMHS tests the deceleration of 
the sled rig was relatively constant. In contrast, the 
deceleration of the footplate was varied by 
impacting honeycomb of the same stiffness, but 
with widths of 40, 100 and 200 mm, respectively 
representing low, medium and high severity 
impacts. 
 
In the tests the PMHS legs were above knee 
amputations and were secured to a purpose 
designed metal femur that allowed free biofidelic 
movement of the knee joint. The mid-part of the 
PMHS foot rested on a curved pad representing a 
brake pedal and an additional pad was used to 
support the heel of the PMHS foot. Both mid-foot 
and heel pads were mounted on the footplate of the 
sled rig. Each pad was covered with 
‘Velbex’(PVC) to represent the stiffness 
characteristics of a shoe. 
 
The PMHS legs were secured in position using a 
knee restraint, as shown Figure 10. The restraint 
looped over the top of the metal femur and 
represented the active extension response of the 
knee in pre-crash emergency braking. In addition a 
constant Achilles tension force of 500 N was 
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generated in the tests using a pressurised pneumatic 
cylinder (D in Figure 10). 
 

 
Figure 10. Schematic of the sled impact tests of 

Hynd et al. (2003). 
 
Figure 11 shows the set-up of the model for 
simulating the sled impact tests. In this figure the 
leg flesh has been removed, but the flesh was 
present for the simulations. 
 

Hip joint

Knee restraint

Achilles tendon
setup

Heel pad

Mid-foot
pad

Hip joint

Knee restraint

Achilles tendon
setup

Heel pad

Mid-foot
pad

Figure 11. The leg model set-up for the sled 
impact tests. 

 
The head of the modelled femur was fixed in 
inertial space using a rigid kinematic revolute 
(hinge) joint. This set-up represented the 
connection used to fix the metal femur to the sled 
rig in the sled tests. A spring, with a constant 
spring force characteristic of 760 N, was used to 
represent the knee restraint and a series of very stiff 
seat belt elements and slip-rings were used to 
represent the set-up of the Achilles tendon 
attachment. The seat-belt elements were attached to 
a single spring, fixed to inertial space, which had a 
constant spring force characteristic of 500 N to 
represent the pneumatic cylinder used in the tests. 
 
Comparable to the tests the modelled foot rested on 
a mid-foot and heel pad. Two layers of material 
were simulated on the pads; the first represented 
the Velbex fixed to the pads in the tests, the second 
layer represented the skin on the sole of the foot. 
The model was loaded by applying the sled 
deceleration to the whole leg model. In addition to 
this a separate acceleration was applied to the 
modelled mid-foot and heel pads to represent the 
relative acceleration between the footplate and the 
sled rig. 

Validation Results - Pendulum Impact Tests 
 
The predicted pendulum acceleration was 
compared against a corridor of results obtained 
from the eight PMHS pendulum impact tests (see 
Figure 12). The model over-predicts the peak upper 
corridor response by approximately 20 g (13%). 
The model predicted a second smaller peak 
acceleration of 80 g at 10 ms that closely matched 
the magnitude, but not the timing, of the second 
peak observed in the PMHS test corridor. 
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Figure 12. Comparison of the predicted and 
measured PMHS pendulum accelerations 

reported by Wheeler et al. (2000). 
 
Validation Results – Sled Impact Tests 
 
Predicted heel and mid-foot pad impact forces were 
compared against comparable measures made in 
the low, medium and high severity sled impact 
tests. In order to assess the capability of the model 
to predict ankle injuries, predicted von Mises 
stresses in the model were compared against the 
injury patterns found in the PMHS test specimens 
post impact. 
 
Heel and Mid-foot Pad Forces – In Figure 13 
predicted heel and mid-foot pad forces for the low, 
medium and high severity impacts are compared 
against comparable results from three PMHS tests 
carried out at each impact severity. It is noticeable 
that there are considerable differences in the 
predicted and measured forces in the early stages of 
the impact. Between 10 and 30 ms predicted heel 
and mid-foot pad forces rise to approximately 
2 kN, while measured heel and mid-foot pad forces 
are relatively steady over this period at 1 kN and 
2 kN respectively. These differences are attributed 
to the fact that in the tests the PMHS feet were 
balanced on the heel and mid-foot pads pre-impact. 
In contrast the modelled foot was not balanced on 
the heel and mid-foot pad pre-impact because of 
time limitations in carrying out the validation work. 
Consequently this resulted in the modelled foot 
impacting the heel and mid-foot pad during the 
initial sled rig deceleration, while the PMHS feet 
pressed against the heel and mid-foot pads in the 
early stages of the impact (<30 ms). 
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Following the initial deceleration of the sled rig 
and the onset of the secondary footplate pulse at 30 
ms, there is better correlation between the 
measured and predicted heel pad forces. In 
comparison greater differences are observed 
between the measured and predicted mid-foot pad 
forces after 30 ms. For instance, under the medium 
severity impact conditions the peak measured mid-
foot forces are approximately twice as large as the 
predicted results. It is anticipated that this 
difference is a result of the ligaments joining the 
hind-foot to the mid-foot being weaker in the 
model compared to those in the PMHS feet. This 
was suggested in the animations for the model runs 
where it was noticed that there appeared to be 
excessive motion and shearing in the joints 
between the mid and hind-foot. This was later 
investigated in a series of predictive model runs 
that are detailed later in the paper. 
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Figure 13. Comparison of the predicted and 
measured heel and mid-foot pad forces from the 
PMHS sled tests reported by Hynd et al. (2003). 
 
Injury Prediction - Hynd et al. (2003) reported 
that in general the low severity impacts into the 
40 mm honeycomb did not initiate injuries in the 
PMHS legs. This test was therefore used to set a 
threshold injury limit for the model’s predicted von 
Mises stresses. The maximum predicted von Mises 
stress in the calcaneus and talus for the low severity 
impact peaked at approximately 120 MPa. 
Consequently, this threshold was used as the 
criteria for predicting injury with the model. 
 
Calcaneus fractures were consistently found in the 
in the PMHS sled tests in which injuries occurred, 
although some fractures to the talus and tibia were 

also noted. In line with the injury results the model 
predictions also indicated a predominance of 
calcaneus injuries and a reduced likelihood of talus 
injuries. As shown in Figure 14, for the low 
severity impact the predicted von Mises stress 
threshold of 120 MPa is reached in a small region 
on the calcaneus, but the stress threshold is reached 
over a greater area of the calcaneus for the medium 
and high severity impacts. This predicted stress 
pattern approximates the location of the intra-
articular calcaneus fractures observed in the PMHS 
legs, as shown in the X-ray image in Figure 14. In 
contrast peak predicted von Mises stresses in the 
talus did not rise above 120 MPa to the same extent 
that they did in the calcaneus. 
 
Resultant predicted loads in the intra-articular 
surfaces between the calcaneus and talus peaked at 
approximately 2 kN for the low severity impact, up 
to 2.6 and 3.8 kN for the medium and high severity 
impacts respectively. Comparable loads against 
which the model’s predictions could be compared 
were not measured in the tests. 
 

Low severity impact 
(t=50ms) 

Medium severity impact 
(t=39ms) 

Calcaneus fracture

Talus fracture

Calcaneus fracture

Talus fracture

 
High severity impact 

(t=36ms) 
PMHS specimen post 
high severity impact 

Von Mises
Stress (MPa)

Von Mises
Stress (MPa)

 
Figure 14. Predicted peak von Mises stresses in 

the calcaneus compared against observed 
injuries in a PMHS leg. 

 
Predictive model runs 
 
Two sets of predictive model runs were carried out 
to investigate the influence that environmental 
variations have on the predicted injury risk. A 
further set of model runs were carried out to 
investigate the influence that subject (ligament 
stiffness) variations have on the predicted injury 
risk from the model. The set-ups of all these model 
runs were based on the PMHS sled impact test 
conditions under which the model was previously 
validated. 
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Environmental Variation – Heel Pad Influence 
on Predicted Injury Risk 
 
An additional model run was carried out to 
investigate the influence of removing the heel pad 
(Figure 11 above) from the medium severity sled 
impact conditions. The predictions from the 
medium severity simulated sled impact conditions, 
obtained in the leg model’s validation, provided a 
baseline against which the predictions from this 
additional model run were compared. 
 
Environmental Variation – Effect of Eversion 
on Predicted Injury Risk 
 
Further to the medium severity sled impact model 
run a further model run was carried out in which 
the foot, heel pad and mid-foot pad were set at 21° 
of eversion. The alteration in the set-up of the 
model for this additional model run is shown in 
Figure 15. The predictions from the medium 
severity sled impact conditions, obtained in the 
validation of the leg model, provided a baseline or 
neutral response against which the predictions from 
the additional model run were compared. 
 

  
21° Eversion Neutral 

Figure 15. Variation in the eversion of the leg 
model for the predictive model runs. 

 
Subject Variation - The Effect of Ligament 
Stiffness on Predicted Injury Risk 
 
One of the main issues arising from the validation 
of the model against the sled impact test results 
concerned the predicted mid-foot pad forces which 
were lower than those measured in the PMHS tests. 
Furthermore excessive motion and shearing was 
predicted in the joints in the mid-foot region. There 
were concerns that the differences in the measured 
and predicted pad loads and the excessive motion 
in the mid-foot joints could be because of weak 
properties defined for the ligaments connecting the 
mid and hind-foot. In response to these concerns, 
two model runs were carried out to investigate the 
influence that the stiffness of the ligaments joining 
the mid-foot to the hind-foot would have on the 
model’s predictions. 
 
Both model runs were carried out under the high 
severity sled impact conditions, but in comparison 
to the validation model runs the heel pad was 
positioned 23.5 mm closer to the modelled heel. It 

was felt that moving the heel pad would increase 
the loading across the foot and assess better the 
influence that ligament stiffness has on the 
predicted injury risk of the leg. 
 
For one of the model runs, termed the baseline 
model run, the set-up of the ligaments matched that 
used in the validation of the model. For the second 
model run the Young’s modulus of the shell 
elements for the ligaments joining the hind-foot to 
the mid-foot, which included the Calcaneocuboid, 
Bifuricate (calcaneonavicular), Talonavicular and 
Plantar calcaneocuboid ligaments, were increased 
from 2 MPa to 1000 MPa, equating to a potential 
500-fold increase in the ligament stiffness. The true 
increase in the stiffness of the ligaments would also 
be influenced by the parallel sets of springs knitted 
between the nodes of the ligament shell elements 
(as shown in Figure 5). It was expected that the 
chosen increase in the ligament stiffness would be 
adequate to reduce the movement and shearing in 
the joints of the mid-foot. 
 
Results - Heel Pad Influence on Predicted Injury 
Risk 
 
Figure 16 shows the predicted difference in the sled 
impact response of the ankle with and without the 
heel pad. With a heel pad the foot remains in a 
relatively neutral position during the impact. 
Without a heel pad there is extreme dorsi-flexion of 
the foot. 

With heel pad Without heel pad 

Figure 16. Predicted difference in the ankle 
response with and without a heel pad. 

 
As in the validations of the model a von Mises 
stress threshold of 120 MPa was used to indicate an 
injury risk to the talus and calcaneus in the model. 
Differences in the peak von Mises stress predicted 
for the talus and calcaneus with and without a heel 
pad are shown in Figure 17. It is noticeable that 
without a heel pad there are large stresses 
surrounding the neck of the talus indicating an 
increased potential for this region of the talus to 
fracture under these loading conditions. These high 
stresses are initiated by the neck of the talus 
contacting the tibia due to the extreme dorsiflexion. 
In comparison peak talus von Mises stresses for the 
model run with a heel pad are concentrated on the 
articular surfaces of the talus. 
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Looking at the predicted stresses in the calcaneus 
these are generally greater and more widespread for 
the sled impact condition with a heel pad. The 
suggestion from these results is that without a heel 
pad (i.e. with large dorsiflexion) the talus is at a 
greater predicted risk of injury, and with a heel pad 
(i.e. a more neutral ankle position) the calcaneus is 
at a greater predicted risk of injury. 
 
Despite the predicted differences in the injury 
patterns for the ankle with and without a heel pad 
the predicted peak loads in the joints of the ankle 
were similar for both model runs (Figure 18). 
However, the peak loading response was later in 
the run without a heel pad, than when the pad was 
present. 
 

With heel pad Without heel pad 

  
Talus 

 
Calcaneus 

Von Mises
Stress (MPa)

Von Mises
Stress (MPa)

 
Figure 17. Differences in the peak predicted von 

Mises stress in the talus and calcaneus for the 
sled impacts with and without a heel pad. 
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Figure 18. Resultant predicted loads in the 
joints of the ankle for sled impacts with and 

without a heel pad. 
 
Results - Effect of Eversion on Predicted Injury 
Risk 
 
With eversion there were greater predicted von 
Mises stresses on the lateral aspect of the talus, at 
the location where the lateral malleolus of the 
fibula articulates with the talus (Figure 19). These 
high stresses did not result from direct contact 
between the fibula and the talus as the fibula was 

levered away from the talus by the calcaneus. It 
was therefore considered that the high stresses in 
the talus were due to direct loads between the 
calcaneus, talus and tibia. In contrast the maximum 
predicted von Mises stresses in the calcaneus were 
greatest for the neutral model run. It is implied 
from these results that with eversion the lateral 
aspect of the talus is at greatest risk of injury. The 
calcaneus is at greatest risk of injury under the 
neutral loading sled impact conditions. 
 
The predicted ankle joint loads peaked at 
approximately 3.5 kN in both the neutral and 
eversion loading conditions (Figure 20). However, 
the greatest loads were predicted in the tibia-talus 
articular surface for the neutral impact conditions 
and the talus-calcaneus articular surface had the 
greatest predicted loads for the eversion impact 
conditions. 
 

Neutral Eversion 

  
Talus 

Calcaneus 
Von Mises

Stress (MPa)
Von Mises

Stress (MPa)

 
Figure 19. Difference in the peak predicted von 
Mises stress in the talus and calcaneus for the 
sled impacts with eversion and the ankle in a 

neutral posture. 
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Figure 20. Resultant predicted loads in the 
joints of the ankle when loaded in eversion and a 

neutral posture. 
 
Results – The Effect of Ligament Stiffness on 
Predicted Injury Risk 
 
Stiffening the ligaments joining the hind-foot to the 
mid-foot reduced the amount of motion and 
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shearing in the joints in the mid-foot region 
(Figure 21). Weaker ligaments between the hind-
foot and mid-foot reduced the amount of load 
going through the ankle joints (Figure 22). On the 
whole predicted forces in the ankle joints of the 
model with the stiffer ligaments were 
approximately 1.5-2 kN (37-78%) greater than 
those predicted for the baseline model run. 
 
Stiffening the ligaments between the mid-foot and 
hind-foot increased the loading in the mid-foot and 
heel pads (Figure 23). In the validation of the leg 
model the predicted mid-foot pad forces were 
lower than those measured in the comparable 
PMHS tests, as shown in Figure 13 above. It is 
therefore possible that these differences could be 
caused by differences in the stiffness of the 
ligaments in the model compared with those in the 
PMHS specimens tested. 

 

Baseline ligament 
stiffnesses 

Increased ligament 
stiffness 

Figure 21. Change in the impact response of the 
foot with an increase in the stiffness of the 
ligaments joining the mid and hind-foot. 
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Figure 22. Resultant predicted loads in the ankle 
joints for sled impacts with baseline and stiffer 
ligaments joining the hind-foot to the mid-foot. 
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Figure 23. Resultant predicted loads in the mid-
foot and heel pads for sled impacts with baseline 
and stiffer ligaments joining the hind-foot to the 

mid-foot. 
 
Predicted von Mises stresses (Figure 24) exceeding 
the threshold injury limit of 120 MPa were more 
widespread in the model with the stiffer ligaments. 
Furthermore, it is also noticeable in the model with 

the stiffer ligaments that there was a concentration 
of peak predicted von Mises stresses surrounding 
the neck of the talus, which was not predicted in 
the baseline model run. 
 
DISCUSSION 
 
Discussion - Model Development 
 
A number of assumptions have been made in the 
development of the leg model that may have a 
considerable influence on the biofidelity of its 
behaviour. For instance, the fore-foot was modelled 
as a single rigid body and the flesh was not 
modelled. It is understood that these assumptions 
may limit the types of loading conditions that the 
model can be used to investigate. 
 
In terms of the present study the injurious sled 
impact loads have centred on the mid-foot and heel 
regions with foot flesh added to the impacting 
surfaces. It is believed that the model is adequately 
developed to simulate these impact conditions, but 
further development of the model may be needed to 
consider a broader range and type of lower leg 
loading conditions. A benefit of the assumptions 
made in the development of the model is that they 
reduce the size, complexity and run times of the 
model. This will be an advantage when carrying 
out parametric investigations that involve 
considerable numbers of model runs. 
 

Baseline ligament 
stiffness 

Increased ligament 
stiffness 

Talus 

  
Calcaneus 

Von Mises
Stress (MPa)

Von Mises
Stress (MPa)

 
Figure 24. Differences in the peak predicted von 

Mises stress in the talus and calcaneus for the 
sled impacts with baseline and stiffer ligaments 

joining the hind-foot to the mid-foot. 
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Failure properties have not been defined for the 
ligaments and bones in the model. This is an 
important omission in the set-up of the model as 
the principal intention for developing the model 
was to investigate ankle and lower leg injuries. A 
lack of reliable biomechanical data was the 
principal reason for not defining failure properties 
in the model. Furthermore, in preliminary model 
runs in which failure properties were defined for 
the bones of the foot and ankle, unreliable failure 
of the bones occurred, especially at localised stress 
concentrations, e.g. where the ligaments insert into 
the bones. Consequently, thresholds of predicted 
stress, rather than failure properties were used to 
provide a more reliable and trustworthy method of 
predicting injury risk. This approach neglects 
changes in the load distribution in the ankle as 
yielding and failure of anatomical features occurs 
and limits the potential of the model to predict the 
global pattern of ankle injury following impact. 
Additional work is therefore needed to develop a 
comprehensive failure response for the model, but 
the current model can be used to identify the 
primary anatomical features at risk of injury in an 
impact. 
 
With the exception of the Achillies tendon the leg 
model does not currently consider the bracing 
response in the leg caused by active muscle 
responses and the influence that this has on injury 
risk. Further work is needed to develop the 
principal tendons that control the response of the 
foot and ankle. This may supersede the need for the 
‘hypothetical’ ligaments implemented in the model 
and this should improve the confidence in the 
biofidelic response of the model under a more 
diverse range of loading conditions. 
 
Discussion - Pendulum Impact Validation 
 
In comparison to the PMHS test results the model 
over-predicted the initial peak acceleration of the 
pendulum impactor by 20 g (13%). In this early 
stage of the impact it is anticipated that the 
response of the pendulum will be influenced by the 
mass of the foot and the stiffness and thickness of 
the impacting surfaces. The mass of the tested 
PMHS feet was not known and so it was not 
possible to match the modelled foot mass with the 
average mass of the tested feet. Estimates were also 
made for the thickness of the flesh pad struck by 
the pendulum in the model and the material 
properties for the pad matched the characteristics 
used for the flesh in the model. These uncertainties 
in the set-up of the model could contribute to the 
observed differences in the measured and predicted 
responses for the pendulum impact studies. 
Furthermore, the model has a rigid forefoot that 
could result in a greater effective impact mass and 
consequently greater peak acceleration of the 

pendulum in the initial phase of the impact. It is 
considered that a parametric study of these 
variables in the model would be useful to identify 
the principal variable(s) that could contribute to the 
observed difference in the measured and predicted 
responses. 
 
Discussion - Sled Impact Test validation 
 
Limitations of time remaining on the project 
prevented the modelled foot from being correctly 
balanced on the heel and mid-foot pads for the 
simulated impacts. This contributed to considerable 
differences between the model’s predictions and 
the PMHS results, especially in the early phases of 
the impact (<30 ms). It is expected that addressing 
this limitation in the set-up of the model would lead 
to a better correlation between the predicted and 
measured results for the sled impacts. 
 
Despite the obvious limitation in the set-up of the 
model peak predicted von Mises stresses in the 
model correlated well against the consistent 
recorded injury of fractures to the calcaneus 
observed in the PMHS tests. Further to this injury, 
smaller numbers of injuries were recorded in the 
talus and tibia of the PMHS, although no 
equivalent indications were predicted by the model 
that these injuries would occur. It is most likely 
that the variations in the injury patterns observed in 
the test specimens could be due to uncontrollable 
factors in the tests such as the quality and size of 
the test specimens, the installation of the test 
specimens on the sled rigs and subtle variations in 
the impact conditions. In comparison the model is 
not influenced by these variables. However, a 
parametric study could be carried out with the 
model to assess the influence that these variables 
have on the predicted injury risk of the model. This 
would contribute to developing an understanding 
on the principal factors that contribute to 
debilitating ankle injuries. 
 
Dubbeldam et al. (1999) completed parametric 
investigations with their MADYMO multibody 
model of the foot and ankle. For localised impacts 
to the sole of the foot they investigated how the 
impact conditions, foot dorsiflexion, Achilles 
tension, foot mass, and the position of joints in the 
foot influenced their model’s predictions. They 
found that the mass of the foot had a limited 
influence on the model’s predictions, while all the 
remaining investigated variables had a considerable 
influence on the predicted loads in the model. 
However, being a multibody model it was not 
possible to determine the injury risks to specific 
anatomical features, which would be possible with 
a FE model of the foot and ankle. 
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By comparing the model’s von Mises stress 
predictions against PMHS test results in which 
ankle injuries did not occur, a predicted von Mises 
stress of 120 MPa has been determined as a 
preliminary threshold of injury risk to the talus and 
calcaneus in the model. Loads in the articular 
surfaces between these two bones reached values of 
2.0 kN and in model runs in which injuries to the 
calcaneus were estimated to occur the loading 
between the articular surfaces of the two bones 
ranged between 2.6 and 3.8 kN. It is not certain 
how representative these values are of the threshold 
injury response of the ankle. It is anticipated that 
these values may well be model-specific and 
dependent on the type and pattern of loading 
applied through the bones. Further testing and 
modelling work is needed to establish the exact 
injury response of the ankle. However, the current 
results provide a positive basis on which to develop 
improved injury assessment techniques and/or 
injury criteria for severely debilitating ankle 
injuries. 
 
Discussion – Heel Pad Influence on Predicted 
Injury Risk 
 
Removal of the heel pad resulted in extreme dorsi-
flexion of the foot and a predicted injury risk at the 
neck of the talus. This result was very different 
from the situation when the heel pad was present 
when the principal injury risk was predicted to be 
at the calcaneus. Talar neck fracture has been 
previously linked to large dorsiflexion angles. The 
result therefore adds additional confidence in the 
biofidelic response and accuracy of the model to 
predict injury risks to the ankle under different 
loading conditions. It also suggests that the types of 
ankle injuries are sensitive to the loading 
conditions. 
 
Discussion – Effect of Eversion on Predicted 
Injury Risk 
 
Despite the identified limitations in the set-up of 
the model, it was suggested by the predictions that 
eversion would increase the injury risk to the 
lateral aspect of the talus. This is an important 
result as it suggests that the risks of ankle injuries 
are sensitive to the posture of the foot in the 
impact. Current injury criteria and test protocols 
fail to consider the influence that foot posture has 
on ankle injury risk. Further work is needed to 
determine the full implications that foot posture has 
on ankle injury risk. 
 
Discussion – The Effect of Ligament Stiffness on 
Predicted Injury Risk 
 
In the validation of the model against the sled 
impact results it was anticipated that differences in 

the model’s predicted mid-foot forces and those 
measured were because of poorly defined 
properties for the ligaments joining the mid-foot to 
the hind-foot. The predictions from the model runs 
investigating ligament stiffness effects confirmed 
that stiffening the ligaments between the hind-foot 
and mid-foot can increase the loading on the mid-
foot pad for the sled impact conditions. It was 
further found that this had a considerable influence 
on reducing the shearing and motion in the joints 
between the hind-foot and mid-foot, which was a 
further problem identified in the model validation 
against the sled impact PMHS test results. 
 
The stiffer ligaments also resulted in different 
injury risk patterns with high stresses concentrated 
around the neck of the talus. In contrast the model 
did not predict an injury risk to the talus in the sled 
impact test validation model runs with the baseline 
ligament stiffnesses. Consequently, based on 
predictions from the model runs investigating 
ligament stiffness effects, differences in the 
predicted and recorded injuries could be attributed 
to inherent variations in the biomechanical 
tolerance of the test specimens. The results from 
this set of predictive model runs highlight the 
importance of correctly defining the ligament 
properties in the model in order to predict 
accurately the injury risk to the foot and ankle. 
There is obviously a need for further biomechanical 
testing to develop this knowledge and 
understanding. 
 
Similar to the present study Beillas et al. (1999) 
experienced problems in defining ligament 
properties in their foot and ankle model. To address 
these uncertainties they carried out a parametric 
study investigating the influence that ligament 
properties had on the predictions from their model. 
Ligament stiffnesses in their model were scaled by 
factors of 0.2, 1 and 5. In contrast to the results of 
this present study they found that these changes 
had only a limited influence on the predictions 
from the model under dynamic impacts, but 
considerable variations in the model’s predictions 
occurred under static loading conditions. It is 
implied from these investigations that the stiffness 
of the ligaments may not be so important to the 
dynamic behaviour of the foot under certain 
loading conditions. The dynamic loading 
investigated by Beillas et al., (1999) involved axial 
loading of the foot with a rigid flat plate. It is 
anticipated that this loading would initiate very 
little rotation of the joints in the ankle and may 
explain the limited influence that changes in 
ligament stiffness had on the predictions from their 
model. Parametric investigations under more 
diverse impact conditions are therefore needed to 
assess the full extent that ligament properties have 
on the impact response of the foot and ankle. 
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Discussion - Influence of the Foot Loading 
Conditions on Ankle Injury Risk and Ankle 
Injury Criteria 
 
It is suggested from the model’s predictions that 
variations in the environmental and subject 
conditions can have a considerable influence on the 
severity and pattern of ankle injuries and on the 
magnitude of the loads that initiate ankle injuries. 
This latter point has important implications on 
ankle injury criteria that are typically based on the 
axial load in the tibia such as the injury risk curve 
developed by Hynd et al. (2003) for the Thor-Lx 
dummy leg. In this work the injury risk curve was 
based on repeated sled impacts of PMHS legs and 
the Thor-Lx dummy leg with the ankle in a neutral 
position. The injury risk curve may therefore not 
provide a conservative estimate of the true injury 
risks to the ankle in automotive impacts where the 
loading conditions and the magnitude of the loads 
initiating ankle injuries could be very different 
from the neutral conditions investigated in the tests. 
 
These expectations are supported by the predictions 
from the model. For instance, in the eversion and 
neutral model runs differences in the predicted 
injury initiating loads in the ankle joints were as 
high as 1.0 kN and differences in predicted peak 
loads in the heel and mid-foot pads for these two 
model runs were as high as 2 kN. 
 
It is evident from the model’s predictions that 
additional work is needed to determine how 
alterations in the loading conditions alter the 
loading limits that initiate ankle injuries. This will 
contribute to the development of more 
comprehensive ankle injury criteria focused on 
mitigating the most serious and debilitating ankle 
injuries. It is proposed that this knowledge could be 
developed with the FE model developed in this 
study, where the model could be used to carry out a 
large scale parametric investigation of the influence 
that loading conditions have on the injury risk to 
the ankle. This would need to be supported by 
biomechanical tests to validate the behaviour of the 
model and to provide supporting evidence on the 
conclusions and proposals of the modelling work. 
The expected outcomes from the work would be 
improvements in existing ankle injury risk curves 
and the possible development of new injury criteria 
that may for instance be based on the coupled 
rotation and axial loading of the ankle in an impact. 
The benefits of these developments would be 
reductions in severely debilitating ankle injuries in 
automotive impacts and the societal cost associated 
with ankle injuries. 
 
 
 
 

CONCLUSIONS 
 
A FE computer model of the human lower leg has 
been developed which accurately defines the 
geometrical shape of the bones, the principal 
ligaments in the lower leg and foot and the articular 
surfaces of the joints in the ankle. Predictions from 
the model have been validated against the results 
from two separate sets of PMHS legs tests that 
involved sub-injurious pendulum impacts to the 
sole of the foot and sub-injurious and injurious sled 
impacts to above knee PMHS specimens. A series 
of predictive model runs have also been carried out 
with the model to assess the influence that 
environmental and subject variations have on the 
predicted ankle injury risk. All these model runs 
were based on PMHS leg sled impact conditions in 
which the PMHS foot rested on a heel and mid-foot 
pad. The environmental variations included model 
runs with and without the heel pad and loading the 
foot in eversion and a neutral position. Model runs 
were also carried out in which the stiffness of the 
ligaments joining the mid-foot to the hind-foot 
were increased in order to consider subject 
variations. The principal conclusions of the work 
are as follows: 
 
• The locations of peak predicted von Mises 

stresses in the modelled ankle correlated 
well against recorded injuries in PMHS test 
specimens. Based on these correlations a 
predicted von Mises stress of 120 MPa has 
been proposed as the threshold of injury to 
the talus and calcaneus in the model. 

• Predicted loads in the ankle joints ranged 
between 2 kN for sub-injurious sled impact 
conditions up to 2.6-3.8 kN for injurious 
sled impact loading conditions. 

• It was predicted that loading the foot in 
dorsi-flexion increases the risk of injury to 
the neck of the talus and reduces the injury 
risk to the calcaneus. 

• Loading the foot in a neutral position it is 
predicted that the calcaneus is at a greater 
risk of injury compared with the talus. 

• With the foot loaded in eversion it is 
predicted that the lateral aspect of the talus 
would be at greatest risk of injury. Under 
equivalent loading conditions and loaded in 
a neutral position, the calcaneus is at a 
greater predicted risk of injury. 

• Loading the foot in a neutral posture and 
with 21° of eversion the difference in the 
predicted injury initiating loads in the ankle 
joints were as high as 1.0 kN and 
differences in the predicted peak loads in 
heel and mid-foot pads were as high as 
2 kN. 

• A potential 500-fold increase in the stiffness 
of the ligaments joining the mid-foot to the 
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hind foot resulted in a 1.5-2 kN (37-78%) 
increase in the predicted ankle joint loads 
and a considerable reduction in the relative 
shearing and motion between the mid-foot 
and hind-foot. 

• A potential 500-fold increase in the stiffness 
of the ligaments joining the mid-foot to the 
hind-foot resulted in a greater predicted 
injury risk to the neck of the talus. 
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ABSTRACT 
 
The paper will describe the features and 
characteristics of the project SIM (Safety In 
Motion). SIM Project is aimed at carrying out R&D 
activities addressing in-depth studies of a suitable 
and comprehensive safety strategy for powered-
two-wheel (PTW) vehicles, in order to avoid road 
accidents and/or mitigate their consequences. Main 
objectives of SIM are: 
• to identify a suitable safety strategy for PTWs; 
• to enhance preventive and active safety acting 

on electronic vehicle management and 
improving Human-Machine-Interaction (HMI);  

• to focus on integral passive safety devices; 
An integrated approach to the complex concept of 
motorcycle safety shall establish a matrix 
relationship between the three main factors or 
pillars for safety (PTW, rider and infrastructure) 
and the different aspects related to accident 
dynamics, from before-precipitating event to crash 
event (dealing with preventive, active and passive 
safety). The research will be based on the analysis 
of motorcycle accident databases from MAIDS, 
GIDAS and DEKRA. According to that, SIM 
project focuses on the vehicle safety aspects, 
including the human-machine-interaction. 
Main results expected are: 
• development of electronic active devices (e.g. 

enhanced anti-lock braking system, traction 
control and brake-by-wire) for powered two-
wheelers; 

• development of a passive safety algorithm to 
activate passive safety devices; 

• adaptation of protective inflatable devices 
located on the rider (garment) and on the 
vehicle (for lower limbs protection); 

• implementation of innovative HMI 
On-road and laboratory tests, based on the most 
relevant accident scenarios, will be conducted in 
order to evaluate the effectiveness of the safety 

system devices (e.g. mitigation of injuries via 
inflatable devices, probability of avoiding accident, 
etc…) fitted on an integrated concept vehicle. 
Innovation aspects are mainly an integrated 
approach to the issue and the introduction of new 
safety technologies in PTW field. 
 
PROJECT OBJECTIVES 
 
Project context 
 
Over 6000 among 40,000 fatalities on European 
roads in 2001 are related to the Powered-Two-
Wheelers-vehicles (PTW’s). Compared to the 
overall number of victims on the roads, this figure 
represents 15% of this dreadful aspect of our 
society. The European Commission has launched 
the 3rd European Road Safety Action Plan with the 
ambitious goal of reducing the fatalities by 50% in 
2010. By 2025, the number of persons killed or 
severely injured on the road shall be reduced by 
75%. To this goal, the motorcycle Industry have a 
role to play in improving the safety features of its 
products, while keeping their characteristics of 
versatility. 
What are powered-two-wheel-vehicles (PTW’s)?  
The following is the definition stated in Directive 
2002/24/EC that regulates all technical 
prescriptions for the type-approval of these 
vehicles: 
(a) mopeds, i.e. two-wheel vehicles (category L1e) 

or three-wheel vehicles (category L2e) with a 
maximum design speed of not more than 45 
km/h and characterised by: 
(i) in the case of the two-wheel type, an 

engine whose: 
- cylinder capacity does not exceed 

50 cm3 in the case of the internal 
combustion type, or 
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- maximum continuous rated 
power is no more than 4 kW in 
the case of an electric motor; 

(ii) in the case of the three-wheel type, an 
engine whose: 
- cylinder capacity does not exceed 

50 cm3 if of the spark (positive) 
ignition type, or 

- maximum net power output does 
not exceed 4 kW in the case of 
other internal combustion 
engines, or 

- maximum continuous rated 
power does not exceed 4 kW in 
the case of an electric motor; 

(b) motorcycles, i.e. two-wheel vehicles without a 
sidecar (category L3e) or with a sidecar 
(category L4e), fitted with an engine having a 
cylinder capacity of more than 50 cm3 if of the 
internal combustion type and/or having a 
maximum design speed of more than 45 km/h; 

(c) motor tricycles, i.e. vehicles with three 
symmetrically arranged wheels (category L5e) 
fitted with an engine having a cylinder 
capacity of more than 50 cm3 if of the internal 
combustion type and/or a maximum design 
speed of more than 45 km/h. 

Therefore, when we talk of PTW’s, we also have to 
take into account vehicles with 3 wheels. 
The Motorcycle Industry in Europe, united in 
ACEM (European Motorcycle Manufacturers’ 
Association) has been active since 1994 in the 
matter of motorcycle safety, contributing to the 
establishment of technical European regulations 
with the highest level of requirements in terms of 
safety and proposing, launching and managing the 
first European in-depth study on motorcycle 
accident (MAIDS, Motorcycle Accident In-Depth 
Study), which established methodological 
benchmarking for any similar study. 
MAIDS focused on the aetiology of the accidents, 
identifying the main causative factors distributed in 
human, mechanical and environmental aspects. The 
analysis of the causative factors were based on the 
MAIDS database that contains 921 accidents 
studied in detail. In order to identify the risk 
factors, thus identifying the real areas where to 
intervene for a significant reduction of accidents 
and casualties, another database of 923 controls 
(see MAIDS Report, ACEM, 2004, 
http://www.acembike.org) has been established.  
The findings published in the report show several 
important topics, which have been used by ACEM 
to define a Motorcycle Safety Plan for Action, 
aiming at contributing effectively to the European 
goal of reducing by 50% casualties on the road. 
The Plan for Action can be downloaded from 
ACEM website (www.acembike.org). 

Main result of MAIDS is to have identified the 
causative factors to accident causation from an 
overall scene point-of-view. 
The main findings of MAIDS, as indicated in the 
MAIDS Report, could be split in aspects related to 
accident causation and consequences They are 
synthetically reported below. 
 
Accident causation – Accident statistical analysis 
about risk factors, collision dynamics and other 
aspects shown: 
• the main primary contributing factors were 

“human behaviour” related ( 37.1% for PTW 
rider and 50.4% for the Opponent Vehicle 
(OV) driver); 

• in 10.6% of all cases, PTW rider inattention 
was present and contributed to accident 
causation; 

• 3.7% of cases involved a PTW tyre problem 
and 1.2% a brake problem; 

• in 36.6% of all cases, the primary contributing 
factor was a perception failure on the part of 
the OV driver; 

• 27.7% of PTW riders and 62.9% of OV drivers 
made a traffic-scan error which contributed 
to the accident; 

• 32.2% of PTW riders and 40.6% of OV drivers 
engaged in faulty traffic strategies which 
contributed to the accident. 

• considering multi-vehicle accidents (about 
85% of overall cases) it also has been pointed 
out that 73% of all PTW riders attempted some 
emergency manoeuvre but: 

o in 30% of cases there was a loss 
of control (braking, swerving, 
etc…); 

o in 32.2% there was no time 
available for PTW rider to 
complete a collision avoidance 
manoeuvre. 

 
Accident consequences - Rider injuries, type of 
rider protection and other post-crash events are 
considered. It is pointed up: 
a total of 3644 injuries were reported. Most injuries 
were reported to be minor lacerations, abrasions or 
contusions; 
• lower extremity injuries made up 31.8% of all 

injuries; 
• upper extremity injuries made up 23.9% of all 

injuries; 
• head injuries accounted for 18.7% of all 

reported injuries;  
• most upper and lower extremity injuries 

occurred as a result of impacts with the OV or 
the roadway; 

• in 69% of cases, helmets were found to be 
effective at preventing or reducing the severity 
of head injury; 
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• there were cases of helmets coming off the 
riders head due to improper fastening of the 
retention system or helmet damage during the 
crash sequence. 

 
A plan for action – MAIDS results refuted some 
commonplaces about PTW risk factors indicating 
that: 
• engine displacement does not represent a risk 

factor in accident involvement; 
• speed is not a contributing factor, especially in 

multi-vehicle accidents (70% of impact speed 
less than 50 km/h). 

Motorcycle safety is a complex concept involving 
several aspects (preventive, active and passive 
safety) and several factors (mechanical, human and 
infrastructural). A matrix approach (See Figure 1) 
could help to describe all the different areas in 
which improvement is possible: 
 

 

Figure 1. the safety matrix 

On the basis of MAIDS results and the matrix 
approach, SIM Project aims at evaluating the 
effectiveness of an innovative vehicle, equipped 
with state of the art car-derived safety technologies, 
in real-life accident scenarios. 
Safety In Motion (SIM) project aims to cover some 
of the cells of the “safety matrix” focusing on the 
vehicle safety aspects, including the human-
machine-interaction. Other cells are and will be 
covered by running projects (like APROSYS SP4, 
SAFESPOT, WATCH-OVER, PISa). 
The most relevant element in SIM is the ambitious 
objective of developing a comprehensive safety 
strategy for motorcycles, structuring cooperation 
with existing research projects in order to cover 
adequately all the different fields of application. 
SIM itself is focussing on vehicle-based safety 
applications. 
On preventive safety, SIM is implementing and 
evaluating Human-Machine Interaction systems, 
based on ADAS technology. 
On active safety, SIM is implementing and 
evaluating dynamic stability control system based 
on active (electronic) suspension systems, traction 
control, enhanced anti-lock braking system. 

 
Finally, SIM is implementing and evaluating an 
integrated protection system to mitigate the 
consequences of accident. This system will 
integrate inflatable devices applied on the vehicle 
with inflatable device worn by the rider (and 
passenger). 
 
Scientific and Technological Objectives 
 
Last decade is characterized by a relevant increase 
in EU countries in the number of registration of 
Powered Two wheelers. This is due to the spread of 
an utilitarian use of PTW’s. New riders choose this 
transport mode mainly to cover more quickly 
home-office trips, avoiding queues and parking 
issues. 
This new category of riders is not necessarily 
interested in riding characteristics neither is fully 
aware of risks related to improper use. 
Focusing on vehicle peculiarities it should be 
stressed that riding a PTW is a complex task and 
every rider should  keep in mind these points: 
• PTW rider’s are one of the most vulnerable 

road users; 
• PTW balance conditions can be obtained only 

in dynamic way; 
• path change is more complex than a 4-

wheelers (by actions involving the whole rider-
plus-vehicle system). 

On the other side complexity of on-board 
instrumentation is rising and there is an amount of 
information to be managed (perception, 
comprehension and decision tasks are involved), so 
workload (and risk of distraction) increases and the 
risk level of having an accident grows. 
SIM project would focus on active and passive 
safety aspects mainly from a PTW-point-of-view. 
Preventive safety will also be covered, especially 
in considering Human-Vehicle interaction. 
 
Active safety – On active safety, SIM is 
implementing and evaluating a dynamic stability 
control system based on active (electronic) 
suspension systems, traction control, enhanced 
anti-lock braking system. This is because the 
MAIDS Project has highlighted that loss of control 
is one of the main problems in motorcycle 
accidents. 
The objective of active safety devices on-board is 
to improve substantially all elements contributing 
to vehicle stability and balance. This is required in 
all riding conditions. 
In order to achieve this objective, SIM wants to 
improve all vehicle subsystems designed to keep 
wheels rolling with no slither and with optimal grip 
in the most critical motion conditions: 
• acceleration and braking; 
• cornering and steering. 
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Further to that, a new generation Anti-lock Braking 
System is considered, with a better behaviour in 
cornering and steering and adaptable on wet road 
surface conditions. 
Electronically controlled suspensions for the 
optimisation of load-shift in acceleration and 
deceleration will be implemented, together with a 
traction control system. 
 
Passive safety – SIM is implementing and 
evaluating an integrated protection system to 
mitigate the consequences of accident. This system 
will integrate inflatable devices applied on the 
vehicle with inflatable device worn by the rider 
(and passenger). 
Even if main aim of SIM is to avoid accidents, 
passive safety systems are essential to mitigate 
consequence in case of inevitable precipitating 
events. 
In order to achieve that, SIM is developing and 
validating a tailor-made integrated passive system 
for PTW’s. 
Algorithms for the activation of the passive system 
will be adapted and sensors and actuators will be 
implemented on-board. 
Protective devices, located on the rider (e.g. 
inflatable garment) and on the vehicle (for limbs 
protection) will be adapted. 
 
Preventive safety – Based on reasons above 
described, SIM will implement and evaluate 
Human-Machine Interaction systems, based on 
ADAS (Advanced Driver Assistance System) 
technology. 
Special focus will be devoted to the innovative 
dashboard that will be designed to help the rider in 
getting the correct and adequate information with 
no workload in excess. The objective is the 
development of a dashboard providing information 
on the basis of hierarchical logic that provides the 
rider with information instantaneously important. 
The prototype will be compared in effectiveness 
(reduction of the workload, reduction in reaction 
time) with an equivalent traditional-design 
dashboard, available from high-end vehicles. 
Helmet will be an integral part of the system, 
helping in the exchange of information and in 
control operation, through a radio link. This allows 
information flow from vehicle to rider and voice-
operated controls in opposite way to inquire on-
board information system (e.g. phone activation, 
menu scrolling, and so on…). 
In this context, an analysis of existing wireless 
technologies (e.g. Radio Frequency, Ultra Wide 
Band, Bluetooth, etc.) will be carried over, as well 
as an evaluation of technical-economic feasibility. 
Also “augmented reality” aspects will be 
considered, only at theoretical level, as well as non-
conventional controls (haptic controls) and non-
conventional information display. 

The study and development of the above-described 
devices is based on cognitive ergonomics, bearing 
in mind the dual-task paradigm for the evaluation 
of the proposed solution effectiveness. 
Preventive, active and passive safety aspects will 
be integrated into the same prototype in order to 
develop and validate a comprehensive safety 
strategy for PTW’s. 
 
Project Approach 
 
SIM’s aim consists in the development and 
realisation of a new concept vehicle that 
intrinsically enhances PTW safety, merging the 
handling of classic PTW and the stability of 
passenger cars, by developing and implementing 
active, preventive and passive safety devices. 
The project plan deals with the following: 
 
Strategic vision – the Safety Strategy in 
Motorcycles will be appraised by means of a first 
identification of the most important (in terms of 
frequency and severity) accident scenarios that 
involve this type of vehicles to focus on the worst 
cases. We will be able to identify problems and 
needs through the analysis of those scenarios: the 
project starts from accident analysis and main 
findings performed in the MAIDS project (1999-
2004) that is the most relevant research project on 
motorcycle accidents and the only in-depth analysis 
at European level. 
Nowadays PTW offers an effective solution to 
problems related to urban transport and leisure. Its 
diffusion is desirable and useful in terms of quality 
of life, environmental impact and fuel 
consumption. So, the flexibility of use and the 
easiness in handling, especially developed on 
recent models, attract new customers, unused to the 
risks of motorcycles: running a motorcycle is a 
complex task, involving a level of risk of having an 
accident that cannot be underestimated. 
However, the development and realisation of a new 
concept vehicle that intrinsically enhance PTW 
safety, merging the handling of classic PTW and 
the stability of passenger cars, will positively 
affect, in the SIM consortium opinion, this share of 
PTW accidents reducing drastically its negative 
consequences in terms of injuries and fatalities. 
 
Technical targets – SIM will focus on Active, 
Preventive and Passive Safety systems on-board 
of the motorcycle deploying innovative 
technologies in order to bring the development of 
an enhanced-safety vehicle, contributing to the 
fatalities reduction on European roads. 
This will be managed by studying and 
implementing Powered Two Wheelers (PTW) 
dynamic systems for what concerns active and 
preventive safety, while passive safety will focus 
on rider protection systems fitted both on the 
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vehicle and on those rider protection systems worn 
by the motorcyclists but operated by devices fitted 
on the vehicle. 
The state of the art in passenger car will be 
implemented in SIM’s new concept, studying an 
“ad hoc” design for PTW’s, especially for active 
safety technologies.  
The aim is the development of an Integral Dynamic 
Stability Control that integrates and manages single 
electronically controlled subsystems (ABS system, 
traction control and suspension systems) in order to 
optimise vehicle control and stability performances, 
acting on grip, load transfer, avoiding slither and so 
on. Although SIM will do all the effort to reduce 
the event of a crash, it cannot simply dismiss it. 
SIM will include also the implementation of 
innovative passive safety devices on the concept 
vehicle such as airbag, inflatable garments and 
lower limb protective devices, taking into account 
potential benefit of airbag technologies in selected 
scenarios, considering problems related to the wide 
range of possible outcomes of a two-wheeler 
accident. The injury mechanisms involved differ 
very considerably form those found in car 
accidents. SIM will carefully  consider the critical 
importance for the successful development of any 
safety device of the study of all impact 
configurations, not only those likely to give rise to 
the sort of injuries under study, but also  all other 
configurations, so to ensure that there is no increase 
in the risk of other types of injuries. 
The use of innovative technologies and systems 
will open new opportunities in the development of 
Human-Machine Interaction (HMI) for a 
preventive safety issue, which is a relevant 
concern, and almost undeveloped in  motorcycles 
and scooters. 
SIM will study and develop an HMI design, aiming 
mainly to minimize workload and distraction 
imposed by In-vehicle Information Systems 
(navigation systems, vehicle-to-vehicle 
communication systems, phone systems). 
Maximisation of the safety benefits of new 
Advanced Driver Assistance Systems will be 
considered, by establishing links with other running 
projects focused on Intelligent Transportation 
Systems (ITS), with specific development on 
motorcycles: this communication flow between the 
rider and the motorcycle systems will be 
established through the helmet. 
The use of ITS applications which can influence 
the behavior of a motorcycle - for example by 
applying the brakes or regulating the fuel 
management system - should always be optional, 
and only considered when it has been demonstrated 
that they will not destabilize a motorcycle in a 
range of conditions and circumstances. Because of 
PTW’s dynamics, some ITS applications will not 
be able to be adapted to motorcycles, or may not be 
cost effective. Traffic management applications of 

ITS should be developed to include motorcycles 
and could usefully be adapted to give them priority 
over other vehicles. 
 
Prototype development – All the devices and 
systems studied and implemented in the first phases 
of the project, will be integrated, as it is intended to 
generate a prototype as Integral Safety Solution 
that will be further tested to prove its structural 
integrity and to ensure its capability of contributing 
to the European Commission goal of reducing 
fatalities in the European roads; 
An integrated safety approach is followed and 
addressed in two ways: 
(a) In order to give a contribution to the spread of 

PTW, the aim of SIM consists in making PTW 
safer, by following the philosophy of 
“maximum control with minimum effort”. SIM 
will provide an “easy” vehicle in every sense, 
letting the pilot pay attention only to the traffic 
and the way. SIM expects to intervene and 
provide solutions from before the precipitating 
event (i.e. the time from which the crash is 
inevitable) until after the crash, mitigating its 
consequence. 

(b) All above is related to on-vehicle technologies 
and devices. However, the consortium 
endeavours to establish links with all on-going, 
past and present projects related to motorcycle 
safety in order to guarantee a 360° outlook for 
improving motorcycle safety records.  

Not only the tests will be used as dissemination 
mean but also intermediate and final results will be 
disseminated in conferences, workshops, 
publications, sharing of information with the main 
stakeholders involved in the field and the creation 
of a web site. 
 
Overall description of the project plan 
 
The work in SIM project will be divided in six 
Workpackages (WP). A brief description of their 
contents is described in the table below (See Table 
1): 
 

Table 1. 
Project structure and description 

 
WP# Title and short description 
WP1 Project management 

To manage and coordinate consortium 
activities. 

WP2 Safety Strategy 
To identify main parameters affecting 
PTW accident dynamics in main 
accident scenarios and establish a 
“safety strategy” for motorcyclist and 
links with other R&D projects about 
road safety. 
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WP3 PTW Active safety 
To focus on an improved motorbike 
concept design in order to enhance the 
motorcyclist’s safety through the 
improvement of active safety devices 
(suspensions, brakes, traction control). 
Further, preventive safety will be 
considered in terms of HMI and 
improved comfort. 

WP4 PTW Passive safety 
To develop effective passive safety 
systems for motorcycles that act in case 
of accident, mitigating the consequences 
of the crash event. 

WP5 Integral Safety solution 
To demonstrate the feasibility of 
integrated safety concepts applied on 
motorcycle through definition of test 
bed. Technical tests will be run and 
evaluation of cost/benefit ratio in terms 
of potential reduction of accidents and 
mitigation of consequences will be 
performed. 

WP6 Dissemination and Exploitation 
To organize and harmonize the 
spreading of information and results 
generated with regard to integrated 
safety on motorcycles; 
To evaluate guidelines for 
standardisation activities and market 
acceptance of the innovative devices 
analysed and implemented during the 
project. 

 
 
Methodology approach 
 

The activities of the project are carried out by six 
workpackages: 
 
WP1 Project Management – The first work 
package will take in charge the overall co-
ordination of the project, in order to ensure the 
management of the activities regarding Financial 
and Technical Administration of the Project, 
establishing an Executive Committee and including 
an activity of Quality Assurance. 
 

WP2 Safety Strategy – WP2 will start at the 
beginning of the project and last 6 months with the 
goal of identifying accident scenarios and to 
evaluate technical solutions and potential 
improvements effectiveness. Moreover, activities 
that will be carried out in this work package will be 
devoted to links and collaboration with other R&D 
projects focusing on motorcyclists safety. 
DEKRA will be the leader of the work package 
with the participation of PIAGGIO across all the 

activities and the support of CIDAUT in the 
accident analysis. 
 
WP3 PTW Active Safety – The work package has 
an overall duration of 14 months and deals with the 
identification of the most promising technical 
solutions related to active and preventive safety. 
Main work package activities will consist in the 
definition of active and preventive safety, vehicle 
dynamic systems, electronic control of active 
systems implementation, HMI and comfort, active 
and preventive safety systems integration. 
CRF will be the leader of this project, being 
involved in the design and development of the 
specific preventive safety applications and of the 
related HMI Systems, with the participation of 
several partners for the definition of the concept 
(PIAGGIO), for the vehicle system definition 
(UNIPI, CONTI), for the electronic system 
(CIDAUT, CONTI, OHLINS) for the HMI and 
comfort (PIAGGIO, NZI) and for the integration 
(PIAGGIO, CRF, CONTI). 
 

WP4 PTW Passive Safety – The work will begin 
focusing on the development of highly effective 
passive safety systems for motorcycles that act in 
case of crash event. The main actors in the field of 
passive safety, during a period of 14 months and 
led by CIDAUT, will work each one on their 
specific field of knowledge: vehicle, helmet, 
electronic control unit and airbag. DALPHIM and 
UNIPI will provide their contribution in the 
definition of the concept, rider protection system 
and system integration; CONTI will take part in the 
definition of the electronic control system and 
provide sensors and actuators. PIAGGIO will 
cooperate in the definition of the concept. 
 
WP5 Integral Safety Solution – This work 
package will establish the feasibility of integrated 
safety concepts applied on motorcycle, defining 
technical tests to be run, technical assessment of the 
overall integrated system and the HMI strategies, 
evaluating in terms of potential reduction of 
accident events and potential mitigation of their 
consequences. Within a total period of 22 months, 
PIAGGIO will lead this part of the project, with the 
support of UNIPI in Integrated System 
Specification, of CRF for the integration of active 
and preventive safety systems on-board, of 
CIDAUT for the integration of passive safety 
systems, and of DEKRA for the activity of testing 
and evaluation. 
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WP6 Dissemination and exploitation – It is 
responsible for correct and widespread 
dissemination of information and results generated 
with regard to integrated safety on motorcycles. 
CTUP will be the leader of this work package, with 
the participation of PIAGGIO in both of the tasks. 
 
 
THE CONSORTIUM AND PROJECT 
RESOURCES 
 
Consortium Overview 
 

Table 2. 

List of participants 
 
Organisation 
legal name 
(Short name) 

Experiences 

PIAGGIO & C. 
SpA 
(PIAGGIO) 

World motorcycle manufacturer 
and project coordinator 

Foundation for 
the Research and 
Development in 
Transport and 
Energy 
(CIDAUT) 

Centre of excellence in the 
Transport and Energy sectors 
with high specialization in 
Technological R&D, Diffusion, 
Transfer and Training 

Continental 
Teves AG&Co. 
oHG 
(CONTI) 

World's leading manufacturer of 
brake and stability control 
systems and major electronic 
supplier 

Centro Ricerche 
Fiat ScpA 
(CRF) 

European car manufacturer 

Technical 
University of 
Prague 
(CTUP) 

European research institute with 
competencies in design, 
organisation and control of 
transportation processes 

DALPHIMETAL 
ESPAÑA S.A. 
(DALPHIM) 

European airbag supplier 

DEKRA e.V. 
(DEKRA) 

International service provider for 
Accident Research  and Crash 
Test 

NZI HELMETS 
(NZI) 

Small OEM focused in helmets 
design and production 

OHLINS 
RACING AB 
(OHLINS) 

Leading manufacturer of 
suspension for cars and 
motorcycles 

Savatech d.o.o., 
Industrial Rubber 
Products and 
Tyres 
(SAVA) 

Rubber compounds and tyres 
manufacturer for motorcycles 
and industrial vehicles 

University of 
Pisa 
(UNIPI) 

European research institute with 
expertise in vehicle dynamics 
analysis and design 

University of 
West Bohemia – 
New 
Technologies 
Research Centre 
(UWB) 

European research institute with 
high compentencies in CFD 
simulation and impact dynamics 
analysis 

 
A complementary and self-consistent 
Consortium 
The participants in SIM represent a well-balanced 
consortium, including representatives of all 
relevant actors involved in the development and 
integration of systems for road safety as well as 
representatives of the scientific and academic 
world. 
Within the consortium, Piaggio, as leading 
motorcycle manufacturer, guarantees the 
integration of the different systems for active, 
preventive and passive safety on a motorcycle 
concept for innovative and advanced rider safety, 
also providing the specifications for the actual 
implementation of the systems; Continental Teves 
and Ohlins, respectively leaders in braking systems 
and semi-active suspensions, provide expertise and 
scientific knowledge on the specific devices, while 
Sava contributes with its competencies in design, 
development and testing of motorcycle tyres. 
 
CIDAUT, Centro Ricerche Fiat and Dekra support 
the consortium with their methodological expertise 
and technological knowledge. The three institutes 
will have specific tasks to perform in the project: 
 
• CIDAUT supports the Coordinator in his tasks 

having an operational and administrative role. 
Its main contribution to the project is the 
leadership of WP4 “Passive Safety”. In this 
WP, passive safety systems located on the rider 
and fitted on the vehicle will be investigated as 
well as the correct performance of the integral 
system. 

• CRF main contribution to the project is the 
overall management of WP3 “Active Safety” 
as well as the active participation in WP2 
“Safety Strategy” for the definition of the 
application scenarios that will become the 
reference scenarios for the system 
implementation to improve the safety of PTW. 

• Dekra ensures the leadership of WP2 “Safety 
Strategy”, with the development of the 
knowledge foundation of the project. The 
identification of safety scenarios will provide 
the consortium with the elements of 
investigation related to the safety technologies 
to be implemented on motorcycles. 

The Universities of Pisa, Prague and West Bohemia 
provide the scientific background as well as the 
expertise in modelisation of dynamic systems and 
the study of biomechanics for the rider protection 
systems. Furthermore, Prague and West Bohemia 
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are responsible for the implementation of the 
dissemination activity, in cooperation with the 
coordinator. 
Dalphimetal provides the necessary expertise in the 
development and implementation of passive safety 
devices, while NZI contributes its expertise in 
helmets both in terms of passive safety 
improvement and, more important, the study of 
ergonomics (physical and cognitive) to improve 
preventive and active safety. 
This unique blend of expertise and knowledge 
guarantees consistency in the implementation of the 
project, robust results and real exploitation of the 
findings. 
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ABSTRACT 
 
The explosive growth of in-vehicle telematic devices 
has brought with it a safety concern since there is the 
potential for distraction of the driver away from the 
driving task.  To address this concern the Alliance of 
Automobile Manufacturers (Alliance) formed a work 
group of experts from the auto industry, government 
and other stakeholders (ITSA, SAE, CEA, AAA, 
NSC, TMA and others) and tasked them with 
developing a “best practices” document to address 
essential safety aspects of driver interactions with 
future information and communication systems.  This 
effort, which has been ongoing for 6 years, has 
produced 3 iterations of the document “Statement of 
Principles, Criteria and Verification Procedures on 
Driver Interactions with Advanced In-Vehicle 
Information and Communication Systems.”  These 
Guidelines address the design, use and installation of 
information and communication systems with the 
goal of minimizing driver distraction associated with 
their use.  The publication of the Guidelines has been 
followed by a letter of commitment from the Alliance 
members to design all their production vehicles to 
these Guidelines within specific designated 
timeframes. 
 
The Working Group has made a commitment to 
harness and apply state-of-the-art scientific 
understanding to the continuing evolution of its 
Driver Focus Guidelines.  In that effort the group has 
benefited from work in Europe, Japan and the U.S. 
sponsored by both the private and public sectors.  
The purpose of this paper is to explore the extensive 
ongoing relevant research in the area of driver 
distraction and workload management and show how 
it has been utilized in the latest iteration of the 
Guidelines.  The intent is that the Guidelines can be 
utilized to design telematic systems that stretch the 
envelope for systems that enhance the safety of 
drivers consistent with the state-of-the-art knowledge 
with regard to minimizing the potential for driver 
distraction.  
 
 
 

 
BACKGROUND 
 
On July 18, 2000 the National Highway Traffic 
Safety Administration  (NHTSA) held a public 
meeting to address growing concern over motor 
vehicle crashes and driver use of cellular telephones 
and other electronic distractions present in the 
vehicle.  At that meeting, NHTSA challenged 
industry to respond to the rising concern in this area. 
 
As a result of this challenge, the Alliance agreed to 
develop a “best practices” document to address 
essential safety aspects of driver interactions with 
future in-vehicle information and communication 
systems.  These systems, also known as “telematic” 
devices, include such items as cellular telephones, 
navigation systems, or Internet links.  In December 
2000, the Alliance submitted to NHTSA a 
comprehensive list of draft principles related to the 
design, installation and use of future telematic 
devices.  This list of draft principles was based, in 
large part, on the European Commission 
recommendations of December 21, 1999, on safe and 
efficient in-vehicle information and communication 
systems (2000/53/ECO).  At that time, the Alliance 
agreed to seek input from experts and interested 
parties to develop the principles into a more 
comprehensive document including more fully 
defined performance criteria and verification 
procedures. 
 
A work group of experts, Alliance members and 
other interested parties was formed in March, 2001 
under my Chairmanship and included participants 
from the Intelligent Transportation Society of 
America, the Society of Automotive Engineers, the 
Consumer Electronics Association, the American 
Automobile Association, the National Safety 
Council, the Association of International Automobile 
Manufacturers, and the Truck Manufacturers 
Association.  The NHTSA and Transport Canada 
(TC) participated as observers in the process and the 
Insurance Institute for Highway Safety was a 
corresponding member. 
 
In a letter dated April 22, 2002, the Alliance 
transmitted Version 2 of the draft guidelines to then 
NHTSA Administrator Runge.  At that time, Alliance 
members committed to design and test future 
telematic devices in accordance with the guideline 
document.  Version 2.1 of the guideline document 
was likewise transmitted to NHTSA on November 
19, 2003.  Alliance members reaffirmed their 



commitment to continue to design and develop future 
information and communication systems in 
accordance with this updated document.  Most 
recently, on June 26, 2006 the Alliance transmitted 
various changes made to the guideline document over 
the preceding couple of years.  In the transmittal 
letter, the Alliance stated that the enclosed changes 
were already being used in the design and 
development of future products.  Further, the 
Alliance committed to continue to review 
information related to driver workload and its impact 
on safe driving as it becomes available and to work 
with NHTSA to better understand this complex issue. 
 
INTRODUCTION 
 
When drivers interact with in-vehicle information 
and communication systems (telematics devices) that 
have visual-manual interfaces there is the potential 
for distraction of the driver from the driving task.  
The Alliance Guidelines document was developed as 
a tool for designing telematic systems that minimize 
the potential for driver distraction during this visual-
manual interaction while the vehicle is in motion.  
The current Guidelines do not address spoken 
dialogue (i.e., voice activated) devices.  Future work 
will be undertaken to develop and issue guidelines 
that address voice-activated systems.  It was decided 
to initially address only visual-manual systems since 
it was believed that an extensive body of relevant 
research in the areas of driver distraction and 
workload management was ongoing at the time. 
 
The Alliance Guidelines document is organized 
according to twenty-four principles divided into five 
sections.  The five sections address: 1) Packaging and 
installation of the system into the vehicle in a way 
that facilitates appropriate placement relative to the 
forward field of view and to minimize interference 
with driving; 2) Information presentation that meets 
accepted practices relative to legibility and 
understandability, timeliness, accuracy, 
controllability, and minimization of undesirable 
effects; 3) System interaction such that the driver is 
able to maintain safe control of the vehicle, feels 
comfortable with the system and is ready to respond 
safely to unexpected occurrences; 4) System behavior 
issues such as the treatment of information that must 
be made inaccessible during driving and provision of 
information about system malfunction; and, 5) 
Provision of instructions on the use of systems. 
 
 Elaborations have been drafted for each of the 
principles.  These elaborations include specific 
criterion/criteria, technical justification, verification 
procedures, and illustrative examples on how they 

satisfy the principle.  In order not to create 
unnecessary obstacles or constraints to innovative 
development of products the principles are expressed 
mainly in terms of performance based goals to be 
reached by the HMI.  The statement of principles 
further assumes that manufacturers will follow 
rigorous process standards when developing products 
in accordance with the guidelines.  Vehicle 
manufacturers already have robust product 
development processes that help ensure the integrity 
of their vehicle development programs from concept 
to production.  The document encourages 
manufacturers of telematics devices who lack such a 
process control system to implement recognized 
industry process standards and examples of such 
recognized process standards are listed for reference. 
 
COMMITTMENT TO USE LATEST SCIENCE 
 
The Working Group has benefited from work in 
Europe and Japan as well as the U.S.  The challenge 
of managing driver distraction in the presence of new 
technologies is a global one, just as the automotive 
business itself has become a global one.  And the 
Alliance through the Working Group has made a 
commitment to harness and apply state-of-the-art 
scientific understanding to the continuing evolution 
of the Driver Focus guidelines. 
 
A significant recent upgrade of the Alliance 
Guidelines focused on Principle 1.4, which requires 
that visual displays be positioned as close as practical 
to the driver’s forward line of sight.  This Principle is 
based on the JAMA Guidelines concerning the 
monitor location of image display devices, and test 
results on which these Guidelines are based.  
Yoshitsugu, et al. determined the lower limit of a 
display’s downward viewing angle at which drivers 
focused on the display are still able to perceive they 
are closing on a preceding vehicle within the distance 
needed to avoid a rear-end collision.  The JAMA 
study also examined perceptible distance to a lead 
vehicle at various eye height locations.  The results 
revealed that as driver’s eye height above ground 
increases, the further they could see down the road.   
The JAMA study also examined display locations at 
various horizontal angles from centerline of driver.   
These results suggest that an angle measured in three 
dimensions from driver-seated position is appropriate 
as lateral displacement of the display increases.  
Together, the results from both of these additional 
research manipulations provided the basis for the 
addition of a second verification criteria (1.4B), 
which computes the 3D angle, thus providing a better 
approximation of the driver’s actual downward visual 
angle than the 2D angle as specified in the JAMA 



Guidelines.  In order to eliminate ambiguities and 
create a common understanding and practice a 
ground plane definition already in use and agreed to 
by the SAE was incorporated.  A simple 
measurement method based on only two points was 
implemented as an Excel-based tool.  It allows for 
quick and easy determination of the 3D downangle 
and whether a vehicle meets the Guideline 1.4 
criteria.  The 2D method is particularly suitable for 
early design phases where the vehicle is in grid 
coordinates.  The 3D criterion is suitable for later 
design phases where a ground plane has been defined 
for the vehicle.  Both methods ensure that displays 
covered by Principle 1.4 will be placed high enough 
for a driver to use peripheral vision to monitor the 
roadway for major developments during quick 
glances to the display. 
 
International efforts to address driver distraction have 
recently focused on how best to assess visual demand 
as it relates to driving performance.  Both the 
Alliance Driver Focus Working Group and ISO 
Working Group 8 have efforts to review state-of-the-
art science in an attempt to drive toward convergence 
on measurement of visual demand. 
 
A number of relevant research projects have been 
underway over the past few years – many of which 
explore surrogate methods for assessing visual 
demand.  Among these are: 
 

• CAMP (Driver Workload Metrics Project 
sponsored by Ford, G.M., Nissan, & Toyota) 

• ADAM (Advanced Driver Attention Metrics 
sponsored by DCX & BMW) 

• IVIS DEMAnD Modeling Project (VTTI) 
• Naturalistic Driving (100-car study at VTTI) 
• HASTE, Roadsense, AIDE (EU) 
• Transport Canada & NHTSA research 
• JAMA (Japan) 
• IHRA – ITS (Global) 
• Others 

 
SOURCES CONTRIBUTING TO THE NEED 
FOR CONVERGENCE 
 

The following paragraphs summarize some of the 
more salient findings of recent relevant research 
projects and briefly discuss how they relate to the 
criteria contained in the current version of the 
Alliance Guidelines: 
 
To address long tasks exceeding the 20 second total 
glance time specified in the Guidelines, BMW has 
recently proposed the “R-Metric” or resumability 

metric as an alternative means of assessing visual 
demand where: 

 
R-Metric = Total Glimpse Time to Task 

                                  Total Time to Complete Task 
If R < 1 then the tasks visual demand is deemed 
acceptable.  Some long complex tasks with long eyes 
off the road times can be deemed acceptable with this 
metric and conversely some short visual tasks can be 
deemed unacceptable with this metric.  A key 
question for state-of-the-art research then becomes: 
What does natural driving behavior indicate about 
eyes-off-road time, especially as it relates to crash 
risk? 
 
Virginia Tech Transportation Institute (VTTI) has 
conducted a study of 100 drivers in a “naturalistic” 
setting to obtain pre-crash/crash/near crash/incidents 
data as well as driver performance.  Drivers in their 
own or leased vehicles with specialized 
instrumentation, which was unobtrusive and 
inconspicuous to other drivers, were simply told to 
drive as they normally would over a period of 
approximately one year.  The analysis of eye glance 
behavior indicates that total eyes-off-road durations 
greater than 2 seconds significantly increased 
individual near-crash/crash risk.  This confirms the 
importance of eyes-off-road time and its role in 
detection of unexpected events and appears to justify 
the maximum single glance time of 2 seconds 
specified in principle 2.1 of the Alliance Guidelines. 
 
The Society of Automotive Engineers (SAE) has an 
ongoing effort that has some similarity to the 
Guidelines document but is not exactly the same.  
SAE J2364, which has been issued in modified form, 
specifies a total eye glance time of 15 seconds or 
alternatively a TSOT of 20 seconds using the 
occlusion method.  This compares to the similar 
Guidelines requirements of 20 seconds and 15 
seconds respectively. 
 
 VTTI, under the sponsorship of the Federal Highway 
Administration, developed a behavioral model (IVIS-
DEMAnD) that predicts driving task performance 
decrements of drivers interacting with in-vehicle 
information systems (IVIS) along with software that 
integrates the behavioral model with past research on 
the behavior of drivers when using IVIS.  A key 
aspect of the model is the color coding of expected 
driver attention demand into yellow and red line 
demand values as derived from empirical data on 
driving performance indicating where driving 
performance was affected at p<. 05.  Yellow 
highlighting of the predicted measure indicates that 
driving performance will be affected relative to 



baseline driving with no in-vehicle task.  Red 
highlighting of the value indicates that driving 
performance will be substantially affected relative to 
baseline driving with no in-vehicle task.  Table 1. 
shows the measures in the expected demand 
summary and their critical values: 
 

Table 1. 
Measures in the Expected Demand Summary and 

Critical Values from IVIS DEMAnD Model 
INDIVIDUAL 
MEASURES 

AFFECTED 
(CODED   
YELLOW) 

SUBSTANTIALLY 
   AFFECTED 
 (CODED RED)  

Single Glance 
Time 

1.6 seconds 2.0 seconds 

Number of 
Glances 

6 glances 10 glances 

Total Visual  
Task Time 

7 seconds 15 seconds 

   
The coded red values for single glance time and 
number of glances are the same as specified in 
Principle 2.1 of the Guidelines and the total visual 
task time of 15 seconds compares to the 20 second 
total task time in the Guidelines. 
 
The Crash Avoidance Metrics Partnership (CAMP) 
had a project objective of developing performance 
metrics and test procedures for assessing the visual, 
manual and cognitive aspects of driver workload 
from telematics systems.  The project used phased 
testing of 234 licensed drivers using both ‘driving 
performance measures’ of driver workload taken 
under test track and on-road driving conditions as 
well as surrogate metrics, which include models, 
simulations or laboratory procedures. 
 
 The CAMP occlusion surrogate test was shown to 
have generally low test-retest reliability but was 
repeatable when data were averaged across persons 
by task.  The occlusion test was predictive of task 
completion time while driving, lane keeping, car 
following, speed control, and total glance time and 
number of glances away from the road (task related).  
A number of in-vehicle tasks were classified into 
higher and lower workload levels based on literature, 
analytical modeling, and engineering judgment. 
Occlusion test results were then used to classify the 
tasks as higher or lower using 7 different rules based 
on mean and 85%-ile values for static time, TSOT 
and R.  Rule 5 (mean TSOT>7.5 seconds meant the 
task was higher workload) was best, resulting in only 
1 false positive classification error. 
 

 CAMP recorded eye glance behavior and lane 
exceedances during performance of tasks while 
driving in a simulator.  At the trial level, lane 
exceedance trials tended to have more glances, longer 
TGTs and longer single glance durations away from 
the road.  At the task level, the proportion of Lanex 
trials for a task tended to increase as TGT, glance 
counts, and max single glance times per task 
increased.  Single glances 4 seconds prior to the start 
of a lane exceed of 6 inches or more were longer than 
for the 4 seconds random period of driving only.  The 
overall conclusion: How often and long you take 
your eyes off the road affects your driving. 
 
The Japan Automobile Research Institute (JARI) 
conducted a study of the upper limit of glance time, 
associated with various tasks while using four 
navigation systems, that does not interfere with 
normal driving.  Table 2. shows the upper limit of 
total glance time (TGT) for the four navigation 
systems when used in four different driving 
environments.  The table combines results based on 
both a subjective measure of uneasiness feeling to the 
driver and an objective measure of lateral lane 
control. 
 

Table 2. 
Upper Limit of TGT That Does Not Cause 
Uneasiness Feeling & That Does Not Affect 

Lateral Control 

 2-LANE 
URBAN 

1-LANE 
URBAN 

JOBAN 
EXPRESS 

METRO 
EXPRESS 

Touch 
Panel 

8.4 8.2 8.2 ≈8 sec 

Joy-
Stick 

8.9 8.6 9.7 8.3 

Remote 
Control 

10.2 N.A. 10.2 N.A. 

Rotate 
Knob 

8.2 N.A. 10.6 N.A. 

  
 
Based on these results, the researchers concluded that 
the upper limit of TGT from combining both the 
uneasiness feeling and the lateral lane deviation 
results was approximately 8 seconds.  The 
operational tasks were repeated using the occlusion 
method with various open/close patterns. A shutter 
open time of 1.5 seconds and close time of 1.0 
second was most closely correlated with both TGT 
and single glance time.  The TSOT that was found to 
be equivalent to 8 seconds TGT was approximately 
7.1 seconds.  Elder drivers had longer TGT than 
younger drivers for the navigation systems using 
joystick and remote control but had similar TGT for 
the touch screen navigation system. 



 
Transport Canada contracted with Humansystems to 
assess the validity and reliability of the Alliance 
Guidelines.  In Phase II, Principle 2.1 in the Alliance 
Guidelines was evaluated using the occlusion 
method.  Two types of tasks were examined, address 
and point of interest (POI) destination entry into four 
different navigation systems, with each task 
encompassing two complexity levels.  The low-level 
complexity tasks met the 15-second criterion for 
TSOT, whereas none of the high-level complexity 
tasks could meet the criterion.  The report 
recommended that Principle 2.1 define tasks to be 
completed, define the desired level of complexity, 
and a means of measuring it.  In developing the 
Guidelines the Working Group paid particular 
attention to ensuring that all criteria and evaluation 
procedures were performance based as opposed to 
design specific, so as not to discourage innovation.  
The recommendation to specify tasks goes counter to 
the basic philosophy of performance-based 
requirements.  The Alliance Guidelines specify that 
all tasks that are capable of being performed when 
the vehicle is in motion be required to meet the 2.1 
requirements.   Humansystems noted that two of the 
nav systems locked out POI entry when the vehicle is 
in motion.  The manufacturers of these vehicles 
apparently judged that it was not in the best interest 
of safety to allow the driver to access these functions 
while the vehicle is in motion and chose to lock them 
out.  Humansystems also recommended that the 
occlusion option include a method to account for 
system response delay.  Subtracting out system 
response delay in essence would make the TSOT 
requirement less conservative.  It has been judged 
that system response should be timely and clearly 
perceptible in order to contribute to the reliability of 
the driver-system interaction; accordingly timely 
response has been specified elsewhere in the 
Guidelines; in Principle 3.5.  Finally, Humansystems 
recommended that a method to monitor and record 
errors be devised.  If a system is prone to operator 
error then this should be reflected in longer TSOT 
times.  Drivers will make different errors with 
different systems, it would be difficult, if not 
impossible, to imagine every possible error.  Once 
again, this recommendation runs counter to the basic 
goal of performance-based requirements.   Rather 
than categorizing specific errors, the concern should 
be whether the driver can accomplish the secondary 
task without unduly compromising the primary 
driving task. 
 
Europe and Canada have been interested in exploring 
surrogate reference tasks as a replacement for natural 
reference tasks like radio tuning.  The criteria for 

acceptable eye glance duration and total glance time 
in the Alliance Guidelines are defined by means of a 
reference task.  In particular, the 85th percentile of 
driving performance effects associated with manually 
tuning a radio is chosen as a first key criterion.  This 
is because manual radio tuning has a long history in 
the research literature regarding its effects on driver 
eye glance behavior, vehicle control, and object and 
event detection are well understood.  As noted in the 
Guidelines document, it represents the high end of 
conventional in-vehicle systems in terms of 
technological complexity as well as in terms of 
impact on driver performance and thereby is a 
plausible benchmark for driver distraction potential 
beyond which new systems should not go.    Recent 
criticism of the manual tuning of a radio as a 
benchmark has claimed that modern radios are not 
tuned as radios in the past, due to their array of 
electronic memory options.  However, recent on-
track and on-road studies in CAMP have documented 
that the visual demands of radio tuning vary only 
slightly across 20 years (see Table 3.). 
 

Table 3. 
Consistency in Visual Demand Measures for 

Manual Radio Tuning 

SOURCE 

TOTAL 
GLANCE 

TIME 
(TGT), SEC 

GLANCE 
COUNTS 

MEAN 
SINGLE 

GLANCE 
TIME 

(MSGT), SEC 
Rockwell 
(1986) Studies 
over 10 years 

Not reported Not reported 1.3 s to1.4 s 

Bhise Forbes 
and Farber 
(1986) Studies 
in early 1980’s 

Not reported 
2 to 7 
glances 

1.1 s 

Dingus et al. 
(1987) Studies 
in mid-1980’s 

7.6 sec 7 glances 1.1 s 

Kishi, Sugiura 
and Kimura 
(1992) 
(Highway) 

Not reported Not reported 1.1 s 

CAMP (2005) 
Studies in 
2003-2004 
(Track Study) 

9.0 sec 8 glances 1.2 s 

CAMP (2005) 
Studies in 
2003-2004 
(Road Study) 

9.4 sec 9 glances 1.1 s 

 
 
HOW CAN WE ACCOMPLISH CONVERGENCE 
ON THE ISSUES? 
 
Throughout the 2006 year the Alliance Working 
Group has continued to examine means to resolve 



differences and update the Alliance Guidelines 
document in the hope of making it truly 
representative of state-of-the-art research.  The 
approach to resolution has been two pronged.  First, 
during the summer of 2006 invitations were advanced 
to leading scientists to meet with the WG and share 
their latest research results and insights.  In that 
endeavor the WG heard presentations from the 
following: 

• Vicki Neale, Ph.D., Director, Center for 
Automotive Safety Research, VTTI and Co-
Author of 100-car Naturalistic Driving 
Study 

• Peter Burns, Road Safety and Motor Vehicle 
Regulation Directorate, Transport Canada, 
Humansystems review of the Alliance 
Guidelines, other TC research and 
desirability of adding rigorous process 
standards to the Guidelines 

• James Sayer, UMTRI, The Effects of  
Secondary Tasks on Naturalistic Driving 
Performance 

• Louis Tijerina, Ph.D., CAMP research 
• Klaus Bengler, Ph.D., ADAM research 

 
 Following this series of presentations it was evident 
that some of the ongoing work was confirming the 
relationship between visual demand and safety 
related measures and work at other institutions was 
headed in different directions.  This divergence, 
coupled with the recognition that substantial 
additional research was ongoing in Japan and Europe, 
led the Alliance Working Group to launch a second 
effort to reach convergence; namely, to host a 
Workshop on Driver Metrics.  Transport Canada 
agreed to host the Workshop at their facilities in 
Ottawa Canada, October 2nd and 3rd, 2006, under the 
sponsorship of the Alliance.  The workshop was 
coordinated with ISO/WG8 to precede relevant ISO 
meetings.  
 
The Workshop was designed to bring together HMI 
experts from around the world to openly discuss their 
findings and testing methods and to share their 
lessons learned with the international research 
community.   The Public Policy Center at the 
University of Iowa was contracted as an independent 
second party to convene and moderate the workshop.  
Deliverables included the construct of a website 
where all the presentations could be viewed 
(http://ppc.uiowa.edu/drivermetricsworkshop), a 
comparative matrix of measures (or other method for 
providing information in usable form) and a final 
report. 
 
Each speaker was asked to cover certain topics: 

• Background on Metric 
- Definitions 
- Pertinent Literature 

• Key Findings 
• Advantages/Disadvantages of Metric 
• Relationship to Driving Performance 

- Lateral Control 
- Longitudinal Control 
- Event Detection 

• Difficulties/Issues with Metric 
• Appropriate Applications of Metric 
• Lessons Learned 
• Gaps/Future Needs 

 
WHAT HAS BEEN LEARNED? 
 
.  At the time this paper was authored the University 
of Iowa had not yet published their synopsis of what 
was learned at the Workshop.   The following is the 
author’s summary of some key points that have 
emerged from both the Workshop and a review of 
pertinent research: 
 

• Various studies have confirmed the 
relationship between visual demand and 
safety relevant measures 

- In 100-car study when eyes off the 
road time exceeded 2 seconds in 
the 5 seconds preceding a conflict 
the risk of a crash or near crash 
was elevated 

- CAMP lane exceedance trials had 
more glances, longer TGT, and 
longer max single glance duration 

• Some findings in the latest research suggest 
the current limits in the Guidelines for visual 
demand may need to be made more stringent 

- JARI research reported by Asoh 
suggests that Total Glance Time 
should be ≤8 seconds 

- CAMP analysis of decision-rules 
showed best agreement with prior 
classification of tasks when mean 
TSOT≥7.5s meant it was high 
visual demand 

- IVIS DEMAnD Model code 
yellow and red values for total 
visual task time are 7 to 15 
seconds  

• Further research is needed on event 
detection and developing surrogate test 
procedures which are sensitive to it 

- Direct measurement of eye glance 
does not fully address the 



attentional component of visual 
demand 

- Sternberg test shows promise for 
evaluating combined visual and 
cognitive loads of tasks 

• Differences between institutions remain 
regarding the R-Metric 

- BMW believes that it is easy to use 
and has high potential as a 
classification tool for visual 
demand and resumption after 
interruption 

- Humansystems evaluation of 4 nav 
systems showed that the R value 
did not appear to be effective in 
discriminating between task types 

- CAMP results indicated that R is 
unrelated to on-road and test track 
driving performance and driver eye 
glance measures 

• The lane change test holds promise but may 
need some improvements/tweaks 

- TC and CAMP research shows that 
Mdev is not enough and further 
work is needed to identify suitable 
criteria 

- TC is comparing LCT findings 
with conventional driving 
measures in a simulator 

- JARI studies showed that LCT 
effects were smaller for 
experienced test subjects 

- AIDE funded work to distinguish 
visual from cognitive distraction 

• More work needs to be done to establish the 
relationship of all metrics to real world crash 
risk (as in 100-car study) 

• Surrogate reference tasks may hold some 
advantages over natural reference tasks such 
as radio tuning.  However, recent studies 
have shown that the visual demand of radio 
tuning has varied very little over the past 20 
years and radio tuning remains a robust 
benchmark against which to judge new 
systems. 

 
WHAT ARE THE NEXT STEPS? 
 
In its continuing commitment to harness and apply 
state-of-the-art scientific understanding to the 
continuing evolution of the Driver Focus Guidelines 
the Working Group has identified the following areas 
for additional work during 2007: 

• Hopefully, the University of Iowa will be 
able to display the results of the Ottawa 
Workshop in a matrix or other concept 

which will lend itself “to bringing the 
picture closer together” 

• Review current limits on visual demand to 
see if they need to be made more stringent 

• Inclusion of Event Detection in the tests for 
visual demand 

• Continue to follow development of scalable 
reference tasks as a potential replacement of 
radio tuning as a reference task 

• Further examine the R-Metric 
• Refine Lane Change Task and make a 

decision as to inclusion in Guidelines 
• Treatment of Visual Only Tasks 

Further, the Working Group has agreed to expand 
the Guidelines document to include principles for 
Voice Interfaces, which are increasingly being 
incorporated into modern information and 
communication systems.  Work on voice principles 
began in earnest in 2006 in the Alliance Working 
Group. 
 
REFERENCES 
 
Angell, Linda; “Direct Measurement of Visual 
Demand”, Driver Metrics Workshop, October 2-3, 
2006. 
 
Asoh, T.; Kimura, K; and Ito, T; “JAMA’s study on 
the location of in-vehicle displays”. 
 
Benedict, Dave; Angell, Linda; and Diptiman, 
Tuhin; “Exploration Of The Lane Change Test”, 
Driver Metrics Workshop, October 2-3, 2006. 
 
Bengler, Klaus; “Occlusion – A Method to Assess 
Visual Demand & Interruptability”, Driver Metrics 
Workshop, October 2-3, 2006. 
 
Burns, Peter; Harbluk, Joanne; Trbovich, Patricia; 
and Lochner, Martin; “Evaluation Tasks with the 
LCT”, Driver Metrics Workshop, October 2-3, 
2006. 
 
Driver Focus-Telematics Working Group; 
“Statement of Principles, Criteria and Verification 
Procedures on Driver Interactions with Advanced 
In-Vehicle Information and Communication 
Systems”, Version 2.1 with Amendments dated June 
26, 2006. 
 
Engstrom, Johan; “Direct metrics of driver 
performance”, Driver Metrics Workshop, October 2-
3, 2006. 
 



Engstrom, Johan; and Markkula, Gustav; “Effects of 
visual and cognitive load on the Lane Change Test – 
preliminary results”, Driver Metrics Workshop, 
October 2-3, 2006. 
 
Go, E.; Morton A. H.; Famewo, J. J.; and Angel, H. 
A.  “Phase II Final Report:  Evaluation of Industry 
Safety Principles for In-Vehicle Information and 
Communication Systems”, March 31, 2006. 
 
Hankey, Jonathan M.; Dingus, Thomas A.; 
Hanowski, Richard J.; Wierwille, Walter W.; and 
Andrews, Christina.  “In-Vehicle Information 
Systems Behavioral Model and Design Support:  
Final Report”, FHWA-RD-00-135, February 16, 
2000. 
 
JAMA (Japan Automobile Manufacturers 
Association); “Guideline for In-vehicle Display 
Systems”, version 2.1, February 22, 2000. 
 
Mattes, Stefan; “The Lane Change Test”, Driver 
Metrics Workshop, October 2-3, 2006. 
 
Neale, Vicki; “Using All the Tools in the Toolbox:  
Approaches to Transportation Safety”, July 24, 
2006. 
 
Shutko, John; “Eye Glance Behavior and Lane 
Exceedences During Driver Distraction”, Driver 
Metrics Workshop, October 2-3, 2006. 
 
Tijerina, Louis; “A Measurement Systems Analysis 
of Total Shutter Open Time (TSOT)”, Driver 
Metrics Workshop, October 2-23, 2006. 
 
Tijerina, Louis; “CAMP Driver Workload Metrics 
Project:  Correlation of the R Metric With Driving 
Performance & Prior Prediction”, Driver Metrics 
Workshop, October 2-3, 2006. 
 
 
 
 
 
 



Edwards 1 

CURRENT STATUS OF THE FULL WIDTH DEFORMABLE BARRIER TEST 
 
Mervyn Edwards 
Richard Cuerden 
Huw Davies 
TRL Limited (Transport Research Laboratory) 
United Kingdom 
Paper Number 07-0088 
 
ABSTRACT 
 
To improve compatibility in car frontal collisions it is 
generally agreed that better structural interaction, 
matching frontal forces (stiffnesses) and a strong 
occupant compartment, in particular for small cars, 
are required. The Full Width Deformable Barrier 
(FWDB) test is part of a portfolio of tests being 
considered to assess a vehicle’s frontal impact 
performance, including its compatibility. For 
compatibility, it aims to assess a vehicle’s structural 
interaction potential using measurements from a high 
resolution Load Cell Wall behind the deformable 
element. For self protection, it aims to provide a high 
compartment deceleration pulse, similar to the current 
US NCAP test, to assess a vehicle’s restraint system.  
 
This paper describes the benefit predicted for the 
implementation of improved compatibility in GB and 
the current status of the FWDB test. For the FWDB 
test, it clarifies remaining issues including test 
repeatability and describes the new ‘Structural 
Interaction’ (SI) criterion. The SI criterion is designed 
to ensure that vehicles have an adequate structure in a 
common interaction area to interact with their 
collision partners and to encourage stable multi-load 
path structures. It consists of vertical and horizontal 
components that are divided into parts that could be 
adopted in a stepwise manner, to allow the gradual 
development of more compatible vehicles, 
appropriate for application in a regulatory framework. 
 
 
INTRODUCTION 
 
Following the introduction of the European frontal 
and side impact Directives and EuroNCAP, car safety 
has made a major step forward. Even so, there are still 
about 1,500 car occupants killed and 15,000 seriously 
injured in GB annually [1]. Approximately 60 percent 
of these occur in frontal impacts. The next step to 
improve frontal impact protection further is to 
improve compatibility in vehicle-to vehicle impacts.  
Much research has been performed to understand 
compatibility, which has identified three main 
influencing factors: structural interaction, frontal 
force matching and compartment strength.  

 
Structural interaction is relevant for all frontal 
impacts and describes how well vehicles interact with 
their impact partner, either another vehicle or a road-
side obstacle [2]. If the structural interaction is poor, 
the energy absorbing front structures of the vehicle 
may not function as efficiently as designed, leading to 
an increased risk of compartment intrusion at lower 
than designed impact severities and a less optimum 
(more back-loaded) compartment deceleration pulse. 
Also, ‘triggering’ of the restraint system may be less 
effective due to a less predictable crash pulse. 
Examples of poor structural interaction are override 
and the fork effect [2].   
 
A vehicle’s frontal force levels are related to its mass. 
In general, heavier vehicles have higher force levels 
as a result of the current test procedures and 
manufacturer’s desire to keep crush space to a 
minimum [3].  As a consequence, in a collision 
between a light vehicle and a heavy vehicle, the light 
vehicle absorbs more than its share of the impact 
energy as it is unable to deform the heavier vehicle at 
the higher force level required. Matched frontal force 
levels would ensure that both vehicles absorb their 
share of the kinetic energy, which would reduce the 
risk of injury for the occupant in the lighter vehicle.  
 
Compartment strength is an important factor for self-
protection, especially for light vehicles. In the event 
where vehicle front structures do not absorb the 
impact energy as designed the compartment strength 
needs to be sufficiently high to ensure minimal 
compartment intrusion. Beyond this, there is scope 
for better optimisation of the car’s deceleration pulse 
to minimise restraint induced deceleration injuries. 
 
To assess a car’s frontal impact performance, 
including its compatibility, an integrated set of test 
procedures is required. The set of test procedures 
should assess both the car’s partner and self 
protection. To minimise the burden of change to 
industry the set of procedures should contain a 
minimum number of procedures which are based on 
current procedures as much as possible. Also, the 
procedures should be internationally harmonised to 
reduce the burden further. Above all, the procedures 
and associated performance limits should ensure that 
the current self protection levels are not decreased as 
good self protection is required for impacts with road-
side obstacles. Indeed, if possible, for light vehicles 
they should be increased. The set of test procedures 
should contain both a full overlap test and an offset 
(partial overlap) test as recommended by the IHRA 
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frontal impact working group [4]. A full width test is 
required to provide a high deceleration pulse to 
control the occupant’s deceleration and check that the 
vehicle’s restraint system provides sufficient 
protection at high deceleration levels. An offset test is 
required to load one side of the vehicle to check 
compartment integrity, i.e. that the vehicle can absorb 
the impact energy in one side without significant 
compartment intrusion. The offset test also provides a 
softer deceleration pulse than the full width test, 
which checks that the restraint system provides good 
protection for a range of pulses and is not over-
optimised to one pulse.  
 
The European Enhanced Vehicle-safety Committee 
(EEVC) Working Group 15 is working to develop an 
integrated set of test procedures to assess a vehicle’s 
frontal impact performance [5]. One of the main 
candidate procedures is the Full Width Deformable 
Barrier (FWDB) test, the development of which is 
being led by the UK. The other is the Progressive 
Deformable Barrier (PDB) test, led by France [6]. 
  
This paper describes an estimation of the benefit for 
the implementation of improved compatibility in 
Great Britain (GB) and the current status of the Full 
Width Deformable Barrier (FWDB) test 
 
GB BENEFIT 
 
The GB national accident data (STATS19), averaged 
for the years 1999 to 2003, shows that about 60% of 
the car occupant casualties occur in frontal impacts 
[Table 1].  

Table 1. 
Average casualties from RAGB 1999 to 2003 

inclusive, front car occupants 
 

Car Occupant Police Injury 
Severity 

First point of 
impact 

Fatal Serious 
Did not impact 29 328 

Front 898 10055 

Back 54 1200 

Offside 257 1899 

Nearside 252 1459 

Total 1490 14941 

 
Of these casualties about 70% occur in collisions with 
another vehicle, a collision type which compatibility 
directly addresses [Table 2]. 

Table 2.  
Average casualties from RAGB 1999 to 2003 
inclusive, front car occupants, front collisions 

 

 
To determine the benefit of implementing improved 
compatibility both the national and in-depth accident 
databases were used. The in-depth data used were 
from the UK Co-operative Crash Injury Study (CCIS) 
collected from 1998 to 2006. CCIS is a sub-sample of 
the STATS19 database and can be weighted to 
describe national trends. 
 
The methodology used to estimate the benefit was as 
follows:  
• Divide occupants in STATS19 national accident 

database involved in frontal impacts into the 
following groups categorised by object struck. 

1. Another  car   
2. A ‘heavy’ vehicle (e.g. Light Goods 

vehicle, Heavy goods vehicle) 
3. An object (roadside) 

• Form equivalent data sets for CCIS in-depth data 
and estimate the benefit for each individual 
occupant. 

• Scale STATS19 national accident data using 
benefit proportions calculated from CCIS data 
sets. 

 
A total of 4,061 front seat occupants who experienced 
frontal impacts to their cars and whose injury 
information was known were selected for inclusion in 
the CCIS equivalent data sets.  All the selected 
occupants were seated in cars registered in 1996 or 
later. 40% of the cars were registered after 2000.   
 
Two distinct processes were used to determine the 
individual benefit for each occupant.  Firstly, the 
nature and severity of damage that their car 
experienced was evaluated to determine if it is 
realistic for a future improved compatible vehicle to 
manage such a crash and offer improved occupant 
protection.  This was achieved by determining if the 
occupant was included in the target population 
defined by the crash selection criteria shown in Table 
3. If occupants were not in the target population, it 
was assumed that they would experience no benefit. 

Police Casualty Injury SeverityNumber of 
Vehicles Fatal Serious 
Single vehicle 281 2823 
1 other 
vehicle 

415 5494 

At least 2 
other vehicles 

202 1738 

Total 898 10055 
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Table 3. 
Target population selection criteria 

 
Selection criteria Cases included 
Belt Restraint System 
Use 

Only restrained 
occupants 

Occupant Seating 
Position 

Only front seat occupants 

Overlap > 20% 
Principle Direction of 
Force 

10, 11,12, 1 and 2 
o’clock 

Accident severity 
(Estimated Test Speed) 

All accidents up to 56 
km/hr 

Mass ratio All mass ratios 

Under-run 
 

Exclude under-run cases 
for Larger Vehicles  
(Group 2) 

 
Secondly, for occupants in the target population each 
injury experienced by each occupant was evaluated to 
decide whether the injury and associated mechanism 
would be mitigated by compatibility improvements to 
the frontal car structure. To do this two injury models 
were applied to estimate which injuries, if any, would 
be mitigated or removed from the database.  
 
The models were constructed on the assumption that 
for frontal collisions up to a severity of 56 km/h ETS 
(approximately the severity of the EuroNCAP frontal 
impact test), improved compatibility should result in 
a car being able to absorb the impact energy in its 
frontal structure with minimal occupant compartment 
intrusion and an improved deceleration pulse with 
better restraint triggering. To represent minimal 
occupant compartment intrusion Model (1) {Intrusion 
based} removed all injuries caused by contact with an 
intruding internal front structure.  To represent the 
improved deceleration pulse and restraint triggering 
as well, Model (2) {Contact based} removed all 
injuries caused by contact with any internal front 
structure, regardless if it had intruded or not.  Model 
(1) produces a sub-set of the benefit seen in Model 
(2).   
 
Using these injury reduction models the MAIS1 for 
each occupant was re-calculated and compared with 
the original MAIS to estimate a benefit in terms of 
MAIS reduction as illustrated in Table 4 for the 
Group 1 equivalent data set (struck another car) for 
Model 1 {Intrusion based}.  

                                                           
1 MAIS: Maximum Abbreviated Injury Score. 

Table 4. 
MAIS distribution for car-car (Group 1), before 
and after application of compatibility intrusion 

Model 1 
 
MAIS Original  

CCIS 
Occupant 

Sample Group 
1 

Model (1) 

Occupants, assuming 
prevention of 

intrusion-caused 
injuries 

 No. No. Change 

6 6 6 0 

5 26 19 -7 

4 31 31 0 

3 126 97 -29 

2 304 288 -16 

1 1227 1251 +24 

0 311 339 +28 

Total 2031 2031 - 

 
The distribution of AIS 3+ injury by body region is 
shown for the original data and after the application 
of the injury reduction models [Figure 1].  
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Figure 1. Distribution of AIS 3+ Injuries for 
original data and after application of injury 
reduction models. 

This Figure illustrates the high frequency of thoracic 
injuries. Also illustrated is the fact that the 
compatibility benefit models do not significantly 
reduce this because the principal cause of injury to 
the thorax was found to be seat belt loads and not 
contact with the vehicle interior. This issue requires 
further investigation because thoracic injuries are 
known to be associated with fatal outcomes. 
 
To convert the proportional benefit estimated using 
the CCIS database in terms of MAIS into the police 
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injury classifications of fatal and seriously injured a 
transfer function was developed. This was done by 
correlating the original MAIS 2+ distribution for all 
occupants within the target population against the 
casualties’ injury outcome with respect to the police 
injury classifications to give a percentage risk of 
sustaining fatal or serious injury for a given MAIS 
[Table 5].  

Table 5.  
Derivation of transfer function between injury 

classifications 
 

Percent of 
Casualties (%) 

Original number of casualties MAIS 

Fatal Serious Total Fatal Serious 
6 100 0 15 15 0 
5 89.4 10.6 47 42 5 
4 58.7 41.3 63 37 26 
3 5.2 94.8 213 11 202 
2 0.7 99.3 460 3 448 
Total - - 798 108 681 
 
Following this, the CCIS calculated proportional 
benefit, in terms of fatal and seriously injured, was 
scaled using the national accident data to give the 
benefit for GB. It was predicted that between 
approximately 5% (67) and 8% (124) front seat car 
occupants killed in GB would be saved and between 
5% (732) and 13% (1876) of seriously injured 
casualties would be prevented if improved frontal 
impact compatibility were implemented.  
 
The authors believe that this is a reasonable and 
conservative estimate of the benefit for the following 
reasons. Firstly, no account is made for the possible 
benefit that improved compatibility may give to side 
impact casualties. Secondly, the models do not 
account for any benefit for a reduction in the number 
of injuries to different body regions, if there are other 
injuries of the same severity that are not mitigated.  
For example, if a driver has sustained a fracture to his 
right femur (AIS score 3) due to contact with the 
intruding facia and multiple rib fractures (AIS score 
3) due to seat belt loading, only the femur fracture 
will be prevented in the model.  Therefore, when the 
most severe injury is assessed, his overall injury 
severity remains the same.  However, in contrast it is 
accepted that not all contact based injuries would in 
reality be mitigated.  It is known that significant 
numbers of lower limb injuries result from contact 
with a car interior that has not intruded.   
 
Another significant finding of the work was the high 
frequency of moderate (AIS2) and life threatening 
(AIS 3+) injuries sustained by car occupants due to 
seat belt induced loading.  Also, the majority of 

thoracic injury was not prevented by the injury 
reduction models.  There is an argument that a more 
compatible vehicle would benefit from an improved 
crash pulse and therefore it would be expected to see 
lower seat belt loads and a reduced risk of thoracic 
injury.  The injury models, by their design, did not 
account for injury attributed to seat belt loading, and 
therefore possibly underestimate the potential benefit 
that could be seen for this body region.  This is an 
area which requires further work, as head and 
thoracic injuries are known to be associated with fatal 
outcomes. 
 
In summary, the model finds significant benefits, and 
on balance can be argued to both over and under 
estimate injury reduction, dependant on the specific 
body region injured.  A verification of the model was 
undertaken by reviewing individual crashes and 
evaluating the model’s predicted benefits with respect 
to the actual crash characteristics. 
 
FULL WIDTH DEFORMABLE BARRIER TEST 
 
The Full Deformable Barrier (FWDB) test forms part 
of an integrated set of two procedures proposed to 
assess a car’s frontal impact crash performance, 
including its compatibility:  
 
FWDB test: 
(1) To assess structural interaction potential.  
(2) To provide a high deceleration pulse to test the 
restraint system. 
  
Offset Deformable Barrier (ODB) test with EEVC 
barrier: 
(1) To assess frontal force levels.   
(2) To load one side of the car to check its 
compartment integrity.  
(3) To provide a softer deceleration pulse than the 
FWDB test to check the restraint system performs 
over a range of decelerations. 
 
Originally the approach also included a high speed 
(80 km/h) ODB test to measure compartment strength 
using a Load Cell Wall (LCW). This test is not 
currently included in the approach because it is 
thought that adequate control of the compartment 
strength should be possible using a lower speed (e.g. 
regulatory or EuroNCAP) ODB test or the PDB test 
[6]. However, if an absolute measure of compartment 
strength is required then a high speed test will be 
necessary. This is because in the lower speed test the 
car may not be deformed sufficiently to load the 
compartment fully, so the LCW measure in these tests 
will only give an indication of the load the 
compartment has withstood in that test, which is not 
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necessarily the maximum load that the compartment 
can withstand. A high speed test ensures sufficient 
deformation of the car to load the compartment fully 
so that the LCW measure gives a true indication of 
the compartment strength.  
  
The FWDB test is effectively a modification of the 
US FMVSS208 test, the modifications being the 
addition of a deformable element and a high 
resolution Load Cell Wall. The LCW consists of cells 
of nominal size 125 mm by 125 mm. The load cells 
are mounted 80 mm above ground level so that the 
division line between rows 3 and 4 is at a height of 
455 mm which is approximately mid-point of the US 
part 581 bumper beam test zone2 [Figure 2]. The 
reason that this particular height was chosen was to 
be able to detect whether vehicles had structures in 
alignment with the top and bottom halves of the Part 
581 zone by examining the loads on rows 3 and 4 of 
the LCW. The intention is to enable the test 
procedure to be used to encourage all vehicles to have 
crashworthy structures in a common interaction zone 
that spans the part 581 zone. This should ensure 
structural interaction between high SUV type vehicles 
and cars as most cars have their main longitudinal 
structures in the Part 581 zone to meet the US bumper 
beam requirement. 

 
Figure 2. FWDB test LCW configuration showing 
row number and height above ground level. 

The purpose of the deformable element has been 
discussed previously, [3], the main purpose being to 
improve detection of crossbeam structures which may 
not be strained in an impact with a rigid wall and to 
reduce engine dump loading that may otherwise 
confound the measured force distribution.  
 
The intention of the FWDB test is to control both self 
and partner protection. For self protection the 
occupants deceleration and restraint system 
performance will be assessed using dummy measures 
in a similar way to the current FMVSS208 test. For 

                                                           
2 Part 581 zone: Zone from 16” to 20” above ground 
established by NHTSA in its bumper standard (49 
CFR 581) for passenger cars. 

partner protection the car’s structural interaction 
potential will be assessed using the measures from the 
LCW. The premise is that cars that exhibit a more 
homogeneous force distribution on the LCW should 
have a better structural interaction. To assess the 
LCW force distribution a new Structural Interaction 
assessment criterion has been developed, which is 
described below.  
 
Structural Interaction (SI) Criterion 
 
The Structural Interaction (SI) criterion has been 
developed to resolve issues with the previous 
Homogeneity Criterion [3]. Its development was 
based on the following requirements:  
• An ability to be applied in a stepwise manner to 

allow manufacturers to gradually adapt vehicle 
designs  

• To encourage better horizontal force distribution 
(crossbeams). 

• To encourage better vertical force distribution 
(multi-level load paths). 

• To encourage a common interaction area with 
minimum load requirement. 

 
The SI criterion is calculated from the peak cell loads 
recorded in the first 40 ms of the impact. Compared 
to using peak cell loads recorded throughout the 
duration of the impact (as with the previous 
Homogeneity Criterion), this has the advantage of 
assessing structural interaction at the beginning of the 
impact when it is more important and minimising the 
loading applied by structures further back into the 
vehicle such as the engine. The 40 ms time interval 
corresponds to a B-pillar displacement of 
approximately 550 mm for most cars [Figure 3].  
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Figure 3. B-pillar displacement vs time plots for 
FWDB tests. Outlier is a supermini car with 
unique short stiff frontal structure which restricts 
its deformation. 

Based on the assumption that structure which only 
crushes the 150 mm softer front layer of the barrier 
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will not apply sufficient load to the LCW to be 
adequately detected, this should allow the detection 
of structures up to 400 mm (550 mm -150 mm) from 
the front of the vehicle.  This is adequate for detection 
of most Secondary Energy Absorbing Structures 
(SEAS), such as subframes, that interact with the 
partner vehicle in a crash. In addition, 400mm aligns 
with a recent NHTSA proposal to assess the Average 
Height of Force (AHOF) over the initial 400mm 
vehicle displacement. 

To allow manufacturers to gradually adapt vehicle 
designs to become more compatible, the criterion 
consists of two parts which could be adopted in a 
stepwise manner. The first part assesses over a 
common interaction area (Area 1) which is from 330 
mm to 580 mm above ground level and consists of 
LCW rows 3 and 4. The intention of this part of the 
assessment is to ensure that all vehicles have adequate 
structure in alignment with this area to ensure 
interaction. The second part assesses over a larger 
area (Area 2) which is from 205 mm to 705 mm 
above ground level and consists of LCW rows 2, 3, 4 
and 5. The intention of this part of the assessment is 
to encourage cars to distribute their load more 
homogeneously over a larger area to reduce the 
likelihood of over/under-ride and the fork effect. 
However, further work is needed to ensure that the 
structural changes encouraged by this are not 
detrimental for side impact collisions. For example, 
although a strong shotgun type structure that extended 
to the front of the car should improve frontal impact 
compatibility performance it could be detrimental in 
side impact. If this was found to be the case, 
additional measures that limited the loads applied to 
specific areas of the LCW early in the impact may be 
needed to discourage this type of structure.     

Each part of the SI criterion consists of two 
components, a vertical component (VSI) and a 
horizontal component (HSI). An outline of the steps 
to calculate these components for each part (Area 1 
and Area 2) and the underlining concepts are 
described below. Further details of how to perform 
the calculations together with the supporting 
equations are given in the FWDB test and assessment 
protocol [7]. 
 

Vertical Component (VSI) 

Area 1 (rows 3 & 4) 

The intention of VSI Area 1 is to assess if the vehicle 
has structure capable of generating a minimum load 
within the common interaction zone. The calculation 
steps are: 

• Determine row loads by summing the peak cell 
loads that occur before 40 msec.   

• Set row load target. The current proposal is that 
this should be capped at 100 kN and mass 
dependent to ensure that lighter cars which 
cannot generate average loads of 100 kN are not 
unduly penalised.  

• Determine negative deviation by summing the 
amount by which each row load fails to meet the 
row load target.  

• VSI Area 1 is equivalent to the negative 
deviation.  

Examination of the FWDB test data set available at 
TRL shows that a minimum row load requirement of 
100 kN (i.e. target load of 100 kN with VSI area 1 
score of 0) is a good indicator that vehicles have 
structure in alignment with rows 3 and 4, (the 
common interaction zone). 

Area 2 (rows 2 to 5) 

The intention of VSI Area 2 is to assess whether the 
vehicle has structure capable of generating a 
minimum row load within the larger assessment area 
and how evenly the load is applied vertically. The 
calculation steps are:  

• Determine negative deviation for Area 2 in a 
similar way as for Area 1 above. 

• Determine row load distribution using 
Coefficient of Variance. 

• Determine VSI Area 2 by summing normalised 
values of negative deviation (minimum load) and 
Coefficient of Variance (load balance). 

An example of how the VSI Area 2 distinguishes 
between vehicles is seen by examining the FWDB 
test data set in Figure 4. VSI Area 2 can correctly 
distinguish between two small family cars with 
different structures labelled ‘small family 1’ and 
‘small family 2’. ‘Small family 1’ was a multi-load 
path level design which showed better structural 
interaction performance in car to car tests compared 
to ‘small family 2’ which was a single load path 
design [8]. However, if a performance limit was set to 
distinguish between these cars, large SUV type 
vehicles may find it difficult to achieve because their 
design requires large approach angles which makes it 
difficult to design them to apply load to the lower part 
of the assessment area (row 2). Therefore, it may be 
necessary to have separate performance limits for 
large SUVs, but this should be avoided if possible.  
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Figure 4. VSI Area 2 scores for VC-COMPAT 
FWDB test data set. (Note: lower score is better.) 

Horizontal Component (HSI)  

Area 1 and Area 2 

The main intention of the HSI component is to 
encourage strong crossbeam structures to adequately 
distribute the rail loading in the assessed area. Also, 
because vehicle structural width has been seen to be a 
major influencing factor in vehicle to vehicle tests 
performed in the VC-COMPAT project [9], an option 
exists for the HSI component to be used to encourage 
wider structures for better structural interaction in 
lower overlap impacts.  However, this part of the 
component is not currently included in the assessment 
and will not be included until it has been confirmed 
that wider structures have a significant benefit in real 
world accidents.  

The calculation steps are: 

1) For the crossbeam / rail strength balance part: 

• Determine the peak cell loads that occur before 
40 msec. 

• Determine target cell load which is based on row 
load for each row. The target cell load is limited 
to a maximum [20kN], independent of vehicle 
mass. Crossbeams cannot apply loads greater 
than this to a cell without bottoming out the 
barrier because of the limit imposed by the crush 
strength of the barrier rear layer.  

• Determine negative deviations from target cell 
load for centre 4 load cells in each row, sum and 
average. Note HSI Area 1 includes only rows 3 
and 4 whereas HSI Area 2 includes rows 2, 3, 4 
and 5. 

2) For the structural width part: (currently not part 
of assessment but option for future) 

• Determine negative deviations from target load 
for load cells aligned with outer structure in each 
row, sum and average. 

At present the HSI is defined as the value of the 
crossbeam / rail strength balance as defined above. 
However, in the future the structural width part may 
be included in the HSI component.   

Examination of the FWDB test data set shows that 
HSI Area 1 can correctly distinguish between two 
small family cars with different crossbeam structures 
labelled ‘small family 1’ and ‘small family 2’ in 
Figure 5. ‘Small family 2’ had a stronger crossbeam 
than ‘small family 1’ and showed better structural 
interaction performance in car to car tests [8]. 
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Figure 5. HSI Area 1 scores for VC-COMPAT 
FWDB test data set. (Note: lower score is better.) 

HSI Area 1 also correctly ranks the bumper 
crossbeam strength correctly for a series of FWDB 
tests performed by ACEA with a large family car 
with different strength bumper crossbeams [Figure 6]. 
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Figure 6. HSI Area 1 scores for FWDB tests 
performed by ACEA with large family car with 
different strength bumper crossbeams.  

For implementation of the SI criterion the following 
two phases are proposed to allow manufacturers to 
gradually adapt vehicle designs to become more 
compatible: 

• Phase 1 – the vertical and horizontal components 
of the criterion are applied over assessment area 1 
to ensure that all vehicles have adequate structure 
in a common interaction zone.  
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• Phase 2 – in addition to the requirement of Phase 
1, the vertical component of the criterion is 
applied over assessment area 2 to encourage 
vehicles to spread their load better vertically. 

Repeatability 
 
In the FWDB test the vehicle alignment with the 
Load Cell Wall (LCW) at the point of impact can 
vary from test to test, which can cause changes in the 
loads measured on the individual cells on the wall, 
which in turn can affect test repeatability.  Change of 
the vehicle alignment with the wall can be caused by 
two factors. These are changes in the ride height of 
the vehicle and the test impact accuracy. It has been 
estimated that a vertical impact alignment tolerance 
of +/-10mm is required to achieve acceptable test 
repeatability with current vehicle designs that 
demonstrate poor compatibility. As the compatibility 
of vehicles improves and they spread their load more 
homogeneously over the LCW it should be possible 
to relax this tolerance. 
 
Two tests within the +/-10mm impact alignment 
tolerance with a small family car were performed to 
assess repeatability. Also flat rigid plate impactor 
tests were performed to test the response of the 
deformable element and LCW to uniform loading.  
 
For the car tests, the difference in the impact 
alignment was less than 1 mm in the vertical direction 
and 7 mm in the horizontal direction. The peak load 
cell wall (LCW) force was similar for the two tests, 
549kN for the repeat test compared to 557kN for the 
first test. A difference in the B-Pillar displacement for 
the two tests resulted in a 22kJ difference in the 
absorbed energy [Figure 7]. However, in both tests 
the absorbed energy was within +/- 5% of the change 
in the vehicle kinetic energy. A +/- 5% difference, 
given the assumptions made when calculating the 
absorbed energy, was considered to be acceptable 
when considering energy balance.  
 
The test results showed the majority of peak cell 
loads were within 5kN, whilst the row and columns 
loads were within 10kN indicating good repeatability 
of the force measurement [Figure 10].  
 
The Structural Interaction criterion difference was 4% 
for VSI Area 2 [Figure 4] and 15% for HSI Area 1 
[Figure 5] indicating reasonable repeatability. Note 
car is labelled ‘small family 1’ in these figures. 
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Figure 7. Load Cell Wall force against B pillar 
displacement for repeat tests with ‘small family 1’ 
car. 

For the rigid impactor tests, an impactor (size 500 
mm x 500 mm) was mounted on a sled, aligned with 
16 load cells and impacted into the barrier as shown 
[Figure 8].   

 

Figure 8. Sled test set-up, showing the sled, 
impactor face, deformable element and LCW. 

The results of 2 tests showed that the LCW global 
force measurement was repeatable [Figure 9]. 
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Figure 9. Comparison of total LCW force 
from sled tests showing good repeatability. 
(Note: Data filtered at CFC60 which causes 
non-zero load at time zero). 
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Figure 10. Load (scale 0 –35 kN) against time (scale 0-100ms) curves for complete Load Cell Wall 

for repeat tests with ‘small family 1’ car.  

 
However, in both tests a greater than expected 
difference was observed between the peak cell loads 
recorded for the 16 load cells in alignment with the 
impactor [Figure 11].   
 
Test2 A B C D E F

3 2 3 4 5 2 1

4 0 26 27 28 26 1

5 3 31 29 30 29 4

6 1 27 28 35 28 0

7 0 28 28 30 31 0

8 2 2 0 1 2 0

 

Figure 11. Peak cell loads sled test 2. The shaded 
area indicates the cells which were in alignment with 
the impactor. 

The reason for this is unclear and could be due to a 
number of factors, such as load spreading by the rear 
face of the barrier. However, differences of this 
magnitude should not substantially effect a vehicle’s 
Structural Interaction criterion score, as they are much 
smaller than the differences seen with a car structure. 
Even so, further work is recommended to identify the 
cause of them and ideally reduce them.  
 
In summary, from the work performed to date test 
repeatability was found to be adequate. However, 
further work is recommended to check test repeatability 
with greater impact alignment differences and 
investigate the greater than expected cell load 
differences seen in tests with a flat rigid impactor. 
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WAY FORWARD 
 
This section proposes a route map for the 
implementation of the FWDB set of tests into 
regulatory and/or consumer testing in Europe. It also 
outlines the main outstanding issues for compatibility, 
in particular for the FWDB test, and the work 
recommended to address them.  
 
Route Map  
 

A possible route map for the implementation of the 
FWDB set of tests in Europe is described below: 

Step 0 – Use LCW to monitor force levels in ODB 
test 

At present evidence exists that the frontal force levels 
of newer vehicles are increasing, especially for heavier 
vehicles, which could worsen the current compatibility 
problem. To monitor this situation, it is proposed that a 
LCW is introduced into current regulation and 
consumer ODB tests to measure vehicle frontal force 
levels.  This information could be used to determine if 
vehicle frontal force levels are changing or not and help 
determine future priorities for compatibility.  
 
Step 1 - Introduce FWDB test to improve self 
protection and structural interaction 

As a first step to improve a car’s self protection 
capability and structural interaction potential, it is 
proposed to introduce the FWDB test. There are a 
number of options for introducing this test depending 
on what level of structural interaction improvement it is 
decided to enforce. 

Option 1  

• Improve self protection by controlling occupant 
deceleration using enforcement of dummy 
measures similar to the US FMVSS208 test.  

• Monitor structural interaction measures for 
research purposes.  

Option 2  

• Option 1 plus improvement of structural interaction 
by ensuring that all vehicles have adequate 
structure in a common interaction area using 
enforcement of the criteria VSI Area 1 and HSI 
Area 1 with appropriate performance limits. 

Option 3 

• Option 2 plus further improvement of structural 
interaction by ensuring that vehicles spread their 

load better vertically using enforcement of the VSI 
Area 2 criteria with appropriate performance limits. 

Step 2 - Improve frontal force matching 
 
Currently, without further research it is difficult to 
determine precisely what this step may be. However, 
possible options at this point are: 

Option 1 

• Further improve self-protection by increasing test 
speed to 60 km/h for regulation as proposed by 
EEVC WG16. However, this option would not be 
acceptable unless measures could be taken to 
ensure this increased test severity would not 
increase the frontal force mismatch between light 
and heavy cars. 

• Improve frontal force matching by controlling 
LCW force measured in ODB test.  

Option 2 

• Replace ODB test with PDB test and improve self 
protection and frontal force levels using measures 
as proposed in PDB approach. 

 

Main Outstanding Issues 
 
The main outstanding issues for compatibility, in 
particular for the FWDB test, and the work 
recommended to address them are: 
 
Accident analysis 
• Thoracic injury 
In the GB benefit analysis it was observed that a high 
frequency of moderate (AIS2) and life threatening (AIS 
3+) thoracic injuries were sustained by car occupants 
due to seat belt induced loading. The benefit models did 
not predict a significant reduction in these injuries. As 
thoracic injuries are known to be associated with fatal 
outcomes further work is recommended to understand 
more precisely the nature and cause of these injuries 
and their relationship to compatibility and its benefit. 
This work should consider the influence of improved 
restraint systems, in particular load limiters, on these 
injuries. 
• Vehicle structural width 
In laboratory testing a vehicle’s structural width has 
been shown to have a large influence on its 
performance in vehicle to vehicle tests [9]. However, its 
relevance in real-world accidents is not known, so a 
decision whether or not tests should assess it cannot be 
made. Further accident analysis is recommended to 
answer this question. 
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FWDB test 
Partner protection (LCW based measurements) 
• Criteria and performance limits 
A new criterion to assess a vehicle’s structural 
interaction potential has been developed and shown to 
correctly rank different vehicles. Further work is 
recommended to validate the criterion and set 
performance limits. This work should include a test 
series to show that changing the vehicle to meet the 
performance requirement correlates to better 
performance in car to car impacts, which could then be 
used to help perform a benefit analysis for the 
introduction of this test procedure. 
 
• Test repeatability / reproducibility 
A limited number of tests to investigate repeatability 
have been performed to date, which found no 
significant problems. Further work is recommended to 
check the validity of this conclusion with different 
vehicle types and confirm the appropriateness of the 
proposed vertical impact alignment tolerance of +/- 10 
mm. 
 
In sled component tests using a flat rigid impactor, the 
load distribution measured on the LCW for cells in 
alignment with the impactor showed a greater variation 
than expected. Even though it was shown that this 
variation should not have a substantial effect on test 
repeatability it is recommended that further work is 
performed to understand why this variation occurred 
and ideally to minimise it.  
 
Self-protection (Dummy based measures) 
• Dummy 
Work to determine the most appropriate dummy 
(THOR or HYBRIDIII), seating positions and size of 
dummy for inclusion in this test is recommended. 
• Criteria and Performance limits 
Further work is recommended to determine appropriate 
criteria and performance limits. However, if the 
HYBRIDIII dummy is used as in the current 
FMVSS208 test, then criteria and limits could be based 
on those in FMVSS 208. 
 
ODB test 
• Criterion 
 Work to complete the development of a criterion to 
control a vehicle’s frontal force levels is recommended. 
 
Cost Benefit 
A cost benefit analysis for the implementation of the 
chosen procedures will be required.  
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ABSTRACT 
 
Data from the Partners for Child Passenger Study 
shows that booster seat use among children ages 4-7 
years has increased and its use is beneficial in terms 
of injury risk when compared to vehicle seat belts. 
However, results from sled tests with a 6-year-old 
Hybrid III ATD in four different high back booster 
seats (HBB) at a speed (56 km/h) higher than current 
compliance requirements (48 km/h) did not show 
corresponding benefits in some designs. Potential 
hypothesis for the apparent differences are 1) the lack 
of biofidelity of the ATD spine and neck 2) lack of 
high severity crash data from the field and 3) the 
possible differential performance of different HBB 
due to their design. A number of studies aimed at 
improving the biofidelity of the ATD have been 
done, but no study has looked at the differential 
performance of the HBB due to their design.  
  
The study objective was to use mathematical models 
to investigate and assess the Hybrid III 6-year-old 
ATD performance due to the variation in seating 
angles of a HBB and seat belt positioning across the 
ATD.  Mathematical models of the HBB and FMVSS 
213 bench seat were developed using the multi-body 
MADYMO software. The standard MADYMO 6-
year-old ATD model was used to assess the 
performance. This model was validated against a sled 
test and further parametric analyses were conducted. 
Parameters changed were the overall angle and the 
base angle of the HBB and the seat belt routing angle. 
The standard injury metrics (HIC, head and chest 
accelerations, Nij, and excursions) were used to 
quantify the ATD performance. 
 
The study demonstrated that by optimizing the ATD 
seating posture and the belt positioning across its 
chest, improved ATD performance is achieved. An 
optimized angle of 5 degrees for base angle and 100 
degrees for overall angle of the HBB, in combination 
with a belt angle of 40 degrees achieved better 
performance than the validated baseline model. 
 
 

INTRODUCTION 
 
The National Highway Traffic Safety 
Administration’s (NHTSA)1 and American Academy 
of Pediatrics (AAP)2 currently recommends that 
children over 40 lbs and approximately between 4 
and 8 years of age (unless the child is 57 inches tall) 
should be restrained using a belt positioning booster 
seat.  A belt-positioning booster improves the fit of 
both the lap and shoulder portions of the vehicle seat 
belt.  A poorly positioned vehicle seat belt may lead 
to rapid, "jack-knife" and/or “submarining” effect, 
which increases the risk of intra-abdominal and 
spinal cord injuries, also known as "seat belt 
syndrome".  Poorly positioned belt may also lead to 
injuries to the face and brain due to impact of the 
head with the child's knees or the vehicle interior3-8 , 
in the event of crash. 
 
Epidemiological data from the Partners for Child 
Passenger Safety (PCPS)9, a national data source of 
children in crashes, collected over a period of 5 years, 
shows that the belt-positioning booster seats provide 
added safety benefits over seat belts to children 
through age 7 years, including the reduction of 
injuries classically associated with improper seat belt 
fit in children.10-12 This data also shows that there is 
an increase in the use of these belt positioning 
booster seats among children ages 4-7 years13.  It is 
estimated that currently there are about 30 different 
types of belt positioning booster seats available to use 
for children who have outgrown child seats, but are 
yet not tall enough for adult seat belts14.   
 
Studies done in the laboratory15-17 however, did not 
show corresponding benefits that were seen in the 
epidemiological studies.  The study by Menon, et 
al.15 looked at the performance of the various child 
restraint systems by conducting a series of sled tests 
with the Hybrid III 3 and 6-year-old child 
Anthropomorphic Test Devices (ATD) at a range of 
speeds namely 24, 40 and 56 km/h.  It was observed 
in this study that the Hybrid III 6-year-old ATD, in 
the high back belt positioning booster seat at 56 km/h 
experienced, a significant neck flexion resulting in 
the chin and face contacting the chest of the ATD.   
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This phenomenon was also observed by Sherwood, et 
al.16 who used the same make and model belt 
positioning booster seat to test at a speed of 48 km/h. 
The study attributed the unusual response to the stiff 
upper spine of the Hybrid III 6-year-old ATD.  In 
order to better understand this phenomenon Menon, 
et al., conducted another study with a Hybrid III 6-
year-old ATD in four different HBB seats at a speed 
of 56 km/h.17   Although the biofidelity of the ATD 
has been questioned, the extreme behavior of the 
ATD was not observed at lower speeds and even at 
56 km/h speed the extreme flexion of the neck was 
observed only in two of the four high back booster 
seats. The primary purpose of this study was two 
folds.  The first purpose was to ascertain if the high 
back booster design had an effect on the ATD 
kinematics and secondly to evaluate the performance 
of these individual high back booster seats against the 
Injury Assessment Reference Values (IARV)18 as 
measured by the Hybrid III 6-year-old ATD.  In the 
study by Menon, et al. it was noted that the seating 
angles differed for the different high back booster 
seats, thus changing the ATD posture.  The seat base 
inclination ranged from 0o to 10o, the seat back 
inclination had a variation of only 5o, from 105o to 
110o and the overall seat angle varied from 90o to 
100o.  It was also seen that although the upper 
anchorage of the shoulder belt was the same, the 
angle of the belt across the ATD differed in the 
different high back booster seats due to the 
attachment point of the shoulder belt on the booster 
seats.  The angle of the belt varied from 45o to 100o. 
 
The findings from the above mentioned study 
confirmed that the high back booster seat design had 
an effect on the ATD kinematics and also showed 
that there is a difference in the injury measures 
obtained from the ATD, when measured in different 
high back seat designs.  These observed results not 
only highlighted the need to conduct research for 
improving the biofidelity of the Hybrid III 6-year-old 
ATD neck, but also called for dedicating research to 
understand the effect of variation of the high back 
booster seat design on the 6-year-old ATD responses, 
especially at higher speeds.  Since all the tests 
conducted with high back booster seats used the same 
Hybrid III ATD, and showed a difference in the 
performance, this study examined this hypothesis of 
possible differential performance of different high 
back booster seat designs using mathematical models. 
Also with the increase in the number of children 
using high back booster seats, it is only reasonable to 
conduct studies to understand the differential 
performance of the different high back booster seat 
designs to anticipate any problems in future and to 
avoid them from occurring. 

OBJECTIVE 
 
The objective of this study was to use mathematical 
models to investigate the effects of 
1) ATD posture by varying the seating angles of a 

high back booster seat  
2) Seat belt positioning across the ATD 
3) Environment change by replacing old FMVSS 

213 bench seat with the new FMVSS 213 bench 
seat and a vehicle seat  

4) Use of a top tether 
 
This would identify key design characteristics of the 
high back booster seats that reduce injury metrics in a 
sled test environment and lead to possible design 
guidelines for high back booster seats.  
 
In order to achieve the above objectives a 
mathematical model of an Evenflo Express high back 
booster seat was developed along with the sled 
environment and validated against the sled test, 
performed in the study by Menon, et al.17, of the high 
back booster seats at 56 km/h.   The Evenflo Express 
was chosen among the four high back booster seats 
tested.  This validated model served as the baseline 
model and allowed parametric studies to be 
conducted on it.  The parametric studies included 
changing the angle of the seat base and overall angle 
of the high back booster seat, which in turn changed 
the posture of the ATD, and changing the angle of the 
shoulder belt routing from the point of attachment on 
the booster seat over the ATD’s chest.  Additionally 
as part of the parametric study top tethers were 
included and the old FMVSS 213 bench seat model 
was replaced with the new FMVSS 213 bench model 
and a vehicle seat model. 
 
METHODOLOGY 
 
Model Development 
 
These model simulations were performed in the 
multibody simulation environment Mathematical and 
DYnamic MOdel (MADYMO) v.6.2.19.  MADYMO 
is a computer program that simulates the dynamic 
behavior of physical systems with an emphasis on the 
analysis of vehicle collisions and assessing injuries 
sustained by the occupants.  The study involved 
developing of the HBB and FMVSS 213 Sled model.  
The HBB model seat was modeled using the facet 
elements along with the planes and ellipsoids. The 
HBB model was considered rigid with defined mass 
and inertia. The facet elements were used mainly to 
define the geometry of the HBB. The model of the 
HBB was considered rigid to have a computationally 
efficient model in conducting the parametric study.  
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Bench and Vehicle Seat Models    Two FMVSS 
213 benches were modeled in this study i.e. old 
FMVSS 213 bench and new FMVSS 213 bench. The 
old FMVSS 213 bench was based on the dimensions 
of the actual FMVSS 213 test bench seat as outlined 
in the standard18.  This modeled bench was 
represented by ellipsoids and the material properties 
for these ellipsoids were based on the materials 
specified in the standard (Figure 1).  The seat cushion 
properties were derived from foam tests that were 
conducted as part of the sled test performed by 
Menon, et al.,17 which is also used as the baseline 
sled test for this project and for the validation of the 
developed model. 
 

 

 
Figure 1.  MADYMO model of FMVSS 213 bench 
seat 
 
The new bench seat model was based on the new 
FMVSS 213 standards in a similar manner as 
described above.  The difference between the new 
and old standards of the FMVSS 213 bench was that 
in the old 213 bench the seat back assembly was 
flexible whereas for the new 213 bench the seat back 
assembly was fixed and not allowed to move during 
the test and both the seat back and seat cushion 
angles have been changed as shown in Table 1.  
 

Table 1. 
Differences between the new and old FMVSS 213 

bench seats 
 Old 213 

Bench 
New 213 
Bench 

Seat Cushion angle 8o 15o 
Seat Back Angle 15o 22o 
Seat Back Assembly Flexible Fixed 
 
For the vehicle seat model the backseat of a Ford 
Windstar was modeled as ellipsoid structures with 
dimensions approximating the actual seat.  The seat 
bottom was tilted rearward 16º from horizontal and 
the seat back was reclined 24º from vertical (Figure 
2).  This model was based on Sherwood et al.18. 
 

 
 

Figure 2.  MADYMO model of vehicle seat18 
 

Child ATD   The Hybrid III 6-year-old child ATD 
model from the MADYMO database was used 
(Figure 3) to simulate the child occupant.  The 
standard Hybrid III 6-year-old ATD model is a 
representation of the physical ATD.  It constitutes the 
same basic geometry, inertial properties, joints and 
stiffness functions.  It is represented in a multibody 
environment with rigid bodies, interconnected by 
kinematic joints and an ellipsoid geometry.  Forces 
and moments are recorded at the same position as the 
measurement capabilities of the physical ATD.   
 

 
Figure 3.  MADYMO models of a HYBRID III 6-
year-old ATD 

 
Belt Model    The belt model, which is 

representative of the three point sled/seat belt, was 
modeled in MADYMO by means of a hybrid belt 
system, which uses a multibody belt model combined 
with a finite element mesh.  This hybrid belt system 
consists of a multibody belt, which was attached to 
the vehicle anchor points, and a finite element belt 
for contact with the ATD.  In the actual sled test, the 
ATD and booster seat were restrained to the FMVSS 
213 test bench by a three-point belt and hence in the 
developed model, finite element belt was wrapped 
around the booster seat as well. 

 
  High Back Booster Seat Model    The high back 

booster (Evenflo Express Booster) seat was modeled 
as one rigid body with geometry described by facets, 
ellipsoids and planes. This geometry sufficiently 
described both the frame and the seating surface.  
The geometry was obtained by taking actual 
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measurements from the booster seat and then 
incorporating into the model building.   
 

  
Figure 4.  High back booster seat model 
 
Model Validation 
 
The model was validated according to the standard 
procedure against the sled test performed by Menon, 
et al.,17 with the high back booster (Evenflo Express 
Booster) seat.  The pulse used in the test was a 56 
km/h FMVSS 213 type pulse (Figure 5). The 
developed model consisted of a 6-year-old ATD 
model from the MADYMO database seated in a HBB 
seat and restrained with a three-point belt to the 
standard FMVSS 213 test bench.  The ATD 
kinematics from the model was matched with that of 
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Figure 5.  56 km/h  and standard FMVSS 213 
48 km/h acceleration pulse 
 
the Hybrid III 6-year-old ATD in the sled test.  The 
other output parameters compared for the injury 
measures included the HIC, head accelerations, Nij, 
chest deflections, chest acceleration, head and knee 
excursions.  Validation of the model was quantified 
using a statistical approach based on Pipkorn, B. et 
al. 20, where the standard deviation, peak values and 
coefficient of correlations between the two curves 
were calculated.   
 

Parametric Study 
 
Parametric studies were conducted at 48 km/hr on the 
validated model of the HBB with the 6-year-old ATD 
model as the baseline model.  The acceleration pulse 
used as input for the model was a standard FMVSS 
213 48 km/h acceleration pulse shown in Figure 5.  
The parametric studies included 
1) Changing the angle of the booster seat base 

angle and overall booster angle which in turn 
changed the posture of the ATD (Figure 6) 

2) Changing seat belt routing angle across the 
ATD (Figure 6)   

3) Conducting simulations with the best seating 
angle and the best belt angle from both the 
parametric studies based on overall ATD 
responses. 

4) Conducting simulations with the new FMVSS 
213 bench seat and vehicle seat 

5)  Simulation with the top tether  
 
The detailed matrix for the parametric study is given 
in Table 2 
 

Table 2. 
Matrix for Parametric Studies 

 

Parameter  Top Tether 
use 

0 / 100 No 
0 / 90 No 
5 / 100 No 
5 / 90 No 

10 / 100 No (Baseline) 

HBB angle in 
degrees 

(Base angle/ 
Overall angle) 

Best angle 
10 / 90 No 

40 No 
60 No 

Belt angles in 
degrees 

70 No 
No Old 213 

bench Yes 
No New 213 

bench Yes 
No 

Best angle 

Vehicle seat 
Yes 

 

  
Figure 6.  Booster seat base inclination and overall 
booster angle and shoulder belt angle 

10o 

100o 

 Overall Angle 

500 

380 

Base 
Angle
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RESULTS 
 
Validation Results 
 
The model was validated based on the experimental 
sled test at 56 km/h.  The kinematics of the model 
matched well with the sled test and is show in 
Appendix A - Figure A.1 along with the validation 
results in Figures A.2.  Overall both the kinematics 
and the statistical tests showed a good correlation 
between the model and actual sled test.  Thus the 
model was considered robust for further parametric 
analyses.  
 
Parametric Analyses 
 

Baseline    For all parametric studies the pulse used 
was a 48 km/h standard FMVSS 213 acceleration 
pulse (Figure 5).   The baseline model was simulated 
with the HBB in the original setup (Figure 6) with the 
FMVSS 213 pulse and was used for all the 
comparisons for the parametric analyses.   Responses 
of the ATD with the baseline setup are shown in 
Table 3 

Table 3. 
High back booster baseline results 

 Units IARV Baseline 

Head Acceleration m/s2 - 828 

HIC - 1000 813 

Chest Acceleration 3MS m/s2 600 505 

Pelvic Acceleration m/s2 - 479 

Neck Forces N - 3453 

Neck Moments N.m - 41 

Chest Deflection m 0.040 0.032 

Head Displacement m 0.813 0.439 

Knee Displacement m 0.915 0.606 

Belt Forces N - 3747 

NIJ - 1 1.46 
 

Change in High Back Booster Angles    The 
parametric analysis of the model was conducted by 
varying the base angle and the overall angle of the 
HBB. The combination of the changes in the base 
angle and overall angle are as shown in Table 4 and 
Figure 9.  The angles for the baseline model were 10o 
base angle with an overall angle of 100o (Figure 6). 
 
 

Table 4. 
High back booster angle changes for parametric 

study 
 

 Base Angle 
(degrees) 

Overall Angle 
(degrees) 

100 
0 

90 
100 

5 
90 
100 

HBB 
Angle 

10 
90 

 
 
 

Base Angle Overall Angle  
Figure 9.  High back booster change in angles 
 
The outcomes of the paparemetric analysis with 
varying angles are as shown in Figure 10. The results 
in the figure are expressed as the change in the 
percentage of the various parameters, measured for 
the ATD model, in comparison to the baseline model.  
All values above zero or positive indicate that the 
values were higher than the corresponding baseline 
values.  While the decrease in the parameter as 
compared to the baseline configuration is shown with 
the negative percentage values. Based on the 
parametric study with angle changes the simulation 
with a base angle of 5o in combination with the 
overall angle of 100o showed the best performance 
based on kinematics and peak response values and is 
highlighted in Figure 10.   
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Percentage Change w.r.t Baseline Model
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Figure 10  Percentage change from the baseline 
(10_100) with the change in HBB angles   
 

Change in Seat Belt Angle    The baseline seat 
belt angle was 50o (Figure 6).  Parametric analyses 
were conducted by changing the angle of the belt as 
shown in Table 4 and Figure 12.  These simulations 
were run with the standard and the modified ATD.   
 

Table 4. 
Belt angle changes for parametric study 

 
 Belt Angles (degrees) 

40 
60 Belt Angle 
70 

 

 
Figure 12.  Change in belt angle 
 
Figure 13 show the change in percentage from the 
baseline model for the ATD responses.  The 
simulation with the belt angle of 40o showed the best 
performance based on the kinematics and peak 
response values.  This is highlighted in Figure 13.  
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Figure 13. Percentage change from the baseline 
(50o) with the change in belt angles   
 

Parametric Analysis of Different Environment 
with Best High Back Booster Seat and Belt Angles  
From the above parametric studies for the high back 
booster a base angle of 5o in combination with the 
overall angle of 100o and with a belt angle of 40o 
showed the best performance based on injury metrics 
measured from the ATD.  Using these angles as the 
optimized angles for best performance, analyses were 
conducted by changing the environment.  For the 
environment the variables were the new FMVSS 213 
bench seat and a vehicle seat.  
 
Response of the ATD is tabulated in Appendix B 
Table B.1.  In general it can be seen that with the 
change in environment from the old FMVSS 213 
bench to the new FMVSS 213 bench the injury 
parameters like the head and chest acceleration 
reduced but the pelvic accelerations increased.  This 
was also observed when the vehicle seat was used.  
Although there are increases in the HIC values, chest 
deflections, etc., it must be noted that the higher 
values did not cross their respective threshold values. 
   

Parametric Analysis with Top Tether    In order 
to see if there would be any benefit from using a top 
tether, simulations were conducted on the optimized 
models.  The tether properties used is shown in 
Figure 15. 
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Figure 15  Force-deflection curve for Top Tether 
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From the kinematics of the simulations it was seen 
that excursion of the high back booster seat in the 
vehicle seat has been restricted with the use of a top 
tether.   Table B.1 in Appendix B shows the 
comparison of the response values with and without 
top tether use for the three different environments 
with the standard ATD.   It can be seen that in 
general the head and chest accelerations, knee 
excursions and neck forces have been reduced with 
the use of top tether.  For the injury values that 
exceed with the use of top tether none exceeded the 
IARV.  Use of the top tether improved the 
performance notably in the new FMVSS 213 bench 
seat of the neck forces and NIJ by around 20 percent.   
 
SUMMARY 
 
Models of the old and FMVSS 213 bench seats, a 
vehicle seat and high back booster seat were 
developed using the multi-body MADYMO software.  
The initial model was validated against a sled test 
which was run at 56 km/h.  The validated model was 
considered robust for further parametric analyses.  
Parametric studies were conducted at 48 km/h by 
changing the overall and base angle of the high back 
booster seat and the belt angle.  These changes 
resulted in an optimized solution where the best 
angles from the high back booster in combination 
with the best belt angle improved the performance of 
the ATD based on injury metrics measured on the 
ATD.  This is shown in Figures 15.   
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Fig 15.  Comparison between the baseline and the 
optimized model (normalized by the baseline 
model) 
 
It should be noted that different injury parameters of 
the ATD in the optimized seat was normalized by the 
ATD injury parameters of the baseline seat.  A value 
of 1 would show that the ATD in the baseline and 
optimized high back booster seat had the same 
response, where as a value less than 1 would show 
better response from the ATD in the optimized seat. 

From Figure 16 it can be seen that all response 
values, except for the chest acceleration, were lower 
than that of the baseline model.  Although the chest 
acceleration for the ATD in the optimized seat was 
greater than that of the baseline model, it did not 
exceed the IARV limit.    
 
Further analyses were conducted by changing the 
environment by replacing the old FMVSS 213 bench 
seat model with the new FMVSS bench seat model 
and a vehicle seat model.  These analyses compared 
the response of the ATD in these different 
environments and in general it was seen that for the 
change in environment from the old FMVSS 213 
bench to the new FMVSS 213 bench the injury 
parameters like the head and chest acceleration 
reduced but the pelvic accelerations increased.  This 
was also observed when the vehicle seat was used.  
Analyses were also conducted to understand the 
effects of top tether use.  This analysis showed that 
that there was a benefit in using the top tether with 
the high back booster seat and benefited most in the 
vehicle seat environment. 
 
CONCLUSIONS 
 
• This study showed that by optimizing the seating 

posture of the ATD and by optimizing the belt 
positioning over the ATD better performance can 
be achieved from the ATD 

• An optimized angle for high back booster seat base 
angle of 5o in combination with the overall angle of 
100o and with a belt angle of 40o achieved better 
performance from the ATD when compared to the 
baseline model.   

• Also achieved as part of this study was a 
comparison of the ATD in different environments, 
old FMVSS 213 bench seat, new FMVSS 213 
bench seat and a vehicle seat.   

• This study also showed that it was beneficial to a 
use of a top tether with a high back booster. 
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APPENDIX A - Validation Results 
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Figure A.1 Kinematic comparison between experimental sled test and model 
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Figure A.2 Response curves from test and simulation 
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Figure A.2 (cont) Response curves from test and simulation 
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APPENDIX B 

 
Table B.1.   

Comparison of the injury values with and without top tether use for the three different environments  
 

Old FMVSS 213 
Bench 

New FMVSS 213 Bench Vehicle Seat 
 Uni

ts IARV 
No Top 
Tether 

With Top 
Tether 

No Top 
Tether 

With Top 
Tether 

No Top 
Tether 

With Top 
Tether 

Head 
Acceleration 

m/s2 - 789 740 792 772 595 597 

HIC - 1000 623 648 796 768 526 586 
Chest 
Acceleration 
3MS 

m/s2 600 550 521 453 456 493 473 

Pelvic 
Acceleration 

m/s2 - 486 502 606 687 860 860 

Neck Forces N - 3446 3299 3822 3026 2720 2534 
Neck Moments N.m - 38 41 45 48 35 33 
Chest 
Deflection 

m 0.040 0.027 0.029 0.034 0.034 0.027 0.026 

Head 
Excursion 

m 0.813 0.438 0.443 0.460 0.463 0.429 0.433 

Knee 
Excursion m 0.915 0.612 0.598 0.585 0.579 0.604 0.597 

Belt Forces N - 3701 3556 3987 3759 5105 5285 
NIJ - 1 1.32 1.13 1.56 1.28 0.98 1.09 

 
 

 



CONSIDERATION OF POSSIBLE INDICATORS FOR WHIPLASH INJURY ASSESSMENT AND 
EXAMINATION OF SEAT DESIGN PARAMETERS USING HUMAN FE MODEL 
 
 
Yuichi Kitagawa 
Tsuyoshi Yasuki 
Junji Hasegawa 
Toyota Motor Corporation 
Japan 
Paper Number 07-0093 
 
 
ABSTRACT 
 
Rear impact simulations were conducted using a 
validated human body FE model representing an 
average-sized male occupant. Prototype seat models 
were also prepared to simulate actual rear impact 
conditions. The features of occupant responses 
including head and neck kinematics were 
investigated considering the interaction between the 
occupant and the seat (and the head restraint). NIC 
and joint capsule strain (JCS) were taken as injury 
indicators. NIC is a widely used indicator in 
laboratory tests, while the joint capsules have 
recently been focused on as a potential site of neck 
pain. Precise modeling of the neck soft tissues 
enabled the estimation of tissue level injury. The 
results suggested that NIC corresponds to the 
difference in motion between the head and the torso, 
while JCS indicates the difference in their position. 
Two studies on seat design changes were conducted 
to examine the contribution from the seat design 
parameters and to understand the meaning of injury 
indicators. A parametric study was conducted on 
thirteen cases where major seat design factors were 
changed on a single seat configuration, while the 
second study focused on three different seat 
configurations with greater differences in 
dimensions, structure, and mechanical and material 
properties. The parametric study revealed that the 
stiffness of the reclining joint greatly affects the 
resultant NIC values, while JCS was more 
influenced by the thickness of the upper-end of the 
seat-back frame. The other finding showed strong 
correlations between NIC and the head restraint 
contact timing (HRCT), and JCS and the neck 
leaning angle (NLA). Introducing the results of the 
three different seat configurations, the second study 
suggests that NLA could be used as an injury 
indicator instead of JCS in dummy tests, while 
HRCT would not be a good indicator in terms of 
injury assessment. 
 
INTRODUCTION 
 
It is generally understood that rear-end collisions and 
associated neck injuries are relatively common in 
traffic accidents in many countries. In Japan, the 
number of rear-end collisions has increased during 

this decade even while the number of fatalities has 
decreased, based on a report from the Japanese 
National Police Agency [1]. A typical neck injury 
form is known as ‘whiplash’ which is not 
life-threatening but is accompanied by dull pain that 
is sometimes long lasting. Despite the frequency of 
rear-end collisions and whiplash injuries, its injury 
mechanism is not completely understood. Because 
whiplash injuries are relatively minor and are not 
necessarily accompanied by obvious clinically 
detectable tissue damage, it is not easy to identify 
the relationship between loading to the neck and 
injury outcome. A common understanding is that 
relative motion between the head and the torso may 
load the neck in a way not generated in natural 
(physiological) motions. Hyperextension of the neck 
was thought to be a cause of injury based on this 
aspect. However, it was recognized as not being a 
significant factor considering the fact that whiplash 
injuries were still reported even after most vehicles 
were equipped with head restraints. In order to 
understand a possible injury mechanism without 
causing large neck extension, cervical kinematics 
have been studied with human subjects (Deng et al. 
[2], Ono et al. [3]). Svensson et al. [4] aimed at a 
form of neck retraction where the head stays at the 
same place but the torso is pushed forward, resulting 
in the cervical spine causing an s-shape. Böstrom et 
al. [5] proposed an injury indicator called NIC 
assuming that the pressure gradient in the spinal 
fluid generated in the s-shape motion could be a 
cause of injury. Regardless of the controversy related 
to injury mechanisms, NIC has become a popular 
indicator because it actually includes relative 
acceleration and velocity terms between the head 
and the torso in its formulation. Recent studies focus 
more on facet joint motions, as the whole of cervical 
kinematics is related to a series of vertebral motions 
and motion is generated along or around the facet 
joints. Based on a hypothesis that the facet joint 
capsules could be a potential site of neck pain, 
deformation of the capsule tissue has been analyzed 
sometimes in a functional spine unit (Winkelstein et 
al. [6]) and sometimes in a whole body 
(Sundararajan et al. [7]). Lu et al. [8] studied the 
neural response of the facet joint capsules under 
stretch applying artificial stimulation to animal 
subjects. These results suggested a possible 
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mechanism of neck pain that supports the 
hypothesized role of joint capsule strain in whiplash 
injury. The objective of this study is to analyze 
cervical kinematics based on finite element analysis 
simulating rear impacts, taking into account the 
hypothesis mentioned above, and then to discuss the 
validity of possible indicators for whiplash injury 
assessment. The study also examines the influence of 
seat design parameters on the injury indicators.  
 
METHODS 
 
Human Body Modeling 
 
A finite element human body model named the Total 
Human Model for Safety (THUMS) is used in this 
study. The model was developed in collaboration 
between Toyota Motor Corporation and Toyota 
Central Research and Development Laboratory. The 
skeletal system of the human body including joints 
was precisely modeled to simulate 
occupant/pedestrian behavior in car crashes. The 
cortical part of bones was modeled with shell 
elements while the trabecular part was modeled with 
solid elements. The geometry (feature lines) of each 
bony part was based on a commercial human body 
database ViewPointTM, but the finite element mesh 
was newly generated. The ligaments connecting 
bony parts were also included in the model. The 
length, thickness and insertion points of the 
ligaments were carefully defined referring to 
anatomy textbooks. Soft tissues surrounding the 
bones such as skin, fat and muscles were represented 
by a single solid layer. The muscles along the 
cervical spine were separately modeled with 1D 
elements to simulate passive muscular responses 
under stretch by external forces. The brain and 
internal organs were also included but simplified as 
solid blocks. Material properties for these parts were 
defined referring to the literature [9], [10]. The entire 
model has 60,000 nodes and 80,000 elements with a 
time-step of approximately one microsecond in an 
explicit time integration scheme. The body size 
represents a 50th percentile adult male (AM50) with 
a height of 175 cm and weighing 77 kg. The model 
runs on a commercial finite element software 
LS-DYNATM. Basically, the model (Version 1.61) 
has been validated against literature data where Post 
Mortem Human Subject (PMHS) were impacted at 
different body parts at various loading conditions 
[11], [12]. In this study, the neck part of the model 
was revised to further examine cervical kinematics 
in rear impacts. Figure 1 shows the anatomy of the 
cervical vertebrae and models. As described above, 
the ligaments in the joints were modeled so as to 
connect adjacent vertebrae. The major ligaments are 
the anterior longitudinal ligament (ALL), the 
posterior longitudinal ligament (PLL), the 
ligamentum flavum (LF), the interspinous ligament 
(ITL), the supraspinous ligaments (SSL), and the 

intertransverse ligament (ISL). Relative motion 
between adjacent vertebrae generally occurs around 
the facet joints located on the right and left sides of 
the neural arch. The joints are covered with the joint 
capsules. The capsule tissues were modeled with 
membrane elements. The joints can move along or 
around the facet joint surfaces with some resistance 
and under some restriction from the ligaments. 
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Model Validation 
 
The model has been previously validated against 
literature data by the authors [13]. The validation 
was conducted at three levels: component level, 
subsystem level and whole body level. Only the 
validation at component level was described in this 
paper. Siegmund et al. [14] conducted a series of 
PMHS tests where the unit of C3-C4 was subjected 
to shear loading with compressive force as shown in 
Figure 2. Anterior-posterior (A-P) displacement and 
sagittal rotation of C3 with respect to C4 were 
measured in the tests. Additionally, the maximum 
principal strain in the joint capsule was estimated by 
measuring distance change among markers posted to 
the tissue. The corresponding part of the C3-C4 unit 
was extracted from the THUMS neck model, and 
then equivalent boundary conditions were applied to 
the model. The A-P displacement of C3 was obtained 
directly from nodal output while the sagittal rotation 
was calculated from nodal displacement data of two 
vertebrae. The maximum principal strain in the joint 
capsule was directly output from the elements 
forming that part. Figure 3 compares the measured 
and calculated data. A-P displacement, sagittal 
rotation and joint capsule strain were plotted with 
respect to the applied shear force. Corridors were 
created connecting upper points and lower points in 
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the measured data while the calculated results were 
plotted as curves. The calculated curve for the A-P 
displacement and that for the sagittal rotation are 
within the range of the corridors. It was found that 
the calculated A-P displacement and sagittal rotation 
were within the test corridors. On the other hand, the 
calculated joint capsule strain did not have a good 
match with the test data. The strain rose rapidly at 
the beginning then showed a flat corridor in the test 
data while it increased linearly in the model. The 
cause of the initial rise in the test corridor is not clear 
while the reason for the latter difference may be an 
assumption in modeling. In the THUMS neck model, 
the joint capsule elements simply connect the nodes 
at the edges of joint surfaces while the actual joint 
capsules cover a wider area surrounding the joint 
surfaces. The length of the capsule elements is 
around 1.2 mm which is around 20% of the actual 
tissue. This difference may lead overestimating the 
strain level in the model. Due to the imprecision in 
modeling the capsule tissue and in predicting 
absolute strain values, only relative evaluations 
comparing cases were conducted in this study.  
Seat models are necessary to conduct rear impact 
simulations. Three prototype seats with different 
configurations (dimensions, structures and materials) 
were modeled for the study. In each model, the 
geometrical features, construction of components, 
and mechanical and material properties of the 
components were carefully incorporated. Figure 4 
shows overall views of the seat models. The models 
were then validated against test data as assembled 
seat systems. Considering a typical loading case in 
rear impacts where the occupant loads on the 
seat-back, the mechanical responses of the actual 
prototype seats were examined applying quasi-static 
loading to the upper end of the seat-back frames. 
Simulations were conducted on the models to 
duplicate the loading tests. The moment around the 
reclining joint and the rotational angle of the 
seat-back were compared between the test data and 
the simulation results to confirm the validity of the 
model. Figure 5 shows an example of validation on 
Seat A. A linear increasing trend in the calculated 
data showed a good match with the test data. 
 
Rear Impact Simulation 
 
A rear impact simulation was conducted using the 
Seat A model with THUMS in a seated position. The 
posture of THUMS was adjusted to a standard 
seating position supposing an AM50 size front-seat 
occupant. The hip point (including the torso angle) 
was adjusted first. Then the femur angle was given 
considering the height difference from the floor-pan. 
During the adjusting process, deformation of the seat 
cushion was considered for the initial geometry. The 
seat was mounted on a rigid plate representing a 
floor-pan. Contacts were defined between the torso 
back and the seat-back, the head (occiput) and the 

head restraint, the buttocks and the seat pan to 
handle interaction among them. The impact 
condition was defined so as to simulate an actual 
rear impact case. Kraft et al. [15] analyzed 
acceleration pulses of actual rear collisions obtained 
from vehicles fitted with data recorders, and have 
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proposed representative pulse curves to be used as 
acceleration input in sled tests. Research 
organizations like Folksam, IIWPG and ADAC have 
adopted these proposed acceleration pulses to help 
evaluate the performance of production vehicle seats. 
A triangular pulse with a delta-V of 16 km/h is the 
most popular impact condition adopted in laboratory 
tests. A delta-V of 16 represents a rear-end collision 
where one vehicle strikes another vehicle with the 
same weight at 32 km/h. According to a study 
conducted by the Ministry of Land, Infrastructure 
and Transport of Japan [16], this impact condition is 
more severe than 60 percent of all rear collisions on 
the roads in Japan. By elevating the delta-V to 25 
km/h, which corresponds to a vehicle to vehicle 
collision at 50 km/h, approximately 90 percent of all 
rear collisions are less severe. This study adopted the 
higher delta-V to understand the cervical kinematics 
in relatively severe conditions, and to magnify the 
influence of the seat design parameters. Figure 6 
shows a triangular acceleration pulse that is used as 
an input to accelerate the sled in the forward 
direction (X-direction). The simulation was 
terminated 200 ms after impact. Time history data 
for displacement, velocity and acceleration were 
output at selected nodes as well as the entire motion 
in the model. NIC and joint capsule strain (JCS) 
were then examined. NIC was calculated from the 
acceleration and velocity data. JCS was represented 
by the maximum principal strain in the capsule 
tissue. The strain value was output directly from the 
elements composing the capsule part. Only the 
maximum value in the capsule elements among the 
cervical joints was taken for evaluation. 
 
Seat Design Study 
 
Two studies were conducted to examine the 
influence of seat design. The first one was a 
parametric study conducted on a single seat 
configuration but changing parameters that would 
potentially affects the head-neck motion of the 
occupant in a rear impact. The Seat B model was 
chosen for the study. The selected parameters were; 
the fore-aft and vertical locations of the head 

restraint, the stiffness of the head restraint foam 
material, the thickness of the seat-back upper-end 
frame, the stiffness of the reclining joint, and the 
stiffness of the bracket plate inserted between the 
seat-pan and the seat adjusting rails. Table 1 
summarizes the parameters and the range of design 
change assumed for each parameter. A total of 
thirteen cases was prepared based on the Seat B 
configuration with different specifications. The 
ranges of design parameters were determined 
considering possible high and low values that could 
be seen in actual prototype seats. Rear impact 
simulations were conducted for the thirteen cases 
using the same acceleration pulse (Figure 6) for the 
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input. Instead of analyzing time history responses of 
the occupant head and neck, the results were 
evaluated with NIC and joint capsule strain to 
identify a dominant parameter for the indicators.  
The second study was conducted considering 
differences in seat configuration. The purpose of this 
study was to investigate the correlation among the 
whiplash injury indicators proposed by researchers 
and adopted in some assessment tests. The examined 
indicators were NIC and JCS as already used in the 
previous study, head restraint contact timing (HRCT) 
and neck leaning angle (NLA). HRCT is the timing 
when the head contacts the head restraint. This 
indicator is actually adopted in some assessment 
tests as a seat design factor but not as an injury 
indicator. There is discussion if the indicator really 
reflects the whiplash injury risk in terms of 
assessment [13]. In rear impact simulations, HRCT 
can be detected by monitoring the contact force 
between two parts. NLA is the rotation angle of the 
head with respect to T1 as shown in Figure 7. The 
reason for using this indicator is that JCS is only 
available in FE simulations with a human body 
model that has cervical joint capsule tissues. It is 
practical to have an alternative indicator that is 
measurable on the crash test dummy. All three seat 
models shown in Figure 4 were used in this study. 
The geometry and dimensions, composition of 
mechanical parts, and mechanical and material 
properties of the components are completely 
different among the seats. Using the Seat B model as 
the reference base, the Seat A model has relatively 
lower stiffness in its reclining joint, less rigidity in 
its head restraint support and a head restraint located 
more to the rear with respect to the upper-end frame. 
The Seat C model has higher stiffness in the 
reclining joint, more rigidity in the head restraint 
support, and a head restraint located in the forward 
direction. 
Rear impact simulations were conducted using these 
seat models in the same manner as described above. 
The sitting postures of the occupant on these three 
seat models were the basically the same but were 
adjusted to those used in seat design. The indicators, 
NIC, JCS, HRCT, and NLA, were calculated from 
the results. The correlations among the indicators 
were investigated in detail. 

 
RESULTS 
 
Results of Rear Impact Simulation 
 
Figure 8 shows the entire motion of THUMS on Seat 
A observed from a lateral view. The frames were 
selected considering interaction events between the 
occupant body and the seat. In the initial seating 
posture, there is a small gap between the occiput and 
the head restraint, while the lower torso contacts the 
seat-back. The torso is pushed forward immediately 
after the rear impact begins, while the head does not 
move until the gap becomes zero. In this case, the 
head contacts the head restraint around 50 ms. The 
seat-back frame deforms rearward as the occupant 
body loads on it. The deformation of the seat-back 
frame reaches its maximum peak around 100 ms. 
The torso starts moving back forward after this, 
which is called a ‘rebound’ motion. The head still 
moves back for a while but the head restraint 
deformation reaches its maximum peak before long. 
It was around 130 ms in this case. Then the head 
starts moving forward again. Figure 9 shows the 
acceleration responses at the head, T1, and pelvis. As 
the buttocks remain in the seat, the pelvis 
acceleration rises immediately after impact. 
Although the lower torso also remains against the 
seat-back, there is some delay in acceleration rise at 
T1 because of the small gap between the upper torso 
and the seat-back. The head acceleration does not 
start until the occiput contacts the head restraint. The 
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pelvis and the head show triangular acceleration 
pulses, while that of T1 has two peaks. The 
maximum peak in the T1 acceleration is lower than 
that in the pelvis, while the head acceleration has a 
higher peak than the pelvis. The convergence of the 
acceleration pulses occurs in the same order as seen 
in the rising timings. Contact forces between the 
occupant body and the seat are plotted in Figure 10. 
The contact force at the pelvis indicates the force 
between the buttocks and the seat-back, while the 
contact force at the torso indicates that between the 
torso-back and the seat-back, where the boundary 
between the buttocks and the torso-back is assumed 

around the waist. The contact force at the head is the 
force between the occiput and the head restraint. The 
order of rising timings is exactly the same; the pelvis 
is first, followed by the thorax and the head is the 
last. The rising timings are around 30, 40 and 70 ms 
respectively. The maximum force peak is largest at 
the pelvis, followed by the thorax and the head. 
Figure 11 shows the relative acceleration and the 
relative displacement between the head and T1. Only 
the positive part of the relative acceleration is shown 
in this figure, in which the head acceleration is 
higher than that of the pelvis. The maximum peak 
around 50 ms indicates the initial peak in relative 
motion between the head and the torso. This is called 
‘retraction.’ There is another peak around 80 ms with 
higher amplitude. The relative acceleration finally 
converges to zero around 100 ms after impact. The 
displacement data was output from the same nodes 
where the acceleration values were obtained. There 
is mostly the positive part up to 200 ms, in which the 
head is in the posterior side of the torso. There is 
only one peak in the relative displacement curve and 
its timing is around 110 ms after impact, later than 
that of the relative acceleration. Figure 12 plots time 
history curves of NIC and JCS. NIC was calculated 
from the relative acceleration and velocity between 
the upper and lower ends of the cervical spine as 
described above. The JCS values were obtained from 
all the capsule elements in the cervical joints. The 
highest value was regarded as the representative JCS 
for evaluation. A comparison of Figure 11 and 12 
finds that the time history curve of NIC is quite 
similar to that of the relative acceleration curve, and 
that JCS has its maximum peak at the same timing of 
the relative displacement peak. 
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Results of Seat Design Study 
 
In both studies on seat design, the nodal output data 
and element output data were obtained first as in the 
rear impact simulation conducted previously. NIC, 
JCS, HRCT and NLA were obtained in each case. 
Table 2 summarizes the calculated indicator values 
for the thirteen cases conducted in the first study. 
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The calculated NIC values ranged from 10.91 to 
42.38, JCS ranged from 0.492 to 1.140, HRCT was 
found between 49.7 and 79.4, and NLA was obtained 
from 5.48 to 13.61. The lowest NIC value of 10.91 
was obtained in the case where the head restraint 
was located at the front-most and highest position. 
The same case showed the smallest number for 
HRCT. The smallest JCS value of 0.492 was found 
in the case where the thickness of the upper-end 
seat-back frame was increased. The same case 
showed the smallest NLA among the cases.  
Figure 13 plots the trends of NIC and JCS changes 
for each design parameter. When the stiffness of the 
head restraint was changed, neither NIC nor JCS 
showed big changes. Both values decreased when 
the head restraint was moved forward. The 
magnitude of changes was relatively smaller when 
the vertical position of the head restraint was 35 mm. 
The stiffness of the reclining joint in rotation and in 
the vertical direction only affected NIC, while the 
thickness of the upper-end seat-back frame had a 
great influence on JCS but not on NIC.  
Figure 14 shows the relationship among the 
indicators The correlations between NIC and HRCT, 
NIC and NLA, JCS and HRCT, JCS and NLA were 
plotted. The values were obtained from the thirteen 
cases. The first plot suggests that NIC strongly 
correlates with HRCT, although its correlation is not 
linear. No prominent correlations were found in the 
next two plots, between NIC and NLA, and between 
JCS and HRCT. There is a strong correlation 
between JCS and NLA as shown in the last plot. The 
R2 value was 0.917 for this case. 
Table 3 shows the result of the other seat design 

study on the different seat configurations. The data 
for Seat B is the same as that of Case 1 in Table 1. 
Compared to this case, Seat A showed relatively 
higher NIC (35.80 > 18.25), larger JCS (1.790 > 
1.010), longer HRCT (70.6 > 65.8), and greater NLA 
(26.80 > 12.36), while Seat C gave relatively higher 
NIC (21.79 > 18.25), but smaller JCS (0.616 < 
1.010), shorter HRCT (58.6 < 65.8), and less NLA 
(6.49 < 12.36). 
 
DISCUSSION 
 
Comparing the time history curves of acceleration 
and the contact forces plotted in Figure 9 and 10, it 
was noted that the timings of acceleration rises and 
their maximum peaks basically correlate with those 
in the contact forces. For example, both the pelvis 
acceleration and contact force start around 30 ms 
and their maximum peaks appear around 75 ms. It is 
considered that this acceleration is a result of motion 
change induced by the external force. Assuming that 
the motion can be simply described using Newton’s 
laws, the amplitude of acceleration depends on the 
magnitude of the applied force and the mass of the 
part. The relatively high pelvis acceleration is mostly 
generated by the large contact force. The 
deformation of the seat-back frame generally occurs 
around the reclining joint. When loading the 
seat-back frame, the moment arm becomes shorter as 
the loading point is closer to the joint center. The 
seat-back frame generally has relatively wider 
sectional geometry in its lower-end part. Even if the 
seat-back pushes the occupant body in a horizontal 
direction, the contact force tends to be larger in the 

Figure 13.  Correlation among Indicators.

0

10

20

30

40

50

-60 -30 0 30 60

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

-20 -10 0 10 20 30

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

-10 0 10 20 30 40

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

0.0 0.5 1.0 1.5

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

0.0 1.0 2.0 3.0

0.0

0.5

1.0

1.5

NIC

JCS

Head Restraint Stiffness (+/-%)

NIC (m2/s2) JCS NIC (m2/s2) JCS NIC (m2/s2) J

NIC (m2/s2) JCS NIC (m2/s2) JCS NIC (m2/s2) J

Head Restraint Horizontal Position (mm)
<Vertical Position = 0 mm>

Head Restraint Horizontal Position (mm)
<Vertical Position = 35 mm>

Reclining Joint Rotation Stiffness (mag.) Reclining Joint Vertical Stiffness (mag.) Upper-End Frame Thickness (mag.)

Figure 13.  Correlation among Indicators.

CS

CS

0

10

20

30

40

50

-60 -30 0 30 60

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

-20 -10 0 10 20 30

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

-10 0 10 20 30 40

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

0.0 0.5 1.0 1.5

0.0

0.5

1.0

1.5

NIC

JCS

0

10

20

30

40

50

0.0 1.0 2.0 3.0

0.0

0.5

1.0

1.5

NIC

JCS

Head Restraint Stiffness (+/-%)

NIC (m2/s2) JCS NIC (m2/s2) JCS NIC (m2/s2) J

NIC (m2/s2) JCS NIC (m2/s2) JCS NIC (m2/s2) J

Head Restraint Horizontal Position (mm)
<Vertical Position = 0 mm>

Head Restraint Horizontal Position (mm)
<Vertical Position = 35 mm>

Reclining Joint Rotation Stiffness (mag.) Reclining Joint Vertical Stiffness (mag.) Upper-End Frame Thickness (mag.)

CS

CS

Kitagawa 7 



pelvis area compared to that in the upper area. The 
effective mass of the pelvis is higher than the thorax 
or the head. Despite the relatively heavier weight, 
however, the pelvis can be accelerated strongly 
because of the greater magnitude of the contact force. 
Conversely, the higher acceleration of the head 
comes from its light mass. However, the contact 
force between the head and the head restraint is very 
small. Less stiffness in the upper part of the 
seat-back frame may be a reason for the small 
magnitude of contact force. The other possible 
reason is that the head restraint moves away from the 
occiput as the seat-back deforms backward. 
Although the magnitude of contact force is smaller, 
the head was accelerated greatly because of its 
smaller mass, which is around 4 kg. Unlike the 
pelvis and the head, the thorax acceleration has two 
peaks. A more complicated mechanism is assumed to 
explain this. Actually, the timings of the acceleration 
peaks do not necessarily correspond to those of the 
contact forces. It should be noted that T1 does not 
directly contact the seat-back, but there is some gap 
between them. The T1 acceleration is generated both 
by the force to the torso and by that to the head. The 
peaks in T1 acceleration may come from such a 
combination of forces. The first acceleration peak 
appears between the peaks of the pelvis force and the 
thorax force, while the second peak is in between the 
peaks of the thorax force and the head force. The 
results suggest that the acceleration pulse is greatly 
affected by interaction between the occupant’s body 
and the seat. The rising timings correspond to the 
beginning of motion while backward motion 
rebounds at the timing of the maximum peak.  
The initial peak in relative acceleration shown in 
Figure 11 indicates the difference between the timing 
of the starting motions of the head and the torso. The 
head stays at the initial position for a while due to 
inertia while the torso is pushed forward by the 
seat-back. After the occiput contacts the head 
restraint, the contact force pushes the head forward, 
in the same direction as the torso. The relative 
motion becomes smaller after the head restraint 
contact. In this case, however, the head restraint 
moves away from the occiput due to the seat-back 
deformation. The relative acceleration rises again 
until the head is supported firmly. Anyway, the 
relative acceleration indicates the relative motion 
between the head and the torso in terms of the timing 
of motion change. The maximum peak was observed 
around 90 ms after impact in this case. On the other 
hand, the relative displacement has its peak around 
110 ms, which is later than that of the relative 
acceleration peak. It is considered that the relative 
displacement correlates more with the seat 
deformation. As observed in Figure 10, the timing of 
the maximum contact force at the seat-back is 
around 95 ms, while the contact force at the head 
restraint reaches its peak around 125 ms. 
Considering the fact that the seat deformation is 

caused by the contact force from the occupant, the 
head restraint starts deforming later than the 
seat-back and the maximum deformation also 
appears later. This is rational based on the nature of 
seat deformation mentioned above. The maximum 
relative displacement between the head and T1 is 
actually the difference between their positions, while 
the relative acceleration indicates only the difference 
in the timings of the starting motions. In other words, 
the relative displacement is the resultant difference 
in position induced by the contact force, but is more 
affected by the seat deformation. It appears that the 
surface geometry of the deformed seat determines 
the position of the occiput and the torso back. The 
difference in position between the head and T1 
represents a neck extension when the head is 
relatively on the posterior side compared to T1.  
The timing of the NIC peak observed in Figure 12 is 
almost the same as that of the relative acceleration 
peak between the head and T1. Based on the NIC 
formulation (1), it is obvious that the NIC value is 
highly affected by the acceleration term. 
 

 

NIC=0.2*(AT1-AHead)+(VT1-VHead)2 (1).

where AHead and AT1 are the accelerations 
measured at the head and T1 respectively, and 
VHead and VT1 are the velocities at the head and T1. 
The timing of JCS is, on the other hand, close to that 
of the maximum relative displacement. This is again 
rational considering the fact that the relative 
displacement between the head and T1 indicates a 
neck extension. Any neck motions accompany 
deformation in the cervical joints. The deformation 
can stretch or shear the joints, causing strain in the 
joint capsules. Therefore, JCS is an inevitable result 
of cervical joint motion. This is why the timing of 
peak JCS is close to that of the maximum relative 
displacement. The timings are not exactly the same 
because the difference in position between the head 
and T1 is a summation of the joint motions from 
OC-C1 to C7-T1.  
These findings explain possible reasons for the 
correlation among the indicators, obtained from the 
parametric study shown in Figure 14. It has already 
been described that the relative acceleration between 
the head and T1 has its peak at the timing of head 
restraint contact, and that NIC is mostly given by the 
relative acceleration. It was also explained that JCS 
originates from the joint deformation attributed to 
neck extension, and NLA actually means the 
magnitude of neck extension. Therefore, the 
correlation between NIC and HRCT, and that among 
JCS and NLA are reasonable considering the 
findings from the results obtained from the study. It 
should be noted, however, that HRCT is a major 
factor affecting NIC but not the sole element. The 
contact timing determines the duration in which the 
relative acceleration is taken into account. The 
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maximum amplitude of relative acceleration in that 
duration actually gives the NIC value. Because the 
head acceleration is quite small before contacting the 
head restraint, the amplitude mostly comes from the 
T1 acceleration level. It should be remembered that 
the first study was conducted on a single seat 
configuration, which means that the resultant T1 
acceleration curves are similar to one another among 
the cases. It is a natural result that the difference in 
NIC is mostly given by HRCT. Figure 15 explains 
the mechanism. The time history curves of the T1 
acceleration, the head acceleration and NIC are 
plotted for Cases 1, 8 and 9. The difference in seat 
configuration among the cases is the location of the 
head restraint. The head restraint was located at the 
original position in Case 1. It was 10 mm ahead of 
the original position in Case 9 and 10 mm rearward 
in Case 8. The T1 acceleration pulses are close to 
one another while the timings of the rises in head 
acceleration are different between the cases. The 
timings of the head acceleration rises correspond to 
HRCT in each case. It is clear that NIC is mostly 
given by the T1 acceleration level at the contact time. 
It should be also noted that the T1 acceleration pulse 
in this seat has a flat level from 45 to 60 ms. This is 
the reason why NIC does not decrease any more 
when HRCT becomes shorter than 60 ms. The 
nonlinear correlation between NIC and HRCT 
shown in Figure 14 comes from the plateau in the T1 
acceleration curve. If the seat configurations are 
different among the cases to be compared, however, 
the T1 accelerations may be different. This may 
show that HRCT does not directly indicate which 
seat gives a lower or higher NIC value.  

Looking at the results of the other study on the 
different seat configurations as summarized in Table 
2, it is noted that Seat C shows a higher NIC value 
than Seat B despite a shorter HRCT. This is possibly 
because the T1 accelerations are different between 
the two cases. Figure 16 shows the time history 
curves of T1 acceleration for the three cases. A 
comparison shows a relatively lower T1 acceleration 
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in Seat A. The low acceleration comes from the 
lower stiffness in the reclining joint. A larger 
deformation of the seat-back frame reduces the 
amplitude of T1 acceleration. The amplitude of T1 
acceleration in Seat C is slightly higher but close to 
that in Seat B, but the profile of the acceleration 
pulse is different. Figure 17 inserts the NIC and JCS 
values into the plots showing the correlation among 
the indicators. Only the plots of NIC-HRCT and 
JCS-NLA were examined as these combinations 
showed strong correlations. It is found that the 
inserted NIC value does not follow the correlation 
with HRCT that was derived from the first study on 
a single seat configuration. This is because the three 
seats had different T1 acceleration pulses as shown 
in Figure 16. The result suggests that the validity of 
HRCT in terms of whiplash injury assessment is 
limited to a comparison among design changes on a 
single seat configuration. On the other hand, the 
inserted JCS values were found to be almost on the 
correlation line between JCS and NLA. This 
suggests that NLA can predict increase or decrease 
of JCS when the seat design is changed or even 
among different seat configurations. JCS can be 
calculated in the THUMS occupant model used in 
this study but not measured on a crash dummy. NLA 
can be obtained even from a dummy if the 
kinematics of the head and the torso are monitored. 
Assuming that JCS is a valid indicator to assess 
whiplash injury risk, NLA can be an alternative 
indicator for injury assessment with a dummy. A 
possible technical issue is that the accuracy in 
measuring rotational angle is less reliable compared 
to that when measuring acceleration or force. An 
alternative measurement could be neck moment 
assuming a linear relationship between the moment 
and the rotational angle. 
It should be re-stated that the joint capsule model 
used in this study tends to overestimate the strain 
level. A future study will focus on improving the 
joint capsule model to predict the strain level more 
accurately.  
 
CONCLUSIONS 
 
Rear impact simulations were conducted using a 
human body FE model, THUMS Version 1.61, 
representing a male occupant with an average body 
size. The model included the cervical joint capsules, 
which are considered as a potential site of neck pain, 
to calculate the strain level due to neck deformation. 
The model was then validated against PMHS test 
data obtained from the literature. Although the 
calculated displacement and rotation data were 
found almost within the test corridors, the model 
tended to overestimate the strain level. Only relative 
comparisons were therefore adopted in the following 
studies. 
Prototype seat models were also prepared to simulate 
actual rear impact conditions. Their mechanical 

responses were validated against loading test data. 
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A rear impact simulation was conducted at a delta-V 
of 25 km/h. The head and neck motions and 
responses were analyzed in correlation with timings 
of rises and peaks in acceleration and force. NIC was 
calculated from the nodal acceleration and velocity 
output from the model, and JCS was obtained 
directly from the elements representing the capsule 
tissues. The results suggested that NIC indicates the 
difference in motion between the head and the torso 
while JCS indicates the difference in their positions. 
A parametric study was conducted on thirteen cases 
where major seat design factors were changed on a 
single seat configuration. It was shown from the 
results that the stiffness of the reclining joint affects 
the resultant NIC values while JCS is more 
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influenced by the thickness of the upper-end of the 
seat-back frame. The forward position of the head 
restraint was effective for both indicators. As for the 
relationship among the indicators, relatively strong 
correlations were found between NIC and HRCT, 
and JCS and NLA. It was explained that NIC was 
mostly given by the T1 acceleration level at the 
timing of head to head restraint contact. HRCT is, 
therefore, thought to be useful for comparison. 
The second study focused on the difference in 
overall seat design, that is relatively larger design 
changes compared to minor changes in 
characteristics. Three prototype seat models with 
different configurations were used for the study. The 
results showed a case showing higher NIC with 
shorter HRCT. The results suggested that HRCT 
could be useful to compare seats with design 
changes and the same configuration, but not 
necessarily for injury assessment among different 
seat configurations. Introducing the results of the 
second study into that of the first one, NLA is 
thought to be an alternative indicator to help assess 
whiplash injury risk instead of JCS in dummy tests. 
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Case# Head Restraint
Stiffness

Head Restraint
Fore-aft Position

Head Restraint
Vertical Position

Reclining Joint
Rotation Stiffness

Reclining Joint
Vertical Stiffness

Upper-End Frame
Thickness

1 ±0 ±0 ±0 ±0 ±0 ±0
2 -30%
3 +30%
4 x1.5
5 x0.65
6 x2.0
7 x0.33
8 -10
9 +10

10 +20
11 +35
12 +10 +35
13 +30 +35

Table 1. 
Simulation Matrix for Parametric Study
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Case# NIC (m2/s2) JCS HRCT NLA (deg)

1 18.25 1.010 65.8 12.36

2 18.56 0.981 65.6 12.47

3 18.47 1.067 65.8 12.99

4 12.48 0.978 61.4 12.36

5 23.78 1.066 71.3 13.14

6 19.00 0.492 66 5.48

7 42.38 0.978 79.4 10.93

8 24.36 1.140 68.7 13.41

9 11.08 0.892 60.5 11.55

10 11.04 0.717 53.1 9.61

11 13.08 0.949 63.6 12.28

12 11.42 0.816 57.3 10.77

13 10.91 0.649 49.7 9.23

Table 2.
Summary of Results from Parametric Study
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Seat Model NIC (m2/s2) JCS HRCT NLA (deg)

Seat A 35.80 1.790 70.6 26.80

Seat B 18.25 1.010 65.8 12.36

Seat C 21.79 0.616 58.6 6.49

Table 3.
Comparison among Different Seat Configurations
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Seat C 21.79 0.616 58.6 6.49
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ABSTRACT 

Previously the correlation between the fetal outcome 
and the injury severity of the pregnant women in 
automotive collisions were addressed by the authors 
using the data of the insurance refunds in Japan. The 
study showed that injury severity scores did not 
differ significantly between the pregnant occupants 
with spontaneous abortion and with healthy newborn 
although the scores were significantly higher in the 
pregnant occupants whose neonate died. The authors 
have indicated the prediction of negative fetal 
outcome with anatomical injury severity of the 
mothers. Therefore in this study, the abdominal 
pressure of the pregnant occupant during collisions 
was focused as a possible predictor of fetal outcome. 
A series of sled experiment was conducted using the 
pregnant dummy which represents the anthropometry 
of the pregnant woman with the gestational age of 30 
weeks. The MAMA-2B （Maternal Anthropometric 
Measurement Apparatus, version 2B ） pregnant 
dummy based on the Hybrid-3 AF5th percentile 
dummy developed by First Technology Safety 
Systems Inc. and UMTRI (University of Michigan 
Transportation Research Institute) was used for the 
experiments. The values of the pressure during rear 
impact in a passenger vehicle were measured and 
compared. The seating posture of the dummy in the 
experiments was determined by the measurement of 
pregnant volunteers in an actual passenger vehicle. 
From the results of the experiments the dominant 
factor of the change of the abdominal pressure was 
discussed. 

INTRODUCTION 

According to Connolly et al., 6–7% of pregnant 
women suffer some kind of traumatic injuries during 
pregnancy; approximately two-thirds of such injuries 
reportedly occur during traffic accidents.(1) Klinich 
et al., also suggested that 1.3 million women in later 
terms of pregnancy are involved in traffic accidents 
in the United States every year, and an estimated 
1,500–5,000 abortions or stillbirths occur 
annually.(2) To reduce traffic accident fatalities, fetal 

safety might become one of an important issue in the 
future. 

The authors have already examined the relationship 
between traffic injuries to pregnant women and the 
associated fetal outcomes. (3-4) In those reports the 
circumstances of accidents and the injuries to 
mothers and fetuses in cases in which claims for 
payment were made under automobile insurance 
policies were analyzed. The number of insurance 
claims made was broken down by what the pregnant 
women were doing when they were injured, and the 
results show that the largest number, at 46%, were 
driving automobiles. However, from the study the 
difficulty was indicated in the prediction of negative 
fetal outcome with anatomical injury severity of the 
mothers. Injury severity scores did not differ 
significantly between the pregnant occupants with 
spontaneous abortion and with healthy newborn 
although the scores were significantly higher in the 
pregnant occupants whose neonate died. Therefore, 
clarification of the actual circumstances under which 
pregnant female drivers are involved in accidents, 
together with the injury mechanisms during slight 
impacts as well as high-energy impacts, are needed. 

In this study, to investigate the correlation between 
the injury mechanisms of pregnant female drivers 
and the associated fetal outcomes, a series of rear 
impact sled tests were conducted by using a pregnant 
dummy. 

METHOD 

The authors of this research contend there is a strong 
likelihood that fetal death or abortion takes place 
when pregnant women are involved in traffic 
accidents in which external force is applied to their 
abdomens. (3-4)However, so far as it is known, the 
injury mechanisms for pregnant women and fetuses 
in traffic accidents have not yet been completely 
explained. 

Needless to say, the greatest difference between 
pregnant women and non-pregnant women in terms 
of anthropometry is the forward protrusion of the 
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abdomen. In collisions, there is forward displacement 
of the abdomen, resulting in likelihood of contact 
with interior parts of the automobile. Therefore, 
ascertaining the driving posture adopted by pregnant 
women, as well as the differences in their physiques, 
would be useful in determining the injury 
mechanisms. Duma et al. assessed pregnant 
passengers using finite element model simulation to 
estimate the stress exerted on their abdomens. (4) 
This study focused on the severe injuries due to 
frontal collisions with relatively high energy. 
However, the seating posture applied in the study 
was based on the measurements in the interior buck 
of University of Michigan Transportation Research 
Institute (UMTRI), would be somewhat different 
from those of actual vehicle. Further more, the 
authors have been unable to uncover any studies 
addressing the measurement of the responses of 
pregnant drivers during slight rear impacts. 

Therefore in this study, to investigate the injury 
mechanisms of pregnant female drivers during rear 
impacts, a series of rear impact sled tests were 
conducted by using a pregnant dummy. The 
responses of impacts and kinematics of the dummy 
were examined. The seating posture of the dummy in 
the experiments was determined by the measurement 
of pregnant volunteers in an actual passenger vehicle. 
An actual automobile was used to determine the seat 
adjustment positions used by pregnant female drivers. 

Measurement of seating posture 

To determine the seat adjustment positions used by 
pregnant female drivers, the measurement of 
pregnant volunteers is conducted using an actual 
passenger vehicle. The gestational age of the 
pregnant drivers studied in the present research was 
set at about 30 weeks. An open call for volunteers 
was issued, and 20 pregnant women who drive a car 
regularly, were chosen as subjects for the research. 
The subjects who participated in this research were 
given full verbal and written explanations of the 
purpose and method of measurement in advance by a 
physician, after which the subjects signed their 
consent in writing. A typical mid-size passenger 
sedan was used for measurements. The subjects sat in 
the driver’s seat. After receiving an explanation on 
how to adjust the seat, the subjects themselves 
adjusted the seat so that the seating posture was close 
to their normal ones as much as possible. Then the 
measurements were taken. The results were 
following. 

Basic information: The mean age of the subjects was 
30.0±3.0 years, with height of 160.8±6.6 cm, weight 

of 60.2±6.0 kg, gestational age of 31.4±1.9 weeks, 
and an abdominal circumference of 87.1±4.5 cm.  

Seat adjustment position: The seat slide position was 
adjusted to 103±49 mm from the full-forward 
position, with the reclining angle of 7.1±3.0° from 
the full-forward position.  

Position relative to the steering wheel: The horizontal 
distance from the lower rim of the steering wheel to 
the abdomen was 146±56 mm. 
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Figure 1. Horizontal distance between the lower 
rim of the steering wheel and the abdomen as a 
function of stature 

Figure 1 shows the relationship between the 
horizontal distance from the lower rim of the steering 
wheel to the abdomen and the height of the subjects. 
This shows a somewhat strong correlation with the 
coefficient of 0.72. 

Seating posture: The position of the head, the 
shoulders, and the pelvis were measured relative to 
the vehicle’s reference points. The measurement 
points on the head, the shoulder and the pelvis were 
the center of the external acoustic opening, the center 
of the shoulder joint (the mid-point of the greater and 
lesser tubercles of the humerus) and the head of the 
femur, respectively.  

Figure 2 shows a graph that represents the positions 
of the head, pelvis and shoulders of subjects using 
the horizontal(X) and vertical (Z) coordinates. The 
shape of the plotted lines in the graph represents a 
simplified form of the posture of the upper torso for 
each subject. 
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Figure 2. Seating postures represented by the hip, 
shoulder and head coordinates 

Determination of the seating posture of the 
dummy  

From the results of the measurement which shows 
somewhat strong correlation between the horizontal 
distance from the lower rim of the steering wheel to 
the abdomen and the height of the subjects, a 
verification of the second impact of the pregnant 
driver using AF5th percentile dummy was deemed 
appropriate. To determine the seating posture of the 
dummy from the results, the mean values of the 
measurements of seven chosen subjects whose 
anthropometric values are similar to that of AF5th 
percentile were obtained. The mean age of the chosen 
subjects was 28.7±2.4 years, with height of 
152.6±3.0 cm, weight of 54.7±2.8 kg, gestational age 
of 30.8±1.0 weeks, and an abdominal circumference 
of 86.4±4.2 cm. The mean seat slide position was 
65±30 mm from the full-forward position, with the 
reclining angle 7.4±3.0° from the full-forward 
position (torso angle of 13°). The horizontal distance 
from the lower rim of the steering wheel to the 
abdomen was 107±4.2mm. From the mean values of 
the chosen subjects, the seating posture of the 
dummy was determined as the seat slide position of 
70mm from the full-forward position with the 
reclining angle of 8°, taking minimal pitch of seat 
adjusters into account.  

Dummy 

The dummy which was used in these experiments is 
the Maternal Anthropometric Measurement 
Apparatus, version 2B (MAMA-2B) pregnant 
dummy developed by First Technology Safety 
Systems and UMTRI in 2001. Although this is only 
one pregnant dummy commercially available, 
development is still on-going at right moment. The 
latest version which is called as the enhanced 
MAMA-2B, equipped with a pair of infra-red type 
chest deflection measurement devices, was used in 
this study. The history of the development of this 
dummy was already described in the literatures of 
Rupp et al. (6) and Ziao. (7) This dummy was 
developed based on the Hybrid-3 AF5th percentile 
dummy, by modifying the pelvis and the ribcage, to 
enable to install the bladder made of silicone rubber 
representing the uterus of 30 weeks of gestation. The 
bladder is approximately spherical in shape, 
approximately 200mm in diameter. Two pressure 
sensors are installed in the anterior and posterior 
surfaces of the inside of the bladder respectively. The 
bladder is filled with the water of 3000ml in use. 
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Sled pulse 

To represent the status in which a pregnant driver 
encounters slight rear impact in a passenger vehicle, 
the sled pulse applied in the experiments was the 
trapezoid waveform, with the delta V of 24kph (mean 
acceleration of 6.5G), which is defined by the test 
protocol of Folksam, a representative third party 
assessment on the rear impacts injuries.  

Test setup 

Figure 3 shows test setup. The Instron servo sled 
apparatus was used in the experiments. The seat, the 
seatbelt, the steering wheel, and the steering column 
installed in the setup were the same components and 
in the same relative position as the vehicle used in the 
measurements of the seating posture. Experiments 
with seatbelt and without seatbelt were both 
conducted and compared. The airbag and the pre-
tensioner were not activated in all experiments.  
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Figure3. Sled setup for the experiments 

Test matrix 

First of all, experiments applying the dummy setting 
based on the FMVSS frontal impact test protocol 
were conducted, to compare the kinematics to that of 
the dummy setting based on the measurement of 
volunteers. According to the FMVSS protocol for the 
Hybrid-3 AF5th percentile dummy, seat slide 
position was determined from the full-forward 
position or the position at which the lower 
extremities of the dummy are closest to the 
dashboard of the testing vehicle unless they do not 
contact to it. In case of the vehicle used in the 
volunteer measurements, the position determined by 
this method is the full-forward position. However, 
the MAMA-2B could not sit this position due to 
interference of the abdominal protrusion with the 
lower rim of the steering wheel. Therefore, the 
position behind 30 mm from the full-forward position 
was determined as the dummy setting based on the 
FMVSS protocol concept (hereafter the MVSS 
setting).  

As noted previously, the dummy setting based on the 
measurements of volunteers (hereafter the volunteers 
setting) was determined as the seat slide position of 
70mm from the full-forward position with the 
reclining angle of 8°. The referential horizontal 
distance from the lower rim of the steering wheel to 
the abdomen was determined as 100mm. Figure 4 
shows both settings. Table 1 shows the matrix of the 
status of the seatbelt and the dummy settings in the 
experiments. 

 

 

 

 

 

 

 

MVSS setting 
 

 

 

 

 

 

 

Volunteer setting 
Figure 4. Dummy settings 

Table 1. Matrix of the experiments 

Dummy setting Seatbelt setting

Experiment 1 MVSS Wear

Experiment 2 MVSS Unwear

Experiment 3 Volunteers Wear

Experiment 4 Volunteers Unwear  
 
RESULTS 

Figure 5 shows the time histories of the acceleration 
applied to the sled setup. Figure 6 and 7 shows the 
time histories of the acceleration of the pelvis of the 
dummy. Figure 8 shows the time histories of the 
displacement of the pelvis and the chest of the 
dummy relative to the sled setup in the horizontal(X) 
axis. Figure 9 shows the time histories of the pressure 
of the abdominal bladder of the dummy. 
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Figure 5. Time histories of the acceleration 
applied to the sled setup 

 

 

 

 

 

 

 

Figure 6. Time histories of the acceleration of the 
pelvis of the dummy (with seatbelt) 

 

 

 

 

 

 

 

Figure 7. Time histories of the acceleration of the 
pelvis of the dummy (without seatbelt) 
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Figure 8. Time histories of the displacement of the 
pelvis and the chest of the dummy relative to the 
sled setup 
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Figure 9. Time  histories of the pressure of the 
abdominal bladder of the dummy 
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In the experiment 1 (MVSS setting with seatbelt), 
after the backward movement of approximately 
150mm during 100ms from the start of the impact, 
the dummy commenced moving forward due to 
rebound. After that, the superior part of abdomen 
came in contact with the steering wheel at the time of 
190ms. 

In the experiment 2 (MVSS setting without seatbelt), 
the backward movement similar to that of the 
experiment 1 was observed. However, the abdomen 
came in contact at the time of 180ms, the chest and 
the head came in contact with the steering wheel at 
the time of 250ms from the start of the impact. 
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In the experiment 3 (volunteers setting with seatbelt), 
the dummy moved forward due to rebound, however, 
it moved downward in the most forward position of 
the movement. The contact between the dummy and 
the steering wheel was not observed finally. 

In the experiment 4 (volunteers setting without 
seatbelt), the abdomen came in contact at the time of 
230ms, however, the chest and the head did not come 
in contact with the steering wheel finally. 
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DISCUSSION 

The results of the measurement showed correlation 
between the horizontal distance from the steering 
wheel to the abdomen and the height of the subjects. 
Furthermore, a verification of the second impact was 
conducted using AF5th percentile dummy. 

As noted previously, the MAMA-2B was developed 
based on the Hybrid-3 AF5th percentile dummy, 
which is basically for the measurement apparatus for 
the injury indices during frontal impact. However, 
this study focused on the entire kinematics of the 
pregnant drivers especially the second impact due to 
rebound. Therefore, the examination using the 
MAMA-2B was deemed appropriate. 
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The seat slide position of the MVSS setting is 
forward in 40mm from that of the volunteers setting. 
Between the two settings, there was a difference of 
100mm in the horizontal distance from the steering 
wheel to the abdomen and of 8° in the reclining angle. 
The difference in the contact of the abdomen was 
observed in the comparison between the experiment 
1 and 3. The differences in the kinematics of the 
upper torso, the contact of the head and the chest 
were observed in the comparison between the 
experiment 2 and 4. The results showed that the 
kinematics and the second impacts were affected by 
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the seating posture of the dummy; the appropriate 
setting methodology for the pregnant dummy will be 
an issue to be discussed. 

From the results of the measurement showed 
somewhat strong correlation between the horizontal 
distance from the lower rim of the steering wheel to 
the abdomen and the height of the pregnant drivers. 
 In the time history of the posterior part of the 

abdominal pressure, the primary peak value was 
observed at the time of 100ms from the start of the 
impact i.e. in the most backward position of the 
dummy during impact. This response showed good 
match with the time history of the acceleration of the 
pelvis. Furthermore, the secondary peak value was 
observed at the time of 200ms where the dummy 
came in contact with the steering wheel. The anterior 
part of the abdominal pressure, on the other hand, 
indicated slight negative value during backward 
movement of the dummy. The peak value was 
observed at the time where the dummy came in 
contact with the steering wheel as well as the 
posterior part of the abdominal pressure. From these 
observations, in the mechanism of the primary peak 
value, the inertial loading was dominant, and in the 
mechanism of the secondary peak value, the 
abdominal compression by the steering wheel and the 
lumber spine was dominant. In the experiment, it was 
also observed that the steering lower rim came in 
contact to the inferior sternum, i.e. the fundus of the 
bladder. Previously, Rupp et al. derived the 
correlation between the peak anterior part of the 
abdominal pressure and the adverse feral outcome 
with actual case analysis and frontal impact 
experiments using the MAMA-2B.（6）In the study, 
because only the anterior part of the abdominal 
pressure was evaluated, the experiments were 
conducted using rigid seat, consequently the lower 
steering rim stably compressed the abdomen of the 
dummy on the umbilicus level. Therefore in this 
study, we further measured the posterior part of the 
abdominal pressure to precisely evaluate both direct 
and inertial loading of the abdomen. 

The kinematics and the second impacts were affected 
by the difference in the seating posture in the 
experiments both with and without seat belt. 
 
The time history of the anterior part of the abdominal 
pressure showed a peak value due to the second 
impact loading, however, the posterior part of the 
abdominal pressure showed primary peak value due 
to inertial loading and secondary peak value due to 
the second impact loading. 
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ABSTRACT 
 

Computer simulation of motorcycle crashworthiness 

was introduced in the development of a new airbag 

system. We chose MADYMO and PAM-SAFE as 

the basic software for the simulation. The new airbag 

system has several features suited to the special 

needs of motorcycles. Tests have shown that this air 

bag system is promising, but there are remaining 

technical issues that need to be resolved before it can 

be put to practical use. 

 

INTRODUCTION 
 

Yamaha Motor Company has long worked to 

improve maneuverability and braking performance 

from the perspective of active safety. Recently, 

through participation in the Advanced Safety Vehicle 

(ASV) project promoted by the Ministry of Land, 

Infrastructure and Transport, Yamaha has also been 

looking at practical application of advanced active 

safety systems using information technology (IT). In 

addition to active safety, it is obviously important to 

study passive safety in collisions. Passive safety 

systems in automobiles already play an important 

role in reducing the number of traffic fatalities, and 

there is an increasing need for development of 

passive safety systems for motorcycles.  

As announced in ASV-2 (Phase 2 Activities, 

1996-2000), Yamaha has continued research on the 

practical application of airbags as a device to reduce 

rider’s injuries in collisions (Figure 1). The airbag 

announced in ASV-2 exhibited a substantial effect on 

reducing the rider injury in frontal and similar 

collisions. However, a number of areas that needed 

improvement came to light. To overcome these 

problems and expand this effect, we are developing 

new motorcycle collision simulation technology and 

analyzing collision phenomena in computer 

simulations, while also collecting data from crash 

tests with actual motorcycles. Based on these results, 

we set a goal of improving the effect of the airbag 

system by restraining the rider's body to the 

motorcycle in the initial phase of collisions.  

This article introduces motorcycle crash simulation 

technology that is essential in the development of 

our airbags. Compared with automobile collisions, 

motorcycle collisions have specific problems such as 

the diversity of collision configurations that need to 

be investigated and the larger motions of motorcycle 

riders than automobile occupants during collisions. 

In the following we describe, with the introduction 

of case examples, how Yamaha approaches these 

problems. Then, using these simulations, we 

introduce the new airbag system now being studied. 

 

    
   Figure 1.  ASV-2 Airbag. 
 

 

CRASH SIMULATION TECHNOLOGY 
 

In developing vehicles and devices to reduce the 

rider injury in motorcycle collisions, experimental 

evaluation with actual motorcycles is essential. 

However, a huge number of factors need to be 

considered in collision phenomena, including vehicle 

speed and direction at the time of the collision, shape 

of the opposing vehicle, and location of impact. It is 
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not practical to cover all these factors in experiments, 

and the method of reproducing collisions on a 

computer through numerical simulation is useful as a 

means to supplement experiments. We have adopted 

two simulation methods in our simulations: 

MADYMO, multi-body dynamics-based software, 

and PAM-SAFE, crash analysis software based on 

the finite element method. Simulations using the 

finite element method generally require much greater 

amounts of modeling data than does multi-body 

dynamics analysis, and much time is needed for 

calculations. Conversely, high computational 

accuracy can be expected because of the detail of the 

model. With multi-body dynamics analysis, on the 

other hand, calculation time is short but it has the 

characteristic of being difficult to assure 

computational accuracy. Motorcycle crash 

simulations have a greater variety of configurations 

than do automobile simulations, and are 

characterized by the very long event time that needs 

to be considered. In motorcycle collisions with 

automobiles, considering primary impact (in which 

the rider dummy hits the opposing vehicle), 0.5 sec 

from the moment the motorcycle crashes into the 

automobile is required in ISO13232, which 

stipulates research evaluation methods for 

motorcycle rider protective devices. Considering 

also the entire impact sequence (which includes up 

to dummy to ground contact), usually 1 sec or more 

(at most 3 sec) needs to be analyzed after the initial 

impact between the motorcycle and automobile. We 

aimed to develop a simple but highly precise 

simulation method for the present research by 

adopting MADYMO as the base simulation method, 

and partially incorporating results of high 

computational accuracy from PAM-SAFE into the 

MADYMO model. 

 

MADYMO simulation 
 

As mentioned above, MADYO is multi-body 

dynamics analysis software in which the simulation 

model generally consists of rigid bodies, connecting 

joints, and the surfaces that show the shape of the 

object. At the same time that the surface shows the 

model shape, it is also attached to the rigid body to 

calculate the reaction force in contact. 

Simulations of motorcycle-automobile collisions 

require a motorcycle model, rider dummy model, 

and automobile model. The process of creating these 

models was reported in ESV2003 (1) and ESV2005 

(2). In those reports, the HYBRID-III standing 

model was used for the rider dummy model, but later 

the MATD model (dummy model specified in 

ISO13232) was introduced in the research. Figure 2 

shows the MATD model as well as the helmet model 

that is also recommended in ISO13232. These 

models are multi-body models with facet surfaces 

(FE mesh-like surfaces), and are now available in the 

MADYMO dummy database. These facet surfaces 

were partly replaced by ellipsoidal surfaces to 

resolve some problems related to airbag contact, 

although they reproduce the dummy’s outer skin 

faithfully.  

 

Figure 2.  MATD model. 
 

 

Figure 3.  Airbag model (MADYMO). 
 

In the present research an FE airbag model was 

created and added as a device to reduce the rider 

injury (Figure 3). However, the folding process is 

Air bag  

Back-plate 
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greatly simplified in this model, and the model does 

not consider gas flow. For this reason, the shape of 

the airbag in the initial phase of deployment may not 

be accurately reproduced. In order to improve the 

dummy motion, a few temporary and imaginary 

contacts were added to the model by analyzing the 

dummy motion in the initial phase of airbag 

deployment. 

 

PAM-SAFE simulation 
 

PAM-SAFE is collision analysis software used 

worldwide that is based on the finite element method. 

As stated above, at YAMAHA the role of crash 

analysis based on the finite element method is to 

supplement analysis based on MADYMO, because 

of the special circumstances of motorcycle crash 

analysis. Therefore, the PAM-SAFE model is used 

mainly with a focus on analyses thought to 

contribute to raising the accuracy of MADYMO 

models. A crash model of a motorcycle front tire can 

be given as a specific example (Figure 4).  

 

    
Figure 4.  Front tire and fork model. 
 
Unlike automobile collisions, in most motorcycle 

collisions the front tire collides with the opposing 

vehicle. As a result, the nonlinear deformation of the 

front wheel and tire and its contact reaction force 

influence the later motion of the motorcycle itself. 

For this reason, the model was constructed with the 

relatively detailed finite element model to obtain an 

accurate reaction force. 

The root of the front fork also sustains large plastic 

deformation in collisions, and the nonlinearity in 

material strength should be considered (Figure 4). 

Therefore, this part is modeled and analyzed with the 

finite element method. 

Next, calculations of deployment of the airbag 

(which is divided into compartments) from a folded 

shape need to consider the detailed contact 

phenomena with the seat around the airbag. A 

PAM-SAFE model using detailed finite elements is 

suited to such analysis (Figure 5). 

 

 
Figure 5.  Airbag model (PAM-SAFE). 

 
 

AIRBAG DEVELOPMENT 
 

As stated above, the ASV-2 airbag was shown to 

have an effect to reduce the rider injury in certain 

collision configurations. Our aim is to give it this 

effect in a wider range of collision configurations. To 

achieve this, we are attempting not so much to 

prevent collisions of each part of the rider's body 

(mainly head and chest) with the opposing vehicle or 

motorcycle body, but to decelerate the rider's body 

itself. For this purpose, the airbag is positioned to 

remain as close as possible in contact with the rider. 

Also, to support the rider a member (called a back 

plate) to receive the force sustained by the airbag is 

used (Figure 3).  

This prevents the rider from deviating greatly from 

the center of the airbag even in oblique collisions, 

and we can therefore expect an improved effect. In 

addition, the rider is decelerated by the airbag, so 

even in cases when the rider is thrown from the 

motorcycle, deceleration caused by the airbag is 

expected to reduce the injury suffered when the rider 

collides with the road or a roadside structure. 
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Airbag 
 

The function demanded of the airbag under study is 

to decelerate the rider's body itself. For this reason 

the airbag is close to the rider's center of gravity, 

shaped to act on the chest and lumbar area, and 

smaller than the ASV-2 airbag. However, it has 

sufficient front-to-back thickness to prevent injury to 

the rider's chest and abdominal area. Another 

characteristic of the airbag is that it has two internal 

dividing walls, separating the airbag into three 

chambers (Figure 6). 

 

 
Figure 6.  3 chamber airbag. 

 

The reason for dividing the airbag into chambers like 

this is so that it will rapidly pull up the back plate as 

described below. The center chamber is connected to 

the inflator. In deployment of the airbag, gas flows 

into the center chamber first, and the pressure rises 

quickly since the volume is small. The center 

chamber is therefore the first to rise quickly, and as it 

rises it pulls up the back plate. Gas flows into the left 

and right chambers through holes in the dividing 

walls, so that the side chambers deploy a little slower 

than the center chamber.  

When deployment of the entire airbag is nearly 

complete, the pressure in each chamber becomes 

uniform at a value that is little different from the 

internal pressure in a single-chamber airbag. 

Therefore, when the rider collides with the airbag, 

the center chamber no longer has higher pressure 

than the other chambers and there is no adverse 

effect on the airbag's performance. 

 

 

 

Back plate 

 
The back plate is a special part that receives the 

force sustained by the airbag from the rider. With the 

use of a back plate we can expect that, regardless of 

motorcycle body layout, the airbag will be expected 

to function not only in frontal collisions but in 

oblique collisions as well. Before a collision, the 

back plate is stored with the airbag within the 

motorcycle body, but during collisions it deploys 

immediately with the airbag. At this time, as 

described above, the deployment force of the airbag 

is used to lift the back plate. There is also the 

advantage of a simpler total mechanism with the use 

of the airbag force. 

 

 
Figure 7.  Back plate. 

 

Considering the airbag function (that is to decelerate 

the rider), larger back plate height and width is 

desirable, but considering that the back plate is 

stored in the motorcycle and that it must be pulled up 

in a very short time, a smaller mass is advantageous. 

In determining the shape of the back plate, 

simulation of the rider dummy’s motion using 

MADYMO and simulation to obtain deployment 

time using PAM-SAFE are very helpful. 

The airbag and back plate are connected with a short 

belt. This belt is used when pulling up the back plate, 

but it also has another role. That role is to keep the 

airbag between the rider and back plate so that the 

airbag function is maintained even in cases of 

oblique impact.  

 

Air bag Box 

Back plate 
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Experiments and simulations 

 
     Sled test Sled tests were conducted to confirm 

the characteristic functions of this airbag system; 

specifically, the function of lifting the back plate 

with the use of airbag deployment force, and the 

basic rider restraining function with the back plate. 

Two collision patterns were simulated, a frontal 

collision and an oblique collision. Figures 8 and 10 

show the respective results of rider dummy motion 

in the sled tests and computer simulations for frontal 

and oblique collisions. The back plate was lifted by 

the airbag deployment force in each of these tests, 

confirming the fundamental possibility of lifting the 

back plate. In addition, in looking at dummy motion, 

even in tests when the sled was moved obliquely 

backward for an oblique collision, it was found that 

the dummy's lumbar area was restrained near to the 

seat. 

Figure 9 shows the acceleration curve in the 

forward-backward direction of the dummy's chest 

corresponding to the case of a frontal collision.  

The values estimated from this simulation show 

good agreement with the experimental values, 

confirming the validity of this modeling method. The 

influence of minor airbag specifications changes on 

dummy motion and other matters can be evaluated 

efficiently with the use of simulations. 

 

 
Figure 8.  Sled test - 1. 
 

 

Figure 9.  Chest acceleration. 
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Figure 10.  Sled test - 2. 
 
     Full-scale test Since the fundamental rider 

restraining function was confirmed with sled tests, 

full-scale tests were performed next with an 

automobile as a collision object. Figure 11 shows a 

comparison of overall dummy motion with and 

without an airbag from 0 ms (at which time the first 

motorcycle/automobile contact occurs) to 500 ms at 

time intervals of 100 ms. In this case, a motorcycle 

traveling at 48 km/h collides at 90 degrees into the 

side of an automobile traveling at 24 km/h 

(configuration code ‘413-15/30’ in ISO13232). 

 

 
Figure 11.  FST without/with airbag system. 
 
Without an airbag, the dummy's head collided with 

the automobile roof edge with almost no 

deceleration, and large head acceleration (HIC 690) 

was shown. When the motorcycle was equipped with 

the present airbag, the dummy's lumbar region was 

relatively well restrained near the seat, its head only 

collided slightly with the rear part of the automobile, 

and the head acceleration (HIC 153) was also 

inhibited. In a comparison of the height to which 

dummies were thrown off the motorcycle, the height 

was found to be somewhat lower with the airbag, so 

that reduced injury in impacts with the ground can 
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be expected because of the reduced potential energy. 

The lifting function of the airbag was confirmed 

even in the full-scale test. We are currently 

evaluating the effect of this airbag system on 

reducing the rider injury based on the simulation 

evaluation method with 200 configurations called for 

in ISO13232. 
These full-scale tests are carried out not only to give 

a preliminary assessment for effectiveness of the 

airbag system, but also to validate the simulation 

model that should be used for 200 configurations of 

simulation according to ISO13232. Figures 12 and 

14 show kinematic comparisons between FST and 

simulation from 0 ms to 500 ms at time intervals of 

100 ms. The pictures of FST in Figure 12 are the 

same as the ones without the airbag in Figure 11 

(ISO configuration code “413-15/30”.) In Figure 14, 

on the other hand, a motorcycle with the airbag 

system traveling at 48km/h crashes into the side of a 

stationary automobile at a right angle (ISO 

configuration code “413-0/30”.) 

Figures 13 and 15 compare the head resultant linear 

acceleration between FST and simulation. The blue 

lines indicate test data and the light blue lines 

simulation results. These figures show good 

agreement both in the dummy general kinematics 

and head acceleration. 

 

 

 
Figure 12.  Kinematic comparison (413-15/30) 
without airbag system. 
 

 

Figure 13.  Head resultant acceleration 
(413-15/30) without airbag system. 
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Figure 14.  Kinematic comparison (413-0/30) 
with airbag system. 
 

 

Figure 15.  Head resultant acceleration 
(413-0/30) with airbag system. 

Future issues 

 
Issues we need to deal with next are, first, to 

optimize airbag shape, back plate shape, and their 

respective attachment positions. In addition, to 

confirm that this system is effective in reducing 

injury in various collision configurations, we will 

also need to conduct evaluations of effectiveness of 

the device based on ISO13232. The other tasks we 

need to do include development of a sensor and a 

control system to judge fire in airbags; investigation 

of the problem of out-of-position; investigation of 

the effect from differences in rider size and collision 

object; investigation of tandem riding; investigations 

of system reliability. 

 
CONCLUSIONS 
 

In the preceding we introduced collision simulation 

technology that was essential in the development of 

our airbag system. Yamaha uses mainly calculations 

by MADYMO supplemented with those by 

PAM-SAFE. We also have proceeded with research 

on the possibility of a new type of airbag that 

restrains the rider in the lumbar area. It was shown in 

both the sled tests and full scale tests that it is 

fundamentally possible to lift the back plate using 

the deployment force of the airbag. This system was 

also shown, although in limited collision 

configurations, to be effective in reducing the rider 

injury. In the future we plan to improve and optimize 

this system, focus on and resolve the 

above-mentioned issues including evaluation of 

effectiveness of the system based on ISO13232, and 

investigate the possibilities for practical application. 
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ABSTRACT 
 
This study examines some characteristics of side 
impact crashes involving modern passenger cars. 
The UK National Accident Database (STATS 19) 
and UK In-depth Accident Database (CCIS) were 
analysed to determine crash characteristics and 
injury outcomes in side impacts. UK national 
accident data (300,000 road crash records per year) 
shows clear improvements in injury outcomes in 
side impacts when a sample of ‘older’ vehicle 
designs are compared to ‘newer’ vehicle designs. 
In-depth accident data was analysed to understand 
the nature and circumstances of crashes in which 
injury occurred. 
Analysis of the characteristics of such crashes 
which resulted in serious injury suggests that the 
conditions in terms of collision speed and height of 
impact (on the struck vehicle) do not usually match 
those of the UNECE R95 test specification, but 
impact angle is in agreement. 
In terms of AIS2+ injury outcomes in modern 
vehicles, head (28% of AIS2+ injuries to front seat 
occupants) and chest injuries (22%) still 
predominate although injuries to the abdomen 
(10%), upper extremity (14%) and lower extremity 
(including pelvis 19%) are also observed. When 
only AIS4+ injuries are considered, head (36%), 
chest (41.3%) and abdomen injuries (30.5%) 
comprise the overwhelming majority of injuries. 
The type of injury (in terms of anatomical location) 
was then considered together with injury contact 
source. 
In conclusion, rates of serious injury outcome are 
highest in non-oblique impact modes, in 
accordance with the current regulatory test. The in-
depth data indicate that serious injury occurs at 
speeds exceeding those in the current regulatory 
test and that a sizable proportion of bullet vehicles 
engage at a height above that used for the MDB in 
the regulatory test. Modifications to the current 
regulatory test procedure should be considered in 
order to ensure that regulation is more 
representative of the real world accident situation. 
 
 

INTRODUCTION 
 
Struck side impacts have always presented an 
engineering design challenge in terms of provision 
of good protection to vehicle occupants. In the 
main, this is because there is generally so little 
space between the occupant and the striking object 
which reduces the scope for providing crash energy 
management unlike the situation in frontal impacts.  
Therefore in many cases, the occupants can be 
subjected to a very severe impact to the side of the 
vehicle. The seat belt can offer only reduced 
protective benefits compared to frontal impacts 
simply because of the lack of ride-down space and 
the seat belt geometry; occupants can slip easily out 
of the seat belt in side impacts. Additionally, 
because of the seated position of the occupants, 
there is potential for ejection of the head through 
the side window aperture and consequent exterior 
head contact. 
Regulations governing design of vehicles for side 
impact crashes were introduced in the European 
Union in 1996 (UNECE R95). In many cases, the 
regulation implied a change of vehicle design so 
that acceptable levels of protection were provided 
specifically to the head, chest and pelvis.  As a 
consequence, vehicles manufactured after the 
introduction of the regulation were generally 
somewhat structurally different to vehicles 
manufactured earlier. In the UNECE R95 test 
procedure, the Mobile Deformable Barrier (MDB) 
impacts the test vehicle at 50km/h and at 90-
degrees. No attempt is made to simulate the 
movement of the target vehicle. The lateral striking 
position is aligned with the occupant seating 
position rather than the vehicle wheelbase with the 
MDB centred on the R-point. The introduction of 
the EuroNCAP programme has also contributed to 
a change in design because in order to obtain a 
maximum 5-star occupant protection rating, 
vehicles are required to undergo a pole impact test. 
In order to perform well in the pole impact test, 
such vehicles need to be equipped with an effective 
head protection device (such as side curtain, 
Inflatable Tubular System (ITS)) designed to 
prevent head contacts directly on the pole. Since 
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the introduction of the regulation and also 
EuroNCAP, some studies have examined the 
changes that have been introduced from an injury 
perspective. However, lack of field data in the UK 
has prevented a rigorous examination of 
effectiveness. 
This study examines UK field data to explore a 
number of specific issues; 
 

• What has been the overall change in 
struck-side casualty figures in the UK as a 
result of the changes in vehicle design; 

• How do injury rates vary between 
regulatory and non-regulatory struck-side 
crash characteristics? 

• What are the most common AIS2+ 
injuries (and their respective contact 
sources) that occur in struck side impact 
crashes to occupants of modern European 
passenger cars. 

 
METHODOLOGY 
 
Two data sources have been used in this study:  
In the first part an analysis has been made of the 
UK National Accident Data (STATS 19). The 
STATS 19 data contains information relating to UK 
accidents resulting in human injury or death but 
does not contain any information relating to non-
injury accidents. The data gives a full 
representation of the accident situation within the 
UK but is limited in respect of detailed vehicle 
damage and casualty injury information. Data for 
the years 2001-2003 were used for this analysis and 
cars selected for inclusion based upon their year of 
manufacture. Two distinct groups were defined; old 
vehicles manufactured 1990-1992 (distinctly pre 
regulation and new vehicles manufactured 2001-
2003 – distinctly post regulation An exploration 
was made of the relative Killed or Seriously Injured 
(KSI) rates for drivers in the two scenarios, car to 
car and car to non-car struck-side impacts. The 
impact type was necessarily categorised according 
to the STATS 19 variable ‘first point of impact’ 
and is subjective to the attending police officer; it 
does not imply but gives an indication of the 
direction of force (DoF) of the impact. The 
occupant severity is as judged by the attending 
police officer at the time of the accident unless 
death subsequently occurs within 30 days of the 
accident. 
The results shown in parts 2 and 3 involve analysis 
of UK in-depth crash injury data (CCIS). The data 
for these analyses were collected between June 
1998 and February 2005. The CCIS data use a 
stratified sampling criterion to identify crashes to 
be investigated; 100% of fatal, 80% of serious and 
10-15% of slight injury crashes (according to the 
UK Government’s accident classification) that 
occur within specified geographical regions 

throughout the UK are investigated.  The sampling 
criteria also specify that injury must have occurred 
in at least one car that was at most 7 years old at the 
time of the accident. All vehicles in the study were 
towed away from the crash scene and an in-depth 
examination of each vehicle was made in recovery-
yards and garages within a few days of the 
accident. All injuries were coded using the 
Abbreviated Injury Scale (AIS) 1990 revision. Data 
were obtained medical records held by hospitals to 
which the crash casualties were admitted. For the 
purposes of the analyses presented, the data were 
selected so that vehicles sustained only one impact 
in order to more accurately relate the injury 
outcome to the specific impact event. Furthermore, 
selection was made on the age of the vehicle so that 
consideration was given only to those 
manufactured 1998 onwards. Data on only 
restrained front seat occupants was considered. 
Where appropriate, data on drivers and front seat 
passengers were combined to provide a larger 
sample of ‘struck-side’ occupants for analysis.  
 
RESULTS 
 
PART 1 – UK National Data (STATS 19) 
analysis 
 
In this section an analysis has been made of the 
STATS 19 data for the years 2001-2003. Data are 
recorded for injured occupants and although 
information can be derived from the data for 
uninjured drivers, this is not the case for front seat 
passengers (FSP). Thus, in order to best 
comprehend how injury rates have changed with 
vehicle design modification, the analysis is 
restricted to drivers in right-side crashes. The data 
are still limited in respect of the population under 
consideration; an injury has to have occurred to a 
road user for inclusion in the STATS19 database. 
Hence the analysis does not support conclusion 
relating towards complete injury mitigation. 
Two scenarios, car to car impacts (generally 
covered by regulation) and car to non-car impacts 
(not generally covered by regulation), are 
considered. The car-to-non-car impacts exclude 
impacts with vulnerable road users. It is not 
possible to determine restraint use or airbag 
deployment from the STATS19 data but it is 
considered that patterns of belt use would not have 
changed significantly during the three years worth 
of data analysed in the study. This is supported by 
observational studies carried out in the UK (TRL 
2002, 2004). The effect that belt use has in side 
impact protection is also somewhat limited.  
The population sizes for this analysis are given in 
Table 1. 
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Table 1. 
Population size struck-side crashes STATS 19 

2001-2003 

 DRIVER 
 Old cars New cars 

Car to Car 7,841 6,800 
Car to non-car 6,130 5,940 

 
Table 2 shows how the proportion of drivers killed 
or seriously injured in struck-side impacts has 
changed with vehicle age. Struck side impacts are 
defined as right side impacts for drivers (assuming 
vehicles to be right hand drive). The KSI rate is 
lower in the new cars for both of the impact 
scenarios considered. 
 

Table 2. 
KSI rates in struck-side crashes STATS 19 2001-

2003 

 DRIVER 
 Old cars New cars 

Car to Car 4.9% 3.8% 
Car to non-car 7.0% 4.8% 

 
Table 3 shows the percentage reduction in the KSI 
rates comparing the post-regulatory cars to those 
manufactured earlier. 
 

Table 3.  
Percentage reduction in KSI rates for struck-

side crashes STATS 19 2001-2003 

 DRIVER 
Car to Car 22.4% 

Car to non-car 31.4% 
 
There is some variation in the amount of benefit 
that has been seen in the scenarios considered. 
Whilst the reduction for car to car impacts is 
22.4%, the benefit in car to non car impacts is even 
greater at 31.4%. 
 

Table 4. 
Fatality rates in struck-side crashes STATS 19 

2001-2003 

 DRIVER 
 Old cars New cars 

Car to Car 0.6% 0.4% 
Car to non-car 1.5% 0.7% 

 
Table 5. 

Percentage reduction in KSI rates for struck-
side crashes STATS 19 2001-2003 

 DRIVER 
Car to Car 33.3% 

Car to non-car 53.3% 

When fatalities alone are considered, the rates 
among injured occupants are shown in Table 4 and 
the percentage reduction in the rate of fatality in 
Table 5.  
Table 4 shows that the fatality rates have also 
dropped in post-regulatory cars compared with 
earlier design for both car to car and car to non-car 
impacts. The percentage reduction in fatalities is 
more marked than when considering those also 
seriously injured. Of note here is the broad 
categorisation of injury outcome used within the 
STATS19 data. Whilst a life saved reduces the 
fatality count, reducing a severe injury to a 
moderate or serious injury (e.g. bi-lateral rib 
fractures with hemothorax to simple unilateral rib 
fractures) does not alter the ‘serious’ casualty 
classification, thus improvements within the 
‘serious’ injury outcome category are difficult to 
gauge. 
It is apparent from these results that newer vehicle 
design has benefited drivers in struck-side impacts. 
It also clear that for this impact type, in the event of 
injury, KSI outcome and indeed fatality is more 
likely in impacts other than car-to-car impacts, such 
impacts are not currently being considered in 
compulsory regulatory testing. 
 

PART 2 – In-depth data analysis - struck side 
impacts in relation to the regulatory test 
procedure 
 
This analysis uses the UK in-depth accident data 
(CCIS) to examine injury severity by body region 
to front seat occupants in car-to-car struck side 
crashes in newer model vehicles (1998 onwards). 
These are considered in relation to some 
characteristics of the ECE R95 crash test 
procedure, the direction of force of the impact and 
the closing speed of the impact. Some examination 
of the impacting height of the bullet vehicle in 
relation to the target vehicle’s sill height is also 
made.  
 
     (a) Direction of Force (DoF) Three scenarios 
were analysed; all Directions of Force including 
side-swipe type impacts (158 occupants), non-
oblique impacts (3 o’clock and 9 o’clock - 36 
occupants) and oblique frontal angles (2 o’clock 
and 10 o’clock - 40 occupants).  

Table 6. 
MAIS – struck side front occupants – all body 

regions 

 All Dof  Non-
Oblique  

Oblique  

MAIS 0,1 72.8 % 58.3 % 72.5 % 
MAIS 2,3 17.1 % 27.8 % 17.5 % 
MAIS 4+ 5.7 % 13.9 % 5.0 % 
Not 
Known 

4.4 % 0 % 5.0 % 
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Table 6 shows the MAIS score across all body 
regions.  The lowest rate of MAIS 0, 1 injury 
outcome occurs in crashes in which a non-oblique 
direction of force and consequently there is a 
higher rate of Serious injury outcome (MAIS 2, 3 – 
27.8%) and MAIS 4+ (13.9%). 
Injuries to the different body regions were then 
considered, specifically those to the head, chest and 
pelvis. Table 7 shows the Maximum AIS score to 
the head. 
 

Table 7. 
Max AIS head – struck side front occupants 

 All Dof Non 
Oblique 

Oblique 

Max AIS 
0,1 

83.5 % 80.6 % 77.5 % 

Max AIS 
2,3 

10.1 % 13.8 % 17.5 % 

Max AIS 
4+ 

1.9 % 5.6 % 0 % 

Not 
Known 

4.5 % 0 % 5 % 

 

Serious head injury is most prevalent in non-
oblique impacts, followed by oblique impacts; both 
rates are higher than when all directions of force 
are considered together. 
For chest injury (Table 8) the rate of MAIS 2+ 
injury is considerably higher in non oblique 
impacts (27.8%) than for the oblique (7.5%) and 
when all directions of force are considered together 
(11.3%). 
 

Table 8. 
Max AIS chest – struck side front occupants 

 All Dof Non 
Oblique 

Oblique 

Max AIS 
0,1 

84.2 % 72.2 % 87.5 % 

Max AIS 
2,3 

7.0 % 16.7 % 2.5 % 

Max AIS 
4+ 

4.3 % 11.1 % 5.0 % 

Not 
Known 

4.5 % 0 % 5.0 % 

 

A similar situation occurs for pelvic injuries (Table 
9). Here, the rate of serious injury in non oblique 
impacts is 13.9% compared with 5% in oblique 
impacts and 6.3% for struck side impacts in 
general. 
It is evident from the data presented in Tables 6-9 
that more serious injury outcome occurs in impacts 
with a purely perpendicular lateral component. 
 

Table 9. 
Max AIS pelvis– struck side front occupants 

 All Dof Non 
Oblique 

Oblique 

Max AIS 
0,1 

89.2 % 86.1 % 90.0 % 

Max AIS 
2,3 

5.7 % 11.1 % 5.0 % 

Max AIS 
4+ 

0.6 % 2.8% 0 % 

Not 
Known 

4.5 % 0 % 5.0 % 

 

     (b) Closing speed As a measure of the impact 
severity, the closing speeds (km/h) for side impacts 
in which there was a car to car impact have been 
calculated (where the data allowed). The closing 
speeds for crashes involving 73 struck side 
occupants in newer model cars are shown in Table 
10. 

Table 10. 
Closing speeds, struck side occupants (N=73) 

 25th 
percentile 

50th 
percentile 

75th 
percentile 

All 
severities 

34.5 km/h 46 km/h 65.0 km/h 

MAIS 2+ 43.5 km/h 62 km/h 76 km/h 
MAIS 3+ 46 km/h 70 km/h 81 km/h 
Fatalities 71 km/h 76 km/h 90.8 km/h 
 

When all occupant severities are considered, the 
50th percentile closing speed is a little lower than 
the current test speed (50 km/h). However, when 
considering occupants with ‘Serious’ injury 
outcome (MAIS 2+ and MAIS 3+) a higher closing 
speed distribution is observed and the 25th 
percentile is closer to the current test speed.  The 
closing speed for fatalities far exceeds the current 
test speed. 
It should be noted that the sample size used here is 
small (73 struck side occupants) since substantial 
pre-selection on a data set comprising only newer 
cars has been made and both cars in the accident 
needed to have a recorded Delta-V in order to 
calculate the closing speed. However the results are 
in accordance with previous work (Thomas et al, 
2003). Both this and the previous study indicate 
that Serious injury is prevalent and more frequent 
at impact speeds exceeding the current test speed 
and consideration should be given to increasing the 
test speed in order to better reflect the crash 
circumstances under which Serious injury still 
occurs in newer cars. 
 
     (c)Impact Height An analysis was then made of 
car-to-car impacts where the impact on the struck 
side was into the passenger compartment i.e. 
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middle third of the car (266 occupants). The 
analysis was made on an occupant basis to establish 
the proportion of occupants exposed to conditions 
where the sill has been overridden.  
In 64% of cases, there was direct contact upon the 
sill, however the variable used in the analysis does 
indicate whether there was or was not an override 
of the sill at the same time. In 88 out of the 266 
cases examined the bottom of the direct contact of 
the bullet car was clearly above the sill height for 
the struck side occupant, a third of cases. This is 
considered an underestimate of the number of cases 
since this represents full override and does not 
include cases where partial override may have 
occurred. In those cases where full override 
occurred, over two thirds of the bullet cars have a 
reported effective stiff structure height greater than 
390mm the current height of the MDB used in 
European regulation. It is important to note that the 
lower stiff structures on car fronts may be set more 
rearwards so it is possible that considerable 
intrusion can occur from override even when there 
is good later stage structural engagement. 
 

Part 3 – AIS 2+ injuries in struck side impacts in 
newer vehicles 
 
Front seat occupants of post regulatory cars in 
struck side crashes, irrespective of direction of 
force, are considered in this section. The data 
comprise 317 occupants with an overall injury 
outcome as shown in Table 11. 
 

Table 11. 
Front occupant injury outcome in struck side 

impacts 

 N % 
Fatal 27 8.5% 
Serious 74 23.3% 
Slight 177 55.8% 
Uninjured 39 12.3% 
Total  317 100 
 
The KSI rate in this data set is somewhat higher 
than presented in part 1 (STATS19 data) since the 
CCIS data are biased towards serious injury 
outcome. However, the purpose of the analysis in 
this section is to examine the type of serious injury 
experienced by struck side occupants and so the 
sample bias does not affect the conclusions in this 
case. 
 
In the subsequent analysis, the 350 AIS2+ injuries 
sustained by the 317 front seat occupants in struck 
side crashes are examined in more detail. Table 12 
shows the breakdown according to AIS injury 
severity of the AIS 2+ injuries. A little under half 
of the AIS 2+ injuries are in fact AIS 2, a further 

29.7% are AIS 3 and the remaining 23.8% are AIS 
4 and above.  

Table 12. 
Severity of injuries to front occupants in struck 

side impacts 

 N % 
AIS 2 163 46.6 
AIS 3 104 29.7 
AIS 4 50 14.3 
AIS 5 24 6.9 
AIS 6 9 2.6 
Total  350 100 
 
The distribution of the 350 AIS 2+ injuries across 
the various body regions is shown in figure 1. The 
largest proportion occurs to the head followed by 
the chest then the lower extremity. 
 

AIS 2+ Injuries by Body Region in 
Struck-side Crashes (N=350)
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Figure 1. AIS 2+ Injuries by body region in 
struck-side crashes. 

 
The data were then studied to examine injured body 
region by AIS score. Injuries to the head, chest, 
abdomen, upper and lower extremity (including 
pelvis) only have been included in this analysis 
since they are the only body regions which 
contribute more than 10% of the total number of 
AIS2+ injuries.   This analysis is as shown in Table 
13. 
 

Table 13. 
AIS2+ injuries to body regions 

 AIS 2,3 
N=267 

AIS 4+ 
N=83 

Head (N=97) 64% 36% 
Chest (N=80) 58.8% 41.2% 
Abdomen (N=36) 69.5% 30.5% 
Upper limb (N=48) 100% - 
Lower limb (N=67) 100% - 
 
It can be seen from Table 13 that injuries to the 
upper and lower extremity are not particularly life-
threatening since they are all rated as AIS 3 and 
below. However, the debilitating effects of AIS 2 
and AIS 3 lower limb and in particular foot/ankle 
injuries should not be under-estimated (Morris et 
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al, 2006). For head, chest and abdominal injury, of 
those rating AIS2+, a further 30-40% rate as 4+. 
AIS 4+ injuries represent a greater threat-to-life 
particularly when multiplicity of injury occurs.  
The next analysis examines injury types for the 
main body regions injured. These are as shown in 
Tables 14 to 18.  
 

Table 14. 
Head injury typology in struck-side impacts 

INJURY TYPE N % (OF 
ALL 

AIS2+ 
INJURIES) 

Cerebrum injury (including 
contusion, laceration, 
haematoma, cerebral oedema, 
etc) 

44 12.6 

Skull fracture (including 
fracture to skull base and 
vault) 

26 7.4 

Unconsciousness for more 
than 1 hour 

14 4.0 

Other injury (including brain-
stem, cerebellum etc) 

13 3.7 

Total  97  
 
Table 14 shows that injuries to the cerebrum are a 
particularly common injury in struck-side impact 
crashes followed by skull fractures. In many cases, 
these injuries occur simultaneously but this study 
has not examined multiplicity of injury.  In total, 
cerebrum injuries comprise almost 13% of the total 
number of AIS 2+ injuries in struck-side impacts. 
 

Table 15. 
Chest injury typology in struck-side impacts 

INJURY TYPE N % (OF ALL 
AIS 2+ 

INJURIES) 
Up to 3 fractured ribs 17 4.9 
More than 3 fractured ribs 14 4.0 
Sternum fracture 7 2.0 
Lung injury (including 
contusion, laceration)  

27 7.7 

Aorta laceration 5 1.4 
Other injury 10 2.9 
Total  80  
 
As can be seen from Table 15, fractures to the ribs 
in struck-side impacts (at all severities) comprise 
9% of the total number of AIS2+ injuries in struck-
side impacts. However, lung injuries (including 
particularly laceration and contusion) are also 
relatively frequent. Again, rib fractures and lung 
injuries do occur simultaneously but this effect has 
not been considered in this study.  
 

Table 16. 
Abdomen injury typology in struck-side impacts 

INJURY TYPE N % (OF ALL 
AIS2+ 

INJURIES) 
Liver injury (including 
laceration, contusion) 

16 4.6 

Spleen injury (including 
laceration, rupture) 

12 3.4 

Other injury 8 2.3 
Total  36  
 
In Table 16, AIS 2+ abdominal injuries do not 
occur nearly as frequently in struck-side impacts 
when compared to injuries in other body regions. 
However, injuries to this body region do comprise 
over 10% of the total numbers of injuries in side 
impacts. Furthermore, just under one-third of 
abdominal injuries are rated as AIS 4+ and are thus 
associated with a relatively high risk of mortality.  
 

Table 17. 
Upper extremity injury typology  in struck-side 

impacts 

INJURY TYPE N % (OF ALL 
AIS 2+ 

INJURIES) 
Clavicle fractures 16 4.6 
Ulna/radius fracture 15 4.3 
Humerus fracture 6 1.7 
Metacarpus/carpus 5 1.4 
Other  6 1.7 
Total 48  
 
Whilst AIS 2+ upper extremity injuries are 
relatively common in side impacts, they are not 
usually rated above AIS 3 in terms of threat-to-life. 
Clavicle, radius and ulna fractures were found to be 
the most common injury types in side impacts as 
shown in Table 17. 
 

Table 18. 
Lower extremity injury typology in struck-side 

impacts 

INJURY TYPE N % (OF ALL 
AIS 2+ 

INJURIES) 
Pelvic fracture  25 7.1 
Femur fracture (shaft, 
trochanter, condylar) 

19 5.4 

Tibia 8 2.3 
Fibula 7 2.0 
Other  9 2.6 
Total 67  
 
Table 18 shows that pelvic and femur fractures 
make up the majority of AIS 2+ lower extremity 
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injuries in side impacts comprising 12.5% of the 
total number of AIS 2+ injuries.  Below-knee 
injuries were relatively uncommon in comparison 
and foot/ankle fractures were found to be very rare 
in side impacts. However, all of the lower 
extremity injuries were rated as AIS 2 or 3 and are 
thus associated with a low probability of mortality. 
The injuries described above make up 94% (from 
Tables 14-18) of the total injuries that were 
sustained by struck-side front-seat occupants in 
side impact crashes. 
Contact sources for these AIS2+ injuries were then 
analysed in order to establish the most frequent 
source of contact in (or exterior to) the vehicle.  
These are as shown in Table 19, which shows a 
number of interesting findings. Firstly, AIS 2+ head 
injuries were found to be associated with contacts 
on exterior objects usually the exterior surfaces of 
bullet vehicles and also direct contact on poles and 
trees. When head contact on the vehicle interior 
surface occurred, it usually involved interaction 
with the A or B pillar or the header-rail. Chest 
injuries tended to occur as a result of contact with 
the door which was also the case for abdominal 
injury in high severity crashes. The door region was 
also responsible for injuries to the upper and lower 
extremity. It is interesting to note that the airbag 
(both side/frontal) was thought to be responsible for 
approximately 10% of injuries to the upper 
extremity although whether this is due to direct 
interaction with the airbag or through ‘fling’ onto 
interior surfaces is uncertain.  
 

Table 19. 
Contact sources for AIS 2+ injuries in struck-

side impacts 

MAIN  
INJURY 
CONTACT 
SOURCES 

1 2 3 

Head External 
contact 
(54%) 

B-Pillar 
(19%) 

A-Pillar 
(10%) 

Chest Door/B-
pillar 
(68%) 

Seatbelt 
(10%) 

External 
contact 
(8%) 

Abdomen Door/B-
pillar 
(56%) 

Not 
known 
(22%) 

External 
contact 
(17%) 

Upper 
Extremity 

Door  
(63%) 

Not 
known 
(13%) 

Airbag 
restraint 
(10%) 

Lower 
Extremity 

Door/ 
footwell 
(68%) 

Footwell/ 
Facia 
(30%) 

- 

 
 
 
 

DISCUSSION 
 
This paper highlights the success of regulation and 
also EuroNCAP in improving vehicle design for 
better crash protection. Benefits are clearly seen for 
drivers involved in struck side impacts. Changes 
that have been made and have given an apparent 
benefit to drivers in struck side in car-to-car 
impacts have also benefited drivers in struck side 
car-to-non-car impacts. 
Despite the enormous improvements to vehicles in 
terms of safety, most vehicle occupants who are 
killed in side impact crashes die as a result of 
sustaining head or chest injury. Whilst there is 
some activity on-going in terms of head protection 
(e.g. EEVC proposed test procedure, optional pole-
test as part of EuroNCAP, head protection airbags/ 
side curtains), there is no specific procedure to 
exclusively consider chest protection, although side 
airbag technology is available. Additionally, a 
recent study by Morris et al (2005) indicated that 
whilst head bags seemed to offer increased 
protection in struck-side impacts, the same was not 
evident for chest bags, particularly those that were 
seat mounted. 
The remaining problem for chest injury is 
somewhat surprising since the vehicle industry can 
meet the requirements of the current regulations 
governing side impact (i.e. UN-ECE R95) 
relatively easily and no issues concerning chest 
injury are detected in compliance testing. This 
could be because many vehicles are designed such 
that loading is applied directly from the vehicle B-
pillar/door structure to the pelvis thereby removing 
the potential for loading via intrusion to the thorax 
by pushing the dummy sideways. However, the 
same will only apply in real-world situations if the 
transfer of load from the pelvis to the chest through 
the lumbar spine is correctly represented in the test 
dummy. This is probably not achieved in the 
EuroSID dummy but could be better predicted by 
the WorldSID dummy. 
The analysis of injury severity in relation to the 
direction of force confirms that, in newer model 
cars, higher rates of Serious injury outcome for 
struck side occupants are apparent in non oblique 
impacts compared with oblique impacts and struck 
side impacts on the whole (irrespective of the 
direction of force). This is particularly the case for 
the chest, abdomen, pelvis and struck side limbs 
but not the case for head impacts.  
With respect to the impact speed, it is evident that 
in newer model cars ‘Serious’ injury outcome 
occurs at crash speeds above that used in the 
current crash test. In order to predict and monitor 
these Serious injuries, consideration should be 
given to modifying the existing side impact test 
speed to better reflect that in which Serious injury 
occurs in real world crash situations. 
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A sizeable proportion of bullet cars contact the case 
car above sill height. It is anticipated that this 
proportion will grow as SUV/MPV type vehicles 
become increasingly more prevalent in the fleet. 
Consideration should be given to the structure and 
point of impact of the Mobile Deformable Barrier 
(MDB) in the side impact test procedure in light of 
the changing vehicle fleet. 
Current test procedures only represent car-to-car 
impacts - however car to pole impacts are an 
important consideration (highlighted here in the 
analysis of injury contact sources, particularly for 
head injuries). EEVC have developed a pole-test 
procedure which could be used to monitor the 
situation for head protection but further 
modifications would be required to address chest 
protection in pole impacts. 
Serious chest and abdominal injuries are however 
more likely to occur through direct contact with the 
intruding side door. Devices such as door and seat 
mounted chest air bags have been introduced to 
cushion the effects. However, as previously 
mentioned, there is no evidence to show that these 
have been effective. Continued monitoring of the 
effectiveness of side airbags is required including 
an assessment of the situation for out of position 
occupants with a view to the development of pre-
crash sensing that would allow for early 
deployment. Additional countermeasures could 
include increased bolstering/padding of the interior 
door surfaces. 
A further consideration, though not examined in the 
analysis presented here, is the interaction effect on 
struck-side occupants of non-struck side and rear 
seat occupants. The European regulation only 
requires a dummy in the front struck-side position.  
There is potential to make better use of other empty 
seats in order to monitor occupant interaction in the 
current test. 
 
CONCLUSIONS 
 

• Post regulatory vehicles offer improved 
protection for front occupant in struck-side 
crashes 

• Rates of serious injury outcome are 
highest in non-oblique impact modes, in 
accordance with the current regulatory 
test. 

• However, the CCIS data indicate that 
serious injury occurs at speeds exceeding 
those in the current regulatory test and that 
a sizable proportion of bullet vehicle 
engage at a height above that used for the 
MDB in the regulatory test. 

• Serious head and chest injuries continue to 
present a threat to life in post regulatory 
vehicles, for head injuries the major 
contact source is with an external object 

(bullet vehicle, tree, pole) whilst for chest 
injuries the most prevalent contact source 
is the side door. 

• A continued monitoring of the 
effectiveness of side airbag protection is 
required. 

• Modifications to the current regulatory test 
procedure should be considered in order to 
ensure that the test best represents the real 
world accident situation that reflects more 
involvement of newer cars with improved 
safety. 
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ABSTRACT 

The injury characteristics of tempered and laminated 
side glazing during collisions are analyzed. This 
study is based upon a comprehensive literature 
review, fundamental design analysis, and the results 
of numerous statistical studies with particular 
emphasis on the injury rates associated with the 
tempered and HPR laminated windscreens that were 
used concurrently in Europe in the late 1960s and 
1970s. Comparative aspects of laceration, ejection, 
impact, eye injury, and entrapment are detailed. It is 
shown that the occupant is most seriously threatened 
by partial or complete ejection which can be 
effectively mitigated by laminated glazing. It is also 
shown that the most common glazing-related injury is 
laceration, the incidence of which is also reduced by 
laminated glazing. Injury statistics conclusively 
demonstrate that for each injury mechanism studied, 
laminated side glazing offers superior occupant 
protection. The relative merits of the two glazing 
materials are discussed from the cost, security, and 
comfort/convenience perspectives. The results of 
testing of currently marketed side glazing technology 
are also presented. The study is limited by the 
disproportionate use of tempered side glazing in 
vehicles on the roadway at the time of writing, and 
that instances of laminated side glazing preventing 
ejection related serious injuries are not fully reported. 
New contributions include the comprehensive nature 
of the study, testing, and analysis.  

INTRODUCTION 

Automobile side glazing is generally composed of 4 
to 5 mm thick sheets of either tempered safety glass 
(TSG) or laminated safety glass (LSG). It usually 
demonstrates simple (single axis) or complex 
(multiple axes) curvature. The majority of passenger 
vehicles on the roadway today come equipped with 
tempered side glass, but recently laminated side glass 
has increasingly been used for its safety and 
convenience benefits [21].  

The American regulation governing automobile 
glazing is found in 49 CFR Ch. V, 571.205; Glazing 
Materials [1], which indicates that the purposes of 
the standard are to: 

1. �Reduce injuries resulting from impact to 
glazing surfaces 

2. �Ensure a necessary degree of transparency 
in motor vehicle windows for driver 
visibility 

3. �Minimize the possibility of occupants 
being thrown through the vehicle windows 
in collisions.� 

The federal regulation incorporates by reference a 
non-governmental standard, ANSI/SAE Z26.1, last 
revised in 1996 [5], which provides for material 
performance. Neither the FMVSS 205 nor the ANSI 
Z26.1 governs the overall safety performance of the 
glazing system. 

The rise in popularity of sport utility vehicles (SUVs) 
has brought about serious occupant safety issues.  
With their relatively high center of gravity and 
narrow track width, these vehicles roll over much 
more easily than do sedans. Thus, ejections through 
window openings have also risen.  Even with a 
significant rise in national seat belt usage, the fatal 
ejection rate has not proportionately diminished [39]. 
The National Highway Traffic Safety Administration 
(NHTSA) has recently investigated the requirement 
for occupant retention side glazing within 
automobiles in positions other than the windshield 
and ultimately decided against mandating this 
technology [15;39;40;42;43]. Within their analysis, 
NHTSA did not look at injuries such as laceration, 
entrapment, and eye trauma. This present research 
analyzes previous NHTSA work, compares injury 
mechanisms not investigated by NHTSA within their 
advanced glazing work, and presents the results of 
new testing.  Statistical analyses focus on 1999, the 
last year for which data was available at the time of 
making the decision not to implement occupant 
retention side glazing across the US fleet. 
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LAMINATED GLASS 

Laminated glass is the original safety glazing 
material. Automotive �safety glazing material� was 
first defined in 1938 by the American National 
Standards Association, which wrote, �Specifications 
and methods for safety glazing material (glazing 
material designed to promote safety and reduce or 
minimize the likelihood of personal injury from 
flying glass material when the glazing is broken) as 
used for windshields, windows, and partitions of land 
and marine vehicles and aircraft (emphasis added) 
[4]. This definition was subsequently altered, and the 
most recent revision defines �safety glazing materials 
as, �A product consisting of organic and/or inorganic 
materials so constructed or treated to reduce, in 
comparison with annealed sheet, plate, or float glass, 
the likelihood of injury to persons as a result of 
contact with these safety glazing materials when used 
in a vehicle, whether they may be broken or 
unbroken, and for which special requirements 
regarding visibility, strength and abrasion resistance 
are set-forth� [5]. 

Factory automotive laminated glass is almost 
universally of �trilaminate� construction featuring 
two plies of solar-tinted soda-lime glass sandwiching 
a sheet of polyvinyl butyral (PVB) that provides the 
impact toughness that the glass cannot. In the early 
1960s, the formulation of laminated automotive 
glazing (principally for the windshield) was 
fundamentally changed for the US market to improve 
its safety properties [3]. The PVB interlayer thickness 
was doubled to 0.030� (0.76 mm), and controlled 
adhesion of the plies replaced maximum adhesion. 
Impact testing of HPR (High Penetration Resistant) 
laminate shows that full penetration with a 10 kg (22 
lb) headform are uniformly high, e.g. 44 kph (28 
mph) [49], and 48 kph (30 mph) [47]. This design 
requires approximately three times the kinetic energy 
for a blunt impactor to penetrate compared to a 
tempered lite [14]. 

Besides the safety advantages that are described 
herein, laminated glass demonstrates numerous 
ancillary advantages [11]. These include reduced 
ultraviolet transmission and associated fabric fade, 
noise attenuation, security (intrusion resistance), 
higher optical quality, superior visibility when 
broken, replacement ease, and infra-red load 
reduction with proper interlayer coating. A trade 
group, the Enhanced Protective Glass Automotive 
Association (EPGAA) [21] promotes the usage of 
LSG for its desirable safety, comfort and 
convenience properties.  

TEMPERED GLASS 

Tempered glass is the dominant glazing for 
automotive side lites, and has been since the early 
1960s when it almost completely displaced laminated 
glass in these positions for economic reasons [56; 
57]. The American Society for Testing and materials 
(ASTM) standard C1048-04 [6] specifies two basic 
levels of surface compression as a result of thermal 
treatment, types FT and HS. Type FT (fully 
tempered) generally has a minimum surface 
compression of at least 69 MPa (10,000 psi) or an 
edge compression of at least 67 MPa (9,700 psi). 
Fully tempered glass is generally considered to be 
four times as strong as annealed glass. Moveable 
monolithic side window glazing is always fully 
tempered glass. Type HS (heat strengthened) glass 
has a surface compression of 24-52 MPa (3,500-
7,500 psi). Heat strengthened glass is approximately 
twice as strong as annealed glass, and has similar 
fracture characteristics. Most laminated side glazing 
in fixed window positions retains at least some heat 
strengthening as consequence of the forming process 
(that is, it is not annealed back to a stress free state 
after bending). 

When properly constructed, the majority of fragments 
created during controlled fracture of tempered glass 
are relatively small and blocky. The pertinent federal 
standard, Federal Motor Vehicle Safety Standard 
(FMVSS) 205, Glazing Materials [1], requires that, 
post fracture, no piece away from the periphery or 
crack initiation site remains uncracked or has a 
weight exceeding 4.25 g (0.15 oz). However, uneven 
tempering, bending, or twisting of the lite prior to 
fracture can produce splines, which are fragments 
with large aspect ratios. If the crack produced by the 
tensile separation within the glass during the 
fracturing process does not extend to the surface, then 
large, internally cracked fragments remain, and are 
more potentially injurious than are blocky fragments.  

The principal advantages of tempered glass are its 
reduced cost compared to laminated and its strength 
in compression and bending. Its strength provides 
lower scrap rates in production and increased blunt 
impact and shock performance. Further, its properties 
are temperature independent. It can be thinner and 
lighter than laminated side glass, and does provide 
some modest level of occupant ejection mitigation. 
Unlike HPR laminated glass, tempered glass cannot 
be used within the vehicle without restriction; 
tempered glass may not be used within the 
windshield, either alone or as one or more plies of the 
laminated construction. 
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GLAZING-RELATED INJURY STATISTICS 
FOR MAJOR ACCIDENTS 

According to the NHTSA publication, �1999 Traffic 
Safety Facts [41] for the year 1999, there were 
6,279,000 accidents recorded, of which 2,990,000 
were towaway [17] and 277,000 of those towaway 
accidents involved rollover [41]. Figures 1 and 2 
provide side-glazing related serious and non-serious 
injury estimates for towaway accidents based upon a 
variety of sources detailed herein. There were 
approximately 227,500 injuries due to flying 
tempered glass fragments, making this the dominant 
injury mode [17]. Flying tempered glass fragments 
cause almost exclusively non-serious injuries, with 
only one serious chest injury recorded within the 
1999 NASS-CDS database. The �head/neck impact� 
category indicating ~41,300 non-serious and 740 
serious injuries refers to non-lacerative contact 
injuries (i.e., concussion, contusion, dislocation, 
fracture, sprain and strain). For side glazing, the 
lacerative injuries were estimated to be 20,000, all of 
which were non-serious [17]. 

Side glazing related serious injuries and deaths are 
totally dominated by ejection, with approximately 
13,100 instances in 1999 coupled with an additional 
~18,800 ejection-related minor injuries [42]. The 
national estimate of glazing-related ocular injuries 
gives 2,030 occurrences. All of these were coded as 
minor (non-serious), as almost all eye injuries 
including total blindness are considered to not be life-
threatening [17]. By using historical data [28;17], 
instances of permanent vision degradation from 
glazing (including windshields) can be estimated at 
approximately 520 for 1999. The estimate done for 
this research of true instances of glazing-related 
entrapment (not injury) that is shown in Figure 1 is 
600, based upon the number of towaway accidents 
recorded for 1999 and historic data [17;12]; note that 
entrapment does not necessarily indicate injury. The 
statistics cited indicate that, excluding ejection, 
99.5% of side glazing related injuries are not serious. 

By comparison, HPR windshields yielded 99,015 
total laceration injuries in 1999, of which only 202 
were serious or fatal. This represents 0.2% of 
interactions [17]. The incidence of windshield 
ejection was approximately 4,420 averaged over 
1995-1999 [40] using fatalities as adjusted to the 
1999 FARS. Approximately 8.6% of glazing 
ejections are through the windshield, while frontal 
collisions represent well over 50% of collisions [41]. 

1999 Side Glazing Serious Injury Statistics

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

Mechanism

O
cc

u
re

n
ce

Magnitude 13,074 740 600 83 0 0

Ejection Head / Neck Entrapment Flying Glass Laceration Eye Injury

 

Figure 1: Estimates of side-glazing related 
serious injury occurrence by type. 

1999 Side Glazing Non-Serious Injury Statistics
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Figure 2: Estimates of side-glazing related  
non-serious injury occurrence by type. 

INJURY MECHANISM ANALYSIS 

Injury from glazing contact has long been of concern. 
Both tempered and laminated glazing designs of 
today produce fewer injuries than did previous 
formulations. Fewer vehicles produced today contain 
laminated side glass than do tempered; it is not 
possible at this time to conduct a robust statistical 
analysis of injuries in rollover collisions comparing 
the two, but current and previous work is sufficient to 
give a relative injury comparison. 

Digges and Eigen [20] showed that in multiple-roll 
rollovers the rate of injury, even for unrestrained 
occupants, is less than 5% regardless of the number 
of rolls, Figure 3. For ¼-roll collisions, 
approximately 94% of the severely injured occupants 
received their injuries either from impact with 
another vehicle or from impacts with fixed objects 
(e.g., trees, poles) either before or during the rollover. 
The injury rate for one quarter-turn collision involved 
vehicles that do not impact other vehicles or fixed 
objects is less than one per 100 exposed. 
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Dark = Pure roll-related injury;
Light = Injury due to impact with fixed objects or vehicles
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Figure 3: Injury rate of unbelted non-ejected front 
seat age 12+ occupants with serious injuries in 

rollovers by number of quarter-turns [20]. 

Partial and Complete Ejection 

The greatest risk of serious occupant glazing-related 
injury is associated with ejection through the 
window. Previous work [8;9] has detailed the failure 
mechanisms of side glazing facilitating ejection. 
Window size is also important; ejection through 
glazing from 2-door cars is twice as likely as it is 
with 4-door vehicles [19]. This is the reason that side 
window sizes of school buses are restricted. Three-
point passive safety belts are principally designed for 
frontal impact injury mitigation, particularly those 
with B-pillar mounted D-rings. During the chaotic 
motion generated by highway speed rollovers, even 
initially properly-belted occupants can be partially or 
fully ejected, Figure 4. Seat belts are not a panacea. 
Digges showed that although a consistent majority of 
rollover fatalities were determined or believed to have 
not been wearing their seat belts, a substantial 28% 
were, in fact, restrained but died anyway [18]. If 
ejected, the chances of serious injury and fatality 
increase. Estimates of the increased risk of MAIS 3+ 
injury due to ejection range up to 40 times as high for 
ejected vs. non-ejected occupants [36;39]. 

The study presented in Table I indicates the 
percentage of serious injuries and fatalities to 
occupants who remained in their vehicles during light 
vehicle rollover [16]. The findings indicate that 
approximately 4% of unbelted occupants incur severe 
injury or death in rollovers when completely 
contained. For those occupants who remain belted 
throughout the rollover accident, the percentage 
declines to less than 3%.  

 

 
 

 

Figure 4: Sport utility vehicle rollover with 
sunroof ejection, probable 3 complete rolls [29]. 

Table 1: Percentage of serious injuries  
(MAIS 3-5) and fatalities sustained by occupants 

in light vehicles during rollover [16]. 

Restraint No Ejection Complete Ejection 
Unbelted 4.2 34.9 

Belted 2.5 40.8 
 
It has long been recognized that tempered side glass 
is brittle and contains little or no inherent energy-
absorbing capability [56]. Once broken at any point, 
it can no longer offer any occupant containment and 
in fact becomes more hazardous than a moveable 
window that has been retracted. As early as 1968, 
HPR laminated side glazing has been described as 
�state of the art� for energy absorption and occupant 
containment [26]. Significantly, the �P� in HPR 
refers specifically to occupant ejection mitigation, 
rather than impact protection from outside objects 
[47]. The change to the HPR windshield in the mid 
1960s occurred after the domestic auto industry 
exchanged laminated side glazing for tempered in the 
early 1960s, and therefore the entire vehicle did not 
take advantage of this new technology. 

Occupant retention side glazing for passenger vehicles 
has been effectively demonstrated by Clark and Sursi 
[13], who used 8 dolly rollover tests to show 100% 
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effective occupant containment, even for those 6 tests 
with unbelted first row anthropomorphic test dummies 
(ATDs). A set of pictograms currently applied to 
many St. Gobain laminated glass side windows is 
shown in Figure 5, indicating its energy absorption 
capability, showing occupant retention at lower left, 
and intrusion resistance at lower right. 

 

Figure 5: Laminated side glazing pictograms 
signifying “occupant containment” (left) 
and “exterior impact resistance” (right). 

The proof of the efficacy of laminated glass is shown 
in the two photographs of Figure 6. The top photo 
shows an ATD impact into a Volvo S80 right rear 
door at an initial inclination angle of approximately 
17o at a nominal 16 kph (10 mph). The second photo 
at bottom shows a laminated S80 front door with two 
surface chips indicating a foiled entry attempt. 

Statistical work by Batzer, et al. [10] indicates that 
vehicles with commercial first row moveable 
laminated side glazing that is not optimized for 
occupant retention still produce fewer occupant 
ejections than do equivalent vehicles with tempered 
first row side glazing. Other technologies are 
available to rollover collision injuries. The most 
promising seems to be electronic stability control to 
prevent such accidents and side curtain airbags that 
are purpose-designed to contain occupants rather than 
to only provide impact amelioration. Laminated side 
glass provides a reaction surface for these airbags, 
increasing their effectiveness.  

 

Figure 6: Volvo S80 glass impact performance -
containment (top); security (bottom). 

Occupant to Glazing Impact 

Historically, the vast majority of neck and head 
injuries in automobile crashes result from contacts 
with relatively rigid structures such as the pillars and 
rails [45]. To address this, the FMVSS 201, Occupant 
Protection in Interior Impact, requires energy 
absorbing materials on various components. As part 
of their occupant retention glazing analysis 
[39;40;42], the National Highway Traffic Safety 
Administration (NHTSA) conducted a study 
including the scope of current injury rates, technical 
feasibility, cost, tradeoffs, and potential benefits and 
disbenefits, particularly for ejection injuries 
prevented and possible increased occupant-to-glazing 
contact injuries. Various side glazing materials were 
studied including monolithic tempered as the 
baseline, HPR trilaminate, a non-HPR trilaminate, 
polycarbonate (monolithic rigid plastic), and glass-
plastic bilaminate. NHTSA conducted free-motion 
headform tests to measure HIC (head injury criterion) 
indicating potential brain injuries, side impact sled 
tests to measure potential neck injuries, and virtual 
rollovers of human models capable of giving injury 
data. 
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For a frontal barrier crash at 48 kph (30 mph), the 
FMVSS 208 [2] sets the maximum permissible HIC 
(Head Injury Criteria) level at 1000 for 36 ms (HIC 
36) as defined by:  
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where: a is the resultant head acceleration; t2-t1 = 36 
ms; and t2 and t1 are selected to maximize HIC. It 
should be noted that, then as now, no injury criteria 
in side impacts to the head for either HIC or other 
injury mechanisms are generally agreed upon by 
NHTSA. During side impacts and rollover collisions, 
the head and shoulders can hit virtually any portion 
of the glazing. Two points, the upper rear corner of 
the glazing and the approximate geometric center 
were chosen by NHTSA for study, Figure 7: 

 

Figure 7: NHTSA targeted glazing impact 
locations [40]. 

NHTSA�s free motion headform tests indicated that 
head and brain injury are both unlikely with any side 
glazing formulation considered. A combination of 
hits to the geometric center of the glazing and the 
upper rear corner were used; their averages are 
shown in Figure 8. Note that for this and the 
following NHTSA graphs, the number of individual 
tests per glazing type is included in parenthesis.  
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Figure 8: Average of center and corner impact 
HIC values for 23.6 kph strikes [40]. 

As expected, unbroken lites produce a greater injury 
potential than do broken lites that fail to completely 
retain the headform. The increased rigidity of the 
tempered lites ensured a higher HIC when unbroken. 
However, when broken, the HPR lites, with their 
greater retention capability showed a higher HIC 
value. None of the testing of tempered or HPR side 
lites showed values close to 1,000, which is an agreed 
to threshold for serious injury.  

NHTSA also performed HYGE sled tests, moving 
doors containing experimental lites at speeds of up to 
24 kph (15 mph) into the ATDs. To determine the 
maximum neck injury potential of such impacts, the 
dummy was tilted to about 26o toward the glazing to 
help ensure that initial contact was by the head, rather 
than the shoulders, maximizing neck loading, rather 
than realism. In actual rollover collisions, occupant to 
glass loading is generally substantially less than 24 
kph [10], and in side impact collisions the shoulders 
typically impact the window prior to the head, 
affording head and neck protection. The rigidity of 
the Hybrid-III neck ensured the neck orientation 
remained as desired. The values determined for the 
tests using the experimental glazing panels are given 
in the Figures 9-11. Note that there were not, and are 
not, neck injury criteria for side impacts that are 
generally accepted by NHTSA researchers. The 
criteria given by NHTSA in two different 1999 
publications [22;40] differ significantly. 

Figures 9-11 show five individual data points per set 
of tests; 2 tempered, 3 HPR. The white portion within 
the center of the bars shows the minimum, mean, and 
maximum values of the test. Again, the number of 
tests performed is shown in parenthesis on the 
horizontal axis. The dark band which extends past the 
maximum and minimum values gives a confidence 
interval of the mean, by assuming that occupant to 
glazing impacts are Gaussian (normally) distributed.  
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Figure 9: Axial compressive force [40]. 
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Figure 10: Moment about occipital condyle [40]. 
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Figure 11: Lateral shear force [40]. 

As is shown, significant variability was measured in 
lateral neck shear loads, axial compression, and 
moments about the occipital condyles. Further, the 
dearth of measurements (2 tempered tests, 3 HPR 
laminate tests) ensures that the confidence intervals 
of the mean are very broad and overlap for the two 
glazing materials for each injury mechanism. It was 
observed that occupant to glazing impacts were, in 
general, more severe with HPR laminated than 

tempered for the limited data set presented. However, 
the occupant usually does not strike tempered glass in 
rollover collisions with sufficient force to cause 
fracture, as the glazing is already broken out due to 
body flexure and ground impact forces  [16;36]. 

NHTSA�s experimental work demonstrated that 
currently available HPR glazing used in side 
positions is capable of retention, has low HIC values 
and probably does not exhibit a potential for head or 
neck injury for healthy occupants at likely rollover 
impact velocities. In fact, NHTSA declared, ��even 
if there can be small increases in low level neck 
injury, it is anticipated that the fatality prevention 
benefit of advanced glazing would likely greatly 
outweigh any such disbenefits� [40]. 

NHTSA�s work has confirmed previous insights. 
When tempered glazing was being compared to the 
old style, non-HPR laminated glazing in the 1960s, 
the similarity in impact trauma was recognized. 
Patrick stated in his 1995 SAE paper [46] 
�Laminated side glass would not be hazardous from 
an impact standpoint (except for laceration) when 
struck with the glass in its normal position.� 

A further comparison can be made with non-HPR to 
HPR type windshields. The resistance to penetration 
dramatically increased with this newer technology, 
and could presumably have caused more blunt impact 
trauma. According to Kahane [30], �With pre-HPR 
glazing, there was a 50 percent probability that an 
unbelted occupant would penetrate the windshield in 
a frontal crash with a Delta V of 14 miles per hour. 
With HPR glazing, the likelihood of penetration does 
not reach 50 percent until the Delta V is 31 mph.� 
The difference between these two velocities for a 
fixed occupant mass is 120% greater momentum and 
390% greater kinetic energy. Kahane continues, 
�HPR windshields had little or no observed effect on 
injuries characteristic of blunt impact trauma: 
concussions, contusions and complaints of pain.� 

Rushworth, et al. [50], agree with Kahane. They 
estimated in the late 1960s that tempered windshields 
outnumbered laminated windshields in Australia by 
8:1. Further, these 6 mm (quarter inch) nominal 
thickness tempered windshields required up to 9,100 
N (2,050 lbs) to fracture. Yet, ��no serious closed 
head injuries from impact with the windscreen alone 
have been encountered by us�this aspect appears to 
be unimportant.� Sances, et al., showed through drop 
testing of Hybrid-III dummies that the potential for 
neck injury due to impact into laminated side glazing 
is low in rollovers [51;52]. 
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Entrapment 

Testing and experience show that neither tempered 
nor laminated glazing is easy to penetrate without 
tools. Quasi-static pushout tests of moveable side 
lites show production tempered glass to take over 500 
lbs of force without fracture. While laminated glass 
can be kicked through with multiple impacts, 
tempered glass will not progressively damage, and 
will resist most human attempts at fracture.  

The Cornell Aeronautical Laboratory studied 
regarding automobile glazing as an injury factor in 
accidents [12]. They indicated that entrapment was 
extremely rare, and requires all of the following 
conditions to be true (emphasis in original text): 

� �All car doors jammed shut or otherwise 
blocked, and 

� �All windows rolled up, and 

� �All windows jammed such that they could 
not be rolled down, and 

� �All glass surfaces intact.� 

Additionally, the occupant(s) must have survived the 
initial accident to make egress relevant. The 
researchers studied 30,000 accidents, of which only 
755 cases presented a situation in which escape 
through the doors was not possible. �In only 12 of 
these was there a need for immediate escape because 
of fire or immersion. In none of the 12 was there a 
clear-cut indication that egress depended upon the 
necessity for breaking a glass surface. Three hundred 
of the 755 were studied individually and the 
indications were that egress would have been 
possible without resorting to breaking glass in most, 
and perhaps all, cases�it stated with confidence that 
the number is extremely small.� 

The findings of the Cornell report were supported by 
the Submerged Vehicle Safety study [31]. This report 
listed as its purpose, �to determine the sequence of 
events when automobile is suddenly submerged in 
water deeper than the vehicle itself, what passengers 
can do to save themselves, and how passengers can 
be rescued�. Four passenger cars were used for data 
acquisition and three others were used for test 
feasibility studies. A total of forty-nine tests were run 
using a 4 meter deep pool. The recommendations 
regarding proper actions required 20 pages of text 
and a 20-minute film in explanation. Escape 
recommendations included: 

�Following impact, for a vehicle entering on its 
top, the occupant can escape by keeping his head 
against the floorboard, inhaling deeply, and 
leaving the vehicle through the open windows 
which are under the surface. 

�If the occupant is unable to escape through the 
front windows after impact, he should position 
himself to the rear of the passenger compartment 
in the existing air so as to provide more time to 
plan his escape, as the vehicle will descend to 
the bottom on its top, engine first. Escape at this 
time can be accomplished through an open 
window, or by opening a door.� 

According to Morris, et al. [38], �whether using 
laminated side and rear glass would in fact make it 
difficult for an entrapped occupant to escape can only 
be speculated at this stage since field data is not 
available to allow conclusions to be drawn.� They 
conclude, �In summary, we have shown that ejection 
is an undesirable outcome and that retention is more 
desirable. Introduction of any alternative security 
glazing material in the side and rear windows would 
be welcome, especially as it is anticipated that it 
would reduce the incidence of ejection.�  

Patrick�s analysis of available glazing materials [46] 
affirmed that laminated glass gives a slight 
performance edge over tempered in entrapment 
situations. However, he felt that this was not even of 
concern in Holland, which has a high number of 
canals along the roadways. Hassan, et al. [25] studied 
the implications of laminated side glazing for 
occupant safety, and determined that �occupant 
entrapment is not likely to be a major problem.� 

Laceration 

The dominant glazing injury mechanism, by far, is 
that of laceration [46;57]. By studying the leading 
automobile accident mode, the frontal collision 
(representing ~60% of all accidents for passenger 
vehicles and light trucks [44]), it is possible to gain 
insight into the lacerative potential of windshields, 
and by extension, tempered and laminated side 
glazing. The contact mechanics are comparable, and 
in Europe, tempered windshields were produced side-
by-side with HPR-formulated windshields for years. 
Field experience has led Western Europe to follow 
the United States in requiring HPR laminated glazing 
for all windshields of passenger vehicles.  

Patrick, et al. [48], wrote that, �Severe lacerations 
resulted in all impacts in which tempered glass broke. 
Less severe lacerations were found for the laminated 
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windshield impacts at comparable speeds.� They go 
on to indicate that the consensus of German 
researchers in the 1960s was that penetration of 
tempered windshields caused severe facial lacerations 
and eye injuries ranging from minor to total loss of 
sight. They recommended the usage of laminated 
over tempered windshields due to the 
disproportionate number of injuries, particularly 
laceration, caused by tempered glass. 

 

Figure 12: Laceration source from tempered glass 
fragments, fractured fixed quarter lite. 

The superiority of HPR windshield glass over the 
previous formulation is universally recognized, �HPR 
windshields have already been informally evaluated. 
The dramatic reduction in the demand for facial 
plastic surgery following the introduction of HPR 
made it clear to the safety community that [the 
requirement for] HPR has been, perhaps, more 
successful than any other standard [30].� The slicing 
and soft tissue laceration commonly seen in pre-HPR 
glazing was replaced by �relatively minor scrape-like 
abrasions,� some pitting injuries, and fewer 
concussive brain injuries [27;55]. 

In multiple-roll rollovers, the possibility exists for 
multiple impacts against laminated occupant-
retention glazing. Batzer, et al. [7], found that the 
laceration potential did not substantially increase in 
multiple impacts against EPG style laminated side 
glass with multiple impacts without through-glass 
penetration, Figure 13. 

The lacerative potential of tempered glass fragments 
depends upon how it is handled. Casual, low-pressure 
handling of �dice like� fragments of tempered glass 
gives an unrealistic impression of their danger. Such 
fragments contain points and edges which are sharp, 
not rounded as is sometimes claimed. 

 

Figure 13: Blunt impactor testing of EPG style 
laminated side glazing. 

Severy and Snowden [54] conducted glazing tests 
and reported that, �Subsequent examination of high 
speed movies of these experiments revealed that 
tempered glass fragments may move as clusters, an 
inch or two across the long axis, so that the comment 
concerning hazard arising from tempered glass 
weight should be modified. It was also observed in 
collecting the fragments that while many particles are 
cube-like, as described by other investigators, most 
were by no means free of sharp points or edges, 
making them very difficult to handle without cutting 
one�s hands.� Yudenfriend and Clark [57] found in 
door impact testing that 20-40% of the glass 
fragments flew inward toward the occupant survival 
space, and that they entered that space at velocities as 
high as 23 km/hr (14 mph). The speed, size, shape, 
and sharpness of tempered glass fragments explain 
why some shards have been found to penetrate skin 
and skull and even enter the brain [57]. Citations 
regarding skull penetration of glazing fragments refer 
exclusively to tempered fragments, rather than to the 
annealed fragments produced by laminated glass 
[50;24]. 

Ocular Injuries 

When tempered glass shatters in collisions, it is 
usually stressed under the conditions of bending or 
shock loading, and can shower fragments into the 
occupant space. Laminated glazing spalls and creates 
small, even dust-like, fragments. However, the 
quantity of laminated glass fragments detaching from 
the polymer laminate is, in general, less than 1% of 
that from tempered glazing. In one side collision with 
fractured tempered glazing, a woman complained to 
her physician of persistent eye irritation. This lead to 
an X-ray examination that indicated that a fragment 
was lodged behind the eyeball itself and rested 
against the optic nerve. This can be explained by 



_____________________________________________________________________________________________ 
Batzer 10 

 

gross inertial deformation of the eye during the crash 
pulse that caused a separation between the ball and 
the surrounding tissue, allowing introduction of the 
fragment. 

HPR laminated versus tempered windshield ocular 
injury was investigated by Langwieder [32], who 
found only one eye injury from HPR laminated glass 
from those 228 occupants who had head injuries. 
Tempered windshields induced about 17 cases of eye 
injury from 545 head injuries. This represents a 
sevenfold increase in injury rate for tempered 
windshields over laminated.  

 

Figure 14 Fractured tempered back lite after rear 
impact. Driver penetrated window and was 

blinded in left eye. 

Both McLean and Mackay, et al., discussed the 
severe injuries that occur from the tempered 
fragments that remain at the frame around the 
windshield opening [37;35]. The ANSI Z26.1 
standard does not regulate the size or shape of 
fragments at the periphery of the window. 

The higher injury rate associated with tempered 
windscreens when compared to HPR laminated 
windshields was also investigated by Mackay [34]. 
He concluded that, �Eye injury from toughened glass 
windscreens is a substantial problem reflected in the 
clinical literature from at least 12 countries. By 
contrast, countries which use HPR laminated glass 
report no incidence of eye injuries from the 
windscreen of any consequence.� 

Huelke studied a 27-month period of National Crash 
Severity Study data (January 1977-March 1979) 
comprising 106,000 passenger vehicles involved in 
towaway crashes [28]. The data included vehicles 
with pre-HPR windshields. No single occupant of the 
106,000 accidents studied had been totally blinded, 

but there were 29 occupants who received serious 
ocular injuries. Various objects within and outside of 
the vehicle caused the various eye injuries, but the 
predominant agents (~64%) were the windshield and 
side glazing.  

The mechanism of increased laceration and ocular 
injuries produced by tempered over laminated HPR 
glazing is illustrated in the photographs given in the 
Figure 15. Note that these vehicles are not equipped 
with first row airbags. The vehicles were directed 
into a frontal impact with a fixed barrier at 12 
o�clock. The unrestrained right-side dummies moved 
forward and impacted the dashboard with their knees 
and chests, and against the windshields with their 
heads.  

 

 

Figure 15: Passenger (right) side dummy impact 
against an HPR laminated windshield (top) and a 

tempered windshield (bottom) [23]. 

The impact against the HPR laminated windshield 
(top) shows typical performance. The glass fractures 
but largely remains adhered to the polymer interlayer. 
Spalled fragments are shown from the exterior glass 
ply against the dark background. The dummy�s head 
does not show significant relative downward motion 
(scrub) against the inboard glass ply that would have 
presented an enhanced laceration hazard. The impact 
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against the tempered windshield produces 
progressive fracture of the glass, with maximized 
laceration. That is, the glass does not break and fly 
away in a single instant. It largely retained its planar 
shape and presented progressively formed edges 
against the dummy�s face as the head moved forward 
and downward toward the dashboard.  

In 1975, UK researcher G. Murray Mackay wrote, �It 
is of note that all papers reporting eye injuries 
originate from countries where the windscreens of 
cars are made from toughened glass [33].� 

ANALYSIS AND CONCLUSIONS 

The injury mechanisms of both laminated and 
tempered automotive side glazing constructions have 
been compared. This study confirms and supports 
with new research the body of 30 years of work in a 
comprehensive manner. The mechanisms of injury 
for automotive side glazing are identical to that of the 
windshield, of which has been written, �The principal 
finding of this field study of accidents is that 
tempered glass is inferior, from the viewpoint of 
producing injury, than the 0.030� interlayer 
laminated glass� [35]. 

The greatest serious injury threat to both belted and 
unbelted occupants is that of complete or partial 
ejection. If the side window portal is kept covered in 
a collision, occupant containment can be realized. 
The greatest non-serious injury mechanism is that of 
laceration, principally through flying fractured 
tempered safety glass. Ocular injuries are shown to 
be relatively rare, and other injuries, such as 
entrapment-induced injury, are even rarer. The safety 
benefits of the major two types of side glazing are 
listed in Table 2 below. 

Table 2: Side glazing injury attributes 
most beneficial glazing marked �X� 

Attribute Tempered Laminated 
Airbag Assistance  X 

Containment  X 
Entrapment  X 
Eye Injury  X 

Fire Protection [53]  X 
Impact Blunt Trauma Neither 

Laceration  X 
Skull Penetration  X 

Significantly, LSG has been shown to be the superior 
material for addressing the two injury causation 
mechanisms (impact and ejection) given as purposes 

for the FMVSS 205.  For the third purpose, providing 
driver visibility, LSG is also superior, as it does not 
vacate the portal when fractured or pixelize. Thus, for 
each of the three stated FMVSS205 purposes, 
laminated safety glazing has been shown to be the 
superior material for side window applications when 
compared to tempered safety glazing. 
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ABSTRACT 

The first brake assist system (BAS) was developed by 
Mercedes-Benz and introduced in 1996. It has been a 
standard feature on all Mercedes-Benz passenger cars 
since 1997. Recent statistical analyses of German 
accident data show significant safety benefits of this 
technology: Both the percentage of severe accidents 
involving pedestrians as well as the rate of rear end 
collisions are lower for vehicles equipped with BAS 
than vehicles without BAS. The conventional brake 
assist (BAS) is now completed by radar based 
adaptive brake assistance functions (BAS PLUS and 
PRE-SAFE® Brake) which have demonstrated their 
benefits both in internal and external tests.  

 

FOCUSSING ON REAR-END COLLISIONS 

The European Commission has set an ambitious goal 
for road safety in Europe: The road safety action 
programme aims at reducing the number of fatalities 
by 50% in the period from 2000 to 2010. The interim 
result for Germany is promising: Between 2000 and 
2005, the number of fatalities was reduced by 29% in 
spite of a fleet increase of 6%. The last decade has 
seen a decrease in fatalities of 43% in Germany. 
While these improvements can be attributed to a 
variety of factors, advanced vehicle safety technology 
certainly plays a major role.  

Having addressed the problem of loss of control-
accidents very successfully by the introduction of 
ESP® [1], [2] which has been a standard feature in all 
passenger vehicles since 1999, Mercedes-Benz safety 
engineering focuses on avoiding and mitigating rear-
end collisions. In Germany all accidents caused by 

conflicts between road users moving into the same or 
in the opposite direction („Unfall im Längsverkehr“) 
accounted for 21 percent of all fatalities and 17 
percent of all severe injuries in 2005. In this category, 
collisions with another vehicle or with an obstacle on 
the road accounted for 470 fatalities and 8.611 
severely injured persons [3]. 

The following main causal factors for these accidents 
are derived from in-depth accident analyses: 

 Driver’s braking reaction comes too late. 

 Driver’s braking reaction is not vigorous 
enough. 

 Misinterpretation of the traffic situation by 
the driver, especially regarding the 
deceleration of the preceding vehicle  

 

BRAKE ASSIST (BAS) 

Function 

It was in the early 1990s that Mercedes engineers 
conducting tests in the driving simulator found that 
while the majority of male and female drivers operate 
the brake pedal rapidly in an emergency situation, 
they often do not do so with sufficient force. The 
technical braking performance is therefore not used to 
the full, and the braking distance is considerably 
increased. These findings led to the development of 
the Brake Assist System (BAS) which supports 
drivers who apply the brake pedal quickly but not 
vigorously enough by directing maximum power 
assist to the brakes in emergency situations [4].  
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The system uses pedal application speed as an 
indicator for emergency situations. If an unusually 
high pedal speed is registered, the system infers an 
emergency braking situation and automatically 
increases the pressure in the wheel brake cylinders 
(see Figure 1). During this automatic full-force 
braking, wheel lock is prevented by ABS. If the 
driver takes his foot off the brake pedal, the automatic 
brake boosting is immediately terminated. 

 

 

 

 

 

 

 

Figure 1. Illustration of typical brake pressure 
build-up in an emergency situation for ordinary 
drivers, driving experts and drivers supported by 
Brake Assist System (BAS).  

 

This assistance system was invented by Mercedes-
Benz, first introduced in 1996 and became a standard 
feature in all Mercedes-Benz passenger cars in 1997.  

 

Benefits for Pedestrian Protection 

Tests with ordinary drivers on a test track 
demonstrated that BAS contributes to a significant 
reduction in stopping distance by up to 45 percent on 
a dry road surface. In addition, tests in the Berlin 
dynamic driving simulator showed that this system is 
also a valuable contribution to pedestrian protection 
[5]: In a typical accident scenario, i.e. a child 
suddenly crossing the street in an urban area, the 

accident rate was significantly lower for subjects who 
drove with BAS (accident rate 32 percent) vs. 
subjects who did not have this assistance system 
(accident rate 58 percent). 

 

Analysis of German Accident Data 

The Federal Statistical Office Germany collects and 
processes data from all traffic accidents registered by 
the German police (e.g. 2.25 million accidents 
recorded in 2005). Since 1999 DaimlerChrysler 
annually obtains an anonymous sample of these 
accident data. Each sample contains 50% of all 
accidents with a certain severity (fine, injury) from 
the respective last two years. Among other variables, 
the samples contain data on accident type, year of the 
vehicle registration, vehicle category, model 
information for vehicles of DaimlerChrysler AG 
brands only, and classes of weight-to-power ratio for 
other brand models. The time of the accident is 
defined by the period of the samples. Each sample 
consists of more than 500.000 cases from the 
respective last two accident years. Hence, the 
annually obtained samples are overlapping regarding 
the accident year (e.g. the sample obtained in 2001 
consists of accidents occurred in the years 1999 and 
2000). 

     Pedestrian Protection The percentage of severe 
accidents (accidents involving fatalities or severe 
injuries) of all accidents involving pedestrians was 
calculated for vehicles registered between 1995 and 
1997 vs. vehicles registered between 1998 and 2000. 
This percentage remains constant for competitors‘ 
vehicles but decreases for newer MB-vehicles which 
were all fitted with BAS as a standard feature (see 
Figure 2). 

 

BBrake Pressure

Time

Driver supported
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Ordinary Driver
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Time

rake Pressure

Driver supported
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Figure 2. Fewer severe accidents for vehicles 
equipped with Brake Assist System (BAS) 

 

     Rear-End Collisions – The rate of rear-end 
collisions caused per 10.000 newly registered 
vehicles was calculated for vehicles registered in 
1996-1997 which were involved in an accident in 
1998 or 1999 and compared to the rate for vehicles 
registered 1997-1998 which were involved in an 
accident in 1999 or 2000 (see Figure 3). Whereas this 
rate remains constant fort he other brands, it shows a 
reduction for Mercedes-Benz passenger cars which is 
mainly attributed to the presence of BAS in 
Mercedes-Benz cars registered 1997-1998 (BAS was 
made standard in 1997). 

 

 

Figure 3. Newer Mercedes-Benz vehicles 
(equipped with BAS as standard feature) cause 
less rear-end collisions 

ADAPTIVE BRAKE ASSISTANCE 
FUNCTIONS 

Brake Assist PLUS 

For the new S- and CL-Class, Mercedes-Benz has 
expanded Brake Assist into a preventive system 
which assists the driver even more effectively than 
before in critical situations. The Brake Assist PLUS 
system is based on radar technology: it registers the 
distance from detected vehicles ahead, warns the 
driver if the gap is too small and calculates the 
necessary brake force assistance if a rear-end 
collision threatens. If traffic tails back and the driver 
is obliged to operate the brake pedal, the new Brake 
Assist PLUS instantly builds up the braking pressure 
required to manage the situation.  

While reflex-like operation of the brake pedal is 
necessary to activate the conventional Brake Assist 
System (BAS, which is still a part of the standard 
equipment), the new system already detects the 
driver’s braking intention when the pedal is depressed 
and automatically optimises the brake pressure. This 
meets one of the major conditions for preventing rear-
end collisions, namely the best possible deceleration 
for the situation in hand.  

Preventive Brake Assist PLUS uses two radar 
systems to monitor the traffic situation ahead of the 
vehicle: a newly developed short-range radar based 
on 24-Gigahertz technology works together with the 
77-Gigahertz radar of the DISTRONIC PLUS 
adaptive cruise control system. These systems 
complement each other: while the DISTRONIC radar 
is configured to monitor three lanes of a motorway to 
a range of up to 150 metres with a spread of nine 
degrees, the new 24-Gigahertz radar registers the 
situation immediately ahead of the vehicle with a 
spread of 80 degrees and a range of 30 metres. 

Mercedes-Benz has intensively tested the 
effectiveness of this technology in the driving 
simulator and in practical trials: 110 male and female 
drivers took part in a series of tests in the driving 
simulator. They each had to cope with several typical 
critical situations on motorways and country roads 
derived from accident research. It was only possible 
to avoid accidents by hard braking. Thanks to the new 
Brake Assist PLUS system, the accident rate during 
this test series fell by three quarters compared to the 
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average of 44 percent with conventional brake 
technology only (see Figure 4). 

The new technology demonstrated its advantages 
particularly well when driving in a line of traffic at 80 
km/h on a country road: when the vehicle ahead was 
suddenly braked, the radar-based Brake Assist system 
prevented an accident in 93 percent of cases – while 
more than one in two test drives ended in a rear-end 
collision without the system. Even in situations where 
a collision was unavoidable owing to a late response 
by the driver, the new system helped to reduce the 
severity of the impact. This was confirmed by the 
measured impact speed, which was reduced from an 
average of 47 to 26 kph thanks to Brake Assist PLUS. 

 

 

 

 

Figure 4. Results of dynamic driving simulator 
tests with 110 ordinary drivers: Accident Rate in 3 
typical driving scenarios with high danger of rear-
end collision 

 

PRE-SAFE® Brake 

Brake Assist PLUS is complemented by the system 
PRE-SAFE® Brake which goes one step further: If the 
driver does not react to the BAS PLUS warnings from 
the cockpit and the system detects a severe danger of 
an accident, the system triggers automatic partial 
braking and decelerates at up to 0.4 g. Autonomous 
partial braking provides the driver with a further clear 
prompt to take action, on top of the visual and audible 
warnings. If the driver immediately goes on to 
activate the brake, maximum braking force will be 
provided by BAS PLUS, and – depending on the 
given situation – it may be possible to prevent the 
accident at the last moment. If this is not possible, the 
PRE-SAFE® Brake system reduces the severity of the 
impact, which in turn reduces the risk of injury for the 
occupants of the car.  

Since practice shows that drivers do not always react 
as quickly as is needed at critical moments – for 

example because they are distracted and fail to 
register the warning signals provided by Brake Assist 
PLUS, the newly developed PRE-SAFE® Brake 
intervenes in situations such as these, automatically 
braking if an acute danger of an accident is detected. 
The following timeline represents a typical rear-end 
collision situation: 

 Around 2.6 seconds before the moment of 
impact calculated by the system the audible 
warning signal sounds. A red warning 
symbol in the instrument cluster also informs 
the driver that there is a danger of an 
accident. 

 Approximately 1.6 seconds before the 
calculated accident – if the driver has not 
reacted to the warnings, the PRE-SAFE® 
Brake system activates autonomous partial 
braking.  Accident Rate*

With BAS PLUS

With BAS                                                            44 %

11 %

* Driving simulator study with 110 test subjects in 3 typical situations

Accident Rate*
With BAS PLUS

With BAS                                                            44 %

11 %

* Driving simulator study with 110 test subjects in 3 typical situations

 Around 0.6 seconds before the impact the 
driver has a final chance to avert the 
accident by swerving rapidly or applying full 
braking. This means that, after the PRE-
SAFE® brake has intervened, the driver has 
around a second to act.  

 

To assess the benefits of the new system 70 drivers 
took part in tests in the dynamic driving simulator in 
Berlin. The scenario involved the participants being 
deliberately distracted by an accident on the opposite 
driving lane while the queue of traffic in front 
suddenly braked at the same instant (see Figure 5).  
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Figure 5. Driving scenario used in dynamic 
driving simulator tests to deliberately distract 
subjects from primary driving task (car following 
scenario) 

 

The results of the test, which reflects a real world 
situation, document the safety benefits offered by the 
radar based assistance systems: thanks to the rapid 
reactions of the drivers, and support from BAS PLUS 
and the PRE-SAFE® brake, a total of 70 percent of 
these test drives remained accident-free. In one third 
of the simulator tests the participants were unable to 
prevent a collision. Here automatic partial braking 
succeeded in reducing the severity of the accident by 
around 40 percent (see Figure 6).   

 

 

Figure 6. Results of dynamic driving simulator 
tests with deliberately distracted subjects  in a car 
following scenario with sudden braking of lead 
vehicle 

 

The PRE-SAFE® Brake system has also been tested 
thoroughly by the ADAC in 2006: Based on several 
tests on a test track as well as on crash tests, ADAC 
concluded the following safety benefits: In a specific 
accident situation PRE-SAFE® Brake reduced 
occupant load by 27 percent for the driver, by 30 
percent for the front passenger and by 45 percent for 
the rear passenger [6]. 

 

CONCLUSIONS 

Brake assistance systems contribute significantly both 
to the avoidance and the mitigation of rear-end 
collisions. Conventional brake assist systems such as 
the Merecdes-Benz BAS also contribute to pedestrian 
protection.  
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ABSTRACT 
 

To reduce the amount of casualties in traffic accidents 

that involve various types of vehicles, the improvement 

of compatibility performance is important. In case of 

accidents, there are mismatches between colliding vehi-

cles, which are in structural geometry, vehicle frontal 

stiffness and so on. For improving compatibility, helping 

minimize these mismatch issues as the first step. 

The concept investigated in this research study, has three 

aspects. The first one is “Multi load path including me-

chanical parts”. To ensure good interaction between col-

liding vehicles under existing mismatch of structure parts, 

it is effective to make use of mechanical parts as ‘a sub-

stitute’ load path, such as an engine with transmission or 

tire. The second is “To increase the amount of energy 

absorption (EA) of front body parts”. The third is “Suffi-

cient stiffness of the passenger compartment”. To crush 

the front body parts for attaining additional EA, a proper 

stiffness of the passenger compartment is the prerequi-

site. 

For improving compatibility, to satisfy above three items 

simultaneously is effective. According to the results of 

crash analysis, the concept for improving compatibility is 

investigated. Then structures applied for this concept are 

studied from the viewpoint of load flow and energy ab-

sorption, mainly by conducting CAE simulation. The 

improved structures were subsequently tested using ac-

tual vehicles for verification and the effectiveness of the 

concept is confirmed. 

 

INTRODUCTION 
 

In general, frontal crash performance of a vehicle is sig-

nificantly affected by interaction and stiffness of frontal 

structures as already shown in previous publications. [1], 

[2]  

In case of a crash between actual vehicles, crash mem-

bers, like front rails, do not always have a good interac-

tion with each other because of their mismatch in design 

layout. When crash members miss each other, not 

enough crash load for energy absorption is generated and 

could cause a severe deformation of the passenger com-

partment. Crash members, here, mean members that 

carry crash load and dissipate kinetic energy. The design 

concept to improve structural interaction was proposed in 

[3].  

Vehicle frontal stiffness correlates mainly with the mass 

as shown in Figure 1. The stiffness is obtained from FRB 

(full overlap rigid barrier) test results, by supposing the 

kinetic energy is equal to the strain energy of linear 

stiffness structure. The tendency to increase with vehicle 

mass is influenced by the barrier test with constant speed, 

regardless of the vehicle mass. Considering these differ-

ences in stiffness, a lightweight, small car will suffer 

more severe damage in a collision with a large, heavy 

vehicle. 

 

Figure1. Vehicle Mass and Frontal Stiffness. 
(Source: US/JPN NCAP results & TMC inside tests) 
To explain a crash phenomenon simply, momentum of a 

vehicle decreases by a reaction force that is generated in 
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the crash of both vehicles. This is shown in the equation 

1:  

 

∫=⋅−⋅=⋅∆ FdtVmVmVm ao        (1). 

Vm ⋅∆ :Variation of momentum.  

m : Mass of a vehicle.  

oV :Velocity before crash. 

aV : Velocity after crash.  

F : Force generated during crash. 

 
The reaction force is determined by a structural strength 

or inertia force of the vehicle. This force deforms the 

vehicle structures. The deformation continues until the 

kinetic energy of the vehicles is reduced to the final 

quantity that is determined according to physical law. In 

a crash event, the vehicles absorb the kinetic energy as 

deformation energy. This is shown in the equation 2:  

 

r
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2

1
 (2). 

sM : Mass of a small car.  

lM : mass of a large vehicle. 

sV : Velocity of a small car.  

lV : Velocity of a large vehicle. 

rE : Remaining kinetic energy after crash, etc. 

 

The deformation energy is determined by deforming 

force and length, in terms of their product. This means 

that the kinetic energy to be absorbed increases in pro-

portion to the vehicle mass. Frontal crash compatibility 

of the heavier vehicle means to better balance the energy, 

i.e. absorb more energy. Compatibility of the small car 

means same stiffness to reduce vehicle deformation at 

higher crash load. For that purpose, an improved interac-

tion is important. 

Large deformation of a vehicle in a frontal crash can be 

caused by insufficient front-end energy absorption. When 

a vehicle, of 2070 kg mass crashes a car of 1160 kg mass 

with 50km/h closing speed, the total kinetic energy of 

both vehicles is 310 kJ. The vehicle run-out kinetic en-

ergy would be approximately 100 kJ. 210 kJ of the en-

ergy should be absorbed as strain energy of both vehicles, 

in case of a frontal offset crash. The energy should be 

absorbed before the cabin to help minimize the intrusion. 

During ride-down, it is also important to control decel-

eration G for not to exceeding human tolerance levels. In 

general, the vehicle front should be designed as an en-

ergy absorbing area to absorb the energy effectively.  

From the above, to improve compatibility, 1) Good in-

teraction of crash members to generate crash load, 2) 

Adequate stiffness balance of energy absorbing area of 

both vehicles, 3) Cabin stiffness high enough to limit 

deformations to the front area, are seemed to be impor-

tant. From this point of view, the study of improving the 

compatibility is conducted as follows. 

  

ANALYSIS OF CRASH PHENOMENON 
 

Analysis of crash phenomenon was carried out with 

crash tests between a small car and various large vehicles. 

There were 3 types of large vehicles, one is a large pas-

senger car, the second was a SUV with frame structure 

(SUV-A), and the third was a SUV of unitized body 

(SUV-B). The weight of the large vehicles was about 

2000 kg and that of the small car was ~1200 kg. Such the 

mass ratio was is in the range of 1.7. To represent a se-

vere offset crash condition, the frontal offset tests were 

conducted with 50% overlap, at a closing speed of 

55km/h each. 

  

Vehicle deformation and crash load 
 
The deformation of the small car was severe after the 

crash with the SUVs, especially in case of SUV-B. In 

case of the large passenger car, the deformation of the 

small car was much less as shown in Figure 2. 

Crash to a Large Car.      Crash to SUV－B. 

Figure 2. Deformation of a Small Car. 
 

Comparison of the crash load is shown in Figure 3. Here, 

crash loads were calculated by multiplying vehicle de-

celeration G and mass. In Figure 3, the corresponding 

curves of the small car and the large vehicles that im-

pacted each other are shown in the same color. The left 
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side of the figure shows curves of the large vehicles, and 

right side shows those of the small car. The load of the 

large passenger car (shown in green, left) is relatively 

low and its deformation is larger than the SUVs. There-

fore, the deformation of the small car that crashes into 

SUV-B (shown in red, right) is larger than in the large 

passenger car’s case.  

Figure 3. Comparison of Crash Load. 
 

Energy absorption 

 
Energy absorption ratio estimated from the 

load-deformation curve is shown in Figure 4. 

In a crash between large passenger car and small car, the 

EA amount of the large car is larger than that of the small 

car. The compatibility of the large passenger car is very 

good. For the tests with SUVs, the EA amounts of both 

SUVs are smaller than that of a small car. 

 

Figure 4. Ratio of the Energy Absorption. 

 
The front body structures of the small car and the large 

passenger car were well deformed as shown in Figure 2 

and Figure 5 left. On the other hand, the front body of 

the SUV was less deformed, shown in Figure 5 right, and 

it seemed that the EA amount of this section was not 

fully utilized. One of the reasons of less deformation is 

due to the difference of frontal stiffness between small 

car and SUV. The structure of the small car that has 

lower stiffness deformed one-sidedly. Another reason 

may be due to the misalignment of crash members, re-

sulting in reduced crash loads for energy absorption. One 

of the reasons is the difference in ground clearance of 

front rails between SUV and small car, of about 75mm. 

An aggressiveness of SUV was shown in previous study. 

[4] 

 
      Large car.               SUV-B. 

Figure 5. Deformation of Large Car/SUV. 
 

ANALYSIS BY CAE SIMULATION 

 
To further comprehend the results of test analysis, a 

study using CAE simulation was conducted. The crash 

between small car and SUV-B was simulated, which 

represents the most severe case. The investigation was 

conducted from the viewpoint of interaction, load flow 

and energy absorption. The crash condition is given be-

low:  

50% Overlap, Closing speed each: 50 km/h,  

Mass : small car 1162 kg, SUV-B 2078 kg. 

 

Vehicle deformation 

 
The deformation of the small car was severe as predicted 

from above analysis. It extended into the cabin area. As 

for the SUV, its deformation was limited to the front end 

only. 

Small car.                SUV-B.  

Figure 6. Body Deformation in CAE simulation. 
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Crash load and interaction 
A crash load is analyzed from the viewpoint of interac-

tion. The load is classified in to three stages according to 

the characteristics,  

First stage-Low load term from the begin-

ning up to ~20 ms. Front-end structures hit each other. In 

this case, the interaction of front rails of both vehicles is 

not sufficient because of geometry mismatch. 

Second stage-Load increasing term from 20 

ms to 35 ms. Front structures are proceeding their de-

formation and starting to interact with opposite me-

chanical parts, like power train unit, tire and so on. With 

progressing interaction of these mechanical parts, the 

crash load increases drastically. The tires of both vehicles 

start to hit the opposite bumper beam. However, these 

interactions are not satisfying because of over-riding or 

bending of the beams.  

Third stage-High load term from 35ms. 

Mechanical parts, such as tire and power train unit, are 

slightly deformed and pushed back, and some cabin 

structures become deformed. 

 
Figure 7. Crash Load – Time Curve.  
 

Load Path 

 
There are three load paths in this combination of the ve-

hicle. The first one is the structural load path, mentioned 

in many papers. The second path is the power train path 

through the engine and transmission. The third path is the  

suspension path that consists of tire, wheel and suspen-

sion arms, etc. These paths are shown in Figure 8. The 

loads in the paths are changing during the crash, as de-

scribed below. Only the load path of the small car will be  

mentioned here. 

 
 

 

Figure 8. Load Path. 
 

First stage - The structural load path is a 

main path at this stage. The front bumper beam hits the 

opposite structures and/or parts like the radiator, and 

generate a crash load. Crash load is translated to the front 

members. The load deforms these rails, and the load 

flows through cabin structures distributed to upper and 

under structures, shown in Figure 9. The bumper beam 

was not able to translate a satisfactory crash load to the 

front rail, because of its smaller cross section.  

Figure 9. Load Path of the First Stage. 

 
Second stage – In addition to the structural 

parts, mechanical parts e.g. tire, power train unit of both 

vehicles push each other through the crushed front-end 

structures. Load translation to cabin parts through body 

structures continues, and the load through a mechanical 

path is increasing rapidly. The load is translated to the 

rearward parts through mounting portion of the me-

chanical parts. At half of this stage, a tire impacts the 

opposite structures hard and the load through suspension 

is increasing. This load goes through suspension parts to 

under body structures. The load paths are shown in Fig-

ure 10. 
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Figure 10. Load Path of the Second Stage. 
  

Third stage - Mechanical path becomes a 

main path at this stage. After the deformation of the body 

has progressed, the tire starts to hit the side sill. The 

power train unit is pushed back into the dash panel and 

the sub frame. In this case, the bumper beam of the SUV 

hits the small car’s strut. The load flow of the third stage 

is shown in Figure 11. 

According to the above investigation, the mechanical 

load path should be considered to improve compatibility 

performance.  

Figure 11. Load Path of Third Stage.  
 

Crash Energy Absorption 
 

As mentioned before, it is important to make a careful 

design of the energy absorption area. In other words, 

increasing the amount of energy absorption of front 

structures can help reduce the cabin intrusion in turn. 

Figure 12 shows the variation of strain energy per unit of 

time, absorbed by the parts of the small car. In this graph, 

the vertical axis is differentiation of EA amounts with 

respect to time and horizontal axis is time, so an area 

below the curve means EA amount of the parts. The blue 

line means EA amount differentiation of front body parts, 

the red line means the sum of the differentiation of front 

body parts and that of cabin parts. 

Front body parts start to absorb the energy from the be-

ginning of the crash and continue to the third stage. As 

for the cabin parts, strain energy starts to be absorbed 

after 30 ms. In case of the small car in this study, some 

70 % of the strain energy of body structures was shared 

by the front structures, and 30 % by the cabin structures. 

The EA amount of the small car cabin absorbed is 1.4 

times as much as that of the cabin structures absorbed in 

an Euro NCAP 64km/h ODB crash. On the contrary, in 

case of the SUVs, most energy was absorbed by front 

structures only. 

 Figure 12. Energy Absorption History. 
 

How to improve the Energy Absorption 
 
It is important to crush the front structures effectively. 

For this purpose, it is needed to direct the crash load to 

energy absorbing parts, and to back up these parts from 

behind with stiffness higher than the actual crushing load. 

Requirement for the parts is shown below, 

Front bumper beam - The cross beam should  

have a large area under load to transmit it to the front 

rails. This helps the front rail to deform well and as a 

result, it can absorb higher energy. Moreover, in case of a 

crash with misalignment in longitudinal members, a bet-

ter interaction in lateral direction is expected, if the beam 

has enough stiffness. The effectiveness of a bumper 

beam is described in [5]. 

Front body structure parts - It is important to 

ensure a good balance in stiffness of each vehicle’s front 

structures. To stiffen the cabin front area will allow de-

forming parts in the engine compartment, thus in turn 

maintaining the integrity of the cabin. In addition, it is 
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important to improve the front rail deformation mode as 

described in previous work. [6] 

     Mechanical Parts - The power train unit plays an 

important role in the load translation in the second and 

third stage of crash. The unit itself represents a rigid 

block, and could be rather considered as an interaction 

part. There is a possibility to make use of it as a load 

distributing part. Tire and suspension parts can also pro-

vide the same kind of function. By utilizing these me-

chanical parts, it seems possible to prevent weight in-

crease for structural reinforcement. The effect of me-

chanical parts utilization is more effective, when the 

bumper beam stiffness is increased. 

According to the above, subjects for improving energy 

absorption of the front structures are, 

 

1)  Direct crash load adequate to the members, 

2) Enough supporting stiffness of front structures,  

3) A tuned, progressive balance of frontal stiffness of 

each vehicle. 

 

STUDY FOR IMPROVING STRTUCTURES 

 

Studied Structures 

 
The concept for improving crash compatibility, described 

above, is checked by conducting a structural study using 

CAE simulation. Condition of the simulation is the same 

as mentioned before. Only the small car structures were 

modified, here. Modified parts are shown in blue color in 

Figure 13.  

Figure 13. Modified Parts of the small car. 
 

Items studied are listed below:  

1) Increase the bending stiffness of bumper beam,  

2) Optimize a deformation mode of front rail, 

3) Increase the supporting stiffness of front rail, 

4) Increase the cabin stiffness, 

5) Stiffen the power train unit mounting. 

 

Improvement of Crash Load and Interaction 

 
Load curve of the modified structure is shown in Figure 

14. In the first stage, no significant change has occurred 

in spite of increased bumper beam stiffness. Obviously, 

the reason is mismatch of the beams. On the contrary, 

there is a great increase of crash load in the second stage.  

Figure 14. Comparison of Crash Load.  
 

This is caused by the interaction improvement of the 

bumper beam. The beam kept its function during crash, 

and generates high load activating the opposite structure 

and hitting tire and power train unit, etc. Increase of the 

interaction force during the latter stage of crash is shown 

in Figure 15.  

Figure 15. Increase of Interaction Force. 
 

The bumper beam with increased stiffness works as a 

bridge among front rail, tire and power train unit, and 

increases the crash load significantly. To continue the 

crash load, supporting stiffness of the beam mainly pro-
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vided by a front rail, is also important.  

The maximum load value increased about 20%. This 

seems caused by the higher cabin stiffness. The im-

provement of load flow mentioned above drastically de-

creased the cabin intrusion of the small car.  

Comparison of the body deformation is shown in figure 

16. For the test conditions analyzed, the integrity of the 

cabin of the small car has greatly improved. Intrusion of 

toe-board and A –pillar is reduced to under the half. The 

deformation of the SUV, remained in the front body area. 

Though, it has somewhat increased, it is not significant 

because of the initial deformation was fairly small. 

  

Figure 16. Comparison of Body Deformation.  
 

Comparison of the energy absorption is shown in figure 

17. The amount of energy absorption of only the small 

car cabin has decreased by nearly 10%, whereas the SUV 

has increased about 10% in total.  

 

Figure 17. Comparison of Energy Absorption. 
 

According to the above research, the concept to improve 

frontal compatibility is summarized below. 

1) Improve the interaction. Not only structural interac-

tion but also mechanical interaction should be con-

sidered. Especially, applying a bridging effect of the 

cross beam is necessary. 

2) Balance the frontal stiffness of each vehicle. This 

makes it possible to adjust each energy absorption 

area more effectively. 

3) Increase cabin stiffness of the small car. This is a 

requisite to crush vehicle front structures and, of 

course, contributes to the cabin integrity. 

Small Car.              SUV. 

Figure 18. Deformation of Studied Structure. 

 

CONFIRMATION BY CRASH TEST 

 
To confirm the above concept, a crash test was conducted 

using a modified car. The test condition is given below. It 

is the same as used in CAE simulation: 

  50% Overlap, Closing speed each: 50 km/h, 

  Mass: small car 1218kg, SUV 2078kg. 

Only the small car was modified and almost the same 

like the structure studied in CAE investigation.  

 

Crash Load and Interaction 

 
Crash load estimated from deceleration and actual mass 

involved is shown in Fig-19. As well as the CAE result, 

the load of the second stage has increased significantly. 

Film analysis confirmed that this increase of the load is 

due to the improvement of bumper beam interaction. 

 
Figure 19. Comparison of the Crash Load Curve. 
 

The bumper beam with improved stiffness had a good 

interaction with the other vehicle. The interaction among 

power train unit, tire, and bumper beam has proved to be 

effective in the earlier stage of the crash. It generated a 
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high load by hitting an opposite tire. To keep the beam 

from deforming away can make it possible to transmit 

additional load to the front rail during the crash. 

Modified Structure.      Original Structure.   

Figure 20. Bumper Deformation after Crash. 

 
The higher stiffness of the supporting member of the 

power train unit helped to raise the overall front end 

stiffness. This might contribute to the improvement of 

mechanical interaction. 

   Modified structure.     Original structure. 

Figure 21. Interaction of Mechanical Parts. 

 

VEHICLE DEFORMATION 

 
The vehicle deformations are shown below.  

    Small Car.              SUV. 

Figure 22. Deformation of the Vehicles (Side view). 

 
The front-end structure showed the expected deformation 

by generating high crash load in the middle stage of the 

crash. Both the intrusion of toe-board and A - pillar were 

satisfying the deformation target.  

The above mentioned concept confirmed that it allows to 

improve frontal compatibility. 

 

BARRIER FOR COMPATIBILITY EVALUATION 

 
A barrier can be used for evaluation of compatibility in 

the vehicle development process. It is necessary to be 

representative of frontal stiffness of actual vehicles in-

cluding its distribution both in width and height. The 

load paths of the frontal crash were composed of three 

parts, structure path, power train unit path and suspen-

sion path, as mentioned before. Of course, due to differ-

ent stiffness, the reaction load from each path is different. 

Therefore, it seems to be reasonable that a barrier could 

have a stiffness distribution adjusted to represent actual 

vehicles. An example of barrier composition, which is 

basis of the above idea, is shown in Figure 23. 

 

Figure 23. Barrier Composition. 

 
The barrier concept is under investigation. It could be 

used to help develop compatible structures within TMC 

in the future. 

 

CONCLUSION 
 

To improve frontal compatibility, it is essential to prop-

erly define the energy absorption area of both vehicles. 

For the test conditions analyzed in this research, the 

concept below has proved to be reasonable:  

 

1. A stiff cross beam at the bumper is effective to im-

prove early interaction. 

2. To improve the interaction, not only structural in-

teraction but also the mechanical parts interaction 

should be considered. 

3. A good balance of frontal stiffness of each vehicle 

is required for sufficient energy absorption in the 

front-end. 

4. Proper stiffness of the cabin structure is prerequisite 

0

100

200

300

400

500

0 200 400 600 800 1000

Stroke

F
o

r
c
e

0

100

200

300

400

500

0 200 400 600 800 1000

Stroke

F

o
r
c
e

Barrier

Wheel & Suspension

Engine & FR Rail

0

100

200

300

400

500

0 200 400 600 800 1000

Stroke

F
o

r
c
e

0

100

200

300

400

500

0 200 400 600 800 1000

Stroke

F

o
r
c
e

Barrier

Wheel & Suspension

Engine & FR Rail



 Mori 9 

for improving the energy absorption of the front 

structure. 

  

The structure studied in this research is only analyzed 

under limited conditions. However the way of thinking is 

available for other crash conditions. 

Improvement of crash safety performance is associated 

with weight increase in most cases. Of course, it is de-

sirable to improve the performance without adding mass 

from the viewpoint of ecology. In view of this, to make 

use of the mechanical load path effectively is preferable.  
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ABSTRACT 
 
The concept of ‘stiffness mismatch’ between front 
structures of colliding vehicles has been viewed as 
one of the important factors in collision 
incompatibility in front-to-front crashes between 
vehicles of different size. Consequently, it has been 
hypothesized that ‘better matching’ of stiffness 
properties of the front structure of the colliding pair 
of vehicles may improve the safety of the occupants 
of the smaller vehicle in such crashes.   However, 
since the front structures of automobiles are designed 
to meet the protection requirements for their 
occupants in various frontal impacts, any changes in 
these properties need to be evaluated for possible 
influence on all requirements of self-protection as 
well as of improved compatibility. This paper 
examines statistical data to estimate the portion of the 
vehicle front end that may be of significance in front-
to-front collision compatibility. The structural 
properties of an LTV’s front structure were modified 
to reduce the force and energy levels during the front 
four hundred millimeters of its crush in order to bring 
its stiffness properties closer to that of a 
representative midsized car in the US fleet.  Detailed 
studies were conducted for this modified LTV 
utilizing finite-element based simulations of frontal 
NCAP test as well as of frontal impact with a 
passenger car in a field-representative test 
configuration.  Results of these studies show that 
changing the structural properties of the LTV to be 
closer to that of the passenger car may have negative 
consequences for the protection of the LTV 
occupants. Alternative scenarios for achieving the 
proper balance in vehicles’ structural properties to 
improve overall safety are proposed. 
 
INTRODUCTION 
 
Collision compatibility between vehicles of 
dissimilar sizes has been the subject of research by 
several investigators [1-3] in recent years. Statistics 
for such crashes in the US show that impacts between 
the front of a large vehicle to the side of a smaller 
vehicle account for a large part of the societal harm 

in LTV-to-car crashes, followed in order of 
magnitude by that in front-to-front impacts between 
such vehicles. Several hypotheses have been 
presented in literature [4] regarding possible 
solutions for improving collision compatibility in 
front-to-front impacts and one of such proposals is 
that of ‘stiffness matching’ of the front structures of 
the colliding automobiles. But, since the front 
structure of an automobile is a nonlinear structure 
with speed- and time-dependent response 
characteristics, the definition of a ‘vehicle stiffness’ 
is not straightforward [5]. A recent proposal [6] of 
‘stiffness matching’ has been to match the slope of a 
predefined initial portion of force-versus-
displacement response of a vehicle (as measured in a 
US NCAP test of 35 mph impact into a rigid barrier) 
to a ‘medium range’ as a possible solution for 
improving compatibility in frontal impacts. Such a 
concept is examined in detail in this paper by 
modifying the front end structure of a larger vehicle 
and evaluating its self-protection as well as partner 
protection. 
 
CONCEPT OF STIFFNESS MATCHING FOR 
FRONT STRUCTURES 
 
Front structures of automobiles are designed to meet 
many different functional and operational 
requirements. Protection of the occupants in case of a 
crash is one such requirement and therefore, one of 
the primary structural functions is to efficiently 
dissipate the impact energy in the available crush 
distance and thereby minimize the injury potential to 
the occupants. The degree of crash protection is 
usually evaluated in tests specified by regulations 
(e.g. FMVSS) as well as by various consumer 
information programs (e.g. NCAP, IIHS tests) which 
consist of impacts into a fixed barrier at specified 
speeds.  
 
For such test conditions, the pre-impact kinetic 
energy of the vehicle (‘impact energy’) is 
proportional to its mass. The post-impact kinetic 
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energy is zero (i.e., the vehicle comes to a stop). The 
impact energy is dissipated in deforming the vehicle 
(ignoring second order effects such as acoustic and 
thermal energies) and from mechanical principles, the 
mechanical work (which equals force times 
displacement) must equal the impact energy. Thus, 
the area under the force versus deformation curve for 
the vehicle must equal its impact energy which is 
proportional to the vehicle’s mass.   
 
To illustrate this, test results for several vehicles are 
shown in Figures 1 and 2 for US NCAP tests (frontal 
impact into a rigid barrier at 35 miles per hour). 
Figure 1 shows plots of measured forces on the 
barrier versus the vehicle displacement.  Since the 
front end structure of each vehicle is usually 
optimized subject to the particular vehicle’s 
constraints of that vehicle, no general observations 
regarding the vehicle properties can be made from 
such data alone.                                                                                            

Barrier Force vs Vehicle Displacement
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Figure 1: Force and Deflection Measurements in  
   Frontal Impact Tests 
 
Shown in figure 2 are calculated values of work (area 
under the force-deflection curve) for each vehicle. 
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Figure 2: Relationship of Vehicle Mass and Total  
    Work in Frontal Impact Tests 
 
It is observed that, in accordance with the principles 
of mechanics, the area under each vehicle’s curve (or 

the mechanical work) is proportional to the mass of 
that vehicle [7]. Thus, the total area under the barrier 
force versus vehicle displacement plot is a property 
of the vehicle, is proportional to the vehicle’s mass 
(assuming a fixed impact speed) and cannot be 
changed unless vehicle mass is changed.  
 
We will now evaluate the impact of altering a 
specific portion of the force-versus-displacement 
property of a given vehicle. Since an automobile’s 
front structure is usually optimized for its multiple 
functional and operational requirements and 
constraints, it can be hypothesized that isolated 
changes to alter specific portions of its force versus 
displacement property will render the front structure 
suboptimal in overall protection in frontal impacts.  
 
It can also be hypothesized that if changes were made 
to reduce force levels in specific parts of the front 
structure, the consequence is likely to be an increase 
in force levels in the rest of the structure such that the 
total area under the curve remains constant. This is 
illustrated in figure 3 for force-displacement 
responses of two vehicles in US NCAP tests at 35 
mph.  Vehicle 1 has a larger mass than vehicle 2. If 
the front end of (the heavier) vehicle 1 were modified 
to lower its force levels to be similar to that of (the 
lighter) vehicle 2 over a distance‘d’, the consequence 
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Figure 3: Concept of Stiffness Matching Between       
Vehicles of Different Sizes 
 
will be that the structural force levels of vehicle 1 are 
higher for the rest of the crush (shown by dash lines) 
than that of the original vehicle 1.  
 
This is an important consideration because concepts 
of ‘stiffness matching’ usually denote lowering the 
force levels in the earlier part of the crush of the 
heavier vehicle and as shown above, this is likely to 
cause higher force levels in the remaining portion of 
the front end of the heavier vehicle, so that the 
calculated work is the same in both cases.  
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The above reasoning is based on the assumption that 
available crush distance remains essentially 
unchanged as the vehicle’s front end is altered for 
‘stiffness matching’. This is a valid assumption since 
the possibility of significantly increasing available 
crush space in a vehicle may not be feasible due to 
the following constraints: 
- Increase in total crush distance by allowing higher 
values of dmax  may imply more intrusion into the 
passenger compartment of the vehicle ; 
- Increase in available crush distance by adding more 
length to the front of the vehicle requires additional 
structure and will increase the mass of the heavier 
vehicle more (leading to higher values of impact 
energy). 
 
ANALYSIS OF STRUCTURAL CHANGES FOR 
STIFFNESS MATCHING 
 
A detailed study was conducted for changes required 
to lower the frontal force levels (measured in a 35 
mph front impact into a rigid barrier) of a light truck-
based vehicle (LTV) in the first 400 mm of crush. 
One of the parameters used in this study is KW400 
[6] which is defined as the stiffness of a hypothetical 
linear spring selected such that the work done by this 
spring over the first 400 mm of crush equals the 
energy dissipated by the vehicle in the same distance 
of crush in a 35 mph frontal impact into a rigid 
barrier (US NCAP test).  
 
The LTV used for this study was approximately 2300 
kilograms and its front end structure is modified so as 
to lower the value of KW400 for the LTV and bring 
it closer to that of a car (approximately 1650 
kilograms). The consequence of such modification 
was evaluated by finite element simulation of the 
following impact conditions: 
- LTV frontal impact into a rigid barrier at 35 mph; 
- LTV impact into a compact size car with a ∆V of 35 
mph in the car. 
 
The first impact condition (LTV impact into a rigid 
barrier at 35 mph) is assumed for the purpose of this 
study to represent the self-protection of the LTV and 
the second case (LTV impact into a compact size car) 
is a measure of collision compatibility (‘partner 
protection’). 
 
Shown in figure 4 is the front structure (shown 
without the engine) of a typical automobile and the 
complexity of such structures indicates that numerous 
changes need to be made in the geometric as well as 
in the material properties of multiple components to 
achieve the goal of lowering front ‘stiffness’.  

 

 
      
Figure 4:  Front End Structure of a Vehicle 
 
In this study, several iterations in LTV’s structural 
design were necessary to achieve the above-
mentioned goal of matching KW400. The effect of 
these iterations was to progressively lower the force 
levels in the front 400 mm of the vehicle. The total 
mass of the LTV changed only slightly during these 
iterations.  
 
Results from the final iteration are shown in Figure 5 
as barrier force-versus-vehicle displacement 
responses of the modified LTV structure, the baseline 
LTV and the car in 35 mph front barrier impacts. As 
expected from the discussion in figure 3 above, the 
effect of lowered forces in the first 400 mm of the 
crush space (‘stiffness matching’) is a significant 
increase in force levels in the rest of the vehicle 
structure. The implications of this on the protection 
of vehicle occupants are examined in the following 
sections. 
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Figure 5: Force Deflection Response of Base  
      LTV and Modified LTV 
 
EFFECT ON OCCUPANT PROTECTION IN 
RIGID BARRIER IMPACTS 
 
Results from finite element simulation of vehicle 
front impact into a rigid barrier at 35 mph are 
presented below for the baseline LTV, the modified 
LTV and the car. 
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Figure 6 is a plot of vehicle velocity as a function of 
time (‘deceleration plot’) for each of the vehicles. It 
is observed that when the LTV is modified to reduce 
the force levels in earlier part of the crush, the effect 
in the barrier test is to reduce the slope in the earlier 
part of the deceleration plot and increase the slope in 
the later part.  
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Figure 6: Velocity-Time Response of Base LTV 
and Modified LTV in 35mph US NCAP Test 
 
One measure of this change is the ‘effective 
deceleration’ of the vehicle, defined as the slope of a 
linear approximation of a large portion of the 
deceleration plot.  This is shown in figure 7 for the 
baseline LTV as well as for the modified LTV. The 
maximum effective deceleration in the baseline 
vehicle is approximately 30 g but this ‘effective 
deceleration’ increases to 54 g when the LTV is 
modified as mentioned above. 

Velocity-Time Response in 35mph Front Barrier Impacts
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Figure 7: Maximum Effective Deceleration in 35    
   MPH Front Barrier Test 
 
Figure 8 is a plot of the deceleration of the vehicles 
showing higher peak deceleration in the modified 
LTV (60 g) than in the baseline LTV (41 g). 
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Figure 8: Deceleration Response in 35 mph    
   Front Barrier Test 
 
Similar conclusions are drawn from the calculated 
intrusions into the passenger compartment of the 
vehicles. As shown in figure 9, the calculated 
intrusions in the modified LTV (with lower KW400 
value) are higher than those in the base LTV. 
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Figure 9: Peak Intrusion Values in 35 MPH    
    Front Barrier Test 
 
Further evaluation of the effect of these front 
structure changes in the LTV on the kinematics of the 
vehicle occupant was also obtained by finite element 
simulations. The driver was represented by a fiftieth 
percentile Hybrid III anthropomorphic test device, 
restrained by seatbelts and front airbag. The 
calculated decelerations of the head and the chest as 
obtained from the finite element model are shown in 
figure 10 and it is observed that these deceleration 
levels for driver ATD are higher in the modified LTV 
than in the base vehicle. The HIC (calculated from 
the head acceleration shown in Figure 10) for the 
driver ATD also increases from approximately 700 in 
the baseline LTV to about 1200 in the modified LTV. 
 
It can therefore be summarized from the above 
results that force-reduction modifications to the 
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Figure 10: Estimated ATD response in Baseline  
      LTV and Modified LTV  
 
front structure of the LTV result in significant 
reduction in occupant protection in the 35 mph 
frontal crash. This is due to the modifications for 
stiffness matching reducing the front structure’s 
ability to dissipate the crash energy. 
 
EFFECT ON OCCUPANT PROTECTION IN 
LTV-TO-CAR IMPACTS 
 
The effect of stiffness matching on collision 
compatibility was also evaluated by simulating a 
frontal impact between the LTV and a passenger car 
of mass approximately 1650 kg. This was done by 
utilizing finite element models of both the LTV and 
the car in a full frontal collision with approximately 
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Figure 11: Velocity versus Time Plot for LTV-to-  
      Car Impacts 
 
35 mph change in velocity (‘∆V’) in the struck car.  
This simulation was conducted for the baseline LTV 

as well for the modified LTV. The plot of vehicle 
velocities as functions of time is shown in Figure 11. 
The calculated responses in both the car and the 
LTVs are shown below. 
 
Figure 12 is the plot of the deceleration in the 
vehicles. The result of modifying the front structure 
of the LTV to lower the force levels in the first 400 
mm of its crush is observed to be insignificant in  
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Figure 12: Deceleration versus Time Plot for     
      LTV-to-Car Impacts 
 
terms of the deceleration response of the vehicles 
because the small changes observed in the peak 
deceleration values are likely to be filtered by airbags 
and seatbelts and not likely to affect the response of 
the vehicle occupants. 
 
The effect of modification in the front structure of the 
LTV is observed in Figure 13 which shows the 
calculated intrusion levels in the car when impacted 
by the baseline LTV and by the modified LTV. The 
reduction in force levels in front part of the LTV is 
shown to lead to reduced intrusions of the instrument 
panel and the steering column and slightly increased 
intrusions in the toe pan area. 
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Figure 13: Peak Intrusion Values in Car in LTV-
to-Car Impacts 
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CONCLUSIONS 
 
The effect of modifying front structure of a heavier 
vehicle (an LTV in this case) has been examined for 
its self-protection (protection of its driver in 35 mph 
front crash against rigid barrier) as well as for 
collision compatibility (protection of driver of a 
smaller vehicle in front-to-front crash).  The front 
structure of the LTV was modified to reduce its force 
levels in the first 400 mm of crush and thus to bring 
its ‘stiffness’ (KW400) to be closer to that of the 
lighter mass car.  
 
The effect of such modifications is observed to be a 
significant increase in the modified LTV’s 
deceleration levels as well as in the peak intrusion 
value in passenger compartment and in the calculated 
ATD response in the LTV in frontal impacts against a 
rigid barrier. All of these are indicative of reduced 
self-protection in the modified LTV. For the case of 
the car driver when the car is impacted by the 
modified LTV, it is observed that the modified LTV 
is likely to reduce the peak intrusions inside the car at 
the instrument panel and the steering column and 
increase these values in the toe pan area. 
 
Thus, this study for a specific LTV and a specific 
passenger car shows that reducing force levels in 
front part of LTV structure may have benefits in 
compatibility but has significant reduction in self-
protection. Further studies are needed to assess the 
effects for the national fleet and determine if such 
measures have any possibility of improving the safety 
of automobile occupants. However, a preliminary 
assessment of the fraction of LTV-to-car crashes 
where the above changes in LTV design may be 
beneficial may be made from the 1999-2005 NASS 
data (Figure 14) for front crashes. 
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Figure 14: NASS Data on Maximum Residual  
     Crush of LTV in LTV-to-Car Crashes 
 

 
Figure 14 shows that 400 mm crush of the LTV 
corresponds to approximately 10% probability of 
injury levels of 3 to 6 in the struck car. It can 
therefore be hypothesized that softening the first 400 
mm of the LTV front structure will affect only 10% 
of crashes. 
 
As a recommendation, it is necessary that any 
proposed changes in automobile structures for 
‘stiffness matching’ be evaluated for impact on 
protection of occupant in all types of crashes in the 
national automotive fleet before any decision is made 
regarding implementation. 
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ABSTRACT 

The single most effective automotive safety 
component that has been proven to save lives 
during a crash is a properly fitted seat belt. 
Transport Canada introduced the concept of 
assessing seatbelt fit for occupants in the early 
seventies. A Beltfit Test Device (BTD) was then 
developed to measure and assess this fit. Research 
was sponsored by Transport Canada to quantify 
the proper limits of certain scales on the device 
that are considered to represent proper beltfit.   

To overcome the deviations of hardware tests and 
to allow evaluations of belt designs early in 
design phases, the Alliance of Automobile 
Manufacturers supported the development of a 
computer modeling and simulation approach, also 
known as the electronic Belt Fit Test Device 
(eBTD), through a Technical Working Group 
(TWG). That group includes representatives from 
the automobile manufacturers, Transport Canada 
and the software developer. The development 
takes place in close co-operation with the Joint 
Working Group – Abdominal Injury Reduction 
(JWG-AIR). 

The computer model can be used at the design 
stage to assess the beltfit criteria developed using 
the BTD.  This model can not only  be used as a 
basis for  verifying seat beltfit after the vehicle 
has been built, but can also be used as an effective 
design tool for restraint systems.   

Recently, the development within the TWG has 
led to the signing of a Belt Fit Memorandum of 
Understanding (MOU) between Transport Canada 
and various automobile manufacturers. This 

MOU represents the first collaborative effort 
between a government agency, the Alliance of 
Automobile Manufacturers and a software 
company, Human Solutions Inc., to develop an 
application that evaluates a safety concept, based 
on computer modeling and simulation in place of 
a physical measuring device. This paper describes 
this effort and highlights the results.  

INTRODUCTION  
The effectiveness of seat belts depends partly on 
the extent to which their geometric design 
matches the occupant’s anatomical 
characteristics.  Transport Canada determined 
that, in the past, the requirements of the Canadian 
Motor Vehicle Safety Standards (CMVSS) 208 
and 210, which specify the permissible angle of 
the lap belt and stipulate the location of the upper 
anchorage of the shoulder belt, do not ensure that 
the lap and shoulder belts are positioned to 
provide the most benefit [3,4,5]. Accordingly, a 
physical Belt Fit Test Device (BTD) was 
developed by Transport Canada for the 
measurement and assessment of static seat belt 
geometry of automobile seat belts [6].  In essence, 
the BTD comprises an SAE H-Point Machine 
with the addition of special torso and lap forms 
that have been designed to represent a fiftieth 
percentile Canadian adult (both male and female).  
The surfaces of the lap and torso forms are 
marked with scales which facilitate the 
measurement of seat belt position.  When 
installed and belted on an automobile seat, the 
device enables lap and shoulder belt position to 
be read from the scales, for comparison to a 
specific belt-fit criterion. 



     

07-0118  Hassan 2 

Transport Canada has established four limiting 
criteria with respect to the clavicle, sternum and 
the outboard and inboard lap scales.  Transport 
Canada believes that belts which meet these 
criteria should restrain the occupant in a crash, 
while inducing less serious and fewer injuries to 
soft tissue and organs from belt forces [7&8]. 

Although the original intention was to introduce 
new seat belt fit requirements as part of the 1997 
CMVSS 208 amendment, the automotive industry 
requested that further research be conducted 
before its use was mandated. 

A number of concerns relating to the use of the 
BTD were raised by the automotive industry.  
These related to the inherent variability and 
repeatability problems in positioning the physical 
device into a vehicle and then placing the lap and 
torso portions of the seat belt over the body shell 
to measure the scale contact points for the belt 
routing (as explained in chapter five of this 
document). The industry pointed out that these 
factors made the physical BTD device and its 
application impracticable and insufficiently 
objective for a CMVSS certification requirement 
and test procedure.  In response to these concerns, 
Transport Canada, the Canadian Vehicle 
Manufacturers Association (CVMA) and the 
Association of International Automobile 
Manufacturers of Canada (AIAMC) agreed to 
participate in a joint working group (the JWG-
AIR) to resolve these issues.   

In response to the variability issues involved with 
the BTD as a physical measurement device, 
verification of the proposed BTD procedure using 
computer simulation was suggested as an 
alternative.  Verification by computer simulation 
could eliminate differences between different test 
contractors and operators, to the benefit of both 
Transport Canada and the vehicle manufacturers.  
Additional benefits for both Transport Canada 
and vehicle manufacturers from computer 
modeling include expanded occupant size models 
and sensitivity analysis as well as reduced test 
and travel expenses. 

To initiate work on a computer based BTD, 
Transport Canada funded Genicom, Inc. of 
Montreal to scan the BTD and develop a 
computer simulation of belt fit on the BTD. 

 

 

Computer-Based (eBTD) Program 
Development 

The initial program development effort focused 
on creating a valid digital representation of the 
physical device.  The approach implemented three 
parallel spline curves drawn “taut” over the lap 
and torso shell surfaces of a digital representation 
of a manikin while connected to known belt 
anchor points.  A frictionless surface was 
assumed so that the computed forces at each 
anchor point would pull the belt over the manikin. 

Initial validation efforts compared software 
analyses output from specific landmarks to results 
from installation of the physical BTD in two 
vehicle seats.  These promising results led to a 
follow-up validation comparing software results 
to installations in ten vehicles.  Of the 40 
measurements taken, 30 software simulation 
results were within 1 cm of actual data points 
measured with the physical BTD.  Further, 36 of 
the 40 simulation results were in congruence with 
the physical criteria results of either pass/fail.  
The four incongruent results were appreciably 
close between the first electronic BTD and 
physical BTD. 

The model demonstrated correlation between 
eBTD and the physical BTD, except where seats, 
buckles, etc. have deflected the belt from the path 
that the webbing would take from the anchorage 
to the BTD. 

It was concluded that the seat belt algorithm 
needed to be refined to include more complex seat 
belt and restraint system designs (retractable 
belts, different belt hardware components, seat 
design elements, etc.).  Some work was done to 
enhance the seat belt algorithm [increasing the 
number of cross-sections representing the torso 
and lap surfaces, including tensile force 
calculations at the end of each belt, allowing user 
input for seat pan angle, seat height, seat width, 
buckle hardware parameters, Seating Reference 
Point (SgRP) and H-point locations].  However, 
attempts to integrate the module completely into 
manufacturers’ CAD seat belt design software 
environments were unsuccessful. 

Although this initial effort was unsuccessful, the 
attempt showed promise for the possibility of 
developing such a software module. 

Subsequently, members of the joint working 
group were asked to identify possible solutions.  
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In the fall of 1998, Tecmath of North America, 
Inc. (now Human Solutions of North America, 
Inc.) was invited to join the modeling efforts.   

Work began immediately on an enhanced 
prototype version of a software module to include 
the latest CAD data representation of the H-point 
machine, the lap and torso surfaces, and user-
defined inputs for the location of the H-point, heel 
point, seat back angle, upper outboard, lower 
inboard and lower outboard anchor points. 

Significant program accomplishments 

Seat belt width – A new method was proposed 
and implemented for simulating the true seat belt 
width.  It was agreed that seat belt width was 
needed only at the points of interest, i.e., where 
the belt crosses the various scales.  Thus, efforts 
were focused on simulating realistic seat belt 
width and curvature over the lap and torso forms 
that is due to anchor point location and anchor 
design kinematics at the clavicle, sternum and lap 
surface areas. 

Anchor point kinematics – To model anchor 
point kinematics, joint working group members 
collectively agreed upon common types of seat 
belt anchors, buckles and retractors that 
represented approximately 95% of seat belt 
designs.  These designs were then analyzed to 
determine the main parameters that could be used 
to mathematically model their motion behavior. 

Digital data for eBTD – Discrepancies between 
existing and actual CAD data for the BTD were 
resolved.  The original paper drawings for the 
BTD were obtained and compared to the current 
digital drawings.  Corrections were made to the 
digital BTD CAD data to make the torso and lap 
forms symmetrical along a mid-sagittal line, 
incorporate the accurate H-point foot dimensions, 
and insert the appropriate modified seat and back 
pan dimensions into the model.  These pans had 
originally been created when it was discovered 
that the original H-point pans interfered with seat 
belt routing over the lap and torso forms. 

Further refinements – Other work performed to 
enhance the eBTD module included: refinement 
of the user-interface, increasing the software 
stability, determining proper measurements when 
the belt does not contact the surface, inboard 
lower anchor stiffness model, and inclusion of an 
error estimate. 

 

Refining the user-interface -This entailed 
creating windows for accepting user input for the 
location of the eBTD, H-point, seat back angle, 
seat pan angle and heel point location.  Additions 
were also made to ease data translation from CAD 
systems into the module via an Initial Graphics 
Exchange Specification (IGES) data translator. 

Removing various self-limit checks from the 
original seat belt centerline calculation that were 
not applicable for the eBTD enhanced software 
stability.  Additional stability was obtained after 
implementing the correct CAD data for the eBTD 
device and fine-tuning the algorithm used to 
calculate the spline curves for the centerline 
routing. 

For instances where the simulated belt width did 
not come into contact with the torso or lap 
surface, at least at the measurement scales, 
methods were implemented to project a 
perpendicular line from the inner/outer 
detachment point to the scale.  Thus, measures 
could still be obtained despite there being no 
contact.   

BELT FIT METHODOLOGY  

The belt routing calculation is based on three 
main components that represent beltfit simulation; 
they are anchor kinematics, the representation of 
the eBTD manikin, and the interaction, i.e. the 
contact of the belt with these two components. 
Once the belt routing calculation is determined, 
the scale values are computed according to the 
BTD deployment manual [9].  

Basic Concept of Simulation   

The belt routing simulation is based on several 
assumptions:  

1. The weight of the seat belt and 
anchorages is negligible compared to the 
tension forces.  

2. The friction between the seat belt and 
other contact surfaces is negligible.  

3. The tension forces in the seat belt are 
much larger than inertia forces in the 
anchors.  

4. Environmental considerations such as 
temperature etc, do not affect the 
outcome.  

Hence the seat belt can be appropriately modeled 
by a massless object, which is not affected by 
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friction on the shells.  The anchors can be 
modeled by flexible objects, which are driven 
completely by the belt and are not obstructed by 
the environment. Earlier versions of the software 
had taken into account frictional forces, but the 
results showed that the influence of the friction to 
the scale readouts is negligible. Therefore no 
friction is taken into account in the current 
version. 

The essential concept of the belt routing 
simulation is to consider the seat belt as a wide, 
thin rubber band, which is fixed at its ends and is 
stretched across the eBTD surfaces, as shown in 
Figures 1 & 2. This rubber band is represented by 
a simple, dynamic, multi-body system consisting 
of particles connected with linear springs, called 
the spring network. Neglecting gravity, the 
simulation calculates the mechanical static force 
of equilibrium of the spring network subjected to 
certain constraints. The boundary conditions are 
the attachment of the network to the overall 
system with special anchors. Contact between the 
manikin CAD-Model of the BTD (eBTD) and the 
belt are also considered within the equilibrium 
conditions. Since the alignment, with respect to 
position and orientation of the anchors is not 
known in advance, the computation also provides 
corresponding anchor alignments. 

Components of the Seat Belt Simulation 
  
The entire belt simulation essentially consists of 
the three components: 
• Spring network representing the seat belt 
• Kinematic link chains representing the seat 

belt anchors  
• CAD-Model of the BTD manikin 
• These components are described in more 

detail in the subsequent sections.  

belt routing 
across BTD

belt routing 
across BTD

rubber band 
stretched 

across eBTD 
shells

rubber band 
stretched 

across eBTD 
shells

spring network 
across eBTD 

shells

spring network 
across eBTD 

shells
force equilibriumforce equilibrium

Approach

Computation

Simulation

Figure 1: Basic concept of belt simulation 

Spring Network – As shown in Figure 2, the seat 
belt is modeled by a network of massless particles 
connected by ideal massless linear springs, called 
the spring network. The network is structured as a 
matrix.  The number of particles is calculated so 
that the longitudinal distance of neighboring 
particles is set to a default constant value. 

An ideal linear spring is characterized by a default 
length, 0l , and a spring constant, c . For the 
length, l , of a  deflection and the induced spring 

particle

belt

spring network

 
Figure 2: Representation of the seat belt 
band by a spring network 

force, F , is given by 

)( 0llcF −= . 

These springs tend to cause a deflection of a 
length equal to its default length, 0l . The 
amplitude of this deflection depends on the spring 
constant, c . 

The particles are connected by four types of linear 
springs; namely; Longitudinal, Lateral 
(transversal), Long lateral and Diagonal, as 
shown in Figure 3. 

The stiffness constants for these four types of 
springs are set so that the final calculated seat belt 
routing fits to the available experimental seat belt 
routing data and the computation of the force 
equilibrium equations for the network is achieved.  
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longitudinal

diagonal

transversal

long transversal

 
Figure 3: Different springs in the network 

Seat Belt Anchors - All seat belt anchor 
kinematics are represented by kinematic link 
chains. These link chains are defined by the 
specification of link lengths and joint properties 
as degrees of freedom and ranges of motion. 
These kinematic chains are organized in classes. 
For each supported anchor class a corresponding 
link chain is implemented, which can be 
parameterized by values given by the user. 

At the end of each link chain a corresponding seat 
belt edge is connected to the link chain. The 
length of this edge is equal to the seat belt width 
and a border particle row is uniformly fixed to 
this edge. In particular, particles cannot move 
across this edge. This means that in the case of 
the lower inboard anchor, particles do not move 
from the torso belt to the lap belt and vice versa 
during the simulation. The same is analogously 
valid for the upper outboard anchor with respect 
to the torso and retractor belt. The particles are 
distributed over the torso, lap and retractor belt in 
advance, so that approximately the same particle 
density (particle number per belt length) is 
achieved in the final belt routing. As an example 
see Figure 4 for the representation of the upper 
anchor. While all anchor kinematics can be 
completely parameterized via the graphical user 
interface, the lower inboard anchor, defined as 
anchor class B.2, plays an exceptional role. 
Unlike any other classes, this anchor possesses a 
continuous flexible part, which has no direct 
correspondence in a usual link chain. Hence this 
part is uniformly discrete and approximated by a 
fine link chain as shown in Figure 5. Those joints 
are equipped with one range of motion, whose 

joint

rotation axis

rotation angles

anchor class

link

belt edge

border particle row

 
Figure 4: Representation of seat belt anchors 

internal joints

rotation axes of 
internal joints

anchor class B.2

center joint

belt edge

Figure 5: Representation of flexible anchor class 
parts 

amplitude depends on the user specified stiffness 
parameter. This parameter ranges from soft to 
stiff to completely cover the full range of 
anchorage hardware from complete flexible to 
complete rigid. 

CAD Representation of BTD - The CAD-Model 
of the BTD, was generated in two steps. First 
CAD surfaces for the torso and lap shell, based on 
original data from Biokinetics [2], were 
constructed. In addition, the SAE geometric and 
kinematic representation of the BTD frame was 
generated in CAD. As a second step, both 
surfaces were positioned with respect to the 
frame. For this procedure several measured 
fiducial points on the scales of the BTD shell 
were used to correctly adjust the shells to the 
frame as shown in Figure 6 & 7.  

For the belt routing simulation, the torso and lap 
shell surfaces are approximated by triangle 
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surfaces. The density of this triangulation is 
determined by a compromise between simulation 
accuracy and computational performance 

The above requirements dictate that the triangular 
surfaces will be an appropriate and smooth 
representation of the original shell surfaces.  

The eBTD is assembled by positioning the overall 
CAD BTD frame with the shells attached to it. 
The position of the frame is defined by the 
following parameters derived from the BTD setup 
procedure [1]: 

1. 3D-Coordinates of BTD H-Point 
2. 3D-Coordinates of right BTD Heel Point (y-

coordinate automatically adjusted to eBTD 
dimensions) 

3. Inclination of the BTD torso 
4. The ankles of the eBTD are rigid.  

Computation of Seat Belt Routing - As mentioned 
above, the final belt routing is simulated as a 
linear spring network subjected to static 
equilibrium. Since there is no closed form 
solution possible for the corresponding 
equilibrium equations, the solution of those 
equations has to be calculated numerically using 
an iterative approach. The nature of the iterative 
schemes is highly dependent on the initial 
configuration. Successive iterations of the 
configurations are calculated until a termination 
criterion is fulfilled.  

Belt Initial Positioning - The method of 
determining the initial seat belt routing makes use 
of the position of the eBTD, in particular, of the 
torso and lap shells, and of the anchor definitions 
and locations. An initial seat belt routing is then 
calculated, which is a simple estimation not far 
from the expected final seat belt routing and runs 
outside the shell surfaces. Therefore, the initial 
shape of the seat belt routing is considered as a 
polygon of three pieces. The middle part of the 
polygon is determined by certain reference points 
fixed to the corresponding scales and is connected 
at its ends to the anchors in their default 
alignments except for the lower inboard anchor, 
which is automatically aligned to the middle part 
of the initial lap belt. The initial retractor belt 
routing runs linearly from the upper anchor to the 
car body fixation point. Figure 8 illustrates the 
initial seat belt routing for the torso and lap belt. 

 
Figure 6: Fiducial points on BTD scales 

CAD Model

BTD

Triangulation of shell 
surfaces

 

Figure 7: eBTD: CAD representation of BTD 

 

Figure 8: Initial positioning of seat belt. 
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ITERATIVE APPROACH: 

Equilibrium conditions - The calculation of the 
static mechanical equilibrium of the spring 
network primarily affects the position of the 
particles.  Since the border particles are fixed to 
the link chains representing the anchors, the 
particle positions affect the alignment of the 
anchors.  

Rigid particle equilibrium - In each iteration step, 
all current forces induced by the springs are 
calculated, in particular the total resulting force in 
each particle:  

diagonalllonglateralateralllongitiduaresult FFFFF +++= . 

Depending on the total resulting forces, the 
particles are moved towards the static equilibrium 
configuration (Figure 9).  This results in new 
positions where the resulting forces are smaller 
than in the current positions. There are no 
moments due to the structure of the spring 
network and therefore are not considered in the 
equilibrium equations.  

Small resulting forces in all particles indicate that 
the equilibrium configuration is reached. Hence 
the termination criteria consist of checking the 
resulting forces and movement steps of the 
particles respectively against a given tolerance. 
The simulation process stops, when a given 
number of iteration steps is reached or 
termination criteria are fulfilled. 

spring forces

resulting force

Figure 9: Movement of the belt representing 
particles 

Anchorage simulation - The movement of the 
particles described above is free and unrestricted 
in space. But all border particles fixed to the 
anchors are subjected to the range of motions in 
conjunction with the link lengths of the kinematic 
chains modeling these anchors, i.e. they have to 
be located on the reach envelopes of the link 
chains. Hence the movement of these particles in 
space induced by the static mechanical 
equilibrium has to be transformed into joint 
rotations. This is done with moments that are 
induced in each joint by the spring forces in the 
border particles. Internal inertial forces of the 
anchors do not affect these moments. The 
moments are projected to the current rotation axes 
of the joint and transferred into joint rotation 
angles (see Figure 10).  All rotation angles 
combined define the new alignment of the anchor, 
whereby these angles are restricted to the range of 
motion given by the user.  

Small rotation angles in all joints indicate that the 
equilibrium configuration is reached. Hence the 
termination criteria consist of checking the 
rotation angles of the joints against a given 
tolerance. Moreover, these criteria are combined 
with the corresponding ones given above. 

joint

rotation axis

spring forces

border row of belt particles

torque induced
rotation angles

resulting torque

anchor class

 
Figure 10: Rotation of anchor 

Contact between different components - The 
movement of the belt is only restricted by the 
anchors. The torso and lap shells are considered 
by a separate contact algorithm between the 
particles and shell the surfaces. 

The anchors are assumed not to be obstructed by 
environmental objects. Hence there is no contact 
control of the anchors except for the seat belt 
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edge, which is implicitly checked for all the 
particles in the vicinity of the edge surface. 

Contact check - All particles of the spring 
network have either the status free (positioned 
free in space) or the status contact (positioned on 
a shell).  At the beginning of the calculation all 
particles of the initial seat belt routing have the 
status free. 

The movement for all free particles is calculated 
as explained above. Before the particles are 
moved to the new positions, the algorithm checks 
if particles would penetrate triangles of the shells. 
In that case the corresponding movement is 
restricted and the particle is placed on the 
intersection point on the shell and gets the status 
contact. 

The movement for all contact particles is 
calculated as described below. Before the 
particles are moved to the new positions the 
algorithm checks if particles would leave the 
triangles of the shells. In that case the particle gets 
the status free again. 

Figure 11 illustrates the movement of one 
particle, which changes from free to contact and 
back to free movement. 

free movement

contact with shell

movement on shell

 
Figure 11: Particle movement relative to shell 

Rigid particle Movement - As a particle is located 
on a shell, in particular on one triangle of the 
shell, the calculation of the movement is adapted 
to the new situation. In a first step the movement 
is determined and in a second step the resulting 
force is projected onto the triangle where the 
particle is located, if the force direction is to the 
inner side of the triangle and the shell 

respectively. This projected force is assumed to 
be not affected by friction forces caused by the 
shells. Depending on this modified force the 
particle is moved towards the static mechanical 
equilibrium configuration. During a single 
iteration step a particle on a triangle moves at 
most to the border of the triangle, while longer 
steps are cut at the border. A simple example of a 
movement on a triangle is shown in Figure 12. 

Determination of Scale Values - The scale values 
of the final belt routing are determined according 
to the BTD manual [8]. First all elements, 
comprising the eBTD with scales and the belt 
routing, is projected onto an xz-plane. Second, the 
relevant belt edges are intersected with the 
corresponding scales (torso belt: lower edge, lap 
belt: upper edge). Third, the scale readouts are 
determined (Figure 13). Moreover, the algorithm 
checks whether at least one edge of the seat belt 
band touches the scale of the scale readout. Using 
this information together with the pass/fail 
criteria, the algorithm provides the values of the 
scale readouts and indicates by green/red colors 
whether the pass/fail criteria are fulfilled. If no 
seat belt edge touches the scale, the corresponding 
scale readout is automatically marked by fail and 
no value is displayed. 

Resulting force 
projected to shell

particle on shell

resulting force to 
inner side of triangle

Figure 12: Projected force on shell 

eBTD EVALUATION – The issue of variability 
of physical measurement is commonly known in 
all engineering endeavors that involves modeling 
and simulation of a physical quantity. The eBTD 
model is no exception. Verification and 
Validation (V&V) of such model has been an 
essential development objective of the software. 
A software developer performs software V&V to 
ensure code correctness, reliability and 
robustness. 
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intersection of 
scales with belt

projection of scene to xz-plane

scales

 
Figure 13: Determination of scale values 

The objective of the eBTD model V&V is to 
ensure that the end product is a predictive model 
based on fundamental physics of the problem 
being solved.  

eBTD VERIFICATION AND VALIDATION 
PROCESS  
Since the eBTD is intended to be used as a 
simulation tool in the design process as well as a 
virtual certification tool, a V&V process is 
required to quantify the level of confidence in the 
predictions made with the models built using this 
software. The expected outcome of the V&V 
process is the ability to quantify the level of 
agreement between experimental and predicted 
results, as well as quantify the accuracy of the 
numerical models when used in a predictive 
mode. 
The Verification and Validation definitions used 
in this report are adopted from [11] as follows: 
• Verification is the process of determining 

that a model implementation accurately 
represents the developer’s conceptual 
description of the model and the solution 
approach. 

• Validation is the process of determining the 
degree to which a model is an accurate 
representation of the real world from the 
perspective of the intended uses of the model. 

Verification and Validation are processes that 
collect evidence of a models correctness or 
accuracy for a specific set of parameters; thus, 
V&V cannot prove that a model is correct and 
accurate for all possible conditions and 
applications, but rather provide evidence that a 
model is sufficiently accurate. Therefore, V&V 
are ongoing activities that end when the desired 
sufficiency is reached. 

Verification is concerned with identifying and 
removing errors in the model by comparing 
numerical solutions to analytical or highly 
accurate benchmark solutions. 

Validation, on the other hand, is concerned with 
quantifying the accuracy of the model by 
comparing numerical solutions to experimental 
data.  

Because modeling and/or mathematical errors can 
cancel, giving the impression of correctness (right 
answer for the wrong reason), verification must 
be performed before the validation activity 
begins. 

Following the above logic, the software developer 
(Human Solutions Inc.) followed a mathematical 
based verification approach, to assure that the 
mathematical model perform as formulated. 
Therefore, it thought a Design Of Experiment 
(DOE) approach to take into account the effect of 
the greatest number of variables that affect the 
results. This approach enables the analysis to be 
carried out of the effects of different errors on the 
computations and as such, seeks to address as 
many sources of variability as possible. Since the 
determination of the error bounds is a 
mathematical objective of the eBTD model 
development, it was logical to rely on a DOE 
approach to assess these errors. Accordingly 
variability had to be dealt with as an outcome of 
the DOE approach. Human Solution’s evaluation 
approach was designed such that the necessary 
input parameters were measured or deduced out 
of measurements in real vehicles. The idea behind 
this approach is to eliminate the manufacturing 
tolerances and to consider the real position of the 
eBTD in the vehicle of interest, i.e. the scenario is 
reconstructed in the simulation software exactly 
as it can be observed in reality. The resulting 
calculated scale values were compared with 
values taken from experiments with real vehicles 
of the corresponding make and model. From the 
available 34 data sets, 15 vehicles were 
considered for comparison. The mean differences 
for the individual belt fit scales using data 
corrected to match the position of the eBTD were 
in the range of -0.2 cm and -0.7 cm with 
corresponding standard deviations of 0.8 cm and 
2.5 cm. With corrections to the anchorages, then 
the mean differences range from 0.1 cm and -
0.3 cm with corresponding standard deviations of 
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0.3 cm depending on the specific interpretation of 
the tests [13].  

The above verification effort was followed by a 
number of physical tests by Biokinetics [12] with 
the objective of validating the physical 
phenomenon. In these tests, it was necessary to 
follow an approach that seeks to reduce, and 
perhaps eliminate the sources of variability and 
errors.  Biokinetics used design data as input 
parameters to run the belt routing simulations. 
Design data in this context corresponds to 
parameters that are measured or derived from 
CAD drawings. Vehicle manufacturers for the 
vehicles tested provided these data. The resulting 
calculated belt score values were then compared 
with values measured in experiments with real 
cars of the same make and model. The deviations 
between the measured and the calculated scales 
were in the range of -7.0 cm and 3.0 cm. While 
the discrepancies are large, a statistical test that 
compares the average deviation between 
measured and calculated scale values could not be 
conducted since the evaluation was based on four 
vehicles only.  

These promising results led to a follow-up 
validation comparing software results to the 
physical BTD installations in vehicles. Thirteen 
passenger vehicles participated in a workshop to 
evaluate the use of the eBTD simulation module 
as an alternative to the physical measurement 
device.  Simulations were completed for only 9 
vehicles, due to lack of design data.  

Differences were calculated between the score 
predicted by the eBTD (Design based) simulation 
and the score measured with the physical device. 
The absolute values of these differences are 
presented in Table 2. Each scale and vehicle is 
listed and for those vehicles for which the 
simulation was not completed, an n/a is recorded. 

The average variation for each scale is computed 
and presented in Table 2. Previous work found 
that the expected maximum standard deviation 
from physical measurements is 0.6 cm (Anctil, 
2001). This deviation is based on data from both 
lap and torso forms, several seat locations, a total 
of 10 samples per seat and a test matrix of 
vehicles. 

Correlation Coefficients 
Correlation coefficients were used to determine 
the relationship between two different sets of 

eBTD scores. The range of a correlation 
coefficient is 0 to 1, where 1 represents an exact 
correlation. The correlation coefficient is 
computed using the following equation: 

Where :    σ = standard deviation 

and   μ = mean. 

The correlation coefficients were computed to 
compare the BTD scores resulting from the 
physical measurements and several eBTD 
simulations. The results, presented in Table 3, 
include only the nine vehicles for which the 
simulations were successfully completed. 

An additional scenario is included in which the 
effect of the B2 anchorage stiffness parameter is 
investigated. 

Table 2 - Variation of eBTD and BTD Scores 

Vehicle 
No. 

p
O

utboard 
(cm

) 

L
ap, 

Inboard 
(cm

) 

Sternum
 

(cm
) 

C
lavicle 

(cm
) 

1 0.4 1.3 0.5 0.2 

2 0.0 0.3 0.1 0.4 

3 0.5 0.5 0.2 1.3 

4 0.3 0.1 3.0 0.7 

5 n/a n/a n/a n/a 

6 n/a n/a n/a n/a 

7 0.1 0.4 0.1 1.2 

8 0.4 2.7 1.7 0.4 

9 0.1 0.8 1.3 0.2 

10 n/a n/a n/a n/a 

11 0.9 0.3 0.3 0.6 

12 0.2 0.3 0.4 0.9 

13 n/a n/a n/a n/a 

Average: 0.3 0.7 0.8 0.7 
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In this scenario, the design simulation was 
repeated using the measured stiffness for the four 
vehicles in which the design stiffness was 
considerably different from the measured 
stiffness. 

The results show that the lap inboard score has a 
lower correlation in all scenarios. This score can 
be greatly affected by the anchorage stiffness.  
The means by which the stiffness parameter is 
measured or defined can highly affect the results. 
It is shown that the correlation improves between 
the design simulation and the measured scores 
when the measured stiffness parameter is used 
(scenario 4). 

Another reason that the lap inboard score is not 
expected to correlate well between simulations 
and physical measurements has to do with the 
thickness of the buckle.  

Table 3 - Correlation Coefficients for BTD 
Scores 

 L
ap 

O
utboard

L
ap 

Inboard

Sternum
 

C
lavicle 

1
. 

Design 
Simulation vs. 
Physical BTD 

0.78 0.39 0.81 0.87 

2
. 

Measured 
Simulation vs. 
Physical BTD 

0.83 0.48 0.92 0.91 

3
. 

Design vs. 
Measured 
Simulations 

0.62 0.20 0.88 0.91 

4
. 

Design 
(modified) vs. 
Physical BTD 

0.84 0.53 0.86 0.79 

 

Currently, the simulation does not take the 
thickness into account and, if the buckle is resting 
against the seat or the physical BTD, the 
detachment points of the belt with the buckle can 
differ between the simulation and the physical 
device  

Pass/Fail Prediction 

Perhaps more important than the score itself, is 
whether or not the simulations can predict the 

pass/fail outcome of the seatbelt fit based only on 
the design data. Considering the 9 vehicles for 
which both the BTD and eBTD scores are 
available, the eBTD predicted the same pass/fail 
outcome for the lap outboard in all cases. For the 
lap inboard, sternum and clavicle scores, the 
eBTD predicted 8 out of 9 pass/fail outcomes for 
each category correctly. Overall, that is 33 out of 
36 (or 92%) correctly predicted outcomes. 

It is known that the specified design stiffness for 
4 vehicles is incorrect and considerably different 
from the measured stiffness. For vehicle 8, this 
difference is sufficient to change the pass/fail 
outcome. When these simulations are repeated 
using the design data for the geometry and the 
measured data for the stiffness, the eBTD 
predictions for vehicle 8 are the same as predicted 
by the physical BTD. This raises the eBTD 
prediction success rate from 92% to over 97%. 

It should be noted however, that almost all of the 
scores recorded during this workshop were 
passing scores. To better evaluate the prediction 
success of the eBTD module, it would be 
desirable to have a larger representation from 
vehicles that would provide a failing BTD score. 

Of the 40 measurements taken, 30 software 
simulation results were within 1 cm of actual data 
points.  Furthermore, 36 of the 40 simulation 
results were in congruence with the physical 
criteria results of either pass/fail.  The four 
incongruent results were appreciably close 
between the first electronic BTD and physical 
BTD. The eBTD simulations were able to predict 
the correct pass/fail result for 92% of the reported 
scores and the average difference between the 
scores ranged from 0.3 to 0.8 cm for the different 
scales. 

The validation results demonstrated correlation 
between eBTD and the physical BTD, except 
where seats, buckles, etc. have deflected the belt 
from the path that the webbing would take from 
the anchorage to the BTD. 

ENHANCEMENT OF SIMULATION – To 
enhance the current simulation further 
developments are underway. For example, an 
extension of the anchor kinematics library will 
enlarge the use of the simulation software by 
enabling the coverage of a higher number of 
scenarios. Here two principal approaches are 
conceivable: To incorporate the kinematic 
properties of existing anchors or to provide a 
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parametric approach that enables the user to 
define own anchorages. 

In an early design phase the principal package of 
the occupant compartment is known but often not 
necessarily the details of the interior design that 
could possibly influence the belt routing 
significantly. Examples are the contours of the 
seat pan and the back rest in case a contact 
between the belt and the upholstery occurs. 
Consequently a generic seat with morphing 
functionalities to adapt to the seat is of great 
potential. 

TRANSFER OF TECHNOLOGY ONTO 
HUMAN MODELS – Since the BTD represents 
one anthropometric type in one position benefits 
may result from transferring the described 
technology to human models representing 
occupants of different size and gender.  Thus 
whole populations represented through manikins 
with different anthropometric properties in many 
postures can be analyzed. The belt routing can be 
assessed in a general sense, i.e. whether the belt 
lies too close to the neck or too close to the 
shoulder or even on the upper arm (Figure 14). 
Additional checks can be performed in the case 
where the human model represents a bony 
structure, i.e. the basis for the original BTD 
criteria, or where the belt stretches over the bony 
structures of the torso (Figure 15). 

 

USAGE IN RELATED AREAS – There are 
many fields of application in which a realistic 3-
dimensional model can be used. Besides testing 
an existing belt restraint package with given seat 
travel path and given anchor kinematics and 
applicable adjustments, the belt routing module 

can be used to find optimal locations, types, and 
adjustments of anchors.  

 
Figure 15: Belt routing and bony structure of 
RAMSIS 

Secondly, it is conceivable to use the simulation 
results to provide a first estimate of the perceived 
comfort. Here, contact surface detachment points 
from the torso, and angles in which the belt leaves 
the human body could be used as input 
parameters for future simulation models. 
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ABSTRACT 
 
This paper presents Japan's approach for car-to-truck 
compatibility in head-on collisions. Front Underrun 
Protection Devices (FUPDs) regulated by ECE-R93 
are effective in preventing car underrun in head-on 
collisions with trucks. The Japan Automobile 
Research Institute (JARI) has studied accident 
analyses and crash tests involving FUPDs at the 
request of MLIT and the Japanese Automotive 
Manufacturers Association (JAMA). It is predicted 
that passenger car driver fatalities can be decreased 
by about 45% (36 people/year) by equipping heavy 
trucks with FUPDs. 
In 2002, meetings to formulate the FUPD regulation 
were initiated, with members of the government 
(MLIT), industries (JAMA, JABIA), and institutes 
(JARI). One agenda item for the meeting was 
whether to admit cement-mixers and tipper trucks as 
an application exclusions. The off-road driving 
performance of cement-mixers and tipper trucks 
would decrease if they were equipped with FUPDs 
provided under ECE-R93. However, it is necessary to 
equip tipper trucks with FUPDs since the trucks are 
often driven on urban roads. 
As a result of these discussions, we have eased the 
FUPD height for tipper trucks from 400 to 450mm, 
the height at which the height at which minimum 
off-road driving performance is united with a 
decrease in aggressiveness. Even with an FUPD 
height of 450mm, car driver fatalities can be reduced 
by 28%. The regulations for FUPDs was introduced 
into Japan in January, 2007. 
 
INTRODUCTION 
 
In head-on collisions of bonnet-type cars (sedans, 
wagons, hatchbacks, etc., hereafter referred to simply as 
cars) and heavy trucks, the car often underruns the front 
of the truck., and the car crew received the serious or 
fatal injuries (Figure 1) 1). The crash safety performance 
of the car depends on the way its structural parts interact 
with the structural parts of the truck (Figure 2). 
FUPD equipment that prevents the car from 
underrunning the truck is obligatory in Europe. The 
required strength and ground clearance of FUPDs are 
specified in the relevant regulations (ECE-R93)2). 
The top height of the front structural parts (Longitudinal 
Member: LM) of nearly all cars are distributed from 

400mm to 600mm (Figure 3). Therefore, the ground 
clearance of FUPDs complying with ECE-R93 
(400mm) is thought to be suitable for catching the LM. 
However, decreased off-road driving performances in 
tipper trucks equipped with FUPDs has become a 
problem. 
We had been studying the introduction of FUPDs into 
Japan since 1992 (Figure 4). Meetings to formulate 
FUPD regulations were initiated in 2002, with members 
of MLIT, JAMA, JABIA, and JARI in attendance. This 
report describes the results of this research in Japan. 

 
 
 
 
 
 
 
 
 

Figure 1.  Example of car-to-truck accident 
(Reference cited 3)). 

 
 
 
 
 
 
 
 
 
 

Figure 2.  Relative height of front strength parts. 
 
 
 
  
 
 

 

 

 

 

 

 

 
Figure 3.  Ground clearance of passenger-car parts 
(New car registration from 1998; reference cited 4)). 
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Figure 4.  Research for the introducing of FUPD. 
 
 
CAR-TO-TRUCK ACCIDENTS IN JAPAN 
 
Accident Statistics in Japan 
Collisions between cars and heavy trucks represent a 
serious problem in Japan, where trucks and cars drive 
together on nearly all roads. Figure 5 displays the 
vehicle correlations in head-on collision accidents. 
Figure 5 (a) indicates the number of accidents, and 
figure 5 (b) indicates the vehicle-driver fatalities. The 
right side (x-axis) of figure 5 (b) indicates the vehicle 
type driven in the cases with fatalities, with the left side 
(y-axis) indicating the opponent vehicle. 
There is an overwhelming number of car-to-car 
accidents. 
With respect to driver fatalities, there are many fatal 
accidents where the opponent vehicles are heavy trucks. 
The most frequent accident type occurs when car drivers 
collide with heavy trucks. The next highest frequency is 
represented by car-to-car accidents, "accidents of 
mini-car (bonnet type) vs. heavy truck ", "accidents of 
mini-car vs. sedan," and "accidents of car vs. midterm 
truck". 
Figure 5 (c) shows the classification of vehicles (1-box. 
car, mini-car, etc.) vs. truck accidents, subdivided by 
truck type. There are many cargo and van types of 
heavy trucks, along with many cement-mixer and tipper 
types of heavy trucks. It is dangerous to disregard safety 
measures required for cement-mixers and tipper trucks, 
since they are involved in these types of accidents 
comparatively frequently. 
Figure 6 shows the fatality rate (fatal injuries / all 
injuries) for the driver in five serious accident types 
according to seatbelt use. The fatality rate for mini-cars 
in accidents with heavy truck is the highest of all vehicle 
types. In collisions with heavy trucks, the fatality rate of 
drivers with seatbelts is one quarter of the rate of 
non-belted drivers. The car seatbelt works effectively in 
collisions with heavy trucks. But, the fatality rate of car 
drivers with seatbelts when colliding with heavy trucks 
is higher than the rate for non-belted drivers in car-to-car 
accidents. It is necessary to consider safety measures for 
the car crew in head-on collisions between cars and 
heavy trucks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.  Vehicle correlations in head-on accidents. 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 6.  Fatality rate of the driver in five serious 
accidents according to seatbelt usage. 
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Analysis of In-depth Data 
Head-on car-truck collisions were investigated in detail 
by using in-depth data from the Institute for Traffic 
Accident Research and Data Analysis (ITARDA). The 
trucks in the in-depth data were classified according to 
gross vehicle weight (GVW) as follows. 

Heavy truck：semi-truck and 12t≦GVW 
Middle truck：7.5t≦GVW＜12t 
Light truck：3.5t≦GVW＜7.5t 

Figure 7 depicts the deformation modes of the cars in 
head-on car-truck collisions. In this analysis, the 
deformation modes were classified into the following 
three types. 

 
Type A: Only the upper part of the bonnet was 

crushed, and the LM of car has not 
collapsed directly. This mode may be 
caused by underrun.  

Type B: The bonnet was evenly crushed for its upper 
and lower width, and the LM has collapsed. 
This mode cannot be caused by underrun. 

Type C: The deformation could not be judged by 
underrun because the overlap was too 
narrow. 

 
About 70% of collisions with heavy trucks involved 
type A deformation, with negligible amounts of type 
B. For middle trucks, about 55% of the deformations 
were of type A. Less than 10% of crashes caused type 
A deformation in light trucks. Type C deformation 
was caused at a rate of about 25% for each truck type. 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Deformation modes of bonnet cars 3). 
 

Within type A or type C, the relation between the car 
overlap rate and the collapsing rate is illustrated in 
Figure. 8. Only heavy and medium trucks were 
considered, and only collisions with seat-belted car 
drivers were considered. Areas in the figure where 
death or injury occurred are indicated. The collapsing 
rate refers to Cs/Lo ("Crush length of the driver front 
" / "Bonnet length" ), defined as shown to the right in 
the figure. 

With overlaps greater than 30%, all deaths occurred 
at collapsing rates over 100%. Therefore, the main 
factor in these deaths is assumed to be a collapsing 
rate that exceeded 100%. 
We investigated the equivalent barrier speed (EBS) in 
head-on car-truck collisions. EBS refers to the barrier 
collision speed at which a car deformation equal to 
that in the accident would occur, based on the results 
of past protruded-barrier collision tests. 

 

 

 

 

 

 

 
 
 
 

Figure 8.  Relation between the car overlap rate 
and the collapsing rate (driver wearing seat-belt)3). 

 
Figure 9 illustrates the relation between the car 
overlap rate and the EBS of the car. Due to the 
limited number of data points, we included data from 
"non-belted drivers who died with collapsing rates 
over 100%" in addition to data points from "fatalities 
to seat-belted drivers". The trend did not change over 
the investigation year in although the data in figure 9 
have been separated into 1982-1995 and 2000-2002 
time periods. 
The death line for the driver reveals a tendency for 
the EBS to rise with the overlap rate. The average 
EBS at a 50% overlap rate was about 65km/h. Most 
of the data points were in a range up to 20km/h faster 
than the death line. If the collapsing rate 
corresponding an EBS of to 20 km/h could be 
decreased, car crew fatalities would be significantly 
reduced. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 9.  Relation between the car overlap rate 
and EBS 5). 
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CRASH TEST 
 
Test Conditions 
To check the effectiveness of equipping trucks with 
FUPDs, head-on car-truck collision tests were 
conducted (Figure 10). Trucks with and without FUPDs 
were used in these tests. The same car type and collision 
speeds were used in each test. 
The crash matrix of the tests executed (total 24) is 
presented in Table 1. The test conditions were as 
follows. 
 
・The test cars were collided with stationary trucks 

with the brake applied. 
・Car speed at impact was 65 km/h (some tests were 

also performed at 50 km/h). 
・Car overlap rates were 30%, 50%, and 100%. 
・Two types of small sedans were investigated, along 

with a large sedan and a mini-car. 
・A Hybrid-II dummy was installed in the driver's seat 

of the car, with a seatbelt. The injury criteria of the 
dummy were measured for reference. Only the 
mini-car was equipped with a driver airbag. 

・The trucks used were mainly heavy trucks. 
・The trucks were equipped with ringed-up FUPDs, 

corresponding to the strength specified in ECE-R93 
for a height of 400mm. In these cases, existing resin 
bumpers were detached. 

 

 

 

 

 

 

 

 
 
 
 

Figure 10.  Example of a crash test 6) 
（Heavy truck vs. small sedan, 100% lap). 

 
Table 1. 

Crash test forms 
 

 

 

 

 

 

 

 

Test Results 
Figure 11 illustrates the deformation of a small sedan in 
100% overlap collision with a heavy truck. In the 
collision without FUPD, car crushing reached the 
windshield. In contrast, the car collapsed only up to the 
front tire in the collision with the FUPD equipped. 
Figure 12 illustrates the deformation of a small sedan in 
50% collision with a heavy truck. The upper part was 
crushed to the A-pillar in the collision without FUPD, 
though the LM did not collapsed. The collapsing did not 
reach the A pillar in the collision with FUPD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Deformation of the small sedan in 100% 
collision with the heavy truck. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12.  Deformation of the small sedan in 50% 
collision with the heavy truck. 
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Table 2 presents the results of classifying the car 
deformation modes according to the crash test 
configuration. Type A deformation was dominant in 
collisions with heavy trucks without FUPDs. Both type 
A and type B modes were present in collisions with 
middle trucks without FUPDs. 
In collisions with FUPDs equipped, primarily type B 
was seen in most cars. It is thought that the dominant car 
deformation mode was changed from type A to type B 
by equipping the trucks with FUPDs. It can also be said 
that FUPDs prevented car from running under the trucks 
since type B deformation is not associated with 
underrun. 

 
 Table 2. 

Car deformation modes 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 depicts the collapsing rate of crash 
configurations involving heavy trucks. The collapsing 
rate exceeded 100% in many cases without FUPD, but 
was reduced below 100% by equipping the truck with 
an FUPD. For mini-car collisions, the dummy injury 
criteria satisfied safety levels even though the collapsing 
rate exceeded 100% with FUPD equipped because the 
bonnet length is short. The collapsing rates presented are 
the results of crash tests executed at 65km/h. Other tests 
demonstrated that the collapsing rates change relatively 
with collision speed. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 Figure 13.  Collapsing rate due to collisions with 
heavy trucks. 

Figurer 14 plots the relationship between the collapsing 
rate and specific dummy injury criteria (HIC, Femur 
force) for the driver. Each injury criterion tended to rise 
with increasing collapsing rate. There were some cases 
where the injury criterion exceeded the safety level that 
occurred with a collapsing rate greater than 100%. 
There were other cases in which the HIC did not satisfy 
the safety levels. It is believed that the HIC exceeded the 
safety level due to a secondary impact of the dummy, 
since the survival space in the car was suitably retained. 
Also, these cars were not equipped with airbags. 
Equipping the cars with airbags is expected to lower 
HIC values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 14.  Relation between the collapsing rate  
and injury criteria 
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FORECAST OF FUPD EFFECT 
 
Based on the fitting of FUPDs to current trucks, 
reductions in driver fatality rates were forecast for the 
following conditions.  
・ The targeted accident form of head-on 

collisions involving a car and a heavy truck 
(middle truck). 

・ The car driver wears a seatbelt. 
・ The fatality level is based on a collapsing rate 

that exceeds 100%. 
・ All trucks are assumed to be equipped with 

FUPDs according to ECE-R93. 
・ The FUPD effect is calculated by the following. 

The number of fatality-reductions/year 
multiplies "FUPD effect" and "period average 
of the car driver fatality". 

 
 
 

 
"Probability of underrun" and "contribution rate of 
FUPD" were forecast by using the following two 
methods. 
 
Forecast by In-depth Data 
In this forecast, the effect of FUPDs in car vs. heavy 
truck accidents was forecast. The probability of 
underrun was derived from Figure. 7, which predicts 
a 69% probability of underrun with type A 
deformation present. 
A contribution rate estimate was obtained by 
combining the crash test results with in-depth data. 
Figure. 14 plots the relation between the EBS and the 
collapsing rate. This graph plots both the in-depth 
data and the test results. 
Looking at the results for 50%-74% lap, we see that 
the test results for trucks not equipped with FUPDs 
and the in-depth data lies in the same area. When the 
regression line for the in-depth data (without FUPD) 
is plotted, the collapsing rate is seen to reach 100% at 
52km/h. The EBS of the results with FUPD is 25% 
higher than that of the results without FUPD, 
although the regression lines of the two cases are 
parallel. 
The test results without FUPDs and the in-depth data 
are also in the same range for 25-49 lap and 75-100% 
lap. Therefore, the regression line for the results with 
FUPD was also assumed to be parallel to the results 
without FUPD. The EBS value at the point where the 
collapse rate reached 100% was obtained from each 
regression line. 
Figure.15 portrays the relationship between the 
overlap rate and EBS values at 100% collapse. This 
relationship can be divided into three areas (A, B, and 
C). 

Area A: In this area, the car driver dies even if the 
truck is equipped with FUPD. 

Area B: In this area, the car driver lives if the truck 
is equipped with FUPD. 

Area C: In this area, the car driver lives do to 
wearing a seatbelt, regardless of FUPD 
installation. 

 
Therefore, fatalities that would be present in 
accidents in area B might be reduced by equipping 
the involved truck with an FUPD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15.  Relation between EBS and collapsing 
rate. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 16.  Relation between overlap rate and 
EBS when the collapsing rate reaches 100%. 
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Figure 17 presents the results of superimposing these 
areas onto Figure. 8. Here, 4 (of 18) people are 
distributed in area A and 14 people are distributed in 
area B. It is thought that 14/18 (78%) could be saved 
by equipping trucks with FUPDs. The contribution by 
FUPDs in this case is presumed to be 78%. 
The forecast using in-depth data proceeds as follows. 
 

FUPD effect = 69(%) * 78 (%)= 54 (%) 
 
 
 
 

 
 
 
 
 
 
 
 

 Figure 17.  Contribution rate of FUPD. 
 

 
Forecast by Macro Data 
The forecast by macro data predicts the effect of 
FUPDs in accidents involving heavy and meddle 
trucks.  
The car deformation modes were estimated from the 
LM of the new car registrations from 1998 and the 
chassis frame height of trucks. The modes were 
divided into three categories as listed in Table 3. The 
determination between type A and type B was based 
on whether the heights of the structural parts of the 
car and truck allowed them to come into contact. 
Type C was assumed to be present in 25% of the 
cases, regardless of vehicle size. 
The frame height of heavy trucks is exceeds the great 
majority of LM heights, leading to an estimate of 
75% of cars undergoing type A deformation. For 
middle trucks, however, the frame height is equal to 
the average car LM height, so it is estimated that only 
30% of collisions would produce type A deformation. 

 
Table 3. 

Deformation mode of bonnet car 
 
 

 
 
 

The probability of unnderrun was presumed to be 
equal to the probability of type A deformation, since 
underrun is seen in this deformation mode  
Figure 18 presents the results of calculating the 
contribution rate of FUPDs. Figure 18 (a) plots to the 
fatality rate of car drivers at each relative speed. The 
relative speed is calculated by adding the speed of the 
object vehicle to that of the opponent vehicle.  

The speed required to reach 100% collapse rises by 
25% after an FUPD is equipped in the test results 
with 50% overlap. The fatality rate of car drivers 
when all trucks were equipped with FUPD was 
estimated by increasing the relative speeds by 25%. 
The fatalities were estimated by multiplying the 
number of accidents at each relative speed by the 
fatality rate as seen in Figure 18 (b). Using this 
method, the total number of fatality reductions due to 
the FUPD equipment was calculated to be 61% of the 
whole. This ratio was thus assumed to be the 
contribution rate of equipping FUPDs. 

 
  (a) Fatal rate of car drivers 
 
 

 
 
 
 
 
 
 
 
 
 
 
  (b) Forecast of fatality by FUPD 
 

Figure.18  Example of contribution rate 
 
 
 
 
 
 
 
 
 

 
 
Figure 18.  Calculating contribution rate of 
FUPD (bonnet car vs. heavy truck). 

 
Similar calculations were performed for other forms 
of accidents with calculated the FUPD effects as 
listed in Table 4. FUPD fatality reduction in car vs. 
heavy truck collisions is about 50%. This forecast 
corresponds to the forecast obtained using in-depth 
data. 
The number of fatality reductions due to FUPD was 
calculated from these results as illustrated in Figure. 
19. Half of the fatalities were to non-belted drivers. 
Equipping heavy trucks with FUPD could reduce 
fatalities of belted drivers by 36 fatalities per year 
(45%). Equipping middle trucks with FUPDs could 
reduce fatalities by 7 fatalities per year (20%). 
Similar decreases in fatalities are expected for other 
passengers in the impacted cars. 
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 Table 4. 

Calculation of the FUPD effect 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19.  Fatality reductions of car drivers due 
to FUPD.  
 
FUPD Effect on Cement-mixers and Dump Trucks 
Meetings to formulate the FUPD regulations have 
been underway since 2002. One agenda item at these 
meetings was allow to admit cement-mixers and 
tipper trucks to be excluded from application of 
FUPD regulations. Some countries in Europe exclude 
tipper trucks because FUPDs interfere with the 
truck’s driving performance of the trucks. 
The bumper ground clearance of cement-mixers and 
tipper trucks in Japan is over 500mm. Equipping 
FUPDs on these trucks would cause a problem when 
driven off-road due to a performance decrease. 
However, it is still necessary to equip tipper trucks 
with FUPDs since these trucks are often driven on 
urban roads.  
We again calculated the probability of car underrun 
from the height of the LM. Figure 20 plots the 
relation between "ground clearance of FUPD" and 
"probability of underrun". The probability was 
judged as a more sever condition when the FUPD 
overlapped at least 50mm of the car LM. Type C was 
assumed to be present in 25% of the cases. 
FUPDs with a ground clearance of 400mm could 
prevent underrun by 65%.  Even with an FUPD 
450mm in height, underrun could be prevented by 
47%. 

Some problems in off-road driving performance 
would still be present even if an FUPD with a height 
of 450mm were installed. However, we judged that 
an FUPD height of 450mm would be appropriate for 
keeping a balance between off-road driving 
performance and decrease in aggressiveness. 
Therefore we have eased the FUPD height for tipper 
trucks (GVW≧8t) from 400 to 450mm  
Table 5 presents the results of recalculating the FUPD 
effect. In this recalculation, we plotted "probability of 
underrun" along with "probability of preventing 
underrun" to exclude the probability of underrun 
occurring even with trucks equipped with FUPDs.  
Figure. 21 depicts the predicted death reductions 
from using FUPDs. This forecast demonstrates the 
effect of equipping all heavy trucks over 8t FUPDs, 
using statistics from 2001-2003. 
Cargo and van trucks equipped with FUPDs could 
reduce car-driver fatalities by 40%. Cement-mixer 
and tipper trucks equipped with FUPDs at a height of 
450mm could reduce car-driver fatalities by 28%. 

 
 

 

 
 
 
 
 
 
 
 
 
 

Figure 20.  Relation between ground clearance of 
FUPD and probability of underrun. 
 

Table 5. 
 FUPD effect (recalculation) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21.  Fatality reductions of car drivers due 
to FUPD (recalculation GVW≧8t). 
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SUMMARY 
 

1) Head-on collisions of bonnet-type car vs. truck 
are the serious accidents in Japan.． 

2) The car safety performances can work effectively 
by equipping heavy trucks with FUPDs, and the 
injury criteria of car drivers would be able to 
reduced.  

3) Equipping heavy trucks (cargo and van) with 
FUPDs provided under ECE-R93 could reduce 
car-driver fatalities by 40%. 

4) The FUPD height of cement-mixers and tipper 
trucks was eased from 400 to 450mm representing 
a ground clearance tat will maintain balanced 
between off-road driving performance in Japan 

5) Equipping heavy trucks (cement-mixers and 
tipper trucks) with FUPDs could reduce car-driver 
fatalities by 28%. 

 
Regulations for FUPD equipment in trucks was 
introduced into Japan in January, 2007. Technological 
requirements for FUPD are ratified to ECE-R93. 
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ABSTRACT 

Multi Purpose Vehicles (MPVs) have gained great 
popularity for many years. But up to now there are 
still lacks of published results showing the crash test 
performance of such vehicles. To assess the 
secondary safety of the large MPV Mercedes-Benz 
Viano, DEKRA conducted 3 crash tests according to 
the Euro NCAP test protocol: a 64-kph-40-%-ODB 
frontal crash, a 50-kph-MDB side impact and a 29-
kph-pole side impact.  

The tested model was a 2005 Viano 2.0 CDI Trend 
with a wheelbase of 3,200 mm and a kerb weight of 
2,065 kg. The paper describes the tests and the tested 
vehicle with its relevant safety features. The test 
results are shown with special attention to the dummy 
loads and their assessment including modifiers 
according to the Euro NCAP protocol. The overall 
rating of the vehicle is 5 stars for adult occupant 
safety and 4 stars for child protection. With this 
background the articles gives also new information 
on what is state-of-the-art for secondary occupant 
safety in this vehicle class. 

 
TEST VEHICLE 

The crash tests were carried out on a new series 
Mercedes-Benz Viano, made in 2005, Fig. 1. 

The manufacturer offers this six-seater vehicle in 
3 versions. The compact variant has a length of 
4,748 mm while the long- and extra-long variants 
have lengths of 4,993 mm and 5,223 mm 
respectively. The corresponding wheelbases are 
3,200 mm for the compact- and long versions and 
3,430 mm for the extra-long version. Depending upon 
the installed engine and equipment fitted, the kerb 
weight as determined in accordance with DIN 70020 

lies within the range 2,020 - 2,195 kg while the gross 
vehicle mass lies between 2,770 and 2,940 kg. 

The particularly popular model 2.0 CDI Trend was 
chosen for the crash tests, Fig. 2 - the actual vehicle 
being the long version with a wheelbase of 
3,200 mm, an empty weight of 2,065 kg and a gross 
vehicle mass of 2,770 kg. The total weight of the 
vehicle when prepared for testing amounted to 
2,290 kg for the frontal impact, 2,158 kg for the side-
impact with a moving barrier and 2,222 kg for the 
side-impact on a vertical pole. 

 

 

Figure 1.  Variants of the Mercedes-Benz Viano 

 

Figure 2.  Test vehicle Mercedes-Benz Viano 
2.0 CDI Trend 
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The safety equipment of the Mercedes-Benz Viano 
includes a body with high-strength passenger cell and 
a support structure capable of accepting very high 
loads, Fig. 3. This ensures the preservation of the 
survival space for the occupants in the event of a 
frontal collision, a side-collision, rear collision and a 
rollover. Energy-absorbing deformation zones, e.g. in 
the frontal area, contribute to a low level of loading 
being imposed upon the occupants. 

 

Figure 3.  Structure of the body in white 

 
All the seats are fitted with 3-point safety belts. The 
systems for the driver and the front-seat passenger 
include a belt tensioner and a belt-force limiter. Front 
airbags for the driver and the front-seat passenger are 
provided also in series production models, Fig. 4. 
Window airbags and thorax airbags can be provided 
for the driver and the front-seat passenger as optional 
fittings. 

Seat Belt Reminders for the front seats form part of 
the series equipment for the Viano, too.  

 

Figure 4.  Airbags 

 
TEST PROCEDURE 

The tests were carried out in accordance with the 
requirements of the Euro NCAP Test Protocol, 
(August, 2005 Version) [1]. 

 
Frontal impact 

In case of the frontal-impact test this takes place at 
64.1 km/h with a frontal overlap of 40% with respect 

to the deformation element (ECE-R 94) on the fully 
rigid impact block, Fig. 5. 

 

 

Figure 5.  Frontal impact 

 

In this test the vehicle was occupied by an adult 
dummy Hybrid III, 50th percentile male in both the 
driver seat and the front-passenger seat. Behind these 
in the second-row seats were two child dummies, 
Fig. 6. A P3 Dummy (a 3-year old child) was in the 
forward-facing seat (Römer Duo Plus) directly 
behind the driver. Behind the front-seat passenger 
was a P1 ½ Dummy (a child 1 ½ years old) in a rear-
facing child seat (Römer Baby Safe Plus). 

 

 

Figure 6.  Child dummies P 3 and P 1 ½ 

 

To measure the deceleration of the vehicle a three-
axial sensor was mounted in the lower area of the B-
pillar of the vehicle. A further three-axial sensor was 
mounted on the seat-rails of the second row of seats. 
Other sensors measured the tensile force in the 
shoulder belts of the driver and front-seat passenger. 
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Six high-speed cameras recorded the sequence of 
motion in the crash test as observed in a horizontal 
direction from both the left- and the right-hand sides; 
two high-speed cameras were employed for 
downward observation recordings and one high-speed 
camera for upward observation from the filming pit. 

 

Side-impact tests 

Moving barrier impact 

During the first side-impact test the moveable barrier 
(with a mass of 944 kg and a deformable front 
element in accordance with ECE-R 95) impacted the 
side of the stationary test vehicle at a speed of 
50.3 km /h, Fig. 7. As required by the regulations, at 
the time of the impact the projection of the central 
vertical line of the barrier met the so-called "R-Point" 
of the vehicle. The test vehicle was occupied by an 
adult dummy on the driver side and two child-
dummies in the second row of seats. As required by 
the testing procedure, on this occasion the P3 dummy 
was behind the front-seat passenger and the P1 ½ 
dummy behind the driver. 

 

 

Figure 7.  Side impact with moving barrier 

 

As for the frontal-impact test, to measure the 
deceleration of the vehicle three-axial deceleration 

sonsors were mounted on the B-pillar and on the seat 
rails of the second row of seats. 
 
Seven high-speed cameras recorded the sequence of 
motion during the test as seen from several sides in a 
horizontal direction. One high-speed camera was 
used to record what happened in a downward-looking 
direction. 

 

Pole impact 

Since the Mercedes-Benz Viano can be fitted with 
side airbags for the head as an optional feature, an 
additional test conforming to the conditions imposed 
by Euro NCAP was carried out. This involved a side-
impact collision of the test vehicle against a rigidly 
mounted pole (with a diameter of 254 mm), Fig. 8. 
The impact speed was 29.1 km/h. 

 

 

Figure 8.  Impact with vertical pole  
 

In the test vehicle the driver was represented by a 
EuroSid 2 (ES2) Dummy. As required by the 
conditions prescribed by Euro NCAP the vehicle 
impacted in such a manner that in the absence of an 
airbag the pole would have come into direct contact 
with the head of the driver in the projected direction 
of its centre of gravity. 
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In this test also, the measurement of the deceleration 
of the vehicle was made by three-axial deceleration 
sensors mounted on the B-pillars and the seat-rails of 
the second row of seats. 
 
Five high-speed cameras were used to document the 
movement sequence as seen from several sides in a 
horizontal direction, one high-speed camera was used 
for the downward looking recording and another 
high-speed camera for the upward-looking recording 
made from the filming pit. 

 

TEST RESULTS 

Frontal impact 

Fig. 9 shows the test vehicle after the frontal impact. 
Both front airbags and the belt tensioners for the 
driver and the front-seat passenger were activated in 
the manner expected in the event of such a crash. As 
a result of the deformation caused by the crash the 
overall length of the left side of the vehicle was 
reduced by 643 mm while the right-hand side 
increased in length by 52 mm. In a corresponding 
manner, the wheelbase on the left-hand side was 
reduced by 305 mm while on the right-hand side it 
was increased by 175 mm. 

 

Figure 9. Test vehicle after frontal impact 

 

The A-columns were displaced to only a very slight 
extent. The survival space for the occupants remained 
almost entirely intact. Table 1 contains the values for 
the displacement of the steering wheel, the brake-, 
clutch- and accelerator pedals in the horizontal- (x), 
sideways- (y) and vertical (z) directions. No rupture 
developed in the area of the underbody and 
splashboard. The bonnet crumpled and did not 
penetrate into the compartment. During the collision 
the doors remained closed. After the test the doors 
could be opened by hand without using tools. 

 

Table 1. 
Displacement of steering wheel and pedals 

 Steering 
wheel 

Accele-
ration 
pedal 

Brake 
pedal 

Clutch 
pedal 

Displacement 
x [mm] 

13 24 59 48 

Displacement 
y [mm] 

10 42 2 40 

Displacement 
z [mm] 

1 17 42 31 

 

The loads experienced by the dummies in the driver 
and front passenger seats (both H III) are given in 
Table 2. 

 

Table 2. 
Driver and passenger dummy loads (H III) 

Body 
region 

Dummy measured 
Value 

Driver Pass-
enger 

 a res, max [g] 
a res, 3 ms [g] 
HIC 36 [-] 

51.59 
51.01 

386 

50.0 
49.41 

396 
Neck F shear [kN] 

F tension [kN] 
M retro flexio [Nm] 

0.26 
1.08 
7.58 

0.27 
0.89 
8.98 

Chest Compression [mm] 
VC [m/s] 

33.60 
0.16 

32.73 
0.12 

Knee 
left 

Displacement 
[mm] 

0.86 0.67 

Knee 
right 

Displacement 
[mm] 

0.90 0.71 

Femur 
left 

F compressive [kN] 
 

3.18 2.13 

Femur 
right 

F compressive [kN] 2.78 1.62 

Lower-
leg 
left 

F compressive [kN] 
Upper Tibia Index 
Lower Tibia Index 

0.74 
0.35 
0.26 

1.19 
0.39 
0.23 

Lower-
leg 
right 

F compressive [kN] 
Upper Tibia Index 
Lower Tibia Index 

0.42 
0.29 
0.29 

1.38 
0.28 
0.26 

 

With the exception of the chest compression all the 
measured loads on the dummies lie below the 
limiting values which are graded by Euro NCAP as 
the higher performance limits. Therefore, in this 
instance the best possible (highest) evaluation points 
(4.00) were awarded for the protection afforded to the 
two body areas of head and neck as well for the knee, 
femur and pelvis. The total points for the driver and 
the front seat passenger thus amounts to 8.00 each. 
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In Table 2, the loads experienced by the lower legs of 
the dummies were also below the relevant higher 
performance limits. In addition, the evaluation of the 
protection afforded to the occupants in respect of the 
accelerator pedal displacement on the driver's side 
was taken into account. Since here, too, no critical 
values were recorded, the level of occupant 
protection provided for the body regions of lower leg, 
feet and ankles was assessed as being the best 
possible and justifying a points rating of 4.00 each for 
the driver and the front-seat passenger. 

In the case of the chest compression of the driver 
dummy (33.6 mm) and the passenger dummy 
(32.73 mm), the Higher Performance Limit of 22 mm 
was exceeded. In that situation the evaluation points 
for this body region have to be determined by 
reference to an appropriate so-called sliding scale. 
For example, as shown in Fig. 10, the driver dummy 
receives 2.34 points while his front-seat passenger 
receives 2.47. 
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Fig. 10.  Assessment of the protection level relating 
to compression of the driver’s chest  

 

This means that the total points scored for protection 
of all regions of the body of the occupants as assessed 
by Euro NCAP amounted to 14.34 for the driver and 
14.47 for the front-seat passenger compared with a 
corresponding possible maximum of 16.00. 

In the further evaluation procedure specified by Euro 
NCAP, account was taken of the so-called modifiers. 
These can lead to a subsequent reduction of the 
evaluation points initially awarded. 

Deductions are made in respect of the head if an 
unstable airbag contact or an airbag burst is detected 
by the high-speed cameras. This was not the case in 
the tests carried out. Consequently the awarded 
maximal point total of 4.0 actually represents the end-
result for occupant protection afforded to the driver 
and the front-seat passenger. 

Where the chest area is concerned, an unstable 
behaviour of the vehicle structure or contact with the 
steering wheel and displacement of the A-pillars can 
lead to a doubled modifier-deduction. Similarly, 
instabilities in the foot area - for example, a rupture in 
the floor plate - can lead to a modifier-deduction. 
None of these situations developed in the tests that 
were carried out. This means that once again no 
modifier deduction was necessary. As far as the feet 
were concerned the awarded maximal point score of 
4.00 – as was the case for the driver chest area with a 
point score of 2.34 and the front-seat passenger of 
2.47 – also represent the final result for the overall 
evaluation of the degree of safety available to the 
occupants of the vehicle. 

A particularly critical view was taken of knee area 
problems in a collision situation. Medical personnel 
treating accident victims have reported that in real-
life crash situations involving transporters of up to 
3.5 t gross vehicle mass, injuries to the lower 
extremities - characterised by fractures adjacent to the 
knee-joint as well as direct knee injuries - present a 
significant problem [2]. 

The evaluation procedure prescribed by Euro NCAP 
provides that account be taken of concentrated loads 
or varied contact conditions involving the knee area 
of the driver and front-seat passenger in collision 
situations since these can result in aggravated risks of 
injury. This means that - although the measured 
values experienced by the dummies do not reflect a 
corresponding objective degree of risk - associated 
modifier-deductions come into play. To be able to 
assess this factor it is necessary to carry out a detailed 
analysis of the structure of the vehicle in the knee-
impact area, including areas underneath the external 
panelling. The relevant knee-impact areas for the 
passenger are illustrated in Fig. 12. The 
corresponding area for the front-seat passenger is 
shown in Fig. 11. 

As can also be demonstrated by the supplementary 
sled tests carried out by the manufacturers it is the 
case that in terms of frontal impact collision 
situations the structures in the knee-impact area for 
the driver and the front-seat passenger of the Viano 
are designed in an exemplary manner for this class of 
vehicle. Amongst other features, special knee-
protection cushions are integrated into the structure 
supporting the dashboard in order to keep the bio-
mechanical loading within acceptable limits in the 
event of a knee impact. 
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Figure 11. Front-seat passenger knee-impact areas 

 

 

Figure 12  Knee support in the driver-knee impact 
area –visible only after dismantling the panelling 

 

The detailed analysis revealed that no additional risk 
of injury can be identified for either the outer (right) 
knee of the front-seat passenger or the outer (left) 
knee of the driver as well. This confirms the very low 
level of risk of injury established by the final result of 
the measured values provided by the dummies. 

However, as far as the inner (right) knee of the driver 
and the inner (left) knee of the front-seat passenger 
are concerned, the possibility cannot be excluded that 
in, for example, an oblique frontal impact collision 
the flexibility of the knee-impact area could limited 
by the massive support structure lying behind it. 
Consequently, this lead to a devaluation by one point 
each. 

After rounding off the measured value, the total end-
result value for the safety evaluation of the front-seat 
occupants of the Mercedes-Benz Viano involved in a 
frontal collision and determined by the Euro NCAP 
procedure amounted to 13 points, i.e. 81% of the 
maximal possible value of 16 points. The associated 
occupant safety-levels in terms of the individual body 

regions of the driver and the front-seat passenger are 
displayed by the coloured manikins appearing in 
Fig. 13. 
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Figure 13.  Front impact protection for driver and 
passenger related to the body regions 

 

Table 3 provides the measured loads experienced by 
the child dummies during a frontal-impact test. 

 

Table 3. 
Child dummy loads frontal impact 

Body 
region 

Measured value Dummy 
P3 

Dummy 
P 1 ½ 

Head a res, max [g] 
a res, 3 ms [g] 
a z , 3 ms [g] 
Forward 
displacement [mm] 

45.80 
41.86 

- 
400 

34.75 
33.44 
21.29 

- 

Chest a res, 3 ms [g] 
a z, 3ms [g] 

35.83 
21.22 

28.59 
21.37 

 

The occupant safety level for children in child 
restraint systems is evaluated in accordance with the 
Euro NCAP procedure, too. This involves the 
measured values for dummies together with 
supplementary criteria for the head and chest. Up to 
4 points can be awarded for each of the two body 
regions, making a possible total of 8.0. In addition, an 
evaluation of the child restraint system is carried out 
and based upon the labelling and the degree of secure 
fixing in the vehicle. This carries a maximal total of 
6.0 points. 

In terms of occupant safety level, a points total of 4.0 
was awarded for each of the head and chest regions 
of a 3-year old child strapped in a forward-facing 
Römer Duo Plus child seat. A further 6.0 points were 
awarded for the child seat itself so that the total 



  Berg 7 

number of points awarded matched the best-possible 
evaluation result of 14.0 points. 

On the one hand the dummy measurements, which 
were all below the relevant higher performance 
limits, were decisive for this. Furthermore, it was 
important that the dummy was neither partially not 
completely thrown out of the child seat and similarly 
that there was no direct hard contact between the 
head of the dummy and parts within the inner 
compartment of the vehicle. 

The evaluation of a 1 ½ year old child in a Römer 
Baby Safe Plus awarded 1.87 points (out of a 
maximum of 4.0) for the head region because in this 
case the measured deceleration values were above the 
relevant higher performance limits. However, the 
P1 ½ Dummy was also neither partially nor wholly 
thrown out of the child seat and similarly there was 
also no hard contact between the head and features 
within the inner compartment of the vehicle. 

With regard to the occupant safety level relating to 
the chest region, the measured values made on the 
P 1½ dummy again allowed the maximal number of 
points to be awarded (4.0). This produced a total of 
5.87 points (73% of the maximal 8.0 points). In this 
case, the securing system was awarded a maximal 
8.0 points. Consequently, the overall total of points 
awarded in respect of the occupant safety level 
relating to the 1 ½-year old child strapped in the 
Römer Duo Plus child seat amounted to 11.87 (85% 
of the possible maximal award of 14.0). 

 

Side impacts 

Moving-barrier impact 

The condition of the exterior body of the test vehicle 
following the side-impact collision is shown in 
Fig. 14. 

In the sill area the depth of deformation amounted to 
110 mm with respect to the original contour of the 
vehicle. The most extensive depths of deformation 
were at a height of 150 mm above the sill level and 
amounted here to 250 mm. 

After the collision, the driver door was jammed. The 
front-seat passenger door could be easily opened by 
hand without using any tools. As was to be expected, 
the collision caused the thorax side air bag and the 
head air bag to be activated. 

 

Figure 14.  Test vehicle after side impact with 
moving barrier 

Table 4 provides the measured loads experienced by 
the driver dummies (ES2) 

Table 4. 
Driver dummy loads (ES-2 barrier impact) 

Body 
region 

Dummy measured value Driver 

Head a res, max [g] 
a res, 3 ms [g] 
HPC 36 [-] 

10.91 
10.73 

46 
Chest Compression [mm] 

VC [m/s] 
F y, back plate [kN] 
F y, T12 [kN] 
M x, T12 [Nm] 

12.25 
0.05 
0.58 
0.47 

47.92 
Lower body F res. [kN] 0.26 
Pelvis F pubic symphisis [kN] 0.62 
 

All the measured values lie below the relevant higher 
performance limits so the maximal 4.0 points could 
be awarded to the protection level relating to each of 
the 4 body regions of head and neck, chest, abdomen 
and pelvis. Consequently, the overall total of the 
points awarded amounted to 16.0. 

The evaluation in accordance with the Euro NCAP 
requirements of the modifiers to be taken into 
account with respect to the side-impact barrier 
collision (ease of door-opening after the collision, the 
effect of force upon the back plate and the thoracic 
vertebra T 12, momentum-effect upon the thoracic 
vertebra T12) did not result in any additional negative 
consequences. There, the initially awarded total of 
14.0 points represents the final result for the 
evaluation of the occupant safety level for the driver 
involved in a side-impact barrier collision. 

In the context of a child dummy in a side-impact 
barrier collision only the loadings experienced by the 
head are relevant. The associated measured values are 
shown in Table 5. In this case, too, all the values lie 
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below the relevant higher performance limits. This 
means, therefore, that each dummy receives the 
maximal awardable points of 4.0 for the head region. 

Since no hard contact between the head and features 
within the internal compartment of the vehicle could 
be observed, this also represents the overall result. 
This means that in the event of a side-impact collision 
the occupant protection level for a 1 ½ year old child 
strapped in the Römer Baby Safe Plus - and equally 
for a 3-year old child in the Römer child seat Duo 
Plus - is evaluated as the maximal possible awardable 
points, namely 4.0 in each case. 

 

Table 5. 
Child dummy loads barrier side impact 

Body 
region 

Measured value Dummy 
P3 

Dummy 
P 1 ½ 

Head a res, max [g] 
a res, 3 ms [g] 

21.14 
19.86 

22.59 
22.25 

 

 

Pole impact 

The external damage suffered by the test vehicle after 
collision with a vertical pole is shown in Fig. 15. 

With respect to the original outer contour of the 
vehicle body the maximal penetration depth by the 
pole was measured at 392 mm. 

When the impact occurred the thorax air bag and the 
head air bag were activated in the expected manner. 

In the evaluation of the occupant protection level by 
means of this test only the values shown in Table 6 
for loadings experienced by the head of the (ES-2) 
Dummy are definitive. 

 

Figure 15.  Test vehicle after pole impact 

Table 6. 
Driver dummy head loads (ES-2 pole impact) 

Body  
region 

Dummy measured 
value 

Driver 

Head a res, 3 ms [g] 
HPC 36 [-] 

46,78 
221 

 

Both values lie below the relevant higher 
performance level so in this case the maximal 
awardable points (2.0) can be given. Since the airbag 
opened in the expected manner there was no reason 
for a deduction to be made by the relevant modifier.  

 

Overall result of side impact collision tests 

In arriving at the overall result, two additional points 
can therefore be awarded on account of the positive 
result of the pole-impact test, i.e. to the existing total 
of 16.0 points awarded for the barrier/side-impact 
collision. The occupant protection level available to 
the driver in the Mercedes-Benz Viano in the event of 
a side-impact collision can thereby be established as 
the maximal point count of 18.0 as determined in 
accordance with provisions of Euro NCAP. 

The associated occupant protection levels determined 
for the individual body regions are shown by the 
coloured manikins in Fig. 16. 
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Figure 16. Side-impact collision protection for the 
driver with respect to individual body regions 

 

VEHICLE ASSESSMENT RESULT  

All the evaluation findings made in accordance with 
the requirements of the Euro NCAP are finally 
summarised as a single vehicle-related result. For this 
purpose, the lowest grading, i.e. the lowest number of 
points awarded for each test and body region defines 
the overall result, as shown in Table 7. 
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Seatbelt reminders are provided for the driver seat 
and the front passenger seat of the Mercedes-Benz 
Viano and for this reason two additional points are 
awarded. 

Consequently, the vehicle acquires a total of 
33 points and this amounts to 92% of the maximal 
possible 36 points. 

On that basis the Mercedes-Benz Viano attains a final 
star rating of 5 out of a possible 5 stars under the 
provisions of the Euro NCAP. In other words, the 
safety of its occupants corresponds to the level 
offered by modern cars. Taking into consideration the 
fact that the high weight of the vehicle is equal to that 
of a van, that outcome is a significantly satisfactory 
result setting the trend for this class of vehicle. 

 

Table 7. 
Overall vehicle assessment result 

 Body 
region 

Points 
driver 

Points 
passenger 

Overall 
result 

Frontal 
impact 

Head/ 
neck 

4,00 4,00 4 

 Chest 2,34 2,47 2 
 Knee, 

femur, 
pelvis 

4,00 4,00 4 

 Lower 
leg, foot 
and ankle 

4,00 4,00 4 

 Subtotal 13,34 13,47 13 
Side 
impact 
barrier 

Head 4,00 - 4 

 Upper 
body 

4,00 - 4 

 Abdomen 4,00 - 4 
 Pelvis 4,00 - 4 
Side 
impact 
pole 

Head 2,00 - 2 

 Subtotal   18 
Seat belt 
reminder 

   2 

Total    33 
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ABSTRACT 
 
WATCH-OVER is a European Specific Targeted 
project co-funded by the European Commission 
Information Society and Media within the 
initiatives of the cooperative systems for traffic 
safety and efficiency based on communication and 
sensor technologies. The project, supported by 
EUCAR and coordinated by Centro Ricerche Fiat, 
includes in its consortium vehicle and motorcycle 
makers, technology, automotive suppliers and 
research centres for the design, development and 
testing phase. 

The main goal of the WATCH-OVER project is to 
avoid road accidents that involve vulnerable road 
users such as pedestrians, cyclists and 
motorcyclists. The innovative system concept, 
presented in this paper, will be represented by the 
cooperation of an on-board platform and a 
vulnerable user module. It is based on the 
interaction between an in-vehicle unit and users’ 
devices that will allow all road users to take an 
active part in traffic in urban and extra-urban areas. 
For that reason the WATCH-OVER project carries 
out research and development activities in order to 
design and develop an efficient system for accident 
prevention.  
 
INTRODUCTION 
 
The WATCH-OVER project aims at avoiding 
traffic accidents that involve vulnerable road users, 
namely pedestrians, bicyclists and motorcyclists, in 
urban and extra-urban areas. This objective is in 
line with the European Policies and the ambitious 
goal of halving the road fatalities in 2010. The 
project is co-funded by the European Commission 
Information Society Technology (IST) in the 
strategic objective "eSafety Co-operative Systems 
for Road Transport" and started its activity in 
January 2006. 

 
 
 
In 2002 around one third of the total road accident 
fatalities have been vulnerable road users. This is 
still an unacceptable high number and needs to be 
reduced. WATCH-OVER will contribute to 
increase the safety for pedestrians, bicyclists and 
powered two wheeler riders. Therefore the 
WATCH-OVER project is carrying out research 
and development activities for the design and 
development of a cooperative system that is aiming 
at the circumvention of accidents involving 
vulnerable road users in urban and extra-urban 
environments. As stated in the 2005-6 Work 
Programme of the IST, the main objective of the 
WATCH-OVER project is “to develop and 
demonstrate cooperative systems for road transport 
that will make transport more efficient and 
effective, safer and more environmentally friendly.” 
According to this objective, the system concept is 
based on the interaction of an in-vehicle module 
and vulnerable road user’s devices. These devices 
will be directly integrated in powered two wheelers 
or in wearable objects like helmets, watches or 
consumer electronics. Such systems will notedly 
enhance the support obtainable to drivers and other 
traffic participants.  

The European funded projects PROTECTOR and 
SAVE-U had already been investigating accident 
prevention involving vulnerable road users. Both 
initiatives had as main objective the analysis of 
systems that are based on in-vehicle sensors. 
Different sensor technologies, such as microwave 
radar, near and far infrared, laser-radar and mono 
and stereo vision had been evaluated. The final 
outcome however shows that the extent to which 
these technologies are applicable is limited to those 
scenarios in which the vulnerable road users are not 
hidden by obstacles or located in a “blind area” of 
the sensors. 



  Meinken 2 

Thus the main difficulty in the detection of 
vulnerable road users in complex traffic is the 
limited “visibility” of car drivers and of in-vehicle 
sensor based systems. Additionally, the complexity 
of the traffic scenario presents a number of cases in 
which vulnerable road users are suddenly getting 
out from an area that was covered by other vehicles 
or by the infrastructure and therefore could not be 
seen by the driver in advance.  

- The cooperative system of WATCH-OVER aims 
at enhancing these soft spots by focussing on 
advanced short range communication 
technologies in combination with the most 
promising video sensing technologies. By this 
combination of technologies the detection of 
vulnerable road users in complex traffic shall be 
enabled and therewith the most critical road 
scenarios shall be covered.  

The technological challenge will be the 
development of a cooperative system for real time 
detection and relative localisation of vulnerable 
road users that includes innovative short range 
communication and video sensing technologies. 
The implementation challenge will be the 
deployment of a reliable system that is versatile for 
different vehicles and vulnerable road users. 

The system will be limited to urban and extra-urban 
areas only, so traffic situations on motorways or 
speeds higher than a certain threshold find no 
consideration in this project. To ensure an 
expedient design and development and the technical 
feasibility of the co-operative vehicle-user system, 
the WATCH-OVER consortium consists of vehicle 
and PTW manufacturers, technology, automotive 
suppliers and research centres for its development 
and testing phase. 

In this paper the results of the first project activities 
are presented. The most relevant information 
needed for the development of the WATCH-OVER 
system is given as well as an overview on the 
defined traffic scenarios and use cases. 
 
OVERALL PROJECT ORGANISATION 
 
To succeed in developing an efficient cooperative 
system for accident prevention, the work in the 
WATCH-OVER project is divided into seven 
different work packages (WPs). In these work 
packages the tasks for the involved partners in the 
project are defined as follows: 

WP1 Project management and exploitation 
WP1 deals with the management of all financial, 
administrative, technical and non-technical aspects 
of the project. Key activities of this work package 
are the exploitation of project results, the 
association to other related R&D projects and the 
standardisation bodies.  
 
WP2 User requirements and scenarios 
The goal of WP2 is to identify the needs and 
requirements of the target users as well as to 
analyse the most relevant scenarios of application.  
 
WP3 Overall system specification 
In WP3 the functional architecture specifications of 
the WATCH-OVER system is defined. 
Furthermore, all communication and sensor 
technologies as well as the warning and 
intervention strategy will be specified. 
 
WP4 Communication and Sensing Technologies 
WP4 deals with the major technological aspects of 
the project. It will analyse and adapt the selected 
communication and sensing technologies and will 
additionally work on data fusion.  
 
WP5 System development 
In WP5 the different subsystems are developed as 
well as the on-board and wearable devices and 
related software applications. A particular attention 
is given to the HMI design for the driver and for the 
VRU. 
 
WP6 Cooperative system test and validation 
In WP6 the WATCH-OVER application will be 
integrated in the demonstrators for testing. The 
demonstrators will be: the vehicles, cars and 
motorbike and the wearable module. Besides 
technical and user acceptance tests will be 
performed. 
 
WP7 Deployment strategies and dissemination 
WP7 deals with the strategies related to the 
deployment of the WATCH-OVER system. In 
particular, the main activities are a thorough market 
analysis as well as a cost/benefit analysis, the 
evaluation of the impact on road safety and the 
dissemination of the project activities. 
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Figure 1.  Overview on the WATCH-OVER project activities. 
 

The chart visualises the organisation of the 
WATCH-OVER project, structured in the following 
main phases: 

- “User Requirements and Needs” phase (WP2). 
- “System Specification” phase (WP3). 
- “System Development” phase (WP4 / WP5). 
- “Testing and Validation” phase (WP6). 
- WP1 and WP7 belong to the transversal phase 

that includes all horizontal activities. 

 
 
 
 
 
 
 

 
THE WATCH-OVER SYSTEM CONCEPT 
 
The WATCH-OVER system is composed of 
different components that are cooperating at the 
detection of vulnerable road users in urban or extra-
urban scenarios. The system will enable the 
cooperation of different actors who communicate 
with each other in order to exchange data and share 
information.  

While the vehicle moves along a road there are two 
sensing system in charge of collecting information 
of the external scenario, a vision sensor device and 
a communication module.  

Vulnerable road users that are in a potentially 
dangerous position in front or nearby a vehicle 
equipped with the WATCH-OVER system will be 
identified with the vision sensor that recognises 
objects and motions and with the communication  

 
 
 
module that gathers the responding signals in the 
covered area. The vision sensor device focuses on 
the frontal part of the car and recognises objects 
and their motion on the image pattern. The 
communication module searches for responding 
signals in the area covered from the antenna(s) and 
calculates the relative position of each answering 
signal. The on-board device collects the different 
input and evaluates the risk level for possible 
colliding trajectories by means of data fusion. In 
case the risk level passes a certain threshold there 
will be both an alert to the driver and to the VRU 
module.  

The reference architecture for the WATCH-OVER 
system is depicted in Figure 2. It presents the 
different components that each specific actor shall 
be equipped with: 

WP1: Project Management
and Exploitation

WP2: User Requirements 
and Scenarios

WP3: Overall System
Specifications

WP4: Communication and 
Sensing Technologies 

WP5: System Development

WP6: Cooperative System
Test and Validation

WP7: Development Strategies
and Dissemination

R&D Activities 

Demonstration Activities

Management &  
Innovation- 
related Activities 
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- The car shall be equipped with the vision based 
sensor, the communication device and an on-
board unit that performs data fusion and 
evaluates the objects relative positioning.  

- The motorcycle shall be equipped with a 
communication system and an on-board unit able 

to collect and store information on the 
surrounding traffic flow.  

- The pedestrian or bicyclist shall be equipped with 
a wearable communication module in order to be 
able to be recognised from vehicles equipped 
with the WATCH-OVER system 

 

Car Vehicle

On-board unit

Video camera sensor

Motorbike

PTW unit

VRU module

Communication
module

Communication
device

Communication
device

 
 

Figure 2.  WATCH-OVER reference architecture scheme. 
 
 
 

The above illustrated architecture organisation 
gives an overview on the used technologies for the 
different involved actors of the WATCH-OVER 
system. For general observation the video camera 
sensor is used on all car makers vehicles, the 
communication module will be present in one of the 
car manufacturer vehicles and in the PTW and 
additionally there will be a vulnerable road user 
module that is assembled with the communication 
short range technology. 

The idea behind this architecture approach is that 
the WATCH-OVER cooperative system shall 
guarantee:  

- a wider scenario coverage including blind spots 
and 

- a flexible and open architecture. 

Based on the use of most promising communication 
technologies in combination with most promising 
vision sensor technologies the WATCH-OVER 
system architecture presents the foundation for an 

efficient system for accident prevention that will 
further advance the findings of the preceding 
European projects PROTECTOR and SAVE-U. In 
order to do so the following characteristics will 
account for the design of the WATCH-OVER 
system: 

- the extension of the “protection concept” by an 
effective driver warning and vehicle braking 
strategy, 

- an increased vehicle speed range (up to 50 km/h) 
at which the system is operable, 

- high reliability and timely performances related 
to the detection and localisation of the vulnerable 
road users, 

- low cost sensor and communication technologies, 
- an increased processing speed (more than 10 Hz),  
- an increased sensor coverage (0–20m). 

On-board unit 

Video camera 
sensor 

PTW unit

Motorcycle 
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Specifically, the WATCH-OVER cooperative 
platform is expected to perform the following tasks 
efficiently:  

- to promptly answer to vehicle’s stimulus 
delivering its identification parameters, 

- to send back a few self-localisation parameters, 
- to give feedback to the specific traffic 

participants with an appropriate interface. 

The WATCH-OVER application, consisting of the 
in-vehicle control unit and the communication and 
image sensing modules as well as the wearable 
devices including communication technology, will 
be tested to verify technical performances and user 
acceptance. Therefore it will be implemented in 
three demonstrator vehicles. As demonstrators two 
cars and one motorcycle will be used. For more 
complex traffic scenarios simulation tools will be 
applied.  
 
COMMUNICATION AND SENSOR 
TECHNOLOGIES FOR VEHICLES AND 
VULNERABLE ROAD USERS 
 
From the preceding projects PROTECTOR and 
SAVE-U substantial progresses have been 
achieved. While the PROTECTOR project showed 
that sensor technologies, such as stereo vision, laser 
scanner or 24 GHz radar, are suitable for the 
detection of pedestrians, the SAVE-U project 
showed that the fusion of GHz radar, a far infrared 
and a colour-video camera improved the detection 
performance of the PROTECTOR system by an 
order of magnitude concerning the number of false 
classifications. 

The cooperative platform of the WATCH-OVER 
system will not only reduce the number of false 
classifications and extend the actual coverage of the 
state of the art technologies but will also be open to 
integrate localisation technologies.  

The huge variety of different urban and extra-urban 
scenarios that involve numerous vulnerable road 
users is one of the main challenges the project is 
facing. Therefore the in-vehicle system is 
conceived to feature the following functionalities: 

- real-time detection of pedestrians, cyclists, 
motorcyclists equipped with the WATCH-OVER 
module, 

- calculation of the relative positioning of the user 
vs. drivers, 

- detection of dangerous situations, 
- appropriate warning to the driver, providing 

information only in really dangerous situations. 

The sensing technologies that support the detection 
of vulnerable road users can be summarised in the 
following categories: 

- Far infrared systems 
- Vision based systems 
- Microwave radar 
- Laser radar. 
The short range wireless communication 
technologies that support the detection of 
vulnerable road users can be summarised as 
following: 

- Wireless Fidelity (WI-FI) 
- IEEE 802.15  
- Bluetooth 
- Radio Frequency Identification (RFID) 
- Ultra Wideband (UWB). 

To identify those technologies suitable for the use 
in users’ localisation mechanisms and to enhance 
cooperative systems even further, a set of state of 
the art technologies have been examined. 

The communication system shall allow a two way 
communication between vehicles and vulnerable 
road users. The vulnerable road user shall be able to 
communicate with several vehicles and, conversely 
one vehicle shall be able to communicate with 
several vulnerable road users.  

The in-vehicle and the wearable modules shall both 
have identical functionality regarding their Radio-
Frequency-(RF)-modules.  

The two way communication is required due to the 
following reasons: 

- It should be possible to send out data from the 
vulnerable road user to the vehicle, so that the in-
vehicle module can receive information about the 
position and the activity of the vulnerable road 
user. In addition, the RF-waves help to determine 
the local position of the VRU with regard to the 
vehicle. 

- It should also be possible to send data from the 
vehicle to the vulnerable road user. This data 
might include: 

a) Information about the actual results of the 
in-vehicle module, e.g. a warning to the 
vulnerable road user about a potential risk.  

b) Control information to the wearable unit, 
e.g. detection of presence to increase the 
frame frequency. 

The following pictures show typical situations in 
which the WATCH-OVER system platform will be 
applied and where the communication between the 
in-vehicle and the vulnerable road user module is 
established: 
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Figure 3.  Typical scenarios in which the WATCH-OVER system will be applied. 
 
 

From the scouting activities mentioned above, the 
following overall situation could be derived. 

- It is assessed that communication based 
localisation and information flow between a 
vulnerable road user and a vehicle provide an 
additional means of increasing the accuracy of 
detection, ranging, and localisation. 

- A broad variety of technologies exist. Due to 
cost, size, energy consumption and availability 
reasons, Short Range Wireless Communication 
(SRWN) are a major candidate to provide 
communication and localisation. 

- Technologies and products for SRWN rapidly 
evolve. A broad choice is available for 
communication purposes. 

- From this large choice, only selected 
technologies are inherently suitable to offer 
ranging and localisation. 

- The number of technologies can be further 
reduced when two additional parameters are 
regarded: 

1. The accuracy of many of the inherently 
location-capable systems is at a low level, 
so that the use cases of the WATCH-
OVER project cannot be covered.  

2. Practically all RF-systems working in the 
GHz-range are theoretically capable to 
support ranging. However, for doing this 
they must be equipped with additional 
circuitry, which accesses the low-level, 
high-accuracy timing information at the 
signal input. Therefore, it is only realistic 
to use existing hardware.  

Many of the ranging-capable systems are either 
only prototypes, or are addressing a different 
market.  

- This could be observed for most of the UWB-
based products, where contacts to the 
manufacturers showed their meagre interest in 
applications beyond consumer electronics.  

- Unfortunately the same situation was 
encountered during the examination of other 
eSafety-related communication protocols and 
products.  

Taking into account the above mentioned 
parameters and the evaluation of existing 
technologies, it was decided to further proceed with 
the following approaches Based on the evaluation 
done above: 

- A Chirp Spread Spectrum (CSS)-based system, 
described in IEEE802.15.4a, turns out to provide 
a good trade-off between bandwidth 
consumption, hardware efforts and achievable 
accuracy. This was evaluated under real-life 
conditions in extensive measurement sessions. 
CSS-based systems are already available as an 
integrated circuit (IC), allowing low power, low 
footprint and flexible designs at reasonable cost. 

- UWB-systems promise a good accuracy, if time-
of-flight measurements are used. This could be 
affirmed through various simulations.  
The simulation was oriented towards an UWB-
emulator. This system comes with a very generic 
approach and promises a very high flexibility. 

- Systems for self-localisation allow accuracy well 
below the level of the two relative ranging 
systems selected above). However, due to their 
absolute positioning, they allow consistency 
checks and maps. As GPS / Galileo based 
systems are assumed to come for free in future 
product generations, it is reasonable to include 
their information into the sensor fusion, as well.  

During all the future efforts, the aspects of security 
and privacy must be considered. 
 
 



  Meinken 7 

USER REQUIREMENTS AND RELEVANT 
SCENARIOS 
 
Besides defining the technologies used for 
developing a cooperative system for the prevention 
of accidents, it is very important to analyse the 
needs of the future user and to describe the relevant 
scenarios in which the system will be applied. 

The analysis of the user requirements has to be 
conducted at the beginning of the project as they 
are of crucial importance for the development and 
implementation of the system hardware and 
software architecture. In the WATCH-OVER 
project user requirements have been interrogated by 
a questionnaire that was answered by non-technical 
experts, who were pedestrians and drivers 
themselves and commute regularly with cars, 
motorcycles and bicycles. The questionnaire was 
divided into two different parts: 

1. One part acquired the user requirements 
concerning the in-vehicle Human Machine 
Interface (HMI). 

2. The other part retrieved the prioritisation of the 
before established traffic scenarios and the 
possibility to propose new accident situations. 

The first part of the questionnaire focused on the 
prospective output of the WATCH-OVER system. 
In particular on how and when a warning or 
information should be given. Users were asked to 
specify their preferences and, according to their 
answers, system requirements could be derived: 

In case of no accident risk, 

3. the system should only inform the driver of the 
presence of VRUs (location, distance, etc.) on 
demand. 

4. the visual information should appear on the head 
up display or on the instrument cluster. 

5. the system should inform the driver of the 
presence of VRUs regarding the distance and the 
heading of the vulnerable road user on demand 
only. 

In case of an acute accident risk due to the 
presence of a VRU, 

6. the system should warn the driver.  
7. the warning should be a tone/beep or an icon on 

the display. 
8. secondary important information provided, are 

the relative position, the weather, the height of 
the pedestrian and the momentum. 

9. These information (see item 5 and 6) should be 
presented by an icon on display or by a 
tone/beep. 

In addition general conclusions concerning the set 
up of an efficient HMI could be derived from 

previous projects and they were considered 
important for the WATCH-OVER project as well: 

- The allowance for false alarm should be very 
low. If a driver perceives too many false alarms, 
the warning will be ignored.  

- The warning should be given acoustically and 
therefore must be heard.  

- Mere visual information is not sensible and might 
possibly decrease safety due to its distraction 
effect. A combination with acoustic information 
might be useful.  

- The warning should be given early enough to 
allow the driver to react well considered. 

The second part of the questionnaire displayed 16 
traffic scenarios to the users and asked for a 
prioritisation according to the estimated frequency, 
the level of support needed and the conditions 
under which support would be needed most. The 
scenarios were defined beforehand by a multiple 
approach. First of all the available data on road 
accidents involving vulnerable road user were 
analysed as well as the outcomes of previous 
projects focusing on similar topics as WATCH-
OVER, then an expert group of the WATCH-
OVER project reviewed the systematic definition of 
the scenarios and assigned the final list of relevant 
scenarios. This list of relevant scenarios was then 
displayed to the external non-technical users. 

The result of this user requirement survey is the 
selection of eight use cases that will be approached 
in the course of the WATCH-OVER project. The 
use cases are prioritised according to the estimated 
relevance for road safety. The key parameters that 
describe the use cases even further were set up by 
experts and evaluated by users and can be described 
as the following: 

- Type of vehicle / vulnerable road user 
- Type of road. 
- Relative trajectories. 
- Vehicle’s / vulnerable road users’ speed. 
- Time to collision. 
- Time of day. 
- Weather. 
The scenarios have been grouped according to the 
estimated occurrence and the relevance for road 
safety. Only those scenarios indicating a high 
estimated occurrence as well as a high relevance for 
road safety will be directly addressed by the 
WATCH-OVER system development. Scenarios 
with only a medium estimated occurrence and 
therefore with a medium expected impact on road 
safety were also considered but will not directly 
affect the WATCH-OVER project. 
The following sketches demonstrate those scenarios 
affecting the WATCH-OVER system directly and 
thus being addressed in the testing phase.  
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Description Sketch 
1. Pedestrian (or 
cyclist) crossing the 
road from the right to 
the left. 

 
2. Pedestrian (or 
cyclist) crossing the 
road from the right to 
the left (or from the 
left to the right) 
occluded from parked 
or stopped cars or 
other obstacles. 

 

3. Vehicle turning left 
at an intersection, 
pedestrian crossing the 
road from the right to 
the left (or from the 
left to the right). 

 
4. Vehicle turning 
right at an intersection, 
pedestrian (or cyclist) 
crossing the road from 
the right to the left (or 
from the left to the 
right).  
5. Vehicle on a 
crossroad, pedal 
cyclist crossing the 
road from the right (or 
from the left). 

 
6. PTW arrives from 
left side (or from right 
side) at intersection, 
paths perpendicular. 

 
7. PTW arrives from 
left side at 
intersection, paths 
perpendicular, 
occluded from parked 
car or other obstacles. 

 
8. PTW (or pedal 
cyclist) and vehicle 
travelling in opposite 
directions, vehicle 
turns in front of PTW. 

 
Figure 4.  Scenarios addressed by the WATCH-
OVER system. 

 
WATCH-OVER HMI CONCEPT 
 
In the WATCH-OVER expert workshop not only 
issues regarding the identification of traffic 
scenarios and user needs have been discussed, but 
also issues relating to the development and 
implementation of the WATCH-OVER Human 
Machine Interface (HMI). The main objective of 
the HMI was to diminish the number of false 
alarms or warnings given by the interface in order 
to avoid an information overload for the driver or 
the vulnerable road user. The best solution of 
course would be to evade false alarms completely. 
To realise a system that is efficient in driver 
warning it is important to be coherent throughout 
the warning strategy and to avoid redundancy. 

To establish a coherent warning strategy, the 
WATCH-OVER warning concept follows the 
approach of Wickens et al. (2004): “The goal [of a 
warning] is to get the user to comply with the 
warning and, therefore, use the product in a safe 
way, or avoid unsafe behaviour.”  

To achieve this professed goal four elementary 
requirements have to be fulfilled:  

- The warning must be noticed. 
- The warning must be perceived (read/heard). 
- The warning must be understood. 
- The warning must be accepted. 
That means in detail that a warning has to draw 
attention of the driver or the vulnerable road user. 
In a second step it has to be ensured that the 
warning is not only noted by the addressee but 
moreover apprehended and then accepted. In 
addition the system should be able to give 
information about the identified risk and about 
recommendable actions to be taken by the driver or 
the vulnerable road user. 

Besides defining the approach for an efficient 
warning strategy it is also crucial to analyse and 
then follow existing standards, guidelines and 
recommendations for HMI design as well as those 
still under construction in order to comply with 
statutory provisions. 

The major requirements for HMI functionality that 
will be followed by the WATCH-OVER system are 
listed below:  

- The system must comply with relevant regulation 
and standards. 

- The system supports the driver and does not 
increase driver distraction from driving task. 

- The system shall not require uninterruptible 
sequences of interaction. 

- The system does not distract or visually entertain 
the driver. 
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- No part of the system should obstruct the driver’s 
view of the road scene. 

- The system response (e.g. feedback, 
confirmation) following driver input should be 
timely and clearly perceptible. 

- Information which has the highest safety 
relevance should be given priority. 

- The behaviour of the system should not adversely 
interfere with the display or controls required for 
the primary driving task and for road safety. 

- The system must be error relevant. 

The main goal of the WATCH-OVER HMI, as 
stated before, is the avoidance of 
misunderstandings and of an overload of the 
addressee, in WATCH-OVER namely the driver or 
the vulnerable road user. Only information assisting 
the driver more than distracting him in complex 
traffic situations should be provided by the HMI. 

Thus the WATCH-OVER HMI persecutes the 
following approach: 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  HMI approach followed within the WATCH-OVER project. 
 
 
 

This concept foresees a continuous evaluation of 
the risk level by the WATCH-OVER system. If the 
risk level is approaching a certain threshold that 
was specified beforehand, the system will give a 
warning to the driver or the vulnerable road user 
respectively. The thresholds will be identified 
according to the different risk levels. 

This approach is adopted because the WATCH-
OVER experts assume that it will ensure a system 
development that does not potentially distract the 
driver or the vulnerable road user but will instead 
assist him in complex traffic situations. 
Intrusiveness by the system has to be prevented as 
it may lead to switching off the system altogether. 
If the HMI interface is too pervasive, with an 
intensive visual or acoustical output presented to 
the user, it will give rise to an increase of 
distraction of the addressee. Thus it is important to 
not only minimise but eliminate false alarms as well 
as an overload of information in all cases if 
possible. 

 
 

CONCLUSION 
 
WATCH-OVER is a European project that aims at 
the design and development of an integrated 
cooperative system for the accident prevention 
involving vulnerable road users in urban and extra-
urban areas. The project is coordinated by Centro 
Ricerche Fiat and assembles in its consortium 13 
project partners from six different European 
countries. The consortium presents vehicle and 
PTW manufacturers, automotive suppliers, 
technology and research centres for the 
development and testing phase. 

The system core is the cooperation of an in-vehicle 
unit with a user module based on communication 
and sensor technologies. The in-vehicle module 
will locate vulnerable road users that are in 
potentially hazardous locations and will then give a 
warning signal to the driver. On the other hand the 
wearable user module will draw attention of the 
vulnerable road users to dangerous traffic 
situations. The interaction of the different modules 
rests on the exploitation of innovative wireless 
short range communication technologies and 
promising sensor technologies. With this 
cooperation the actual coverage of existing systems 
will be extended and the WATCH-OVER platform 

Application implementation should use a 
bottom-up approach: 
the risk level is continuously monitored and 
after a certain number of alarm “steps” 
exceeding the threshold, a warning should be 
given to the driver / VRU. 

HMI reference stack

NO alarm 

Warning signal 
(alarm) 

Potential alarm 
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will in addition be open to the integration of 
localisation technologies. 

The WATCH-OVER in-vehicle platform will then 
be supplied with the following main functionalities: 

- Real-time detection of vulnerable road users 
(pedestrians, bicyclists, motorcyclists). 

- Relative Positioning of the vulnerable road user 
vs. the driving vehicle. 

- Identification of dangerous situations. 
- Appropriate warning to the driver. 

The project activities are now focusing on the final 
design of the system architecture. The most 
appropriate communication technologies will be 
selected and a new generation of CMOS cameras is 
being developed. Furthermore, the development 
phase of the WATCH-OVER HMI has just started 
and will be further promoted within the ongoing 
project activities.  

An important milestone has been achieved by 
establishing the collaboration with the European 
project SAFESPOT. The applicability of the 
WATCH-OVER system is aspired within the future 
framework of the cooperative system for road 
safety developed within the SAFESPOT project. 
Such cooperative platforms will significantly help 
accomplish the goal of reducing the number of road 
fatalities and thereby to further enhance road safety  

REFERENCES 
 
Andreone, L.; Bekiaris, E.; A. Guarise, A.; 
Mousadakou, A. (2006), D2.1 “Requirements and 
use cases”, WATCH-OVER project, July 2006 

Andreone, L.; Guarise, A.; Lilli, F.; Gavrila, D. M.; 
Pieve, M. (2006), “Cooperative Systems for 
Vulnerable Road Users: The Concept of the 
WATCH-OVER Project”, 13th ITS World 
Congress, London, 2006 

Barber, C. (1994). Psychological aspects of 
conventional in-car warning devices. In Stanton N. 
(Ed.), Human Factors in Alarm Design (pp. 193-
205). London: Taylor & Francis. 

European Commission, “Commission 
Recommendation of 21 December 2005 on safe and 
efficient in-vehicle information and communication 
systems: A European statement of principles on 
human machine interface”, 2006 

ISO 15008: Road vehicles – “Ergonomic aspects of 
transport information and control systems – 
Specifications and compliance procedures for in-
vehicle visual presentation” 

Kussmann, H. et al. (2004), “Requirements for 
AIDE HMI and safety functions”, AIDE project, 
March 2004 

Lerner, N. D.; Kotwal, B.M.; Lyons, R.D.; 
Gardner-Bonneau, D.J., “Preliminary Human 
Factors Guidelines for Crash Avoidance Warning 
Devices”, National Technical Information Service, 
Springfield, 1996 

Marberger, C., Dangelmaier, M., Bekiaris, E., 
Nikolaou, S. (2004). “User centred HMI 
development for the AWAKE vigilance monitoring 
system”, Conference Proceedings FISITA 2004. 

Sikora, A. (2006), D4.1 “Communication 
technologies specifications”, WATCH-OVER 
project, December 2006 

WATCH-OVER web site: www.watchover-eu.org 

Wickens, C. D.; Lee, J. D.; Gordon Becker, S. E.; 
Liu, Y., “An introduction to human factors 
engineering”, Pearson Education, Upper Saddle 
River, New Jersey, 2004 



Sherwood, 1 

THE DEVELOPMENT OF AN INJURY COST FUNCTION FOR CHILD PASSENGER SAFETY 
Chris Sherwood, Rob Marshall, Jeff Crandall 
University of Virginia 
U.S.A. 
Paper Number 07-0127 
 
ABSTRACT 
 

The design of the optimal child restraint 
environment must consider both vehicle system (VS) 
and child restraint system (CRS) components.  The 
objective of this study was to analyze the 
contributions from each system using a computer 
simulation of a rear facing (RF) child restraint 
involved in frontal crash.  A parametric study of the 
material characteristics of components in each system 
was performed, resulting in a total of 625 
simulations.  The results of each simulation were 
compared using a single Cost Function score based 
on head acceleration, neck tension, and chest 
acceleration values.  This Cost Function was 
developed based on injury risk curves combined with 
monetary cost estimates of these injuries.  The 
analysis found that the vehicle seat cushion, lower 
LATCH belt, and internal CRS cushion should be 
designed with higher stiffness values, while the 
internal harness should be made more compliant.  
Neck tension was the primary contributor to the total 
cost function. 

 
 

INTRODUCTION 
 

The automobile child restraint environment is a 
function of both the vehicle and the child restraint.  
To design the optimal child restraint environment, 
design parameters from both the vehicle system (VS) 
and child restraint system (CRS) must be considered.  
In addition, VS parameters must be designed with all 
occupant sizes and ages in mind, including both 
children and adults. 

 
The goal of this project was to determine the VS 

and CRS parameters which have the greatest 
influence on child restraint safety performance in 
frontal crashes.  A 12 month old child in a rear facing 
child restraint was studied, but in future work 
multiple occupant sizes would have to be considered 
simultaneously.  

 
First, a technique was developed to evaluate the 

risk of injury to a child based on measured forces and 
accelerations, which could be recorded during sled 
tests or computer simulations of sled tests.  Multiple 
outcome measures are available when testing child 
restraint systems.  A cost function must be developed 

that provides an objective method for combining 
multiple measurements into a single comparative 
value.  Injury risk curves and estimates of the 
monetary cost of these injuries were combined to 
develop an overall injury cost based on the most 
critical body regions. 

 
Second, a computational model of a 12 month old 

child in a rear facing child restraint, in a frontal crash, 
was developed.  The model was validated against a 
sled test. 
 

Finally, the computational model was used to 
assess the importance of VS and CRS parameters in 
this model.  A parametric study varying the material 
properties of the vehicle seat cushion, lower LATCH 
belt, child restraint harness, and child restraint 
cushion was performed with a total of 625 
simulations.  The cost function developed earlier was 
used to rate the relative risks of the variable 
combinations. 
 
METHODS 
 
Injury Cost Function 
 
The purpose of the Total Cost Function is to quantify 
the overall cost of injury to the dummy in a given 
loading condition.  The dummy has a large number of 
injury measures which could be incorporated into the 
Cost Function.  Other output parameters of the 
system, such as rotation angle or excursion distances, 
could also be used but quantification of the cost 
associated with these parameters is difficult.  
Therefore, the final Cost Function only uses injury 
measures from the head, neck, and chest body 
regions. 
 
Total Cost = CostHead + CostNeck + CostChest   [1] 
 
One of the criteria used to certify rear facing child 
restraints in FMVSS 213 (NHTSA, 2003) is the Head 
Injury Criteria (HIC36), and this calculated measure 
was also chosen to best represent the risk of head 
injury in the Cost Function.  The maximum value 
allowed for HIC36 in the FMVSS 213 standard is 
1000.  
 
In addition to the HIC36 limit, the other injury 
requirement in dynamic tests of rear facing child 
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restraints for FMVSS 213 standards is chest 
acceleration (3ms clip, measured on the spine at the 
equivalent position of T1), with an allowed peak 
value of 60 g’s.  This injury measure was chosen to 
best represent the risk of injury to the bony thorax, 
thoracic organs, and abdominal organs. 
 
The neck is also a body region of critical importance 
for young children.  The primary reason for 
restraining young children in rear facing child 
restraints is to protect the neck.  For adults the neck 
injury criterion (Nij) is commonly used to assess neck 
injury risk.  The Nij calculation is a combined injury 
criteria for the upper neck which incorporates both 
axial forces and sagittal bending moments.  There are 
questions, however, about the biofidelity of the neck 
in the CRABI 12 month dummies.  The CRABI 12 
month dummy can measure high extension moments 
despite limited amounts of actual upper neck bending 
in a rear facing child restraint (Sherwood et al., 
2004).  It is hypothesized that the design of the neck, 
which does not include an atlanto-occipital joint at 
the neck/head interface, may account for some of 
these high values.  For these reasons, the cost 
function includes peak Upper Neck Tension rather 
than Nij as the injury measure to quantify neck injury 
risk.  
 
The Total Cost Function did not include any 
kinematic measurement due to the difficulty in 
relating the rotation angle to a quantifiable injury risk 
and associated cost. The FMVSS 213 standard does, 
however, include a limit on the child restraint angle 
(70º, measured at the dummy’s back with respect to 
vertical).  This limit is included as a constraint in the 
simulations, excluding any simulations if this 70º 
limit is exceeded.   
 
The next step was to relate each injury measure to a 
probability of injury risk at different AIS levels.  An 
example of this procedure is shown graphically in 
Figure 1, using sample HIC injury probability curves.  
For a given injury measure, the probability of an AIS 
1 injury was calculated by subtracting the probability 
of an AIS 2+ injury from the probability of an AIS 1+ 
injury (0.9 – 0.57 = 0.33) (Kuchar et al., 2001).  This 
technique provides probability values of receiving 
each AIS level of injury, and these probabilities sum 
to 1.   
 

 
Figure 1.  Graph of the method for determining the 
probability of injury for different AIS levels (data 
shown for illustrative purposes only). 
 
The probability of injury equations for each injury 
measure are included in Equations 2-4.  The HIC36 
curves were scaled from data for the 50th percentile 
male using a scale factor of 0.5, and the neck tension 
curves were scaled from data for the 3 year old child 
using a scaling factor of 0.9 (Eppinger et al., 1999).  
The chest acceleration curves were scaled from data 
for the 50th percentile male using a scale factor of 
0.833 (Eppinger et al., 1999). 
 

Head Injury Risk 
P(AIS ≥1)= CND, ln(HIC36/0.5), Mean =5.356, SD=1.009 
P(AIS ≥2)= CND, ln(HIC36/0.5), Mean =6.964, SD=0.847 
P(AIS ≥3)= CND, ln(HIC36/0.5), Mean =7.452, SD=0.740 
P(AIS ≥4)= CND, ln(HIC36/0.5), Mean =7.656, SD=0.607 
P(AIS ≥5)= CND, ln(HIC36/0.5), Mean =7.696, SD=0.587 
 

[2] 

Neck Injury Risk 
P(AIS ≥1)= (1+EXP(-(-3.272+0.00268*Fz/0.9)))-1 
P(AIS ≥2)= (1+EXP(-(-3.454+0.00268*Fz/0.9)))-1 
P(AIS ≥3)= (1+EXP(-(-3.655+0.00268*Fz/0.9)))-1 
P(AIS ≥4)= (1+EXP(-(-4.422+0.00268*Fz/0.9)))-1 
P(AIS ≥5)= (1+EXP(-(-5.956+0.00268*Fz/0.9)))-1 

[3] 

Chest Injury Risk 
P(AIS ≥2)=(1+e(1.232-0.0576*(Chest3ms/0.833)))-1 
P(AIS ≥3)=(1+e(3.149-0.063*(Chest3ms/0.833)))-1 
P(AIS ≥4)=(1+e(4.343-0.063*(Chest3ms/0.833)))-1 
P(AIS ≥5)=(1+e(8.765-0.0659*(Chest3ms/0.833)))-1 

[4] 

where, 
CND = Cumulative Normal Distribution 
ln = Natural Log 
SD = Standard Deviation 

 

 
The next step was to quantify the “cost” of each level 
of AIS injury.  This was accomplished by using 
estimates on actual costs (medical, insurance, etc.) 
using HARM 2000 data (Miller et al., 2001).  These 
estimates were assumed to be valid for children, 
although the paper was based on adult data.  The 
HARM 2000 data is based on MAIS injury levels at 
one body region, while the costs for multiple body 
regions cannot be summed to provide precise 
estimates of whole-body injury costs.  The purpose of 
this Cost Function procedure is not to provide 
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accurate monetary cost estimates, but rather to 
quantify total injury risk in a comparative analysis.  
The HARM cost estimates are used as scaling factors 
to compare between AIS injury levels (relating an 
AIS 2 head injury to an AIS 3 head injury) and 
between body regions (relating an AIS 2 head injury 
to an AIS 2 neck injury).  To make the HARM 
estimates dimensionless, each cost estimate was 
divided by the largest singular cost estimate 
($1,617,797 – MAIS 5 Spinal Cord).  Table 1 shows 
the Total Monetary Costs and Scaled Costs, not 
including Quality of Life adjustments, which were 
taken from this study using MAIS injury levels for 
the Brain (HIC36), Spinal Cord (Neck Tension), and 
Trunk and Abdomen (Chest Acceleration 3ms clip).  
 
Table 1.  Harm 2000 Total Monetary Costs  and the 
equivalent dimensionless scaled costs 

Body Region MAIS 
Total 
Monetary 
Costs 

Scaled 
Costs 

1 $57,858 0.036 
2 $59,911 0.037 
3 $233,250 0.144 
4 $377,577 0.233 

Brain 

5 $1,058,295 0.654 
3 $818,588 0.506 
4 $1,366,923 0.845 Spinal Cord 
5 $1,617,797 1.000 
1 $8,645 0.005 
2 $58,168 0.036 
3 $89,911 0.056 
4 $153,604 0.095 

Trunk and 
Abdomen 

5 $198,760 0.123  

 
The cost for each body region was calculated by 
multiplying the probability of injury at each AIS 
level with the Scaled Cost value at the corresponding 
AIS level (Equations 5-7).   
 

CostHead=ΣHead(Risk AIS 1)·(Scaled HARM AIS 1)+  
                       (Risk AIS 2)·(Scaled HARM AIS 2)+ 
                       (Risk AIS 3)·(Scaled HARM AIS 3)+  
                       (Risk AIS 4)·(Scaled HARM AIS 4)+ 
                       (Risk AIS 5)·(Scaled HARM AIS 5) 

[5] 

 
CostNeck=ΣNeck(Risk AIS 3)·(Scaled HARM AIS 3)+  
                       (Risk AIS 4)·(Scaled HARM AIS 4)+ 
                       (Risk AIS 5)·(Scaled HARM AIS 5) 

[6] 

 
CostChest=ΣChest(Risk AIS 1)·(Scaled HARM AIS 1)+  
                        (Risk AIS 2)·(Scaled HARM AIS 2)+ 
                        (Risk AIS 3)·(Scaled HARM AIS 3)+  
                        (Risk AIS 4)·(Scaled HARM AIS 4)+ 
                        (Risk AIS 5)·(Scaled HARM AIS 5) 

[7] 

 

For the purpose of having a more efficient way to 
calculate the cost for each body region without using 
normal distribution tables, each of the three 
components of the total cost function was estimated 
with a polynomial equation determined by a 
polynomial curve fitting routine.  Both the risk curves 
for each AIS injury level and the scaled HARM costs 
were incorporated into these functions (Equations 8-
10).  The curves were fit with an 8th order polynomial 
function in each case.   
 
CostHead = -2.824E-3 + 2.972E-4*HIC36 – 
1.403E-6*HIC36

2 + 4.787E-9* HIC36
3 –  

6.490E-12* HIC36
4 + 4.628E-15* HIC36

5 – 
1.853E-18* HIC36

6 + 3.953E-22* HIC36
7 – 

3.503E-26* HIC36
8 

 

[8] 

CostNeck = 1.765E-2 – 4.174E-5* NeckFz + 
7.674E-7*NeckFz

2 – 1.937E-9* NeckFz
3 + 

2.842E-12* NeckFz
4 – 2.017E-15* NeckFz

5 + 
7.375E-19* NeckFz

6 – 1.360E-22* NeckFz
7 + 

1.006E-26* NeckFz
8 

 

[9] 

CostChest = 9.468E-3 + 4.371E-4*Chest3ms + 
8.219E-6*Chest3ms

2+ 1.243E-7* Chest3ms
3 – 

8.731E-9* Chest3ms
4 + 2.213E-10* Chest3ms

5 – 
2.877E-12* Chest3ms

6 + 1.796E-14* Chest3ms
7 – 

4.265E-17* Chest3ms
8 

 

[10] 

 
Computational Model 
 
The computational model was developed based upon 
a sled test using the Safety 1st Comfort Ride (Model # 
22-400-GRC) child restraint in the rear facing 
orientation with a CRABI 12 month dummy.  The 
child restraint was attached to a 2001 Ford Windstar 
bench seat using a lower LATCH belt and a foam 
spacer.  The sled test simulated an FMVSS 213 child 
restraint test, with a velocity of approximately 48 
km/hr (30 mph).  
 
The model simulation was performed in the 
multibody simulation environment MADYMO 6.1.  
All model components are rigid bodies with defined 
mass and inertia.  Either ellipsoids or finite element 
meshes were used to describe the component 
geometry.  While some simplifications are inherent in 
this modeling technique, the models are 
computationally efficient and can reasonably 
simulate global responses to various impacts.   
 
The third row bench seat of a Ford Windstar was 
modeled as two rigid finite element surfaces with 
dimensions approximating the actual seat (Figure 3).  
The interaction between the child restraint and the 
vehicle seat cushion was modeled with a prescribed 
force versus deformation relationship.  The geometry 
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of the Safety 1st child restraint was obtained from a 
3D measurement of characteristic points on the seat, 
which were converted into a rigid finite element 
mesh.  This model is also defined as one rigid body. 
 
The child restraint was attached to the vehicle with a 
lower LATCH belt and a body represented by the 
foam “noodle” used in the sled test.  In many rear 
facing child restraints a foam noodle or other object 
must be placed under the base of the child restraint to 
provide the correct child restraint angle.  Without the 
noodle, the child restraint would be too upright.  
Since the noodle has minimal initial deformation is 
no longer under load as the child restraint moves 
forward during the crash pulse, it was included as a 
rigid body.  The lower LATCH was attached from 
the LATCH anchorages to fixed points on the child 
restraint, and was modeled as a multibody belt 
segment with a non-linear elastic characteristic.  The 
initial pre-tension of the belt was approximately 200 
N.  
 
The internal harness is constructed of two shoulder 
belts which span from above the shoulders to a 
buckle near the pelvis, two lap belts which span from 
outside of the thigh to the center buckle, and a single 
belt which joins the center buckle to the child 
restraint between the thighs.  The belt for the five 
point restraint is modeled as a multibody element. A 
multibody belt system consists of a chain of non-
linear elastic spring segments.  The belt model allows 
slip between two adjacent belt segments through 
sliprings. The slip depends on a friction coefficient. 
At each belt slip ring, a different friction coefficient 
can be defined to control the slip of belt material 
between the two adjacent belt segments. Thus no 
contact models are defined between dummy and 
belts, but a kinematic constraint is applied at 
predefined points on the dummy and the child 
restraint.  The harness clip and buckle are modeled as 
ellipsoid rigid bodies because they do contact the 
dummy.   
 

A child occupant was modeled using the CRABI 12 
month old child dummy model.  It is scaled down 
from the Hybrid III 50th percentile male dummy 
model.  The MADYMO manual reports the dummy 
to be completely similar in structure to the 50th 
percentile model.  The dummy is a global ellipsoid 
model that is computationally efficient and can 
simulate global responses to various impacts.  

 
The positioning of the dummy is executed by 
simultaneously applying a gravitational force on the 
seat and dummy while they are positioned right 

above the backseat of the car. In order to achieve the 
required initial stiffness on the lower LATCH belt, a 
separate pre-tensioning system is modeled. These 
systems are modeled just to apply the required initial 
force to the belts which occurs during installation. 
Once the correct amount of tension is applied during 
the pre-simulation, the belt lengths are locked so that 
each belt will behave only according to its stiffness 
characteristics.  This pre-simulation is run until an 
equilibrium state is achieved for dummy and child 
restraint. 
 
Results for the child seat kinematics are shown in 
Figure 2, and selected dummy injury measures are 
included Table 2.  Images of the sled test and 
simulation at several time intervals are shown in 
Figures 2 and 3.  The kinematics between the sled 
test and model are very similar for both the child 
restraint and dummy.  The angle of the child restraint 
in the simulation is within 3 degrees of the sled test at 
all times until approximately 75 ms, at which point 
all injury values have reached their maxima.  At this 
time, the child restraint in the sled test continues to 
rotate, but it appears to be partially due to sliding on 
the vehicle seat, and this movement is not captured in 
the model.  
 
Table 2.  Selected output measures for the sled test 
and simulation 

Injury and 
Kinematic 
Measures 

Units Sled 
Test 
 

Simulation Percent 
difference 

HIC15  279 221 21% 
HIC36  436 340 22% 
Head Res 
Acc, 3ms clip 

g’s 55.9 48.8 13% 

Chest Res 
Acc, 3ms clip 

g’s 30.6 44.6 46% 

Pelvis Res 
Acc, 3ms clip 

g’s 52.5 46.3 12% 

Upper Neck 
Tension 

N 1183 973 18% 

Rearward rot. 
Angle @ 55 
ms 

Deg 8.1 8.8 9% 
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Figure 2.  Sled test images at 0, 30, 60, and 
90 ms. 
 
 

 

 

 

 
Figure 3.  Simulation images at 0, 30, 60, and 
90 ms. 
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The injury values in Table 2 are all within 22% of the 
sled test values, with the exception of the chest 
acceleration which was 46% higher in the simulation.  
In the sled test, the head had a much higher resultant 
acceleration than the chest (56 g’s vs. 30.6 g’s).  The 
head and chest values were much closer in the 
simulation (48.8 vs. 44.6).  Because the most 
common and serious injuries to children are head 
injuries, more weight was given to the head 
accelerations when validating the model.   
 
One possibility for the difference between the 
simulation and the sled test was the deformation of 
the child restraint shell.  The child restraint is 
designed with stiffening components on the back of 
the child restraint, but the majority of these do not 
extend to the portion of the child restraint where the 
dummy’s head is located.  The video of the sled test 
shows that the upper portion of the child restraint 
flexes, however the effect on the head acceleration is 
unknown. 
 
Parametric Study 
 
The validated computational model was used in the 
parametric study with MADYMO 6.2 and 
MADYMO/AutoDOE 2.3 to set up and run the 
simulations with the modified variables.  The 
variables used were the Vehicle Cushion Stiffness, 
LATCH Belt Stiffness, CRS Harness Stiffness, and 
CRS Cushion Stiffness.  The Vehicle and CRS 
cushion stiffness are defined as functions of Force vs. 
Displacement.  The LATCH Belt and CRS Harness 
stiffness are defined as functions of Force vs. Strain.  
The stiffness values were parameterized by scaling 
the Force values of these functions. 
 
Each variable was evaluated at 5 levels, from 5 times 
to 1/5th its original value.  The variables were 
distributed logarithmically so the 5 levels were 0.2, 
0.44721, 1.0, 2.236 and 5.0.  A full factorial design of 
experiments was used evaluating all of the 
combinations of the variables.  This resulted in a total 
of 625 simulations.  The simulations were run using 
approximately 1 week of CPU time. 
 
Input and output variables were plotted and compared 
to each other.  When an input variable was plotted 
against an output variable, average values of all the 
simulations using that variable level were determined 
and plotted with lines connecting these average 
values.  When two different output variables were 
plotted against each other a least squares fit of a 
straight line was determined and plotted to show a 
linear trend.  It should be noted, however, that trends 
in the average values include all case simulations, 

and that these quantities may not reflect the same 
information when looking for best case scenarios. 
 
The cost variables (head injury cost, neck injury cost, 
chest injury cost, and total injury cost,) were all 
divided by the total injury cost of the baseline model 
(all variables at level 1.)  This was done to show the 
relative change from the baseline cost.  These cost 
values should not be directly compared to injury 
costs in previous sections of this paper.  
 
RESULTS 
 
The 625 simulations ran to completion with no errors.  
Visual inspection of the kinematics of each 
simulation was not done.  The minimum, average, 
and maximum values of the output variables of all 
625 simulations are shown in Tables 3-6 below.  One 
simulation exceeded the FMVSS 213 limit of 70 
degrees maximum seat back angle.  All simulations 
met the HIC 1000 limit, and most of the simulations 
fell below the Chest 3ms limit of 60g’s.   
 
Table 3.  Normalized injury costs for all 
simulations. 
Normalized 
Cost Minimum Average Maximum 
Total 0.316 0.974 3.389 
Head 0.071 0.145 0.582 
Chest 0.089 0.125 0.215 
Neck 0.110 0.705 2.771 
 
Table 4.  Relative percentage of injury cost by body 
region. 
Percentage of 
Normalized 
Total Cost Minimum Average Maximum 

Head 3.4% 15.7% 37.0% 

Chest 4.6% 17.7% 39.2% 

Neck 32.6% 66.6% 89.5% 
 
Table 5.  Injury criteria for all simulations 
  Minimum Average Maximum 

Chest 3ms (g's) 30.3 42.7 72.7 

HIC 36 154 299 710 

HIC 15 98 207 710 

Peak Neck Tens (N) 272 926 2439 
 
Table 6.  CRS motion for all simulations 
  Minimum Avg Maximum 

Seat Back Angle (deg) 45 55.1 70.2 

Forward Excurs (mm) 690 760 846 
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Figure 4 shows the Normalized Total Cost of each 
simulation sorted by rank.  The head, neck, and chest 
cost components of each simulation are also plotted.  
The total cost was dominated by the neck cost. 
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Figure 4.  Normalized costs for all simulations. 
 
Figures 5 shows the effect of Vehicle Cushion 
Stiffness on the Total Cost.  The average total cost 
decreased with both more compliant and stiffer 
vehicle cushions, although the simulations with the 
lowest total costs had the stiffest seats.  Neck tension 
had the largest decrease with increasing vehicle 
cushion stiffness.  Chest accelerations tended to 
increase with increasing vehicle cushion stiffness, 
while HIC values followed the total cost trend with 
the baseline value resulting in the highest HIC scores. 
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Figure 5. Total cost vs. vehicle cushion stiffness values. 

 
Figure 6 shows the effect of LATCH belt stiffness on 
injury cost.  The average values of total cost, neck 
tension, Chest G’s and HIC all decrease with a more 
compliant LATCH belt, and increase with a stiffer 
LATCH belt.  The simulations with the lowest total 
costs and the lowest injury measures occur at all 
LATCH stiffness levels, however.   
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Figure 6.  Total cost vs. LATCH belt stiffness values. 
 
A more compliant CRS cushion increases the average 
values of total cost (Figure 7), neck tension, HIC, and 
Chest G’s.  The more compliant cushion allows a 
differential velocity to develop between the occupant 
and the CRS.  This is similar to having slack in the 
seat belt of an adult occupant in a frontal collision.  
This situation should be minimized by having a 
stiffer CRS cushion. 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.1 1 10

CRS Cushion Stiffness

N
o

rm
al

iz
ed

 T
o

ta
l C

o
st

 
Figure 7.  Total cost vs. CRS cushion stiffness values. 

 
A more compliant CRS Harness reduces total cost 
(Figure 8), neck tension, Chest G’s and HIC, 
although the effect on reducing HIC is minimal.  As 
the occupant moves vertically in the CRS due to its 
reclined angle, the CRS Harness acts as a spring that 
couples the occupant to the CRS and ultimately to the 
vehicle structure.  A less stiff spring reduces the 
applied force on the occupant, but may allow more 
excursion of the child.  This possibility was not 
analyzed in this study.  The effect on HIC is minimal 
which suggests that HIC is more sensitive to the 
contact between the head and the CRS, as opposed to 
the restraining forces applied by the harness. 
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Figure 8.  Total cost vs. CRS harness stiffness 
values. 
 
LIMITATIONS 
 
This parametric study is by no means an accurate 
reflection of the true vehicle fleet or the different 
CRS models that are available.  The results are used 
to investigate trends in configurations similar to that 
of the Safety 1st CRS in a FMVSS 213 condition on a 
Windstar seat. 
 
The model does not have the detail to show how the 
CRS interacts with either the metal structure under 
the vehicle seat cushion, or how the CRS might roll 
off the front of the seat cushion when it translates too 
far forward. 
 
The range of the variables chosen for the parametric 
study was arbitrary.  More importantly, it is not 
known if the range of variation in the vehicle seat 
cushion underestimates or overestimates the range in 
the actual vehicle fleet.  The outputs are shown to be 
sensitive to the vehicle cushion based on the ranges 
chosen.  It would be important to know how this 
relates to the true vehicle fleet. 
 
Seat geometry was also not varied in this study, and a 
simplified vehicle cushion stiffness model was used.  
This lumps all of the parameters such as foam 
stiffness, underlying structure, and overall geometry 
into one function.  Different seat designs may show 
different results. 
 
The LATCH belt stiffness was varied in this analysis.  
The LATCH belt was modeled as a line and did not 
translate with respect to the child restraint.  This 
technique may not capture the more complex 
interaction as the belt passes through openings in the 
CRS and slides inside the CRS slot.  Therefore the 
variable of LATCH belt stiffness may actually 
describe the entire system of attachment between the 
CRS and the LATCH belt. 
 

Different fixation methods of the CRS were also not 
explored.  Tether systems and other types of fixation 
may dramatically change the motion of the CRS 
relative to the vehicle.  In addition, the interaction of 
the child restraint with other vehicle structures (front 
vehicle seat, front dash) was not included.  This 
interaction and its relationship with excursion is 
likely a critical factor and must be considered in 
future research. 
 
All of these assumptions and simplifications should 
be taken into consideration when evaluating the 
results of the simulations.  Additional sled tests 
should be used to further test the hypotheses put forth 
by this parametric analysis. 
 
DISCUSSION 
 
Neck injury is the largest component of the cost 
function in most of the cases explored in the 
simulations.  The parameter values which were most 
beneficial were those that limited the neck tension 
peak value.  This differs from research which shows 
that the most commonly injured body region is the 
head (Arbogast, 2005).  Real world data of child 
injuries, or child cadaveric research, are needed to 
further analyze the validity of the cost function, 
specifically ranking the relative importance of the 
different injury measures.  
 
Although not addressed specifically in this report, 
contact with other vehicle structures has the potential 
to increase the injury risk of rear facing child 
restraints.  The model used for this analysis did not 
include other interior vehicle structures, and thus 
judgments about excursion amounts were made 
without specific data.  If, however, it can be assumed 
that excursion distances should be limited, the 
following conclusions were made; Vehicle Cushion 
Stiffness, LATCH Belt Stiffness, and CRS Cushion 
Stiffness values should all be increased, while the 
CRS Harness should be made more compliant. 
 
The variable that had the greatest effect on injury cost 
and neck tension was the CRS harness stiffness.  As 
the occupant moves up the CRS seat back during the 
crash event, it is restrained by the CRS harness.  The 
stiffness of the CRS harness provides an opportunity 
for energy absorption by allowing more excursion of 
the dummy, which results in lower neck tension 
values.  The CRS tested was a convertible CRS 
which allows for both rear facing and forward facing 
configurations.  The harness may be designed for the 
forward facing case, resulting in a stiffness that 
should be reduced to optimize the benefit in the rear 
facing orientation. 
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CONCLUSIONS 
 
One of the goals of this project was to develop a 
procedure for optimizing design variables from both 
the Vehicle System and Child Restraint System 
simultaneously, in order to minimize the injury risk 
to child occupants.  This procedure was performed 
using a one year old dummy in a rear facing child 
restraint as an initial step in researching this process.  
A more in-depth, long term research project is 
required, however, to apply this procedure to the 
entire spectrum of occupant and restraint 
combinations.  For example, there is little value in 
optimizing the restraint environment for a 12 month 
old in a rear facing child restraint without considering 
the effects on a 6 year old in a booster seat or an adult 
occupant.  Future research on this topic should 
address the following topics: 
 

1) all occupant ages and sizes 
2) all restraint systems (vehicle belt, child 

restraints) 
3) methods for improving the cost function 

validity by considering real world injury 
trends 

4) realistic models of vehicle seats, 
including accounting for fleet variations 

5) realistic ranges of system design 
parameters (Vehicle and Child 
Restraint) 

6) child restraint fixation methods not 
currently used 

7) the importance of excursion distances 
and occupant/child restraint contact 
with other vehicle structures 

8) validation of findings with physical 
testing 
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ABSTRACT 
 

The report has pointed out the need to 
provide the truck driver with a semi trailer, the 
ability to see the contour of the semi trailer and road 
illumination in the insufficient lighting conditions. 
The need for equipping the vehicle with additional 
contour light and lamps illuminating the section of 
the road overrun by the semi trailer wheels has been 
assessed.  

This is particularly important during 
manoeuvring with such truck – semi trailer unit at 
night to ensure safety, as the semi trailer has a 
different tracking circle than the towing truck. 
Current regulations are too (categorical) restrictive 
and limiting possibility of introducing additional 
lights.  The proposal for technically solving this 
problem as well as amending the regulations, has 
been presented. The existing technical requirements 
included in current regulations on lighting do not 
take into account the need to ensure the visibility of 
these areas for the truck driver with a semi trailer. 
Key words: lighting, semi trailer, visibility, safety. 
 
INTRODUCTION 
 

The analysis of the reasons of collisions and 
accidents indicates the limited visibility as the 
essential cause of their occurrence. The tests were 
made and the drivers driving the trucks with trailers 
and semitrailers at night were interviewed. It appears 
from them that on the roads and in the manoeuvring 
areas which are not lit up by the street lamps, the 
drivers have the invisible areas on the right and left 
sides of the vehicle along all its entire length. The 
reason is the lack of the lighting of the above 
mentioned areas. If the area is not illuminated by the 
street lamps, in the darkness they are also not 
illuminated by the lamps of the own vehicle. Besides 
these vehicles have unilluminated side edges and 
they are not visible for their drivers. The driver is 
unable to observe the shifting of his own vehicle and 
its position against the other objects, so to avoid the 
collision or accident. 

In Poland at night there are also 
unilluminated pedestrians on the roads, cyclists, 
horse carriages etc.        

While passing the unilluminated objects, the 
driver is unable to define the position of the side of 

the driven truck in relation to the unilluminated 
objects. 

The similar situation takes place when 
manoeuvres are carried out in none lit up place and 
there are unilluminated objects either side of the 
vehicle.     
 
THE ESTIMATION OF THE SITUATION AND 
CHANGES PROPOSED. 
 
The driver of the vehicle or group of vehicles should 
have the possibility to observe the surroundings of 
the vehicle together with the elements of  the 
contour of this vehicle – see Figure 1 [1,2]. The 
drawing presented below shows these areas around 
the vehicle. 
The driver should have the ability to observe them 
during driving, both during a day and at night. It 
should be possible under the street lighting and 
without it.    
The possible directions of relocation of the vehicle 
were studied: forwards, backwards and sideways. 
During the day light, the vehicle driver does not 
receive the direct or indirect visual information 
transfer from the part of the area surrounding the 
vehicle, although they are very important for 
collision free movement. This is a result of 
obscuring visibility by the none transparent elements 
of the vehicle cab and vehicle body.  
The area not visible around the vehicle at night 
becomes considerably bigger. The front headlights 
light the road ahead. The reverse lamps light the 
road during driving backwards. If there are no street 
lamps, the rest of the vehicle surrounding (if it does 
not emit the light itself) is dark. The obstacles that 
find themselves in these areas are not visible to the 
driver. 
Besides, the vehicle without the trailer while 
movement around the curve has insignificantly 
widened corridor of the movement. But the vehicle 
with the semitrailer moves in the other (wider) 
corridor than the vehicle without the semitrailer – 
Figure 2. 
During driving round the curves, the wheels of the 
semitrailer move along quite another track than the 
wheels of the truck tractor – Figure 3. In this 
situation at night (without the street lighting) the 
driver has the unilluminated area, which the wheels 
of semitrailer run on. Although the driver can look at 
the mirrors, he cannot see the side of his vehicle; 
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where and what the wheels of the semitrailer run 
over [3]. The tractor and semitrailer are not equipped 
with the lamps which could light up the area which 
their wheels run over during driving round the curve. 
 

 
 

Fig. 1: Extensibility and spacing of the areas around 
the vehicle which should be seen by the driver  
 
Minimum two typical cases of this situation can be 
isolated. 
1. The driving of the group of the vehicles for 

example: on the crossing and turning right or 
left. 

2. Avoiding pedestrians or cyclists who move on 
the road at night and are not illuminated. 
Additionally at night in the darkness the driver 
cannot see the side of the semitrailer.   

 

 
 
Fig. 2. The tracks of the tractor wheels’ movement and 
those of the semitrailer running around the curve    

 

 
 
Fig. 3. The movement tracks of the vehicle with 
semitrailer during turning at the crossing 

 
In the first case, the driver „feeling his 

way” drives the tractor on around such a curve as to 
avoid wheels overrunning the kerb or other 
obstacles. In the second case the situation is similar, 
but on the narrow road the vehicle coming from the 
opposite side forces the driver of the group of the 
vehicles, to return earlier on to his traffic lane. This 
can cause the collision of his semitrailer with the 
pedestrian or cyclist who is in the unilluminated 
area. 

The driver is not able to observe the relative 
position of his vehicle against pedestrian or cyclist. 
In such a situation, the unilluminated area, in which 
the collision took place, does not give the driver any 
information about the accident. 

He drives away from the place of the 
accident, unaware that he should give help. 
To avoid such a situation, the experiment to select 
and add the additional lighting of the semitrailer was 
conducted: 
- this additional lighting should show the driver 
where the contour of the vehicle is – the additional 
white contour lights, 
- the headlamps mounted on the sides of the 
semitrailer to light the road which the wheels of the 
semitrailer run on, when the group of the vehicles is 
moving round the curve. 

The fulfilment of these assumptions 
contradicts the rules of Regulation 48 ECE UN, 
which are currently in force, regarding this matter, in 
Europe. The authors of these rules did not take into 
account the need of more lighting of these areas to 
enable the driver to watch the road there and see 
what his vehicle runs over on it.          

 

 
 
Fig. 4. The view of semitrailer and the placement of 
the additional lights 

 
In the experiment conducted, the additional 

white contour lights were used. They were placed at 
the end of semitrailer, at upper and lower parts.  
Additionally, the white light was mounted, directed 
downwards at the road. One lamp being placed on 
either side of the semitrailer around wheel arches, 
Figure 4.    
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Functionally, the additional lamps 
illuminating the road around the wheels of the 
semitrailer are connected with the position lights. 
They are switched on when the position lights are 
also on. Similarly, the additional contour lights are 
connected. Photo Figure 5 shows the effect of the 
additional semitrailer side lighting, on the right hand 
side, around the wheels.   

Additionally, the view of this situation in 
the darkness is shown, when photos were 
illuminated by the flash light. When the same area is 
not lit up by the additional lamp of the vehicle, the 
driver is not able to observe it in the darkness, during 
the manoeuvre and to avoid, for example, a 
pedestrian. 

 

  
 

Fig. 5. The photo of the man on the road side, shown in 
the additional lights of the semitrailer and the view of 
the same area in the lighting of the flash light 
 

In the light of the gained experiences, actual 
state of the knowledge, technical progress and the 
development of the devices for indirect visibility and 
lighting, it is possible to assist the driver of the group 
of the vehicles to receive the information from  the 
hitherto invisible areas. In the future, it may be 
necessary to extend some requirements, concerning 
the vehicles equipment with regards above 
mentioned issue.   
 
CONCLUSION AND RECOMMENDATIONS 
 

The aim of these considerations was to 
obtain the answers to the questions: 
- is the need to introduce the additional lighting, 
justifiable?  
-  what should it be like    
- should this lighting be nonobligatory or obligatory, 
- should it be constantly on or only when it is 
necessary, 
- is it necessary to attempt to change the regulations 
in this field.   
The additional lighting in the above mentioned 
situations is necessary. 
To remedy the above mentioned flaw, it is necessary 
to act for the benefit of the safety system 
improvement and introduce the additional lighting of 
the vehicle. It will enable the increase of the areas 

around the vehicle, which driver should have 
possibility to observe.  
The research programme is being prepared to 
evaluate this solution in the normal road conditions 
and to obtain answers to the questions asked.  

Problems indicated, allow to understand the 
scale of the projects with the objective of road traffic 
safety system improvement. Significant part of these 
projects may provide measurable effects – decrease 
of dangers to the population and of serious accidents 
indicators. 
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ABSTRACT 
 
This paper presents the Roll Stability Control ™ 
system developed at Ford Motor Company. It is an 
active safety system for passenger vehicles. It uses a 
roll rate sensor together with the information from the 
conventional electronic stability control hardware to 
detect a vehicle's roll condition associated with a 
potential rollover and executes proper brake control 
and engine torque reduction in response to the 
detected roll condition so as to mitigate a vehicular 
rollover. 
 
INTRODUCTION 

 
The traditional electronic stability control (ESC) 
systems aim to control the yaw and sideslip angle of a 
moving vehicle through individual wheel braking and 
engine torque reduction such that the desired path of 
a vehicle determined through the driver’s inputs (e.g., 
steering input) can be maintained. That is, ESC 
systems help the vehicle to follow the driver’s intent 
such that the driver maintains good control of the 
vehicle regardless of the variation of road conditions.  
 
Beyond yaw and sideslip control, brake controls in 
ESC systems have been pursued to mitigate vehicular 
rollovers in recent years. For example, [1] describes 
an enhanced system over Driver Stability Control 
systems for commercial trucks. [2] proposes a stand-
alone function called Anti-Rollover Braking (ARB) 
when an impending rollover of a vehicle is sensed. In 
[3], engineers from Bosch describe a rollover 
mitigation function over its ESP system. Continental 
Teves has developed an Active Rollover Prevention 
(ARP) system. [4] proposes a Rollover Control 
Function (RCF). Note that the aforementioned 
systems use only ESC hardware. In addition to ESC-
based brake controls, other chassis control systems 
have been pursued to mitigate rollovers, see [5], [6], 
[7], [8] and [9] for more details.   
 
In order to achieve smooth rollover control without 
sacrificing other vehicle dynamics performance 
attributes with respect to road and driving condition 
variations, precise detection or prediction of a 
potential rollover event is critical. Due to the lack of 

precise detection of potential rollover conditions and 
driving conditions such as road bank and vehicle 
loading, the aforementioned approaches need to 
conduct necessary trade-offs between control 
sensitivity and robustness. 
 
In this paper, a system referred to as Roll Stability 
Control™ (RSC), is presented. Such a system is 
designed specifically to mitigate vehicular rollovers. 
The idea of RSC, first documented in [10], was 
developed at Ford Motor Company and has been 
implemented on various vehicles within Ford Motor 
Company since its debut on the 2003 Volvo XC90.  
The RSC system adds a roll rate sensor and necessary 
control algorithms to an existing ESC system. The 
roll rate sensor, together with the information from 
the ESC system, help to effectively identify the 
critical roll conditions which could lead to a potential 
vehicular rollover. Such critical roll conditions need 
to be discriminated from those due to road bank 
variations and to be characterized with respect to 
vehicle loading variations. RSC then applies pressure 
to the brake(s) on the wheel(s) of the outside of the 
turn. This reduces lateral force and helps keep the 
inside wheels firmly on the ground, thus reducing the 
likelihood of a rollover event.  
 
Although a complete RSC system includes many 
algorithm modules such as sensor off-set 
compensation, sensor signal filtering and processing, 
sensor plausibility, active wheel lift detection, 
software enhancement of brake hydraulics, 
longitudinal velocity computation, etc., this paper 
focuses on vehicle roll dynamics and state estimation 
as well as the RSC control strategy. Interested readers 
may find more details on those topics from various 
patents granted to Ford Motor Company such as (but 
not limited to)  [11],[12],[13],[14],[15] and [16]. 
 
This paper is organized as follows. The vehicle roll 
stability and state estimation are discussed in the next 
section. The sequential section provides a brief 
description of vehicle loading estimation. Wheel lift 
detection is discussed in the next section. The last two 
sections focus on various RSC control strategies and 
the conclusions.  
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VEHICLE ROLL DYNAMICS SENSING AND 
STATE ESTIMATION 
 
Vehicular roll instability (rollover) is the condition 
where a vehicle has divergent roll motion along its 
roll axis.  

 
 

Figure 1.  The roll angle definitions for a vehicle 
driven on a banked road. 

 
Consider a vehicle driven on a general road surface. 
Figure 1 shows a rear view of the vehicle. Its roll 
instability can be identified and characterized by 
using the vertical travel of the wheel centers with 
respect to the smooth road surface. That is, it is said 
to be roll instable if it has sustainable two wheel lift 
from the road surface (both wheels are on the inside 
of a turn).  
 
The roll instability can also be determined by using 
various roll information. In order to define the 
various roll angles, we define two coordinate systems: 
a body-fixed coordinate system �  with axes �� , ��  

and ��  (called the body frame) and a road coordinate 

system � with axes �� , ��  and ��  which is 

attached to the road surface but moves and yaws with 
the vehicle body (called a moving road frame). The 
roll angle of the vehicle body with respect to the sea 
level is denoted as 

��
� , the road bank angle with 

respect to the sea level is denoted as ��� , the roll 

angle between the wheel axle and the road surface is 
denoted as ����  (which is called a wheel departure 
angle), and the roll angle between the body and the 
axle of the wheels is denoted as 

���
� (which is called 

a chassis roll angle).  
 

The critical roll angle defining a potential rollover 
event is the relative roll angle xbmθ between the 
vehicle body and the moving road, which is defined 
as  
 

xbm xbw xwmθ θ θ= +   (1) 
or   

xbm xb xmθ θ θ= −   (2) 
 

If the magnitude of xbmθ  is greater than a threshold 
for a certain duration, the vehicle is likely to be roll-
instable.   

 
The relative roll angle xbmθ may be determined 
through laser height sensors which measure the 
distances of the vehicle body at the sensor mounting 
locations from the road surface along the direction of 
the laser beams. However using them in mass 
production for rollover detection purpose is generally 
cost prohibitive with the current technology. 
Therefore using the other sensors equipped with the 
vehicle is desired.   
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Figure 2. The evolution of the sensors used in 
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The sensor set used in the RSC system evolved from 
the initial sensors equipped on an anti-lock brake 
system (ABS), see Figure 2.  It includes a centralized 
motion sensor cluster called the RSC sensor cluster, a 
steering wheel angle sensor, four wheel speed 
sensors, a master cylinder pressure sensor, etc. The 
RSC sensor cluster adds a roll rate senor to the ESC 
motion sensor cluster, i.e., it is composed of a roll 
rate sensor, a yaw rate sensor, a lateral accelerometer 
and a longitudinal accelerometer, which are packaged 
together along the three orthogonal directions. 
 
Since the measuring directions of the RSC sensor 
cluster do not always coincide with the directions of 
the body frame � , it is necessary to define a sensor 
frame � . The angular differences between frame �  
and frame �  are called the sensor misalignments, 
which are usually generated due to the mounting 
errors when the RSC sensor cluster is attached to the 
vehicle body. Although the sensor misalignments are 
relatively small, they may need to be corrected in 
order to avoid potential signal contamination. In 
addition to the sensor misalignments, oftentimes the 
misalignment between the vehicle body and the road 
surface due to unevenly distributed loading inside the 
vehicle may also need to be corrected. For example, a 
vehicle with heavy loading near the rear axle might 
cause the RSC sensor cluster to be tilted with a pitch 
angle relative to the road surface. These 
misalignments can be conditionally determined based 
on the sensor and the calculated signals and the 
driving conditions. 
 
The kinematics of the RSC sensor cluster can be 
expressed as in the following equations after small 
angle approximations and neglecting the vehicle's 
vertical velocity [17] 
 

xs xs zs ys

xs xs zs ys ys

ys ys zs xs xs

v a v g

v a v g

θ ω ω θ
ω θ
ω θ

≈ +

≈ + +

≈ − −

�

�

�

 (3) 

 
where xsω  and zsω  are the angular rates along the 

longitudinal and vertical directions, xsa  and ysa  are 

the longitudinal and lateral accelerations of the origin 
of the sensor frame attached to the RSC sensor cluster, 

xsv  and ysv are the longitudinal and lateral velocities 

of the origin of the sensor frame. xsθ  and ysθ  are the 

roll and pitch angles of the sensor frame with respect 
to the sea level.  Notice that xsv in (3) can be related 

to the vehicle reference velocity calculated based on 
the wheel speed sensor signals. 
 
Based on (3), it is not hard to find the following: 
 
(i) the roll rate sensor only provides global 

information of the sensor frame with respect 
to the sea level, xbθ� as in Figure 1, which 
cannot be directly used as a control variable 
to drive the RSC system; 

 
(ii) the global roll and pitch angles can be 

determined from the accelerometers if the 
lateral velocity ysv  is known, however in 

reality, it is unknown;  
 
(iii) the lateral velocity or sideslip angle can be 

determined from the lateral acceleration 
sensor signal if the global roll angle can be 
determined;  

 
(iv) the roll rate sensor will have non-zero 

output even if there is no roll attitude 
change when there is yaw rate on a pitched 
road. 

 
Since there are uncertainties in the roll rate sensor 
signal and in the computation of the pitch angle, 
direct integration of the first equation in (3) is not 
practical due to the potential of integration drift. 
Therefore, in order to use the roll rate sensor 
information to determine critical roll angles and roll 
conditions used for RSC, various computations are 
required.  
 
Chassis Roll Angle Estimation 
 
Let's first consider computing the roll angle 

xbwθ between the body-fixed frame and the axle of the 
wheels, which is called the chassis roll angle.  
 
Let yfF  and yrF be the resultant forces along the 

lateral direction of the RSC sensor cluster but applied 
to the vehicle body through the front and rear roll 
centers of the vehicle.  Let the vertical distance from 
the vehicle body c.g. location to the front and rear roll 
centers be fh  and rh . Let �� ���  be the longitudinal 

distance between the origin of the RSC sensor cluster 
and the c.g. of vehicle body. Using Newton's law in 
the sensor frame� , we obtain the following equations 
of motion 
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 (4) 

 
where xI  and zI  are the moments of inertia of the 
vehicle body with respect its longitudinal and vertical 
body axes; rollK  and rollD  are the equivalent roll 
stiffness and damping rate for the suspension system; 

fb and rb  are the distance of the vehicle body c.g. to 

the front and rear axles with f rb b b= + .  

 
Based on equations in (4) and using the Laplace 
transformation, the chassis roll angle can be 
computed as in the following 
 

1 2 3( ) ( ) ( )xbw ycgs sx zsT s a T s T sθ ω ω= + +  (5) 

 
where 1 2( ), ( )T s T s  and 3 ( )T s  are three transfer 
functions which can be obtained through the inertia 
parameters, their formulas can be found in [18], and  
 

2ycgs ys s cg zsa a l ω= + �  

 
is the lateral acceleration of the vehicle body at its 
c.g. location but projected along the lateral direction 
of the frame s .  
 
Notice that the above calculated chassis roll angle is 
based on a linear model with a fixed vehicle body roll 
axis, hence it will deviate from the true value if the 
vehicle has wheel lift and if the vehicle enters into the 
nonlinear suspension operation region. Such a 
computation can be sensitive to the vehicle’s loading 
due to the variation of the center of gravity and roll 
moment of inertia. However if there is no wheel-lift, 

xbwθ  closely models the true relative roll angle 
between the vehicle body and the road if the vehicle 
parameters, such as the sprung mass and height of the 
c.g. are accurate. Hence a small magnitude of xbwθ is 
a good indication of a roll-stable situation. 
 
Global Roll Angle Estimation 
 
The aforementioned chassis roll angle will be 
saturated when one side of the vehicle is about to lift 
from the ground due to the suspension saturation and 
it is independent of the wheel departure angle ���� . 
Therefore 

���
� can no longer characterize the relative 

roll between the vehicle body and the road during a 
potential rollover event.  
 
In order to overcome this, a roll angle based on the 
roll rate sensor signal is pursued. Based on the 
analysis before, roll angle obtained through the roll 
rate sensor is a global roll angle and includes various 
components as shown in Figure 1.   
 
Since ���  computed based on the roll rate sensor 
signal is the sum of the road bank, the wheel 
departure angle, and the chassis roll angle, it provides 
a means to confirm certain variables if the other 
variables are known. On the other hand, if the vehicle 
is driven on level ground without wheel lift, the 
global roll angle ��� matches the chassis roll angle 

���
� . Such a global roll angle can also be used in 

determining the road camber status which could have 
a significant influence on the roll stability of the 
vehicle.  
 
As mentioned before, there are various uncertainties 
when trying to capture the velocity of the global roll 
angle 

��
� . Denote the uncertainties due to sensor off-

sets, drifts and misalignments in roll and yaw rate 
sensors as xsω∆  and zsω∆ , the chassis pitch angle 
due to suspension motion as 

	��
�  and a steady state 

characterization of the global pitch angle as 
	���
� , 

then the velocity of the global roll angle can be 
related to the estimated value from the sensor signal 
�
��
�
�  as 

ˆ
xb xb xbθ θ θ= − ∆� � �   (6) 

 
and the uncertainties 

��
�� � can be expressed as 

 

xb xs zs ybss zs ybss z ybwθ ω ω θ ω θ ω θ∆ = ∆ + + ∆ + ∆�  (7) 

 

And ˆ
xbθ�  can be calculated from the known variables 

as in the following  
 

ˆ
xb xs zs ybwθ ω ω θ= +�  (8) 

 
where ybwθ  is the chassis pitch angle (see [6] for 

detail).  
 
If the steady state capture of the vehicle body’s global 
pitch angle ybssθ can be estimated, such as in [19], 
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xbθ∆ � and ˆ
xbθ�  can be alternatively computed as in the 

following 
 

ˆ ( )

xb xs zs ybss z ybw

xb xs zs ybw ybss

θ ω ω θ ω θ

θ ω ω θ θ

∆ = ∆ + ∆ + ∆

= + +

�

�
   (9) 

 
Since the uncertainties in 

��
�� �  defined in (7) are 

usually dominated by low frequency content, an anti-

drift integration filter ( )adiT s is used to integrate ˆ
xbθ�  

to obtain the dynamic content of the true global roll 
angle. Notice that, in critical roll instable situations, 

such a roll velocity ˆ
xbθ�  defined in (8) or (9) together 

with ( )adiT s  can be used to characterize the roll 
conditions that might lead to a potential rollover.  
 
Since ( )adiT s  removes both the low frequency 
content of the uncertainty and the low frequency 
content  of the true global roll angle, a steady-state 
recovery term is used. This leads to the following 
estimation of the global roll angle   
 

ˆ ˆ( ) ( )xb adi xb ss xbssT s T sθ θ θ= +�  (10) 
 
where xbssθ  is  the steady state capture the roll angle. 
One computation of xbssθ  is  

xbw xwmθ θ+   
 

 
 

Figure 3. A comparison of the measured roll angle 
and the calculated roll angle when the vehicle is 

driven on a level ground. 
 

Another computation of xbssθ  is the global roll angle 

from the 3rd equation of (3) by setting  0ysv =�  or 

setting ysv�   to the computation generated from the 

linear sideslip angle. Further details regarding the 
computation of  xbθ  can be found in [20].  
 
Figure 3 provides a comparison between the 
computed global roll angle estimation ˆ

xbθ  using (10) 
and the relative roll angle between the vehicle body 
and the moving road using laser height sensors, for a 
vehicle driven on level ground during a lane change 
maneuver. Since the road is level, the bank angle xmθ  
of the moving road is zero. Hence the global roll 
angle should match the relative roll angle between the 
body and the road. 
 
Wheel Departure Angle Estimation 
 
The global roll angle together with the chassis roll 
angle discussed in the previous sections can quantify 
the axle angle, which is the sum of the road bank 
angle and the wheel departure angle, but can not 
determine the magnitude of each.  
 
By utilizing the roll dynamics of the vehicle and 
wheel lift detection methods to be described later, the 
conditional determination of the wheel departure 
angle is obtained.  
 
Let's denote the axle velocity as 
 

ˆ
xaxle xb xbwθ θ θ= −�� �  (11) 

 
then the velocity of the wheel departure angle is 
 

xwm xaxle xmθ θ θ= −� � �    (12) 
 

Integrating (12) gives 
 

0

( ) ( ) ( )
t

xwm xaxle xmt d tθ θ τ τ θ= −� �  (13) 

 
Since xwmθ becomes non-zero when there is wheel 
lift, it is obvious that the integration should be 
conducted whenever wheel lift is initiated. Assume at 
time instant 0t , there is a detected wheel lift.   Let the 
road bank angle at time 0t be 0xmθ . Then, (13) 
implies  
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0

0
0

0 ( )
t

xaxle xmdθ τ τ θ= −� �  (14) 

 
At time instant t  such that  0 ft t t≤ ≤  ( ft  is the 

time instant when the lifted wheels come back in 
contact with the road surface), we subtract (14) from 
(13) and obtain the following 
 

0

0( ) ( ) [ ( ) ]
t

xwm xaxle xm xm
t

t d tθ θ τ τ θ θ= − −� �  (15) 

If the vehicle is driven on level ground or on a 
constant road bank, (15) leads to   

0

ˆ( ) ( ) ( )
t

xwm xwm xaxle
t

t t dθ θ θ τ τ= = � �  (16) 

Notice that  ˆ
xwmθ  is a good approximation of xwmθ   

if the change in road bank is small, i.e., if 
 

0( ) ( )xm xm xmt tθ θ θ∆ = −   (17) 
 

is close to zero or negligible with respect to ˆ
xwmθ . 

This is true for the following conditions:  
 
(i) the vehicle is driven on a level ground;  
 
(ii) the vehicle is not driven on a transient road 

bank;  
 
(iii) during the time when there is wheel lift the 

road bank doesn't change much in 
comparison with the road bank at the time 
when the wheel lifting starts;  

 
(iv) during the time when there is wheel lift, the 

vehicle is driven very aggressively such that 
the roll velocity due to the road bank is 
much smaller than the roll velocity due to 
the wheel departure and the chassis roll. 
 

Notice that the afore-mentioned cases cover a large 
portion of the scenarios where wheel lift could occur, 
especially since wheel lift is often short in duration 
(typically less than 1 second). During this time the 
magnitude of change of the road bank is typically 
very small. Therefore, the magnitude of change in 
road bank should be much less than the magnitude of 
ˆ
xwmθ . A detailed computation regarding wheel 

departure angle can be found in [21]. 
 

Figure 3 shows the computed chassis roll angle, 
global roll angle, wheel departure angle and the 
instrumented roll angle between the body and the 
moving road for a vehicle driven on level ground in a 
double lane change maneuver (with detuned control). 
It is not hard to see that the wheel departure angle 
fills the gap between the true relative roll between the 
body and the moving road, and the chassis roll angle. 

 
Road Bank Angle Estimation 
 
The relative roll angle between the vehicle body and 
the road surface can be computed based on (1) using 
the variables calculated in the previous sections and it 
can also be computed based on (2) using the road  
bank angle information.  The advantage of using (2) 
is that it relies on the known characterization of the 
road bank based on the computed variables and its 
influence on the vehicle's roll tendency.  
 

 
 

Figure 4. The 4 cases for a vehicle turning left on a 
banked road. 

 
Figure 4 shows the 4 patterns of the interaction 
between the vehicle dynamics and the road bank 
when a vehicle turns to the left on banked roads. (a) 
and (c) are the off-camber turns and (b) and (d) are 
on-camber turns.  
 
In the off-camber turns, (a) indicates the worst case 
scenario where the vehicle roll motion is amplified by 
the road bank, while in (c) the vehicle rolls in the 
opposite direction of the road bank, hence the vehicle 
has less tendency to rollover. In the on-camber turns 
(b) and (d), the vehicle roll motions are either 

 

 

(c
) 

 
 

(d
) 

 

 

(a
) 

 
 

(b
) 
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reduced or increase in the direction which does not 
cause rollover at all.   
 
Based on the computed wheel departure angle, 
chassis roll angle and the global roll angle, and the 
physical meaning of road bank, a road bank 
adjustment in order to generate favorable control 
variable xbmθ for RSC  using (2) can be conducted as 
in [22,23].  
 
Rear Sideslip Angle Estimation 
 
Based on the third equation in (3), the lateral velocity 
of the vehicle at the origin of the sensor frame can be 
calculated if the global roll angle is available. Further 
analysis shows that such a lateral velocity is the only 
unknown if using the RSC sensor cluster signals, 
which satisfied a second order differential equation 
without involving the other unknowns such as the 
global roll and pitch angles. Therefore, using the RSC 
sensor set the lateral velocity can be computed which 
is robust to road bank and slope and the driving 
conditions, see [24] for a detailed discussion.  
 
The sideslip angle defined at the rear axle of the 
vehicle can be determined as in the following 
 

�

��	�
 �
	� 
� �� ��

��
� �

� �

� �

�
�

�
�  (18) 

 
where ��  is the minimum lateral velocity threshold 
and ��� ���  is the distance between the sensor location 

and the rear axle location. 
 

 
 

Figure 5. A comparison of the calculated sideslip 
angle and the measured sideslip angle. 

 

Figure 5 shows a comparison between the measured 
sideslip angle and the calculated sideslip angle during 
a maneuver. The measured sideslip angle is 
calculated based on the velocity sensors equipped 
with the vehicle which measures the longitudinal and 
lateral velocities of the vehicle body at the velocity 
sensor mounting location.  

 
VEHICLE LOADING DETECTION 
 
One of the important control variables used in the 
RSC system is the relative roll angle xbmθ between 
the vehicle body and the road surface, which directly 
measures the potential of a rollover event. Such an 
angle can be computed as in (1). Hence the accuracy 
of the chassis roll angle xbwθ  can influence the RSC 
control performance. 
 
Since chassis roll angle is calculated through a linear 
roll model, the parameters used in the model are 
functions of characteristics such as the height of the 
c.g. and the sprung mass. One challenge with using 
these parameters in computing xbwθ  is that they vary 
with the vehicle loading conditions.   
 
For example, a 150 pound roof load for a typical 
SUV with a curb weight of 5000 pounds may cause a 
30% error in the chassis roll angle calculations if 
computed assuming no load.  Note that a 150 pound 
load accounts for only a 3% mass variation over the 
vehicle curb weight. If the above parameters are fixed 
at certain nominal values in the RSC system, it is 
conceivable that optimal control performance may 
not be achieved under a different loading condition.  
For example, if the parameters in the chassis roll 
angle model are determined based on nominal vehicle 
loading condition assumptions, without considering 
variations due to loading, the chassis roll angle may 
be under estimated for vehicles with load that raises 
the c.g.  On the other hand, if the parameters in the 
chassis roll angle model are determined based on a 
certain loading condition that raises the c..g., it may 
be over estimated for vehicles without load.  
 
In order to improve the overall performance of the 
RSC system, it is desirable to estimate and update the 
vehicle parameters periodically or adaptively adjust 
them in real time based on the actual behavior of the 
vehicle. 
 
The loading condition of the vehicle can be 
determined based on the fact that during level road 
driving the chassis roll angle must match the vehicle's 
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global roll angle when the vehicle doe not have wheel 
lift.  
 
By equating (5) and (10), the composite parameters 
used to determine the chassis roll angle can be 
learned through a real-time least-square parameter 
identification algorithm. Such information is used to 
adjust the feedback control gains so as to request 
more aggressive brake pressure when appropriate. 
 
 WHEEL LIFT DETECTION  
 
In order to confirm when the vehicle wheels are 
firmly on the ground and when the vehicle has wheel 
lift, wheel-lift detection is conducted in RSC. Wheel-
lift status is also used in estimating wheel departure 
angle by determining when to conduct the integration 
in (16). The wheel lift detection includes an active 
wheel lift detection (AWLD) logic and a passive 
wheel lift detection (PWLD) logic. The integrated 
wheel lift detection (IWLD) integrates AWLD and 
PWLD to provide the final wheel-lift status. The 
wheel lift status for each wheel is set to one of 5 
levels which assume values of  2, 4, 8, 16 and 32 that 
indicate the wheel being absolutely grounded, 
possibly grounded, no indication, possibly lifted and 
absolutely lifted, respectively. 
 
AWLD is used to determine if a wheel is lifted or 
grounded by checking the wheel rotation in response 
to a given brake pressure. More specifically, it sends 
a small brake pressure to an inside wheel, then checks 
the response of that lightly braked wheel. If the 
vehicle lateral acceleration sensor indicates a hard 
cornering of the vehicle on a high mu surface and the 
inside wheel experiences a longitudinal slip ratio 
larger than a threshold in response to a relatively 
small brake pressure, then this inside wheel is likely 
to be lifted from the ground. Due to the reactive 
nature of this strategy, a lifted conclusion based on 
AWLD suffers a potential time delay. 
 
The intent of PWLD is to determine if a wheel is 
lifted or grounded by checking the vehicle dynamics 
and wheel speed behavior without actively requesting 
brake pressures. Namely, it passively monitors the 
wheel speeds together with the other key vehicle 
dynamics variables to determine if the speeds indicate 
a potential wheel lift condition. 
 
In order to capitalize on the benefits of AWLD during 
steady-state driving conditions and the instantaneous 
nature of PWLD during dynamic maneuvers, an 
integration of AWLD and PWLD is required. Figure 
6 illustrates such an integration.  A detailed 

description of the above wheel lift detection methods 
can be found in [25].  

 
Figure 7 shows the final wheel lift detection status for 
a wheel during a J-turn maneuver with a detuned 
control.  The brake pressure due to the AWLD 
request and the wheel speed response are also 
included in the figure.  
 

 
 

Figure 6. The integration between AWLD and 
PWLD. 

 

 
 

Figure 7. The wheel lift detection flag for an inside 
wheel during a J-turn maneuver (with detuned 

control). 
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RSC CONTROL STRATEGY 
 
The RSC control strategies are designed to utilize all 
the available information to overcome the delays in 
the brake hydraulics and to provide effective brake 
torques to counteract the vehicle body roll motion 
which may lead to a rollover. It includes a Transition 
Control module which performs control for the 
transitional portion of a dynamic maneuver, and a 
Quasi-steady State Feedback Control which performs 
control for less dynamic maneuvers. The interaction 
between those two strategies provides an effective 
control for mitigating vehicular rollovers, see [26], 
[27], [28] and [29] for more details. 
 
Transition Control 
 
In order to execute the RSC function, a large brake 
pressure is requested on the front outside wheel 
during potentially roll-instable events. When the RSC 
function requests the maximum pressure build rate, 
significant delays in brake pressure buildup can occur 
due to limitations in the hydraulic capabilities. 
Therefore, if a brake pressure buildup is requested 
after the roll instability is underway, there may not be 
sufficient time to build an adequate control pressure 
to mitigate the roll-instable event. To deal with such a 
brake pressure build delay, the first control strategy 
used in the Transition Control module is a 
feedforward control that is used to pre-charge the 
hydraulic system. Such a feedforward control utilizes 
the prediction information based on the driver's 
steering and the other vehicle state information to 
provide a pressure build prior to the roll instability. 
Note that this pre-charge is designed to minimize 
pressure build delay, and therefore is a relatively 
small pressure to overcome the inertia in the brake 
controls pump and to reduce the caliper knockback.  

The other control strategy used in the Transition 
Control module is a feedback control which is the 
coordination and combination of three feedback 
control commands based on three different control 
signals so as to achieve three different control 
objectives. 
 
One of the feedback control signals used in RSC is 

���
� . The brake pressure command from 

���
�  uses a 

PD feedback control where the control gains and 
deadbands are functions of various measured and 
computed signals. Notice that 

���
� is adjusted to 

adapt to various vehicle loading conditions. Since for 
sufficiently aggressive transitional maneuvers, the roll 
momentum can result in a lifting of the center of 

gravity of the vehicle at the end of the transition.  It is 
an objective of this 

���
�  based PD feedback control 

to introduce effective roll damping before the 
occurrence of wheel lift by rounding off the buildup 
of lateral force when needed as it approaches its peak 
level in the final phase of the transition. 
 
Due to the limitation in hydraulic capabilities, a 
leading indicator of 

���
�  is needed to effectively 

utilize the roll feedback so as to sufficiently mitigate 
potential rollovers. Therefore another control signal 
used in the Transition Control module is the model-
based linear sideslip angle, 

�����
� , at the front axle, 

which is the front tire lateral force divided by the 
front tire cornering stiffness 

	�

�����
�

�

�
� �   (19) 

where 
	�
� is the front cornering force which can be 

obtained from (4) and 
�
�  is the cornering stiffness 

for the front wheels.  

The control based on 
�����
�  significantly leads the 

���
�  control. However, 

�����
�  also has the potential 

to be relatively erratic, potentially leading to a 
premature reduction in control effort. Therefore, a 
robust signal is needed to fill in the resulting control 
gap between 

�����
�  and 

���
�  control. A yaw rate-

based PD controller can accomplish this. Notice that 
such a yaw rate-based PD control also provides 
adequate yaw damping to minimize the occurrence of 
excessive yaw rate overshoot in limit maneuvers, 
which further reduces the occurrence of excessive 
sideslip angle and lateral forces that significantly 
exceed the steady state cornering capacity of the 
vehicle. Hence it can increase the roll stability margin 
of the vehicle especially during aggressive 
maneuvers. A goal in such a yaw rate-based PD 
control is to provide as much yaw damping as 
possible without inhibiting the responsiveness of the 
vehicle or becoming intrusive.   

In such a control structure including three feedback 
controllers and a feedforward controller, the phasing 
in a fishhook maneuver would be such that a 
particular controller is dominant as the transitional 
maneuver progresses (see Figure 8), which supports 
smooth intervention and reduces the potential for 
exciting pitch dynamics in the vehicle. 
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Because the transition control is designed to lead the 
roll PID control intervention used in the Quasi-steady 
State Feedback Control module (to be discussed in 
the next subsection) in a given maneuver, the roll PID 
control can then be initiated at a significantly higher 
pressure level, requiring less magnitude of the 
feedback signal to achieve the critical pressure level 
required to stabilize the vehicle.  
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Figure 8. Pressure profile of the transition control 
during a fishhook maneuver. 

In addition to the feedforward control such as the 
caliper pre-charge functionality, pressure build 
prediction and actuator delay compensation have  
also been introduced in the Transition Control 
module.  Limitations in pressure build rates are 
compensated for by projecting forward when a pre-
determined pressure level is likely to be requested, 
based on the chassis roll angle, roll rate, roll 
acceleration, and estimated caliper pressure.  Pressure 
is built during the transition so that the desired peak 
pressure can be achieved when it is needed so as to 
reduce the effects of limited pressure build rates.  

A detailed description regarding the Transition 
Control  module can be found in [27]. 

Quasi-Steady State Feedback Control 
 
During a quasi-steady state dynamic condition 
(usually in the non-linear dynamic region but with 
less dynamic content), a vehicle could experience 
slow buildup but extended wheel lift or sideslip angle. 
For example, during a J-turn maneuver for a vehicle 
with roof loading which raises its c.g., the vehicle 
could have one- or two-wheel lift before building up a 
large sideslip angle at the vehicle’s rear axle. Note 
that the rate of change of the roll rate, yaw rate and 

the driver’s steering wheel angle are all small. In this 
case the aforementioned transition control is no 
longer effective enough. While for the same 
maneuver if the vehicle has a lower c.g., the vehicle 
might slowly build up sideslip angle before one- or 
two-wheel lift occurs. A similar event could occur in 
a decreasing radius turn, such as those on some 
freeway on- or off-ramps. 
 
These quasi-steady state conditions cannot be 
effectively captured by the computations used in ESC 
systems due to sensing limitation of the ESC sensor 
set. Under these driving conditions, the ability to 
detect and accurately estimate the slow build up of 
wheel departure angle and rear sideslip angle of the 
vehicle becomes critical for providing appropriately 
timed stabilizing torque. Using the RSC sensor 
cluster, the proper computation of the wheel 
departure angle ���� and the rear sideslip angle ���  
referenced in the previous sections are possible. 
Hence the RSC system can provide the incremental 
ability to control the vehicle in the quasi-steady state 
region in addition to the highly dynamic rolling and 
yawing conditions.   
 
Roll Angle Based Feedback Control 
 
The relative roll angle xbmθ  between the vehicle body 
and the moving road is the main feedback control 
variable in this feedback controller structure.    
 
For vehicles with a high c.g. and driven with rather 
steady state steering input, the wheel lift could build 
up at relatively low lateral accelerations (i.e., before a 
large rear sideslip angle is built up), thus leading to 
the buildup of the wheel departure angle. Since the 
Transition Control module described earlier does not 
address this scenario, the wheel departure angle based 

xbmθ provides a unique characterization of such 
quasi-steady state conditions, hence an effective roll 
angle based feedback is possible. Therefore a PID 
feedback structure based on the relative roll angle 
between the body and the road (including wheel 
departure angle)  xbmθ  is proposed.  
 
The PID controller deadbands and gains are 
established at a level such that an appropriately 
progressive brake torque level is requested during 
periods of increasing wheel departure angle, while 
allowing for vehicle to do well in limit handling 
maneuvers without unnecessary brake interventions 
whenever the wheel departure angle is minor or non-
existent.   
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Rear Sideslip Angle Based Feedback Control 
 
For cases where a vehicle is operating with a low c.g. 
and is being driven in a near limit steady state 
maneuver, such as a J-turn, the vehicle may 
experience abrupt wheel lift if the vehicle's sideslip 
angle at the rear axle builds up to a certain threshold, 
i.e., the rear sideslip angle can slowly build up before 
a large wheel departure angle can build up.  
 
In those cases, the roll-angle feedback control will be 
non-existent; yet buildup of rear side slip angle can 
occur at a slow rate. If such a condition is left 
undetected, the slowly growing rear sideslip angle can 
potentially lead to a sudden roll instability.  Hence in 
this case, the calculated rear sideslip angle provides 
the ability to measure this slowly building sideslip 
angle. 
 
A PD feedback controller structure using the 
calculated rear sideslip angle as the control variable is 
devised to control such diverging sideslip angle 
tendency.   
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Figure 9. The RSC Sideslip Control brake 
pressure profile during a quasi-steady state 

maneuver. 
 
Figure 9 shows, during a J-turn maneuver for a 
vehicle with nominal load, how RSC sideslip angle 
control requests brake pressure on the outside front 
wheel that extends beyond the ESC pressure request. 
Such control leads to reduced vehicle sideslip angle, 
which further reduces the tire lateral force helping to 
mitigate a potential rollover during such a quasi-
steady state condition. 
 
Control Integration inside RSC 
 
The control strategies discussed in the previous 
subsections include the feedforward control within 
the Transition Control module which aims to prepare 

the brake hydraulics so as to eliminate delays in the 
brake pressure buildup, the feedback control within 
the Transition Control module which aims to mitigate 
rollover occurring during very dynamic conditions 
such as fishhooks and double lane changes, and the 
Quasi-steady State Feedback Control module which 
aims to mitigate rollovers occurring during non-
dynamic conditions such as J-turn and decreasing 
radius turns.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. RSC Algorithm Integration. 
 
In order to achieve a coordinated or combined control 
strategy, an integration among the afore-mentioned 
control strategies are conducted.  Figure 10 provides 
a schematic overview of such integration. 
 
RSC Interfacing with the Other Functions 
 
The ESC system gives a driver the full ability to 
control the vehicle, but with intervention when 
needed to help the vehicle follow the driver’s intent. 
One of the biggest differentiators between ESC and 
RSC is that the brake control in RSC is no longer 
solely in response to driver intent.  
 
It is possible that the RSC system may cause the 
vehicle to reduce the lateral force at the outside tire 
patches, which could lead to the activation of the ESC 
system to request understeer control during a RSC 
activation, i.e., the RSC function is counteracted by 
the ESC understeer control. For this reason, it is 
important to integrate the RSC and ESC functions.  
 
On the other hand, if during an RSC activation ESC 
oversteer control is also activated, the arbitrated 
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brake pressure should pick the maximum between the 
ESC oversteer control pressure command and the 
RSC control pressure command together with a slip 
control function. 
 
Notice that RSC function must also be integrated with 
the ABS function. While ABS aims to maintain a 
certain slip target to optimize stopping distance and 
steerability when in an ABS event, RSC will likely 
request an alternate slip target, so as to modulate 
lateral forces and subsequently reduce the resulting 
roll moment.  
 
Since the active wheel lift detection is checking if a 
potentially lifted inside wheel will develop slip as a 
result from a small brake pressure build, the wheel 
can enter ABS event. Therefore, the active wheel lift 
detection used in RSC will also need to interact with 
the ABS function. 
 

 
 

Figure 11. Function partition in a brake control 
Electronic Control Unit (ECU) 

 
The RSC system resides in the brake ECU where the 
ABS, TCS and ESC functions reside, such that the 
integration between RSC and the existing brake 
control functions can be easily implemented. A block 
diagram for such an integration is shown in Figure 11, 
where the lower block depicts the brake ECU which 
is divided into two parts: the lower portion contains 
the existing functions and their priority and 
arbitration logic together with all the fail-safe and 
interface logic; the upper portion includes the RSC 
function and its priority and arbitration logic. 
 
CONCLUSION 
 
The Roll Stability Control ™ system discussed in this 
paper provides a system to mitigate vehicular 
rollovers, which works in harmony with and 
compliments the other functions existing in the 

current ESC systems. The addition of a roll rate 
sensor allows the RSC system to detect imminent 
rollover events regardless of variations of the vehicle 
loading condition and the road condition in both 
transition maneuvers and quasi-steady state 
maneuvers.  The road bank determination conducted 
in the RSC system can also be used to improve ESC 
sideslip angle control during a slow sideslip buildup 
or on banked roads.   
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ABSTRACT 
 
ESC efficiency to reduce accident is now well 
proven. To obtain this accident reduction tests 
employed for the tuning of a car equipped with an 
ESC must be related to real world accident cases. 
With accident statistics obtained in France, two 
main categories of accidents are defined: loss of 
control in a curve and accidents in a straight line 
or at an intersection. For each of these categories, 
thanks to detailed analyses of real accidents, we 
can define tests scenarios that are related to real 
world. Several examples are given. 
To measure the performance of a car equipped 
with an ESC during these tests, stability criteria 
are defined. In addition criteria to assess the 
quality of ESC intervention are defined. These 
tests pointed some limitations of ESCs. Some 
improvements of ESCs algorithms were specified 
to overcome these problems. Examples are given. 
During this ESC tuning, it is decided if a rollover 
prevention module is necessary or not. This 
decision process, which includes both real tests 
and HIL (Hardware In the Loop) tests is 
described. One of the conditions that may lead to 
a rollover is a contact between the rim and the 
ground. This process also enables us to define test 
conditions to check there is no risk of rim contact 
on the ground.  
A test method of a tyre on a bench to check these 
conditions are satisfied is described. It is also 
shown that the risk to have a contact of the rim on 
the ground is not significantly modified during 
the brake activation by the ESC.  

1. INTRODUCTION 

1.1 Efficiency of ESC’s and pertinent accidents 
 
ESC is an efficient equipment to avoid accident. 
A lot of studies have been published and show a 
statistically significant reduction of accident for 
cars equipped with ESC [1] [2] [3] [4]. 
The later is very interesting as it distinguishes the 
different accident scenarios. 

 Then it identifies accident situations for which 
the ESC is pertinent or not. For example ESC is 
pertinent for loss of control accidents while it is 
not for cars pulling out of a junction. According 
to this paper, the accidents for which the ESP is 
pertinent are related to loss of control or 
guidance problems. The given list is: 

• Single car accident. Loss of control or 
guidance problem on a straight road 
outside junction 

• Loss of control or guidance problem on 
a straight road outside junction. 
Collision with an opponent 

• Single car accident. Loss of control or 
guidance problem in a bend outside 
junction 

• Loss of control or guidance problem in 
a bend. Collision with an opponent 

• Single car accident. Loss of control or 
guidance problem at a junction. 

Then it is interesting to test the ESC’s with 
driving conditions that are related to these 
pertinent accidents.  
In this paper we will only deal with the loss of 
control that is initiated by a driver manoeuvre on 
a dry road: namely action on the steering wheel, 
the brake or the gas pedal.  

1.2 Selection of the test procedures 

 
The detailed method to select the procedures and 
the initial conditions is given in [5]. The test 
procedures are derived from ISO standard. The 
initial conditions are the one observed in the 
detailed analysis of real world accidents. 
In the following different tests examples are 
given: 

• Braking in a curve ISO  7975 
• Power off in a curve ISO 9816 
• Severe lane change manoeuvre ISO 

3888-2 
For these tests we give an example of a metric 
used to enhance the tuning of an ESC. 
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2. BRAKING IN A CURVE 

 
2.1 Desired improvement 
 
For our test the initial radius is 150 m and the 
initial longitudinal speed is 120 km/h. In [5] a 
metric was proposed to assess the stability 
performance of a car during a brake in turn test. 
In this metric the yaw speed variation and the 
side slip angle value were considered. But there 
is a need to improve this metric when the car is 
equipped with an ESC. This is because the yaw 
speed variation is only considered at given times 
after the beginning of the braking t0.  For a car 
equipped with ESC, the yaw speed variation may 
show a time history like the one of figure 1. 
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Figure 1: Example of yaw speed time history 
during a braking in a curve with an ESC 
intervention 
 
In this case, the braking is initiated at time t0=4s. 
With a measurement of yaw speed variation 
between t0 and t0 + 1 s, the oscillation will not be 
penalised. 
The yaw speed oscillation is clearly something to 
avoid, it generates a sudden variation of the 
trajectory and significant yaw acceleration. The 
variation of trajectory is an objective stability 
problem and the yaw acceleration that is very 
well perceived by the driver is more a subjective 
problem. So this oscillation should be minimised 
and to quantify it we propose a new metric. 
  
First we draw the horizontal line corresponding to 
the mean value of yaw speed during 1 second 
before the braking (i.e. in figure 1 between time 3 
and 4 second). In the following this mean value is 

called 0ψ&
 . This line is the dotted line of figure 1 

and is called “steady state” in the legend. Then 
we define two values:  

• the positive integral which corresponds 
to the area between the mean yaw speed 
line and the actual yaw speed between t0 
and time t1 when yaw speed first 

becomes lesser than 0ψ&
 

• The negative integral which 
corresponds to the area between 
the mean yaw speed line and the 

actual yaw speed between t1 and time t2 

when yaw speed reaches 0ψ&
 

 
The proposed metric is the sum of the absolute 
values of those two integrals. 
 
In figure 2 with a better regulation of the ESC the 
oscillation is almost inexistent and both integrals 
have been significantly reduced. The scale for the 
yaw speed axis is the same in figure 1 and figure 
2 to make the comparison easier. 
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Figure 2: Example of yaw speed time history 
during a braking in a curve with an improved 
ESC intervention 

2.2 Proposed modification of algorithm 
 
The detection of the instability beginning has not 
been changed. When the difference between 
desired yaw speed and actual yaw speed becomes 
too large the correction is initiated with an open 
loop brake actuation. This has not been changed 
and can be seen on figure 1 and 2 where the 
gradient of yaw speeds is identical at the 
beginning of the manoeuvre. 
In addition lateral acceleration ay is observed. To 
be more precise the difference between the 
measured lateral acceleration and the desired 
lateral acceleration is calculated. The desired 
lateral acceleration is obtained with the steering 
wheel angle and the vehicle speed. 
An increasing difference means an increase of 
side slip angle. If this difference is still increasing 
during the regulation this means the longitudinal 
effort on the front outside wheel has to be 
increased. 
When the increase of side slip is stopped the 
pressure is kept constant if the steering wheel 
angle is constant or modulated according to this 
latter value if it changes until actual yaw speeds 
reaches the desired yaw speed. 

3. POWER OFF IN A CURVE 
 
This case is significant to test an ESC as there is no 
action on the brakes. So the action is typical of an ESC 
and is not possible with an ABS. For this test the initial 
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radius is 100 m and we test vehicle speed from 80 
km/h up to the maximum of the car with 
increment of 5 km/h. 

3.1 Desired improvement 

 
To determine the vehicle behaviour the ESC 
measures the yaw speed and the lateral 
acceleration. There is no direct measurement of 
the side slip, this value as to be determined. If the 
increase of the side slip is a slow one, it is 
difficult for the ESC to detect this increase. This 
can lead to a big side slip angle and in our 
opinion this is a problem as we found the slip 
angle is a cause of driver’s stress. 
According to [6], 47% of the drivers do not make 
any action to avoid the accident. So we should 
not wait for a driver action at the steering wheel 
to limit the maximum of the side slip angle. 
We believe the metric is the absolute value of the 
side slip angle and not the relative increase from 
the steady state value during the curve before the 
power off. That is because the stress is related to 
the absolute value of side slip and not to an 
increase from the steady state value. 
The figure 3 shows an example of a car equipped 
with an ESC that allows the side slip angle to 
become large. We call this behaviour the slow 
side slip default. 
The proposed modified algorithm aims at 
suppressing this default. 
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Figure 3: Example of side slip time history 
during a power off in a curve with the slow 
side slip default 
 
The figure 4 shows an example of a car equipped 
with an ESC modified to enhance this behaviour. 
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Figure 4: Example of side slip time history 
during a power off in a curve with correction 
of the side slip default 
 
To determine the time of intervention of the 
ESC, it is interesting to look at the yaw speed 
time history. We can see on figure 5 that the yaw 
speed decrease begins at 2.07 s. It is important to 
mention that this decrease is the effect of the 
ESC intervention. So the initiation and the 
detection of the side slip is done before. The 
entire process duration i.e. the detection of the 
side slip, the decision of ESC intervention and 
the beginning of side slip increase limitation is 
around 0.4 second. 
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Figure 5: Yaw rate time history during power 
off in a curve: determination of the ESC 
intervention 
 
Of course, as shown before with the braking in a 
curve, we want this ESC intervention to be 
progressive. This is the reason why the effective 
limitation of the side slip is obtained around 2.3 
second that is 0.6 second after the power off 
initiation. We do not consider this to be a 
problem; between the time the first intervention 
is effective and the effective limitation of side 
slip, the magnitude of side slip increase is only 
0.8° with a maximum at 3.3° for the side slip. All 
these values are small enough and the driver will 
not be scared. 

3.2 Proposed modification of algorithm 
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As explained before for the braking in a curve the 
correction is a several step process. The 
beginning of the action of the ESP consists in an 
open loop actuation followed by a closed loop 
actuation. 
All these actions are triggered by specific 
thresholds. The idea here is to make the 
thresholds of the closed loop actuation more 
aggressive as soon as the open loop actuation is 
initiated. Once the open loop actuation has been 
initiated there is no risk of undesired correction 
any more this is the reason why the thresholds 
are made more aggressive only at this time. Then 
thanks to these modifications, the closed loop 
regulation that is more efficient and more 
comfortable is activated sooner.  

4. SEVERE LANE CHANGE MANOEUVRE  

4.1. Choice of the test 
 
One of the most popular tests for this situation is 
ISO 3888-2. Professional test drivers succeed in 
this test with vehicle speeds as high as 80 km/h. 
For a normal driver it is not possible to reach 
such a speed on such a track. The problem of the 
speed is an important one. In [7] the study of a 
panel of 72 accident cases shows that when there 
are multiple actions on the steering wheel the 
mean speed at the first action on the steering 
wheel is 88 km/h. Of course to follow the test 
track described in ISO 3888-2 there are multiple 
actions on the steering wheel. So this test is not 
related to real world accidents conditions: the 
actions on the steering wheel and the speed are 
not consistent. 
Nevertheless as it is practised by a lot of 
journalists it is one of our test case and we find it 
interesting to test the rollover resistance. 

4.2. The questions to be answered 
 
If there is a risk of rollover, the ESC can activate 
a dedicated module: the RollOver Mitigation 
(ROM). To make it simple, this module limits the 
lateral acceleration when there is a risk of 
rollover. On the one hand, if a given car presents 
a risk of rollover this module must be fit in 
because it is an improvement of the safety. On 
the other hand, if the car does not present a risk it 
is better not to install this module to avoid any 
risk of undesired lateral acceleration limitation.  
For this reason we need a process to determine if 
there is a risk of rollover or not 

4.3. Process to determine if there is a risk of 
rollover or not 

 
When one must answer this question two main 
difficulties are present: 

• The great number of load cases to be 
tested 

• The need for safe experiment 
To obtain safe tests the cars are equipped with 
outriggers during rollover test sessions. The main 
drawback of this equipment is the bias it 
introduces in the inertia and the load distribution. 
How can we say that when car does not roll over 
with outriggers it will not without and vice versa? 
In order to answer this question we developed the 
process described in figure 6. 
Of course, during the high dynamics tests, the 
ESC’s regulations change the behaviour of the 
car. So the simulations need the ESC’s 
regulations. This is the reason why we make 
these simulations with a Hardware In the Loop 
(HIL) test bench. For the correlation between 
simulation and measurement, we check the errors 
of dynamics variables of the body: yaw and roll 
velocity, roll and pitch angle, heave, side slip 
angle; accelerations and suspension movements. 
In addition, we check that the instant of 
activation of ESC are the same for real and 
virtual testing. 
 

 
Figure 6: process to determine if the ROM is 
necessary 
 

1 Moderate dynamics tests without 
outriggers 

2 High dynamics tests with 
outriggers 

3 Correlation of measurement and 
simulation for the tests realized 

4 High dynamics tests without 
outriggers in simulation 

5 Assessment of the risk of rollover 
risk and decision to install ROM 
module 

7 ROM tune up if necessary 

8 Verification of high dynamics test 
without outriggers 
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But only one problem has been addressed so far: 
the need for safe tests without bias in inertia or 
load distribution. 
Once this process was initiated we decided to use 
it to reduce the number of load cases to be tested. 
The corresponding process is described in figure 7 
 

 
Figure 7: process to determine if the ROM is 
necessary with reduction of the load cases to 
be tested 
 
The idea was to add “an optimisation” to 
find the worst case: the one with the 
higher risk of roll over during the step of 
simulation (4 and 6). The worst case is the 
one with the smallest load on the internal 

wheels or the case with two wheels lift up with 
the smallest speed in the test. 
 
It is difficult to obtain a good correlation between 
simulation and measurement for high dynamics 
manoeuvres, this is the reason why we believe 
step 5 is useful. It enables to verify the 
correlation is still effective for the worst case. 
One of the events that may lead to rollover is a 
contact of one rim with the ground. The 
described process is also useful to avoid this 
contact. 

5. PROCESS TO AVOID THE CONTACT 
OF THE RIM ON THE GROUND 

5.1. Michelin tire testing method principle 

 
Testing tyres on a bench in conditions as close as 
possible to those encountered during high 
dynamics manoeuvres (e.g. up to rim contact) is 
not possible for evident safety reasons. A method 
to test tyres with minimal rim clearance has been 
developed. Because relation between rim 
clearance and load can not be presupposed, the 
bench is directly commanded in loaded radius 
mode. Appropriate loaded radius is deduced from 
target rim clearance and relation between rim 
clearance and loaded radius. 

5.2. Test definition 
 
For a given tire, the maximum loaded radius (e.g. 
free radius) and the minimum one (e.g. 
corresponding to minimum rim clearance 
allowed by bench or tire depending on 
conditions) are determined as functions of 
camber angle, tire dimensions (width, aspect 
ratio and internal diameter), rim dimensions 
(width, diameter, side height) and tire sectional 
thicknesses (summit, sidewall). From these 
functions, slip angle sweep sequences with 
various deflections objectives (and corresponding 
rim clearances) are defined with speed, pressure 
and camber effects. 

5.3. Loaded radius formula 
 
Usual acquisition channels are saved during 
testing (e.g. forces, torques, angles, speeds, 
pressure and loaded radius) and post-processed to 
fit a simplified loaded radius formula: 
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With V the speed in kph and P the pressure in 
bars. 
 

1 Moderate dynamics tests without 
outriggers 

2 High dynamics tests with 
outriggers with two loading 
conditions 

3 Correlation of measurement and 
simulation for the tests realized 

4 Research of the worst case for the 
load with outriggers in simulation 

7 Assessment of the risk of rollover 
risk and decision to install ROM 
module 

8 ROM tune up if necessary 

9 Verification of high dynamics test 
without outriggers 

5 Real test for the worst case and 
verification of correlation 

6 Research of the worst case for the 
load without outriggers in 
simulation 
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Figure 8 shows the loaded radius measurement 
and fit during the measurement protocol. 
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Figure 8: Loaded radius fitting quality 
 

5.4. Rim clearance prediction 
 
To define the test and to use the loaded radius 
model for rim clearance prediction, the relation 
between the previous has to be described 
according figure 9: 
 

 
 
Figure 9: Rim clearance to loaded radius 
relation 
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5.5. Evaluation of the tyre loading conditions 
during high dynamics manoeuvres 
 
When there is a risk to get a contact of the rim on 
the ground it not possible to make a measurement 
with a dynamometer wheel. These equipments 
are too expensive to take such a risk. 
The idea is to make measurements with 
dynamometer wheels only during the test of step 
1 of figure 7: the low dynamics tests. Then the 
correlation between the tests and the simulations 
of step 3 is also checked for the tyre efforts. 

Then we assume the verification of the dynamics 
variables of the body : yaw and roll velocity, roll 
and pitch angle, heave, side slip angle, 
accelerations and suspension movements during 
the high dynamics manoeuvres is sufficient to 
validate the tyre efforts during these manoeuvres. 
 
So we can use the tyre efforts obtained during the 
simulations as the loading case to be introduced 
in the formulae to check if there is a risk of 
contact or not. 

5.6. Tire dimension effect example during high 
dynamics manoeuvres 

 
As an example, 3 tires of different dimensions 
have been measured, fitted and their models used 
to replay the typical manoeuvre. 
Figure 10 shows the results of the computed rim 
clearances. 
Data show that tire dimension 215/55R16 has 
more rim clearance during simulated avoidance 
manoeuvre than tire dimension 215/50R17 and 
even more than tire dimension 215/45R18. 
Results have proofed to be consistent with on 
track tests made to check vehicle behaviour under 
high dynamics manoeuvres with the different tire 
dimensions. 
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Figure 10: Computed rim clearances for 3 
tires 
 

5.7. Effect of longitudinal force on loaded 
radius 
 
Indoor combined measurements have revealed 
that the perturbations introduced by the 
application of a longitudinal force are small. The 
effects of the ESC and ROM on loaded radius are 
so not requesting the Fx force knowledge but 
only the modifications on Fy and Fz forces, 
camber angle and speed. And the rim to ground 
distance is not impacted by the actions of the ESP 
and ROM as much as mainly Fx force is 
modified. 
 

Loaded Radius 
RL (mm) 

Camber Angle CA (°) - γ 

Rim Clearance RC (mm) 

Rim Width RW (inches) 

Rim Diameter RD (inches) 

Side Height SH (mm) 
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CONCLUSIONS 
 
Accidents data analyses introduce classes of 
accident situations for which the ESP is pertinent. 
In this paper three situations are shown: braking 
in a curve, power off in a curve and severe lane 
change. Example of ESP enhancement are given 
for each test respectively a regulation that will 
improve the diver comfort and reduce trajectory 
deviation, a limitation of the side slip increase for 
a better stability and a reduction of the stress of 
the driver and a method to decide if the rollover 
protection module has to be install or not. 
A method to determine if a contact of the rim on 
the ground is possible that uses mainly test bench 
measurement is proposed. 
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ABSTRACT 
 
The advent of new crash prevention technologies 
has made it necessary to develop new 
methodologies capable of estimating safety 
benefits before they are introduced in the market.  
This paper describes the development of one 
such empirically based methodology for 
estimating safety benefits.  
 
The developed methodology uses detailed 
engineering descriptions of the crash prevention 
system performance, in conjunction with a 
universal description of crash causal factors and 
resulting relevant crash types.  This study also 
establishes objective tests to evaluate systems; a 
brake-assist system is used to describe the 
process. 
 
Crash data files such as the General Estimate 
System (GES) and the Fatality Analysis 
Reporting System (FARS) are used to develop 
Measures of Performance (MOP) and are used as 
the basis for objective tests.  Naturalistic driving 
data are used to estimate Exposure Ratio and to 
refine elements of the objective tests.  Finally 
data from the objective tests are used to estimate 
benefits of the crash prevention system. 
 
The process developed here has not been applied 
to a specific system. For that reason a 
hypothetical system is used as an example to 
demonstrate the data processing required to 
convert test outcomes to number of crashes that 
would be prevented.  A generic brake-assist 
system is used as an example.  This hypothetical 
example suggests that such a system could 
prevent 50% of rear-end crashes in which the 
following vehicle brakes to avoid crashing into a 
decelerating lead vehicle. 
 
The new process developed here has not been 
applied at this time. Challenges that will arise 
during application are not addressed in detail in 
this paper. 

INTRODUCTION 
 
In 2004, more than 10 million drivers were 
involved in a police-reported-crash.  Each of 
these crashes began with a critical event, defined 
as a causal factor of the crash.  The drivers who 
were confronted with these events responded by 
braking, steering or both; or by taking no action.  
The distribution of critical events and driver 
responses from the 2004 GES 1 are shown in 
Tables 1 and 2, respectively.  It is the 
combination of critical event and driver response 
that occasionally (one crash for every 450,000 
miles of travel) results in a crash.   
 
A basic foundation for assessments of crash 
avoidance systems is the distribution of these 
critical events for each crash related vehicle and 
driver responses associated with crashes.  

 
Table 1 

Distribution of critical events for all vehicles 
involved in crashes (rounded to nearest 

thousands) 

Critical Event Total 
Subject vehicle loss of control 671,000 
Action by subject vehicle 3,082,000 
Action by another vehicle in subject 

vehicle‘s lane 
4,114,000 

Encroachment by another vehicle in 
subject vehicle’s lane 

2,510,000 

Pedestrian and other non-motorist 113,000 
Object or animal 455,000 
Total 10,945,000 
 
The complete timeline of the chain of events for 
each vehicle in the GES file (critical event, 
driver response, first harmful event) is 
summarized in Table 3.  This Universal 
Description provides a high-level, but complete, 
picture of each vehicle experience. A focused 
analysis of the underlying details of the 
Universal Description provides a solid 
foundation for developing test procedures and 
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estimating benefits for either crashworthiness or 
crash avoidance systems. 

Table 2. 
Distribution of avoidance maneuvers for all 

vehicles involved in crashes (rounded to 
nearest thousands) 

Avoidance maneuver Total 

No maneuver 7,684,000

Braking 1,753,000

Steering 1,220,000

Braking and steering 221,000

Accelerating/Others 67,000

Total 10,945,000

   
This paper is derived from the report “A Process 
for Estimating Safety Benefits for Pre-
production Driver Assistance Systems”2. 
This paper summarizes sections from this 
reference that address the basic process, the 
benefits estimation process, objective tests and 
conversion from Measure of Performance to 
Measure of Effectiveness. The latter section 
includes an example of assessment of a 
hypothetical Brake-Assist system. 
 

THE BASIC PROCESS 
 
The methodology for estimating the expected 
effectiveness of driver assistance systems before 
they are brought to the market combines the 
statistical descriptions from representative data 
files (both crash files and naturalistic driving 
files) and the engineering description of system 
performance.  For each system that is studied, 
there will be a series of activities.  The diagram 
in Figure 1 depicts this process. Each of the 
rectangles in this diagram represents an activity 
and each parallelogram represents an output. The 
overall process begins with the identification of a 
candidate system or technology.  This is the 
leftmost rectangle in the diagram.  The 
intermediate steps or activities create a database 
that is then used in the final activity to estimate 
the safety benefits (reductions in the number of 
crashes, injuries and fatalities)  
As the sequence of activities progresses it may 
be beneficial to use output from an activity as a 
basis for revisiting an earlier activity.  
  
 

 

 
 
 

Figure 1. Process for assessing the safety impact of driver assistance systems. 
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Table 3. 
Universal Description: Showing the Pre-Crash Critical Event, Crash Avoidance Maneuver, and 

type of crash for each crash-related vehicle. (Imputed values from GES 2004) (rounded to 
nearest thousands) 

Critical Event 

                        First 
Harmful  

                         Event 
 
Avoidance Maneuver 

Non-
Collision 

Collision 
with non-
fixed object 

Collision 
with fixed 
object 

Total 

No maneuver 99,000 54,000 262,000 415,000 

Braking 22,000 46,000 71,000 139,000 

Steering 38,000 16,000 47,000 101,000 

Braking and steering 5,000 2,000 7,000 14,000 

Accelerating/Others 0 0 2,000 2,000 

Subject vehicle loss 
of control  
  
   
  

Total 164,000 118,000 389,000 671,000 
No maneuver 25,000 2,284,000 195,000 2,504,000 

Braking 6,000 215,000 44,000 265,000 

Steering 64,000 109,000 89,000 262,000 

Braking and steering 3,000 12,000 7,000 22,000 

Accelerating/Others 1,000 26,000 2,000 29,000 

Action by subject 
vehicle  
   
  

Total 99,000 2,646,000 337,000 3,082,000 
No maneuver 2,000 3,064,000 1,000 3,067,000 

Braking 3,000 721,000 6,000 730,000 

Steering 7,000 199,000 18,000 224,000 

Braking and steering 2,000 64,000 6,000 72,000 

Accelerating/Others 0 21,000 0 21,000 

Action by another 
vehicle in subject 
vehicle’s lane  
  
   

Total 14,000 4,069,000 31,000 4,114,000 
No maneuver 3,000 1,413,000 1,000 1,417,000 

Braking 7,000 482,000 6,000 495,000 

Steering 21,000 395,000 79,000 495,000 

Braking and steering 4,000 80,000 6,000 90,000 

Accelerating/Others 1,000 11,000 1,000 13,000 

Encroachment by 
another in subject 
vehicle’s lane  
   

Total 36,000 2,381,000 93,000 2,510,000 
No maneuver 0 60,000 0 60,000 

Braking 0 30,000 0 30,000 

Steering 0 12,000 1,000 13,000 

Braking and steering 0 7,000 2,000 9,000 

Accelerating/Others 0 1,000 0 1,000 

Pedestrian and other 
non-motorist 
  
   

Total 0 110,000 3,000 113,000 
No maneuver 2,000 217,000 2,000 221,000 

Braking 1,000 91,000 2,000 94,000 

Steering 13,000 70,000 42,000 125,000 

Braking and steering 0 11,000 3,000 14,000 

Accelerating/Others 0 1,000 0 1,000 

Object or animal  
 

Total 17,000 390,000 48,000 455,000 
Grand Total   330,000 9,716,000 899,000 10,945,000 

 
 Activity 1.  Describe the system design and 
performance 

 
The output of the Countermeasure System 
Design activity is a detailed engineering 

description of the system and its 
performance.  The performance description 
from this activity is the starting point for the 
remainder of the process.   
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Activity 2.  Analyze GES and other crash data 
files 

 
In this activity, variables and data elements 
from GES and other files, based on the 
performance description from Activity 1, are 
identified.  The analyses in this activity 
begin with the complete description of the 
crash events shown in Table 3, and includes 
defining the relevant crash problem size. 

 
Activity 3.  Analyze real-world data such as 
naturalistic driving and field operational tests.  

 
In this activity, data from naturalistic driving 
studies are analyzed to determine the level 
of exposure of critical events.  The level of 
exposure from naturalistic driving data 
complements the results from analysis of the 
crash data files.  These results are used for 
refining test conditions and for providing the 
baseline for estimating any reduction in 
exposure rate that are provided by the 
system.  As seen in the next section on the 
benefits estimation process, the exposure 
ratio is a key component of the benefits 
estimation process 

 
Activity 4.  Develop Relationships between 
Measures of Performance and Measures of 
Effectiveness. 

 
The underlying principle of a crash 
avoidance system is that it assists the driver 
in avoiding crashes that would otherwise 
occur.  This principle is intimately 
intertwined with driver crash avoidance 
performance, and the concept that for each 
situation that a driver faces, this 
performance determines whether or not a 
crash occurs.  The corollary is that the 
purpose of a crash avoidance system is to 
assist the driver in a way that improves the 
likelihood of successfully avoiding a crash 
in situations that may lead to a crash. 
The linkage between Measures of 
Performance (MOPs) and Measures of 
Effectiveness (MOEs) is the embodiment of 
the corollary, i.e. the relationship between 
MOPs from objective tests and MOEs 
quantifies how the system will assist the 
driver in a way that improves crash 
avoidance performance.   
 
The basic MOEs, as summarized in the next 
section are the Exposure Ratio and the 

Prevention Ratio3.  The Exposure Ratio is 
the ratio between rate of exposure (the rate 
at which drivers encounter a specific risky 
situation) with the system and the rate of 
exposure to the same situation without the 
system.  Similarly, the Prevention Ratio is 
the ratio between the probability of having a 
crash in the specific situation with the 
system and the probability of having a crash 
without the system in the same specific 
situation.  A major link in the benefits 
estimation process is the connection of 
objective test results to estimates of 
Prevention Ratio or Exposure Ratio.   

 
Activity 5.  Develop Appropriate Objective Tests 

 
In this activity, test conditions for the system 
are developed.  This activity is tightly 
coupled with Activity 2; and in practice, 
these two activities will probably be done 
simultaneously. 
 

Activity 6.  Perform tests 
 
In this activity, the tests developed in 
Activity 5 will be performed.  These tests 
will be run on test tracks, driving simulators 
or in other laboratory environments.  The 
outcomes from these tests will include the 
Measures of Performance that are identified 
in Activity 4. 

 
Activity 7.  Analyze results from tests and 
estimate benefits 

 
The final stage of the process is the 
Estimation of Benefits activity.  In this 
activity, the calculation process is combined 
with the problem size from Activity 2 and 
results of analyses and tests in Activities 4 
and 6 to obtain estimates of the safety 
impact of the system. 

 
BENEFITS ESTIMATION PROCESS 
 
The central step in the process for estimating 
safety benefits is the actual calculation of 
estimated benefits.  This step combines results 
from the objective tests with crash data 
(example. GES) and other data to produce the 
estimates.  Although there are many 
formulations, they all are based on the 
fundamental definition of benefits4: 
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WWO NNB −=    (1) 

Where, 
B = benefits, (can be number of crashes, 
number of fatalities, “harm,” or other such 
measures.) 
Nwo = value of this measure, (for example, 
number of crashes) that occurs without the 
system. 
Nw = value of the measure with the system 
fully deployed. 

 
The value of Nwo is usually known from crash 
data files, but Nw is not known for pre-production 
or early-production systems.  Thus, it is 
necessary to estimate the effectiveness of a 
countermeasure and combine it with the known 
value of Nwo, as shown in the following 
equation5: 
 

SENB WO ×=     (2) 

 Where, 
 SE = effectiveness of the system  
 Nwo = size of the problem. 
 
An extension of this idea is that the overall 
benefits consist of the benefits in a number of 
specific situations 
 

∑∑ ×== iWOii ENBB   (3) 

Where, 
“i” = individual situations. 
Ei = effectiveness of the system in reducing 
the number of crashes in a specific crash-
related situation  
Nwoi = baseline number of crashes in 
individual situation “i”. 
Bi = the benefits in each of the individual 
situations. 

 
From expressions (2) and (3), system 
effectiveness can be written as: 
 

WO

iWOi

N

EN
SE ∑ ×

=    (4) 

Many advanced technology systems change the 
rate of exposure to situations.  To accommodate 
this feature of crash avoidance systems, the 
expression for effectiveness can be separated 
into the effect on preventing the situation and the 
effect on preventing a crash when the situation 
occurs.  In this form, the expression for 
effectiveness is written as: 
 

( )iii PRERE ×−= 1    (5) 

Where, 
ERi = Exposure Ratio for the specific 
situation “i”. 
PRi = Prevention Ratio for the specific 
situation “i”. 

 
The expression for system effectiveness then is: 
 

( )
WO

iiWOi

N

PRERN
SE ∑ ×−×

=
1

 (6) 

The purpose of the analysis of crash data files 
and objective tests is to generate the input values 
for the terms in these effectiveness expressions. 
 
OBJECTIVE TESTS 
 
There are two aspects to the development of 
objective tests.  The first is the use of crash data 
to establish the basic test conditions.  This is 
accomplished as part of Activity 2.  An example 
of this step is provided in a companion paper at 
this conference6.  The second aspect, the test 
protocol itself, is discussed here. 
 
The purpose of each objective test is to provide 
data that can be used to estimate safety benefits 
for the system.  The tests must not only be 
objective but they must also reflect the 
variability of driver performance.  The following 
outline of seven test procedures describes how 
both of these objectives can be met. 
 
• The basic dynamic conditions of the 
objective tests (such as speeds, headway, lead 
vehicle deceleration, etc.) will be developed in 
the preceding tasks.   
 
• Each test will consist of a series of test runs 
on an appropriate test track (or driving 
simulator).   
 
• The first subset of test runs will be 
performed with the system inactive and will 
utilize a sample of volunteer drivers.  A total of 
16 drivers will be recruited for each test.  For 
each test, one male and one female 
representative will be used from the age groups 
defined in NHTSA’s 2003 Traffic Safety Facts7 
as shown in Table 4. 
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Table 4. 
Choice of 16 test subjects based on age/sex 

categories from Traffic Safety Facts. 

 
• During each test run in the first subset, the 
vehicle will be controlled by the volunteer driver 
and details of vehicle movements and driver 
responses will be recorded in detail. 
 
• The second subset of test runs will be 
identical to the first, except that the system will 
be active and the vehicle will be controlled by an 
automatic controller 
 
• During each test run in the second subset, 
the vehicle motion control inputs will be 
provided by an automatic controller that is 
programmed to repeat the performance of each 
of the volunteer drivers in the first subset.  The 
controller will faithfully replicate the input from 
each of the drivers in the first subset of test runs. 
 
• Data that is adequate for use in estimating 
benefits will be collected during each test run.  
 
CONVERSION FROM MEASURES OF 
PERFORMANCE TO MEASURES OF 
EFFECTIVENESS  
 
Conversion from Measures of Performance, 
obtained from the objective tests, to Measures of 
Effectiveness is a key element in assessing the 
safety impact of a crash avoidance system.  This 
is the bridge between the quantitative description 

of safety performance that is obtained from 
objective tests described and calculation of 
benefits. 
 
The purpose of each objective test is to provide 
data that can be used to estimate safety benefits 
for the system.  The formulations for estimating 
benefits are summarized in the earlier section of 
this paper 
 
The following six steps are necessary for 
mapping the results of objective tests into 
estimates of the Prevention Ratio.  A similar 
discussion for Exposure Ratio is not included in 
this paper. 
 
1. Determine the distribution of baseline driver 

performance (e.g. time of initiation of 
response and level of effort of response) 
without the system from the first subset of 
test runs. 

2. Convert these descriptions of driver 
performance to intermediate measures that 
are relevant to estimation of effectiveness, 
such as the Estimated Closest Approach8,9 
(ECA).  The ECA, as the name suggests, is 
an approximation of how close to each other 
the two vehicles come during the event.  A 
positive value of the ECA means that there 
was room to spare, and that there was not a 
crash during the event.   

3. Determine the distribution of “equivalent” 
driver performance with the system from the 
second subset of tests.  

4. Convert these descriptions of driver 
performance to intermediate measures that 
are relevant to estimation of effectiveness, 
such as the Estimated Closest Approach. 

5. Use these intermediate measures to estimate 
the probability of a crash, a basic measure of 
effectiveness 

6. Combine the probabilities of a crash to 
compute the Prevention Ratio and estimate 
benefits. 

 
In the following example, a hypothetical brake-
assist system is analyzed as a means of 
amplifying the description of these steps.    
 
For this example, consider a generic “brake-
assist” system.  For purposes of this example, the 
system is described by the following four 
characteristics: 
 
Activation criteria--- The brake-assist system 

will be activated if the driver the applies 

AGE Sex 
Percent of drivers in 

GES 

M 10.1 
16-20 

F 7.3 

M 6.4 
21-24 

F 4.5 

M 12.0 
25-34 

F 8.6 

M 11.2 
35-44 

F 8.0 

M 9.0 
45-54 

F 6.0 

M 5.2 
55-64 

F 3.3 

M 3.4 
65-74 

F 2.0 

M 1.7 
>74 

F 1.3 
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brake pedal at a rate greater than a panic 
brake threshold  

 
Time of activation--- The brake-assist system 

will begin to adjust the braking at the instant 
the brake rate is greater than the threshold.  

 
Level of braking--- The brake-assist system will 

produce maximum deceleration for given 
conditions of brake, tire, road and weather. 

 
Duration of activation---The brake-assist system 

will continue to apply maximum possible 
deceleration until the driver releases the 
brake pedal. 

 
The test condition used for this example consists 
of the host vehicle following a lead vehicle at a 
speed of 50 mph (80th percentile from GES) 
with a space between them of 100 ft (this 
corresponds to a time-headway of 1.4 sec).  Once 
this relationship between the two vehicles has 
been established the driver of the lead vehicle 
begins to decelerate at a constant level of 0.35g.  
This is a situation that is manageable by most 
alert drivers, but is also representative of 
situations that produce rear-end crashes.   
 
Although this is a hypothetical example, these 
test conditions are consistent with crash data 
from GES. 
 
As described above, the tests will be run twice; 
once with volunteer drivers and a second time 
with the same driver inputs, but this time 
provided by a programmed controller.  The 
second time also includes intervention by the 
brake-assist system.    
 
The two measures of performance for these tests 
are the time at which host vehicle effective 
braking begins (measured from when the lead-
vehicle begins to decelerate) and the effective 
level of host vehicle deceleration.  The 
combination of these two parameters determines 
whether a crash will be prevented in this 
situation or not.  Values for these two descriptors 
can be shown graphically as in Figure 2. 
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Figure 2. Hypothetical driver performance in 
terms of effective deceleration level and time 
to brake in order to avoid collision with lead 
vehicle, no brake-assist available for the 
subject vehicle. 
 
The location of these descriptors for each driver 
can be compared to the crash/no-crash 
performance boundary for the test situation.  
This boundary is called the Crash Prevention 
Boundary or CPB10.  The CPB delineates the 
region of driver performance that is adequate to 
prevent a crash from the region of performance 
that will not be adequate to prevent a crash.  The 
goal of safe driving is to always perform in a 
manner that places the location of the descriptors 
to the right of the CPB.  The comparison of the 
individual descriptions of performance to the 
CPB for this decelerating lead-vehicle situation 
is shown in Figure 3. In this figure the eleven 
drivers to the right of the boundary did not have 
a crash; and the five drivers to the left of the 
boundary did have a crash. 
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Figure 3.  Comparison of driver performance 
to the Crash Prevention Boundary for 
baseline driving conditions  
 
The distance between the location of the 
performance descriptors and the CPB in Figure 3 
is indicative of the value of the Estimated 
Closest Approach.  The values of performance 
by each baseline driver and the corresponding 
value of Estimated Closest Approach are 
summarized in Table 5.  
 

Table 5. 
Summary of driver performance in baseline 

conditions for decelerating lead vehicle 
example. 

 

Age Sex 
Time to 

Brake (s) 

Effective 
deceleration 

level (g) 

Estimated 
Closest 

Approach (ft) 
M 1.7 0.35 -18 

16-20 
F 1.6 0.5 60 

M 1.8 0.4 4 
21-24 

F 1.8 0.45 28 

M 2 0.38 -21 
25-34 

F 2.1 0.49 21 

M 2.25 0.55 29 
35-44 

F 2.4 0.6 30 

M 3.3 0.46 -78 
45-54 

F 2.6 0.6 16 

M 2.7 0.61 11 
55-64 

F 2.7 0.45 -38 

M 2.9 0.7 13 
65-74 

F 3.1 0.64 -12 

M 3.2 0.9 15 
>74 

F 3.4 0.8 -8 

A similar process is followed for assessing the 
performance of “equivalent” drivers in the tests 
with the brake-assist system active.  During these 
tests, the vehicle is controlled by a programmed 
controller that faithfully reproduces the driver 
actions during the baseline tests.  The effect of 
the brake-assist system is to increase the level of 
braking but to not affect the time at which 
braking begins.  For this hypothetical example, it 
is assumed that the brake-assist system raises the 
effective level of braking to the maximum level 
for the given conditions.  The brake-assist 
system is activated when the brake pedal rate is 
greater than the threshold rate. 
 
For this example the brake-assist system did not 
activate on two occasions as the driver applied 
brake at brake pedal rate less than the threshold.  
This effect is seen in the Figure 4, where the 
performance of the equivalent drivers with 
brake-assist is shown graphically, for this 
situation.  The time of braking for each driver is 
the same, but the level of braking is raised to the 
maximum level 
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Figure 4. Comparison of driver performance 
to the Crash Prevention Boundary for brake-
assist system activated driving conditions. 
 
A summary of “equivalent” driver performance 
with brake-assist is shown in Table 6. 
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Table 6.  
Summary of “equivalent” driver performance 

with the brake-assist system activated for 
decelerating lead vehicle example. 

 
The next step is to convert the values of 
Estimated Closest Approach to estimates of the 
probability of a crash for baseline conditions and 
for equivalent driving with the brake-assist 
system active.  Keeping in mind that each subject 
is a representative of their age and sex, each 
value of Estimated Closest Approach is weighted 
by the appropriate fraction of crash-involved 
drivers as shown in Table 4 and the cumulative 
distributions of Estimated Closest Approach are 
produced for the tests without the brake-assist 
system and for the tests with the brake-assist 
system.  The values of Estimated Closest 
Approach are shown in Tables 5 and 6.  The 
cumulative distributions are shown in Figure 5. 
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Figure 5.  Cumulative distribution of 
Estimated Closest Approach, with and 
without the brake-assist system active. 
 
Noting that positive values of Estimated Closest 
Approach correspond to situations where there 
was not a crash and negative values correspond 
to situations where there was a crash, the fraction 
of each distribution that is negative is the 
probability of a crash in that situation. 
 
For this example, the estimated probability of a 
crash without the brake-assist system (baseline) 
= 0.42 and the probability of crash with brake-
assist activated = 0.21.  Additional replications 
of this process may be necessary to produce 
representative samples and statistically valid 
results. 
 
The estimate of effectiveness for this 
decelerating vehicle scenario is calculated by 
using Expression (5); assuming exposure ratio 
(ER) is equal to one. 
 

5.0
42.0

21.0
11 =−=−=

WO

W

P

P
E   (6) 

Where, 

WOW PPPR =   
Pw = probability of crash with brake-assist 
Pwo = probability of crash without brake-
system. 

 
 
 
 
 

AGE Sex Time to 
Brake (s) 

Effective 
deceleration 

level (g) 

Estimated 
Closest 

Approach 
(ft) 

M 1.7 0.4 19 
16-20 

F 1.6 0.9 104 

M 1.8 0.9 94 
21-24 

F 1.8 0.92 95 

M 2 0.38 -21 
25-34 

F 2.1 0.9 79 

M 2.25 0.95 73 
35-44 

F 2.4 0.93 65 

M 3.3 0.8 -0.2 
45-54 

F 2.6 0.9 52 

M 2.7 0.95 49 
55-64 

F 2.7 0.9 46 

M 2.9 0.93 36 
65-74 

F 3.1 0.92 23 

M 3.2 0.9 15 
>74 

F 3.4 0.93 3 
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It then follows that the estimated benefits of the 
hypothetical brake-assist system for this crash 
type are: 
 

640,8983.0000,2165.0 =××= ⊕⊗B  
 
⊗  Of the total 10,945,000 crashes from 
2004 GES, 1,848,800 (Table 3) had brake 
and brake-and-steer as crash avoidance 
maneuver.  Of these 1,848,800 crashes, 
216,000 were rear-end crashes in which the 
lead vehicle was decelerating. 
⊕  Based on the assumed 50 mph speed for 
this example, 83% of the crashes of 
decelerating lead vehicles are at travel 
speeds of 50mph or less and are included in 
possible benefits.   

 
In summary, this section includes an example of 
a hypothetical brake-assist system, using a test 
procedure that is based on analysis of GES data.  
It is estimated that such a system could eliminate 
50% of the crashes caused by a decelerating lead 
vehicle and in which the following driver brakes 
to avoid a crash. This corresponds to 89,640 
crashes. 
 
CONCLUSIONS 
 
The advent of new crash prevention technologies 
has made it necessary to develop new 
methodologies capable of estimating safety 
benefits before they are introduced in the market.  
This paper describes the development of one 
such empirically based methodology for 
estimating safety benefits.  
 
The developed methodology uses detailed 
engineering descriptions of the crash prevention 
system performance, in conjunction with a 
universal description of crash causal factors and 
resulting relevant crash types.  This study also 
establishes objective tests to evaluate systems; a 
hypothetical brake-assist system is used as an 
example to describe the process. 
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ABSTRACT 
 
This research provides new insight into the nature, 
causes and costs of rollover casualties; and the 
economic benefits of basic countermeasures.  The 
National Accident Sampling System (NASS) is a rich 
source of data on motor vehicle crashes, particularly 
if one goes beyond the electronic files.  In this work, 
the author reviewed every NASS case from 2002 
through 2004 in which a passenger car, SUV, pickup, 
or minivan that was less than eleven years old rolled 
over and produced an AIS 3+ injury (more than 500 
cases).  From this, we developed a useful new 
classification for these crashes with AIS 3+ injury: 
(1) cases with complete ejections, (2) cases in which 
there was a head or neck injury from roof crush, (3) 
other rollovers in which the rollover was the most 
harmful event, (4) cases in which a collision before 
the rollover was the most harmful event, and (5) 
cases in which a collision or major change in 
elevation during the rollover was the most harmful 
event.  We used the NHTSA “Economic Impact of 
Motor Vehicle Crashes” and the weighting factor for 
the crashes to determine the total cost of all of these 
crash injuries.  We then estimated the effectiveness of 
three simple countermeasures – a strong roof, side 
window glazing that does not break out during the 
rollover, and an effective belt use reminder – in 
reducing the severity and cost of these injuries.  The 
results were most dramatic for SUVs where the 
discounted potential savings were on the order of 
several thousand dollars per vehicle over its lifetime.  
Even for passenger cars, the savings would easily 
justify the cost of these countermeasures.  This work 
demonstrates the high degree of benefit that would 
far outweigh the cost of the countermeasures even if 
the affected vehicles were equipped with electronic 
stability systems.  
 
NASS ROLLOVER FILES 

 
The National Accident Sampling System (NASS) [1], 
initiated by the National Highway Traffic Safety 
Administration (NHTSA) more than 25 years ago, is 
a rich source of data on motor vehicle crashes.  Most 
analysts use only its electronic files and therefore 
miss the value that is contained in the crash 

descriptions, scene diagrams, and photographs of the 
vehicles and scenes that are in the NASS files. 
For this work, we examined the details of more than 
500 case files from accident years 2002-2004 to 
determine the critical conditions of rollover crashes.  
Based on that data, we estimated the effectiveness of 
countermeasures that are designed to reduce 
casualties in rollovers.   
 
Specifically, we looked at all 2002-2004 NASS 
rollover cases involving passenger cars, utility 
vehicles (SUVs), pickups, and minivans that were ten 
years old or less in which there was at least an AIS 3 
injury to an occupant of the vehicle that rolled over.  
NASS is currently between one fourth and one third 
of its original design size and rollover cases typically 
have more serious consequences than other types of 
crashes.  Thus, we assumed that we would get 
reasonably representative results by combining three 
years of recent data. 
 
Each rollover vehicle occupant who sustained an AIS 
3+ injury was considered as a unit for this work.  
There were more than one such occupants in 
relatively few rollovers, and in most of those, it was 
because at least one of the occupants was ejected or 
there was a major impact either before or during the 
rollover.  In fewer than 2 percent of all cases did we 
find more than one occupant who sustained an AIS 
3+ injury who remained completely in the vehicle.  
 
CLASSES OF ROLLOVERS 
 
In looking at the NASS cases, a natural classification 
of rollovers suggested itself for quantitative study.  
We found that the traditional taxonomies were of 
little use in analyzing rollover injuries.  The number 
of rolls is a valid measure of severity only in the 
sense that each vehicle roof impact offers additional 
opportunity to damage a weak roof or to eject an 
occupant through a failed window.  The inherent 
forces in each roll are low regardless of the number 
of rolls.  The classification of initiation of the 
rollover (trip over, flip over, climb over, bounce over, 
etc.) are poorly defined, often incorrectly coded, and 
of little practical use.  Thus, we divided the rollovers 
into the following classes: 
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1. Cases where the rollover was the most serious 
event and an occupant with AIS 3+ injuries was 
unbelted and ejected.  

 
2. Cases where the rollover was the most serious 

event and where any occupants were belted and 
received at least an AIS 3 injury to the head or 
spinal column. 

 
3. All other cases where the rollover was the most 

serious event and an occupant had an AIS 3+ 
injury. 

 
A subclass of these cases are cases where the rollover 
was the most serious event and where any occupant 
was belted and received at least an AIS 3 arm or hand 
injury (the maximum AIS coding for an upper 
extremity injury) that was due to a partial ejection of 
the hand or arm. 

 
4. Cases where an initial collision was the most 

serious event (and the one that probably caused 
the most serious injury) but where there was 
subsequent rollover. 

 
A subclass of this group includes cases where there 
were serious collisions both before and during the 
rollover. 

 
5. Cases where a rollover was the initial event, but 

where the most serious event was a collision or a 
substantial change in elevation as the vehicle was 
rolling over (where the collision probably caused 
the most serious injury). 

 
There was one case (NASS 2002-75-110) where 5 
people riding in the bed of a pickup each received at 
least AIS 3 injuries (one was a fatal) when the pickup 
rolled over.  We did not include this case in the 
analysis. 
 
The justification for this classification is not only that 
rollover crashes divide into roughly equal sets 
among, at least for passenger cars, but that each class 
suggests a unique set of countermeasures as will be 
discussed later. 
 
ECONOMIC CONSEQUENCES OF INJURIES: 
A HARM METRIC 
 
Next, using the NHTSA estimates of the economic 
consequences of injury, we assigned a dollar value to 
each of the injuries.  These values are shown in Table 
1.  They were determined by taking the direct 
economic cost of injuries to specific body areas from 
Appendix H in the NHTSA report, the Economic 

Impact of Motor Vehicle Crashes 2000, [2] 
multiplying the results by the factors in Appendix A 
for injury severity in that report to get the specific 
economic consequences.  These results were updated 
for inflation by multiplying by a factor of 1.15 
(roughly 3 percent inflation per year).  
 
 

        

 
 

Figure 1.  An example of a Class 4 NASS case 
where an initial collision (with a large tree) was 

the most serious event. 
 
 
These are the essentially values that NHTSA would 
use in assessing the economic consequences of new 
motor vehicle safety standards.  They include the 
actual medical costs associated with the injury,[3] the 
lost wages, and intangible consequences of injury and 
death which were determined from studies of 
people’s “willingness to pay” to avoid injury or death 
based on “wages for high-risk occupations and 
purchases of safety improvement products.”  
 
CASES STUDIED 
 
We studied all rollovers involving passenger cars, 
SUVs (utility vehicles), pickups, and minivans that 
were less than 11 years old.  That is, for accident year 
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2004 we included all vehicles of model year 1995 
and later that rolled over and had an AIS 3 or greater 
injury to an occupant.  Each unit of study was an 
occupant who received an injury of AIS 3 or greater 
or who died as a consequence of the accident.  A very 
substantial majority of these were front seat 
occupants.   
 
Virtually all occupants who received such AIS 3 or 
greater injuries who were not in front seats were not 
restrained.  Once the cases were identified, they were 
classified as noted above.  Because of the limitations 
on vehicles and injuries, our data underestimates the 
total harm in rollovers by a factor of 1.5 to 2.  We 
will attempt to better quantify the total harm from 
rollovers in follow-up work. 
 
 

        

 
 

Figure 2.  An example of a Class 5 NASS case 
where a collision (with a large tree) during a 

rollover was the most serious event. 
 
 
HARM IN ROLLOVERS  
 
Because of their total number, the largest total cost is 
from passenger car rollovers.  However, the highest 
cost per registered vehicle, by a substantial margin, is 
for SUVs.  Their comprehensive cost for AIS 3+ 

injuries in rollovers is nearly three times as high as 
for passenger cars.  Pickups have about twice the 
comprehensive cost of passenger cars.   
 
By dollar volume of harm, the largest numbers by far 
were in Class 1 rollovers of SUVs.  This is partly 
because of the higher rollover rates of these vehicles 
and the lower safety belt use in them, but those 
factors do not fully account for the excessive 
ejections. 
 
Light trucks are also overrepresented in cases where 
a rollover is a secondary consequence of a serious 
collision (class 4 rollovers).  This suggests that loss 
of control is a greater problem for light trucks than 
for passenger cars.  Since the rollovers in these cases 
were almost incidental, for this class of crashes the 
traditional countermeasures applied to frontal and 
side crashes are much more likely to be effective.  
The same is not necessarily true for Class 5 crashes 
since a significantly stronger occupant compartment 
and roof will help to reduce roof crush and injuries in 
these cases. 
 
It is interesting to compare the proportional relations 
among the five classes of rollovers for specific 
vehicle types.  For example, because of the high cost 
of head and cervical spine injuries, Class 2 rollovers 
have a proportionally larger economic impact. 
 
These data show that each new SUV comes loaded 
with an average of at least $3,500 in discounted 
economic consequence costs for the rollovers they 
will have during their lifetime.  For pickups, the 
added liability is at least $2,200 and for passenger 
cars and minivans it is at least $1,200 and $1,700 
respectively.   
 
Few if any purchasers of these vehicles are aware of 
this liability when they purchase a new vehicle.  
Furthermore, because first and third party auto 
insurance together pay only a trivial part of the cost 
of the most serious injuries and fatalities, fewer still 
are aware that they will bear most of these costs 
either directly or through non-automobile insurance 
systems if they are actually seriously injured in a 
rollover.[4]  In fact, Medicaid picks up a significant 
part of these costs and families themselves must 
suffer the lost income (and the consequently reduced 
standard of living) and the extra personal services 
that are a major consequence of AIS 3+ injuries to a 
family member. 
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Table 1.  Cost of injury by severity level and body part from The Economic Impact of Motor Vehicle Crashes 
2000. 
 

AIS Body Part Cost  AIS Body Part Cost 
1 SCI N.A. 4 SCI  $7,296,260  
 Brain  $124,459   Brain  2,939,047  
 Lower Extremity  13,820   Lower Extremity  1,161,530  
 Upper Extremity   5,548   Upper Extremity N.A. 
 Trunk, Abdomen  10,133   Trunk, Abdomen  480,459  
 Face, Head, Neck  9,734   Face, Head, Neck  869,853  
2 SCI N.A. 5 SCI  $10,210,387  
 Brain  $686,992   Brain  6,826,032  
 Lower Extremity  277,275   Lower Extremity  2,056,783  
 Upper Extremity  117,739   Upper Extremity N.A. 
 Trunk, Abdomen  204,573   Trunk, Abdomen  860,798 
 Face, Head, Neck  144,749   Face, Head, Neck  1,805,288  
3 SCI  $1,506,961  6 All  $ 3,623,787  
 Brain  1,306,647     
 Lower Extremity  530,725     
 Upper Extremity  235,160     
 Trunk, Abdomen  266,856     
 Face, Head, Neck  325,650  
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Figure 3.  Estimated annual number of rollovers with AIS 3+ injuries by class and vehicle type. 
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Figure 4.  Cost of injury per registered vehicle by type of vehicle and type of injury. 

 
 
The results of this investigation are shown in Figures 
3 and 4.  These graphics clearly shows the dramatic 
difference between passenger cars on one hand, and 
light trucks on the other.  The total annual economic 
consequence of Annual AIS 3+ injuries in light 
vehicles in the first ten years of operation is 
approximately $36 billion. [5]   
 
Figures 3 and 4 show that the spectrum of passenger 
car rollovers is quite different than the spectrum of 
SUV and pickup rollovers.  The minivan figures are 
not as reliable because of the small number of 
minivan cases in the study (in the three years studied, 
there were only 20 rollovers involving 45 occupants 
with AIS 3+ injuries).  It is nevertheless clear that as 
a class, minivans have rollover harm that is higher, 
per vehicle, than for passenger cars.  Part of the 
reason for the relatively low rate of rollover harm in 
minivans is the demographics of those who own and 
use them (they are often the family station wagon for 
people who do not need the personal image from 
driving an SUV), not that they are inherently 
particularly safe in rollovers. 
 
• About forty-five percent of passenger car and 

pickup truck rollover harm is either preceded by 
a collision that is the most serious event, or 
involve a collision or other complication during 
the rollover that is the most serious event (Class 

4 and 5 rollovers).  For SUVs, only a quarter of 
the rollovers met those conditions.   

 
This result strongly suggests that about one-third of 
the harm attributed to rollovers should be 
reconsidered from the standpoint of appropriate 
countermeasures.  That is, for cases with major 
collisions before or during a rollover, the traditional 
assumption that rollover casualties come primarily 
from ejection that is a consequence of the rollover or 
from roof crush (the justifications for the dolly 
rollover test in FMVSS 208 and for the roof crush 
requirements of FMVSS 216) should be 
reconsidered.  However, it should be noted that some 
countermeasures – particularly occupant restraint – 
protect occupants in both circumstances.  
 
• By far the greatest disparity is in complete 

ejections of occupants in rollovers.  The rate of 
such rollover ejections where the rollover is the 
most serious event is nearly nine times as high in 
SUVs, and five times as high in pickups as in 
passenger cars.   

 
This dramatic difference comes partly from the much 
higher rollover rates and lower belt use rates in light 
trucks but those factors do not completely explain the 
difference.  The only other major factor that might 
account for the higher unrestrained occupant ejection 
rates is the larger side window openings in SUVs and 
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pickups.  It is clear that SUVs and pickups in 
particular should be a major target of further research 
and programs to reduce ejection.  
 
The NASS photographs reviewed for this study 
showed that the roofs in most contemporary vehicles 
crush extensively in a majority of rollovers where 
there are serious to fatal injuries.  While it is clear 
that an occupant is safer in a rollover with a safety 
belt than without, public policy that increases belt use 
without addressing the problem of roof crush would 
be irresponsible (see comments below and reference 
#7).  This situation would be analogous to ignoring 
the unintended injuries that were inflicted by the first 
generation of air bags.  
 
• Rollovers where a restrained occupant receives 

an AIS 3+ head or neck (cervical spine) injury 
are common in all vehicle types but are about 
twice as high in SUVs and minivans as in 
passenger cars and pickups.   

 
This finding strongly suggests that a major increase 
in roof strength would have a substantial benefit in 
reducing these injuries to people who are taking the 
responsibility of wearing the available lap and 
shoulder belts. 
 
RESTRAINT USE 
 
The major disparity in complete ejections between 
passenger cars and light trucks initially suggested that 
belt use in the latter was much lower than in the 
former, and figure 2 confirmed that suspicion.  One 
might expect that when looked at from the standpoint 
of the proportion restrained by the economic 
consequences of the injury, only SUVs and pickups 
show a significant difference which probably results 
in the exceptional ejection rate in these light trucks.   
 
ROLLOVER COUNTERMEASURES 
 
Next, we looked at the potential savings from 
obvious, well tested, inexpensive and effective 
rollover occupant protection countermeasures.  The 
primary countermeasures we considered were the 
following:   
 
1. Safety belt use which could be substantially 

increased by installation of a highly effective 
safety belt use reminder.[6]  (Most critical for 
classes 1,3 and 4) 

 
2. Side windows that do no fail in rollovers (such 

as laminated glass that is retained in its opening 

so that even if it breaks it continues to provide a 
barrier to ejection – see Figure 5).  (Class 1) 

 
3. A strong roof that is resistant to crushing during 

a rollover (such as has been demonstrated by the 
Volvo XC90 – see Figure 6).  A strong roof is 
important not only to reduce direct injuries from 
roof crush, but for the protection of side 
windows and to ensure proper safety belt 
performance (upper anchorage stability).  
(Classes 1,2,3 and 5)   

 
 
Table 2.  Restraint use among occupants with AIS 

3+ injuries from light vehicle rollovers. 
 

 
Belted 

Not 
Belted 

Unknown 
Belt Use 

Passenger 
Car 52% 46% 

 
2% 

SUV 30% 61% 9% 
Pickup 27% 70% 3% 

 
 

Table 4.  Proportion of harm in rollovers where 
there was at least one AIS 3+ injury by belt use. 

 
 

Belted 
Not 

Belted 
Unknown 
Belt Use 

Passenger 
Car 46% 48% 

 
6% 

SUV 43% 49% 8% 
Pickup 26% 70% 4% 

 
 
The secondary countermeasures were: 
 
4. Padding in the head impact area as now required 

by amendments to FMVSS 201.  (Class 2 and 3) 
 
5. Improving safety belt performance.  Safety belts 

are notorious for developing excessive slack in 
rollovers and many belts have rather poor 
geometry to hold occupants effectively in 
rollovers.  The best solution would probably be a 
seat mounted safety belt with a rollover-triggered 
pretensioner.  However, less expensive 
approaches, such as cinching latch plates that 
keep lap belts snug or a time delay on the 
retractor lockup, would have some benefit.  
(Class 2) 

 
6. Changes to interior design (particularly in the 

door and foot well areas) to reduce torso and 
limb injuries from contact with the interior.  
(Class 3 and 4) 
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In addition to these elements, two advanced 
technologies that are currently being commercialized 
are: 
 
7. Electronic stability systems that will primarily 

reduce the probability of some of the Class 1, 2, 
and 3 rollovers.  These systems generally reduce 
oversteer in vehicles so that even though the 
driver cannot fully control a vehicle, at least it 
will not yaw so that a rollover is likely.  (Classes 
1, 2, 3 and 5) 

 
8. Rollover-triggered side curtain air bags.  These 

systems deploy as a vehicle begins to roll 
(triggered by a combination of the roll angle of 
the vehicle and its roll rate) and cover the 
window openings so that the potential for 
ejection is substantially reduced.  (Class 1, 3, 4 
and 5) 

 
 

       
 

Figure 5.  Side window glazing designed with 
channels and tracks for ejection mitigation.  
 
 
It is important to note that the effectiveness of these 
elements may be interrelated.  For example, as was 
pointed out by a Ford engineer in the late 1960s, “It 
is obvious that occupants that are restrained in 
upright positions are more susceptible to injury from 

a collapsing roof than unrestrained occupants who are 
free to tumble about the interior of the vehicle.  It 
seems unjust to penalize people wearing effective 
restraint systems by exposing them to more severe 
rollover injuries than they might expect with no 
restraints.”[7]  It is also the case that even window 
glazing that is designed to reduce ejection will do so 
only if the window openings and frames are 
reasonably protected from distortion by a strong roof.  
Conversely, if the roof does not significantly distort 
in a rollover, it can generally protect even tempered 
side glazing. 
 
Occupant ejection could be reasonably addressed by 
either substantially increased belt use, the use of side 
window glazing that will contain occupants, or 
rollover-triggered window curtain air bags.  Belt use 
is the most cost-effective means, but it would not 
fully address partial ejections.  On the other hand, 
belt use has major benefit in virtually all other crash 
modes. 
 
 

 
 

Figure 6.  A Volvo XC90 with a strong roof 
after a rollover (NASS Case 2003-79-57). 

 
 
The cost and weight of the three primary 
countermeasures would be modest: 
 
• Effective safety belt use reminders would add 

less than $25 to the retail cost of a vehicle.  The 
added weight would be trivial.   

 
An effective belt use reminder must go well beyond 
the Ford Belt Minder® system which was shown to 

Channel in 
window 
frame to hold 
glazing 

“T” shaped edge on 
glazing that is contained 
by the channel in the 
window frame 
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raise belt use rates by only about 5 percentage 
points.[8]  Effective systems have been developed in 
Europe and are recognized there in the European 
New Car Assessment Program.  Highly effective belt 
use reminders might come about without regulatory 
pressure if insurance companies worked with auto 
makers by offering significant medical payment 
insurance discounts for vehicles that were equipped 
with them.  Such discounts could easily offset the 
original cost of these systems. 
 
Although belt use is critical to reducing injuries in 
rollovers, it must be accompanied by other 
countermeasures.   
 
• Front side glazing that retains occupants 

(laminated glass with edge holding systems) 
would, according to NHTSA, have added 
approximately $50 to the retail price of a vehicle 
in 1997.  Inflation would increase this to less 
than $65 today.   

 
The cost-effectiveness of this technology would be 
greatest if it were used only in the front doors 
because by far the majority of occupants are ejected 
through these windows.  If advanced glazing were 
used in all side windows, it would increase the retail 
price of a vehicle by about $140 per vehicle on 
average.  The agency estimated that there would be 
no weight penalty for any of the alternative side 
window materials.[9] [10]   We have used a 
compromise figure of $100 as the average increase in 
the retail price per vehicle for ejection control 
glazing. 
 
This technology is fully developed and available for 
production.  In its simplest form, it consists of 
laminated glass that has “T” shaped material glued on 
to the side edges that fit into channels such that the 
glass can move up and down, but even if the glass is 
broken, it cannot pull out of the channels (see Figure 
5).  NHTSA conducted extensive research into this 
product in the 1990s.  The effectiveness of this 
countermeasure depends on the vehicle having a 
strong roof so that the window opening is not 
substantially distorted from roof impacts. 
 
NHTSA has estimated that the effectiveness of 
advanced ejection-mitigating glazing in reducing 
rollover ejection injuries is in excess of 80 percent.  It 
noted that the benefit would be particularly high for 
light trucks.[11]  The 2005 Transportation legislation 
[12] requires that NTHSA specifically address the 
problem of occupant ejection.   
 

• A strong roof would, on average, cost less than 
$100/vehicle.  

 
Research has shown that the addition of well under 
than 100 pounds of structural material can be added 
to an existing vehicle to ensure very good roof crush 
resistance – well beyond that called for even in 
NHTSA’s proposed amendment to FMVSS 216.  The 
use of high strength steels and plastic inserts at 
buckling points would ensure only minor weight 
increase for an adequately strong roof. [14]  If a roof 
is designed to provide a high level of crush resistance 
in the first place, the added material and cost would 
be substantially less than 100 pounds and $100.  
Volvo has demonstrated the mass production 
practicability of strong roof construction. 
 
Electronic stability systems and rollover-triggered 
side curtain air bags each has the potential to 
substantially reduce rollover casualties, but their cost 
in full production is substantially higher than the cost 
of the three basic countermeasures.  Their benefit was 
not estimated in this work.  The added retail cost of 
either of these technologies has been estimated to be 
around $250 in large scale production.  The extra cost 
of rollover triggering of side curtain air bags that are 
already in a vehicle would be $25 to $50.  The cost of 
electronic stability systems assumes that the vehicle 
already has anti-lock brakes.   
 
BENEFITS OF ROLLOVER 
COUNTERMEASURES 
 
The effectiveness of each primary countermeasure 
was assessed against the specific conditions of the 
crash.  In no case was it assumed that the 
effectiveness would be above 80 percent because of 
uncertainties about the cases and outcomes and the 
fact that there might be residual, although less serious 
injuries even with the countermeasures.  However, 
where there was a complete ejection in an otherwise 
simple rollover (without complications such as 
significant collisions or major changes in elevation 
during the rollover) it was assumed that the 
combination of a strong safety belt use reminder and 
retained side window glazing would have an 80 
percent effectiveness in reducing the injury below the 
AIS 3 level, conservatively based on the NHTSA 
estimate, for example.  Thus, the benefits of safety 
belt use and improved side glazing was high for the 
first class of rollovers.  The benefits of a strong roof 
were major for the second class. 
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Figure 7.  Benefits of basic countermeasures – a strong roof, side glazing designed to contain occupants, and 
effective safety belt use reminders – from the reduction of rollover AIS 3 or greater injuries.  These results 
should be compared with Figure 4 showing the total economic consequences of AIS 3+ injuries rollovers.  It 

does not include reductions in AIS 1 and 2 injuries. 
 
 
There has been considerable reluctance to require (or 
for manufacturers to voluntarily offer) strong belt use 
reminders because of the experience with ignition 
interlocks in the early 1970s.  We believe that 
manufacturers and insurance companies could 
develop a voluntary program, encouraged by changes 
in the NCAP rating system and insurance premium 
reductions, to offer and encourage effective belt use 
reminder systems in new vehicles.  Such systems 
would have benefits well beyond rollovers.  
However, even in the absence of such systems, 
improved side glazing or rollover-triggered side 
curtain air bags would very substantially reduce 
ejections from vehicles that rollover.   
 
It was assumed that the effectiveness of the three 
basic countermeasures considered here for the fourth 
and fifth classes of rollovers, where collisions were 
the primary source of injury, would be low.  
Exceptions would be for unrestrained and ejected 
occupants who were not subject to direct trauma from 
the collisions. 
 
The results, which are a total saving of half of the 
comprehensive cost of rollover AIS 3+ injuries, are 
shown in Figure 5. 

OVERALL COSTS AND BENEFITS 
 
In doing this analysis, we found that making 
conservative assessments of the benefits yielded very 
high potential savings (over $17 billion per year) 
from the three simple countermeasures discussed 
above.    
 
The cost of these three would be around $3.5 billion 
per year for all new passenger cars, light trucks and 
vans; so that their benefits would be at least five 
times the cost.  If these were applied only to SUVs 
and pickups, these countermeasures would yield a 
benefit more than eight times the cost because of the 
much higher rate of rollover casualties in them.  
However, these countermeasures would be cost 
beneficial even for passenger cars and minivans.  
Responsible manufacturers have a particular 
obligation to adopt these countermeasures, even in 
the absence of regulatory requirements, for SUVs and 
pickups because of their excessive rollover casualties 
in comparison with the passenger cars they have 
typically replaced.  
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Table 2.  Total annual economic consequences of rollovers by type of vehicle and class of rollover (in 
millions).  The sum for all light vehicles is $36.8 billion per year. 

 
Class of Rollover Passenger Car SUV Pickup Minivan 
1. Unbelted Occupant Fully Ejected $ 2,177   $3,658   $3,359   $ 1,004  
2. Belted Occupant w/Head, SC Injury  $ 4,061   $1,600   $1,016   $ 1,062  
3. Other Primary Rollovers   $ 2,768   $1,461   $   612   $   511  
4. Collision Before Rollover  $ 3,925   $1,546   $3,340   $   439  
5. Collision During Rollover  $ 3,399   $  561   $  311   $       0    
Total $16,330 $8,826 $8,638  $ 3,016 

 
 

Table 3.  Total Savings by Type of Vehicle and of Rollover (in millions) from primary countermeasures. 
 

Class of Rollover Passenger Car SUV Pickup Minivan 
1. Unbelted Occupant Fully Ejected  $1,572  $2,822  $2,770   $  773  
2. Belted Occupant w/Head, SC Injury  $2,118   $   961   $  688   $  530  
3. Other Primary Rollovers   $  902   $   303   $  329   $  363  
4. Collision Before Rollover  $1,015   $   560   $1,220   $  188  
5. Collision During Rollover  $  602   $   163   $      8   $      0    
Total  $6,209   $4,809   $5,014   $1,855  

 
   

Table 4.  Upper limit of the cost of countermeasures to reduce rollover injuries. 
 

Countermeasure Cost per Vehicle Total Cost (billions) 
Safety Belt Use Reminders $25 $0.4 
Improved Side Window Glazing $100 $1.6 
Strong Roof $100 $1.6 
Total $225 $3.6 

 
 
This analysis does not account for the savings of AIS 
1 and 2 injuries in rollovers, for vehicles more than 
ten years old, or for the reduction in injuries in non-
rollovers.  Thus, these countermeasures would have 
even greater cost effectiveness than is calculated 
here.  The belt use reminder would improve safety in 
all crash modes while improved occupant 
compartment integrity and glazing would improve 
side impact protection.   
 
The total cost of AIS 3 and greater injuries in 
rollovers of vehicles no more than ten years old – 
$36.8 billion – is shown in Table 2.  Note that only 
$13.5 billion (just over one-third) is in cases 
involving a collision as the most serious event, either 
before or during the rollover.  This table does not 
include any losses from AIS 1 or 2 injuries nor does 
it include losses in vehicles more than ten years old.  
The total for all light vehicles is $17.9 billion. 
 
The savings from the countermeasures described in 
this paper are provided in Table 3.  Note that the 

savings from reducing ejection of unbelted occupants 
(primarily from improved belt use reminders, 
improved side glazing, or both) amounts to nearly $8 
billion.  This counts none of the savings in AIS 1 and 
2 injuries, the other savings in non-rollover crashes 
from these countermeasures, or savings from vehicles 
more than ten years old.  Those savings would 
probably more than double the benefits.  The savings 
from a reduction in head and spinal column injuries 
to belted occupants would be over $4 billion, and 
would come primarily from stronger roofs and the 
interior padding that is now standard in all new light 
vehicles. 
 
Estimates of the upper bound costs of these 
countermeasures, assuming that 16 million light 
motor vehicles are sold in the U.S. annually, are 
shown in Table 4. 
 
It can be seen from Table 4 that even considering 
only the benefits from reductions in AIS 3+ injuries 
in rollovers of vehicles less than eleven years old, 
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these countermeasures are highly cost-beneficial.  
Their value would be higher if one considered AIS 1 
and 2 injuries, injuries from rollovers of vehicles 
more than ten years old, and the ancillary benefits in 
non-rollovers of these countermeasures.  It is clear 
that priority should be given to making these 
improvements in light trucks where the losses are 
greatest. 
   
FURTHER THOUGHTS: HISTORY AND 
POLICY 
 
This research shows the value of the National 
Accident Sampling System and the NHTSA’s 
estimates of the economic consequences of motor 
vehicle crashes.  This work derives directly from the 
important work from the 1970s of the late Dr. 
Anthanasios Malliaris, who developed the harm 
concept; and Barbara Faigin who produced the first 
analysis of the cost of injury and Laurence  Blincoe 
who produced the current edition.  It is unfortunate 
that NHTSA did not carry out this type of analysis of 
rollover injury years ago when it could have saved 
thousands of lives and serious injuries in rollovers. 
Based on refinements of this work and on more 
realistic dynamic testing of vehicle rollover 
performance and the requirements of the SAFETY-
LU legislation, we look forward to major 
advancements in rollover occupant protection in the 
near future. 
 
We believe that NHTSA could achieve much of the 
benefit discussed in this paper by instituting a 
rollover occupant protection rating in the New Car 
Assessment Program that gave increasing ratings 
(number of stars) to vehicles that had stronger roofs 
and that incorporated other features that improved 
rollover occupant protection.  A proposal has been 
made to NHTSA for such a rating system (see 
Appendix A). 
 
When NHTSA proposed the amendment to FMVSS 
216 last August, it made the very controversial 
comment, “. . . if the proposal were adopted as a final 
rule, it would preempt all conflicting State common 
law requirements, including rules of tort law.”  This 
comment conflicts with the statement in the National 
Traffic and Motor Vehicle Safety Act of 1966 which 
says, “Compliance with any Federal motor Vehicle 
safety standard issued under this title does not 
exempt any person from any liability under common 
law.”  NHTSA’s view was based on the Supreme 
Court decision in Geier v. Honda, [15] in which the 
court held that NHTSA’s ability to use more creative 
means of implementing motor vehicle safety 
standards involving new technologies and uncertain 

public acceptance would be compromised by 
permitting product liability claims against 
manufacturers that did not implement the most 
effective safety technology.   
 
An alternative that addresses the highly controversial 
question of manufacturer liability is discussed in 
another of this author’s publications on how 
automobile insurance can become a much more 
effective regulator of motor vehicle safety.[16]  The 
use of consumer information under the New Car 
Assessment Program could also obviate this 
controversy.  
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APPENDIX: A PROPOSED NEW CAR 
ASSESSMENT PROGRAM RATING SYSTEM 

To supplement the basic roof crush 
requirement, we suggest that the best way to 
encourage manufacturers to offer a higher and more 
comprehensive level of rollover occupant protection 
is through a Rollover Occupant Protection rating in 

the New Car Assessment Program.  A proposed 
outline for such a rating is as follows: 

      � Meets basic requirements of all Federal 
motor vehicle safety standards, including 
those of the amended FMVSS 201 and 
216, and has a (Ford-type) belt-minder 
level safety belt reminder system. 

     �� Meets the requirements for one star, has a 
strength of 2 in the FMVSS 216 test with 
the pitch angle increased to 10°, and has 
an advanced level belt use reminder.  

     ��� Meets requirements for two stars and 
provides minimal performance under a 
dynamic roof strength test such as the 
Jordan Rollover System (including no side 
window failures) 

         ���� Meets the requirements for three stars and 
has rollover-triggered safety belt 
pretensioners that minimize occupant 
excursion in a rollover. 

         ����� Meets requirements for four stars, 
provides a high level of occupant 
protection performance in a dynamic roof 
strength test, and retains the full integrity 
of all windows in this test, and has a side 
curtain air bag system.  
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ABSTRACT 
 
The effects of the delaminated tire after a tread 
separation event on the handling of a vehicle 
have been well documented. However, the 
period when the tire is delaminating, which can 
last from about one and one half to many 
seconds, can pose a serious threat to vehicle 
stability depending on the duration of the 
delamination process, the design of the rear 
suspension of the vehicle, and the speed at which 
the delamination commences.  This paper will 
present the results of testing where a 
delaminating tire results in a bump on the tire 
and a subsequent loss of control even with expert 
drivers.  Similar vehicles were tested under a 
controlled environment to determine that the 
cause of the loss of control is axle tramp induced 
by the bump frequency of the delamination 
occurring at the natural frequency of the 
axle/spring (the tire is the dominant spring) 
system. During this tramping the handling 
characteristics become severely oversteer.  The 
resulting oversteer has been measured using 
standard SAE J266 test procedures for various 
models of vehicles characterized by a Hotchkiss 
type rear suspension system. Proposed solutions 
were increasing the tramp damping 
characteristics of the axle system and/or the 
addition of dual wheels on certain vehicles.  
These solutions are examined for their 
effectiveness.  Testing will illustrate how proper 
shock absorber sizing and placement will have a 
positive effect on the oversteer situation. 
 
INTRODUCTION 
 
Though public awareness of tire failures and tire 
delamination events has greatly increased over 
the last several years, these events are not 
unanticipated or new to the vehicle dynamics 
community, tire designers, and others.  However, 
the detrimental effect of a tire delamination event 
on the vehicle handling is an area that is 
currently being researched.  A further 
understanding of the dynamics of the interaction  
 

 
of the delamination process and the suspension 
sub-system will allow vehicle designers to  
anticipate the adverse effects of this process on 
vehicle handling and stability and design a 
system that is more robust and less likely to lose 
its directional controllability during such a 
foreseen event. 
 
OVERVIEW 
 
It is rather intuitive to a vehicle dynamicist that 
the reduced friction associated with a tire that 
has lost its outer tread belt and is rolling on the 
steel wires composing the steel belt will have 
less lateral traction at this location.  It is also 
well understood that with regards to a certain 
steering wheel angle, this lower lateral traction 
will lead to an increased slip angle at this corner 
of the vehicle than would be developed by a non-
compromised tire.  The terms understeer and 
oversteer are defined by relative slip angles.  If 
the slip angle generated by the front tires of the 
vehicle is greater than that generated by the rear, 
the vehicle is said to be understeer.  
Alternatively, if the rear slip angle exceeds that 
of the front, the vehicle is said to be oversteer.  A 
special case can exist where the front and rear 
slip angles are equal.  This situation is known as 
neutral steer.  Using these definitions to analyze 
a vehicle with a delaminated tire, it can be 
concluded that if the failure is on the front of the 
vehicle, the vehicle’s understeer will likely be 
increased, and a delaminated tire on the rear will 
result in reduced understeer which could 
transition to oversteer.  Dynamic testing has 
proven that vehicles with delaminated tires are in 
fact limit oversteer vehicles. 
 
A much less intuitive analysis is required to 
understand the effects on the vehicle directional 
control characteristics of a tire in the process of a 
delamination event.  During this process of the 
tire shedding its outer tread cap, a rotating 
imbalance is developed and transmitted to the 
rear suspension system.  As the cap separates, 
the unbonded cap can fold over on itself until it 
completely separates, or the cap can separate in 
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pieces leaving some attached to the tire.  Either 
of these situations will cause a lump and a 
rotating imbalance and result in a cyclic forcing 
frequency at that tire.  It is this approximately 
one and one half to several seconds duration 
event with which the research presented in this 
paper is concerned.  During this time, at highway 
speeds, the previously mentioned vertical 
oscillations can induce the tramp natural 
frequency of the rear axle (usually around 10 to 
15 Hz).  When this occurs, the rear traction is 
severely compromised.  On Hotchkiss type 
suspensions, as shown below, this tramp mode is 
transmitted across the rear axle causing both rear 
tires to intermittently lose traction.  Recent 
vehicles with this type of suspension include 
SUVs, cargo and passenger vans, and light 
trucks, among others.  
 

 
Figure 1.  Illustration of Hotchkiss rear 
suspension. 
 
This paper will discuss testing which has 
demonstrated that a severe oversteer condition 
can occur during the delamination event 
resulting in sudden loss of directional stability. 
 
Nearly all vehicles sold to the public are 
designed to be steady-state understeer vehicles.  
Therefore, an understeer vehicle is what the 
motoring public is accustomed to driving.  An 
understeer vehicle is considered safer for an 
average driver.  An oversteer situation, 
especially a snap oversteer, creates a dangerous 
situation for untrained and unsuspecting drivers.  
An oversteer vehicle actually over responds to 
driver inputs, by steering more than the steering 
wheel angle and vehicle geometry would predict.  
Thus, it is vital for vehicles to be designed to 
remain controllable during a tire delamination 
event and not suddenly become a highly 
oversteer condition.  The research presented here 
not only demonstrates the oversteer associated 

with tire delamination events, but also outlines 
design principles that significantly reduce or 
even eliminate the oversteer during the 
delamination event.        
 
TESTING BY THE ENGINEERING 
INSTITUTE 
 
Testing Protocol 
 
All testing conducted referenced “SAE J266, 
Steady State Directional Control Test Procedures 
for Passenger Cars and Light Trucks.”  The test 
method followed was the constant radius test.  In 
this test, the vehicle is driven on a constant 
radius circle at a slowly increasing speed.  As the 
lateral acceleration on the vehicle increases, the 
driver is to apply appropriate steering to keep the 
vehicle following the path. 
 
The test is analyzed by plotting the wheel angle 
(steering wheel angle divided by the steering 
ratio) against the lateral acceleration.  The slope 
of the curve gives the understeer/oversteer 
gradient.  The curve is not linear, and the 
gradient is often reported at low lateral 
accelerations, referred to as the linear range, and 
at the limits of tire adhesion, referred to as the 
limit range.  The standard units for the 
understeer/oversteer gradient are degrees per g.  
A positive number is usually reserved for 
understeer; whereas, a negative slope indicates 
that the vehicle is oversteer.  Figure 2 shows a 
typical understeer/oversteer plot for a vehicle 
with linear range and limit understeer. 
 

Wheel Angle vs. Lateral Acceleration
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Figure 2.  Exemplary understeer/oversteer 
plot for an understeer vehicle. 
 
To simulate the cyclic input, tread pieces were 
either vulcanized or bolted to the outer surface of 
the tire.  For the circle testing, 3 tread pieces 
were bolted around the circumference of the tire 
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at 120 degree intervals.  This was done in order 
to induce the tramp mode frequency at speeds 
attainable in the circle test.  A frequency of 10 to 
15 Hz would occur at speeds of 60 to 70 mph 
with a single lump generated by a delaminating 
tire.  The design of the SAE J266 maneuver 
limits the maximum attainable speeds to much 
less than this.  The maximum attainable speed is 
a function of the size of the test circle and the 
vehicle design.  For a vehicle with a lateral 
handling limit of 0.75 g’s being driven on a 130 
foot radius circle, the maximum attainable 
velocity as predicted by (Equation 1) is 38 mph.   
 

r

v
A y

2

=                           (1). 

 
Therefore, in order to simulate the 10 to 15 Hz 
input at a relatively safe speed attainable in a 
constant circle test, the three lumps were applied 
to reduce the speed by a factor of 3, 
approximately 20 to 23 mph.  Examples of the 
lumped tires prepared for testing are seen in 
Figures 3 and 4. 
 

 
Figure 3.  Prepared tire with bolted lumps. 
 

 
Figure 4.  Prepared tire with vulcanized 
lumps. 
 

General Testing Results 
 
The test vehicles were all linear and limit 
understeer in their standard configuration with 
the exception of the fully loaded passenger van 
discussed later.  However, testing demonstrated 
that the vehicles are all severely oversteer in a 
range of frequencies at and around the tramp 
mode natural frequency of the rear suspension 
system.  The data plots during the oversteer 
condition are characterized by a wide band of 
data points indicating that the steering necessary 
to remain on the path was widely varied and 
unpredictable.   
 
Another commonality between the vehicles 
tested besides all being Hotchkiss rear 
suspensions is a relatively far inboard placement 
of the shock absorbers on the axle as exemplified 
by Figure 5.  This significantly reduces the 
effective tramp damping at the wheels.  Since the 
input responsible for exciting the tramp mode 
natural frequency is coming from the tire, it was 
theorized by Kramer [Kramer, 1996] that greater 
effective damping at the tire would help control 
the motions of the tire and axle and decrease the 
induced oversteer. 
 

 
Figure 5.  Hotchkiss rear suspension system 
showing shock placement.    
 
Aftermarket externally adjustable shock 
absorbers with high levels of damping were 
purchased to test the theory that greater damping 
on the rear axle would reduce the oversteer 
condition.  Also, where possible, the shock 
absorbers were moved farther outboard to 
increase their effective damping rate.  In 
addition, an alternative suspension system 
consisting of a rocker pivot arm amplifying the 
damping via a mechanical advantage was 
designed and tested.  Testing demonstrated that 
tuning the effective damping could have 
beneficial effects on the vehicle handling.  
Figure 6 is a damping plot for the aftermarket 
shock absorbers. 
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Rancho Adjustable Damper Plot
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Figure 6.  Damping plot for adjustable 
damping shock absorbers. 
 
Detailed Testing Results 
 
     Sport Utility Vehicle Testing – The first 
testing into the effects of the lumped tire on 
directional stability involved a sport utility 
vehicle (SUV).  Since the initiation of this test 
program, various sport utility vehicles and 
configurations have been tested.  All tested 
vehicles share a similar rear suspension design 
and share design similarities with regards to the 
relative placement of the rear shock absorbers.  
Each vehicle tested demonstrated understeer 
characteristics in the standard configuration, ‘as- 
designed’ state.  However, the addition of the 
lumped tire drastically altered the handling 
characteristics of the vehicle by inducing 
oversteer at low lateral accelerations.   
 
Figures 7 and 8 show exemplar data plots 
resulting from standard configuration testing of 
two SUVs.  The positive slope of each curve is 
indicative of an understeer characteristic.  The 
understeer gradient for SUV 1 is around 2.8 
degrees/g for the range of 0.2 to 0.4 g’s and is 
approximately 2.6 for SUV 2. 
 

SUV 1, Standard Configuration, Wheel Angle v. Lateral Acceleration
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Figure 7.  Data plot for SUV 1 standard 
configuration testing. 

SUV 2, Standard Configuration, Wheel Angle v. Lateral Acceleration
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Figure 8.  Data plot for SUV 2 standard 
configuration testing. 
 
The following figures graphically illustrate the 
striking difference encountered when the 
vehicles were tested in the presence of the 
lumped tire.  The negative slopes are indicative 
of an oversteer condition.  Since the oversteer 
occurs at low lateral accelerations, it can be 
concluded that the oversteer could be induced 
even with minor steering inputs in a real-world 
driving situation.   
 

SUV1, Lumped Rear Tire, Wheel Angle v. Lateral Acceleration
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Figure 9.  SUV 1 data plot resulting from 
testing with the lumped tire. 
 

SUV 2, Rear Tire Lumped, Wheel Angle v. Lateral Acceleration
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Figure 10.  Lumped tire test data plot for SUV 
2 with region of oversteer boxed in red. 
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Figure 10 demonstrates how the oversteer is 
most pronounced at input frequencies near the 
rear axle tramp resonant frequency.  An 
accelerometer mounted on the rear axle indicated 
that the forcing frequency at the rear axle was 
around 13 to 14 hertz at the time the vehicle is 
oversteering.  It is noteworthy that the vehicle 
was basically neutral steer (slope = 0) on either 
side of this frequency band. 
 
Adjustable shock absorbers were installed on 
both  SUVs.  This allowed damping to be set to 
levels greater than possible with the original 
replacement shock absorbers.  Also, new shock 
mounts were fabricated and installed allowing 
the shock absorbers to be moved as far outboard 
as possible.  The increased damping improved 
the directional stability of both vehicles with the 
lumped tire.  SUV 1 remained an understeer 
vehicle in the lumped tire testing, and SUV 2 
exhibited basically neutral behavior.  In both 
cases, the test driver commented that the vehicles 
were predictable with the damping 
modifications; a characteristic that was lacking 
in the lumped tests with the standard vehicle 
configuration. 
 

SUV 1, Lumped Rear Tire, Outboard Shocks Mid Range Setting, Wheel 
Angle v. Lateral Acceleration
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Figure 11.  Data plot of lumped tire testing 
from SUV 1 with outboard mounted higher 
damping shock absorbers. 
 
Figure 12 shows the effects of the outboard 
mounted dampers on SUV2.  As mentioned, 
there was a marked improvement in the handling 
with this set-up. 

SUV 2, Lumped Rear Tire, Outboard Shocks, Mid Range Damping, 
Wheel Angle v. Lateral Acceleration
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Figure 12.  Data plot from SUV 2 outboard 
shocks lumped tire testing.   
 
     15 Passenger Van Testing – Similar testing 
was conducted on a 15 passenger van.  A 
difference between the van tested and the SUV is 
that at the heavily loaded (near gross vehicle 
weight) condition, the van is a limit oversteer 
vehicle.  This condition arises from a center of 
gravity (CG) shift that accompanies the loading.  
With the test loading simulating occupants, the 
CG moved upward and rearward.  Static 
measurements have shown that the upward shift 
can be between 1 and 2 inches.  The longitudinal 
shift is considerably more.  This is due to the 
design characteristic of the van tested that places 
a significant amount of the loading behind the 
rear axle.  Static measurements have 
demonstrated a longitudinal shift rearward of the 
CG of as much as 17 to 20 inches.  Even in the 
unloaded condition, data scatter is seen at the 
limits of lateral adhesion, and the driver said the 
vehicle felt very much on the edge of 
transitioning to oversteer.  However, in the fully 
loaded testing, the vehicle spun-out at the limit 
due to its oversteer characteristic. 
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15 Pass Van; Driver, Equipment, and 14, 165 lb Water Dummies
Limit Oversteer (vehicle spun out)
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15 Pass Van; Driver, Equipment, and 14, 165 lb Water Dummies
Dual Rear Wheels
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Figure 13.  Data plot comparison of standard 
configuration GVW 15 passenger van testing 
without (top) and with dual rear wheels. 
 
A method to improve these undesirable handling 
traits is the addition of dual rear wheels to the 
van.  The dual wheels effectively widen the rear 
track of the vehicle while simultaneously 
increasing the lateral grip available at the rear of 
the vehicle relative to the front.  Therefore, in 
terms of the previous discussion regarding slip 
angles and oversteer, the slip angle of the rear is 
reduced relative to the front; thus, promoting an 
understeer situation.  The dual wheels also have 
a positive effect on transient oversteer.   
 
Not only did the dual rear wheels eliminate the 
oversteer in a standard test, they also allowed the 
vehicle to remain understeer when one of the 
dual wheels was detreaded to the steel belts.  
This indicates that this vehicle will be understeer 
before and after a tire delamination. 
 
However, lumped tire testing with this van 
demonstrated that the van will be oversteer at 
low lateral accelerations and that the oversteer is 
much more prominent during the delamination 
process.  The initial round of testing on this van 
did not test increased damping.  An alternative 
damper mount is currently being designed to 
mount to this vehicle to allow greater effective 

damping at the wheels.  This future testing will 
be reported in subsequent publications. 
 
The lumped tire plots for the clockwise and 
counterclockwise tests are below. 
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Figure 14.  Data plots of lumped tire testing 
for the 15 passenger van. 
 
     Light Truck Testing With Lumped Tires – 
All vehicles discussed pose a special dilemma 
when evaluating the effects of a cyclic input into 
the rear axle and ways of reducing this effect.  
However, this is especially true with light trucks 
with heavy duty cargo and towing capacities.  
Each class of vehicle discussed is designed with 
the ability to carry relatively large payloads.  
This means that the load on the rear axle can 
vary greatly depending on the loading.  Light 
trucks have the greatest variance in that with the 
unloaded condition, there is relatively little 
weight on the rear axle; and with loading, it is 
the rear axle carrying most of the weight.  The 
rear suspension systems on these vehicles has to 
be designed to be able to accommodate the 
heavy loading, creating a stiffly sprung system.  
At unloaded conditions this creates a basically 
rigid system leading to wheel and axle hop.  
With the wheel hopping, the rear sprung and 
unsprung systems are coupled and moving as a 
single unit.  Therefore, the shock absorbers are 
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not being activated and cannot be used as 
effectively to control the oversteer condition. 
 
A heavy duty ¾ ton truck was tested in various 
configurations.  It was tested unloaded, with a 
1400 cargo load behind the axle, and pulling a 
heavy equipment trailer loaded with a Bobcat 
skid steer and sweeper attachment.  The trailer as 
loaded had a tongue weight of 1200 lbs.  Each 
load configuration was tested with OEM 
replacement shock absorbers mounted at the 
standard mounts and was tested with adjustable 
shock absorbers mounted on a pivoting lever 
arm.   
 
The lever arm was designed such that the 
attachment point to the axle was as far outboard 
as possible.  In addition, a mechanical advantage 
of 1.5 was incorporated into the design.  This 
system resulted in variances in the damping 
ranging from fairly soft to basically rigid by 
adjusting the damper dial settings from 1 to 9.  
Figure 15 shows the pivoting lever arm and 
attachments.   
 

 
Figure 15.  Illustration of pivoting lever arm 
shock mount. 
 
The figures below show the oversteer associated 
with the lumped tire testing for the vehicle with 
no cargo load.  For this testing, the lumped tire 
was placed on the left rear.  The first figure 
shows the clockwise test.  With the lumped tire 
mounted on the left rear, it is on the outside of 
the turn for the clockwise test and on the inside 
for the counterclockwise test.  Notice the wide 
scatter in the data.  This is indicative of widely 
varying driver steering inputs.  The driver was 
not able to anticipate the vehicle responses to the 
steering input and was constantly having to input 
steering corrections.  It is obvious from both the 
slope of the graphs and the data scatter that this 
configuration is highly unstable.   
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Figure 16.  Heavy duty light truck unloaded 
tests results for the clockwise (top) and 
counterclockwise test. 
 
The results of the testing with the lever arm and 
the shock setting 5 are shown for comparison 
(clockwise test shown first).   
 

Heavy Duty Light Truck, Lever Arm Shock Mount, Shock Setting 5, 
Driver Plus Equipment Loading
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Figure 17.  Test Results for the unloaded 
testing with lever arm shock mount with 
setting 5 damping (clockwise). 
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Heavy Duty Light Truck, Lever Arm Shock Mount, Shock Setting 5, 
Driver Plus Equipment Loading
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Figure 18.  Test results for the unloaded 
condition with lever arm shock mounts and 
adjustable shocks setting 5. 
 
Though the general trend of the negative slope is 
unchanged in this clockwise test, there is much 
less scatter in the data.  This indicates that the 
driver was able to predict the response of the 
vehicle and input the appropriate steer to remain 
on the path with less varied steering wheel 
angles.  The driver stated that the vehicle felt 
much more controllable in this situation, even 
though the gradient from each test is similar.  A 
marked improvement is seen in the 
counterclockwise testing.  The driver’s feeling 
during this testing was that the vehicle was near 
neutral steer and directionally stable. 
 
With the rearward biased cargo load and the 
standard shocks and mounts, the vehicle was still 
very unpredictable and unstable as seen below.  
The top plot shows the clockwise test with the 
lumped tire on the outside of the turn, and the 
bottom plots shows the results of the testing with 
the lumped tire on the inside of the turn 
(counterclockwise). 
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Heavy Duty Light Truck, Standard Shocks and Mounts, 1400 lb Cargo 
Load
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Figure 19.  Standard vehicle set-up testing 
with 1400 pound cargo load. 
 
Again, a dramatic increase in the controllability 
and predictability of the vehicle was seen in the 
alternative design shock mount testing, even 
with the damping on the shock set as low as 
possible.  This is graphically represented below.   
 

Heavy Duty Light Truck, Lever Arm Shock Mount, Shock Setting 1, 
1400 lb Cargo Load
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Figure 20.  Lever arm shock testing setting 1 
with 1400 lb cargo load (clockwise) 
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Heavy Duty Light Truck, Lever Arm Shock Mount, Shock Setting 1, 
1400 lb Cargo Load
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Figure 21.  Lever arm shock mounts with 
shock setting 1 and 1400 lb cargo load. 
 
The final four plots (lumped together as Figure 
22) compare the loaded trailer testing with the 
standard mounts and shock absorbers to the 
testing with the alternative design.  Again, the 
alternative design greatly improved the handling, 
especially with the lumped rear tire on the inside 
of the turn.  The top two graphs are the standard 
configuration clockwise and counterclockwise 
test, respectively, and the bottom two are the 
plots for the pivoting lever arm testing. 
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Truck, Trailer, and Bobcat Combination

0

1

2

3

4

5

6

7

8

9

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

lat accel (g's)

w
h

ee
l a

ng
le

 (
d

eg
)

 
Heavy Duty Light Truck, Standard Shocks and Mounts,
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Heavy Duty Light Truck, Lever Arm Mount, Setting 1
Truck, Trailer, and Bobcat Combination
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Heavy Duty Light Truck, Lever Arm Mount, Setting 1
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Figure 22.  Lumped tire testing results for 
truck and trailer combination. 
 
CONCLUSIONS 
 
In conclusion, testing has demonstrated the 
effects of a cyclic input on the suspension 
systems tested.  Cyclic inputs near the tramp 
mode natural frequency result in a highly 
uncontrollable vehicle response characterized by 
severe oversteer even in the quasi-static SAE 
J266 Steady-State Directional Control Test.   
 
The results of this testing can be extrapolated to 
real-world highway speed tire delamination 
events and clearly reveal what a dangerous 
situation this is for these vehicles traveling at 
highway speeds. 
 
Testing has also revealed the positive effects of 
suspension tuning on the controllability of these 
vehicles during the process of a tire 
delamination. 
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ABSTRACT 

To investigate injuries to various body regions of a 
child in detail using a child restraint system (CRS), a 
finite element (FE) model of a 3-year-old child has 
been developed. Using this child FE model and 
Hybrid III FE model, the ECE R44 sled impact test 
simulations were conducted for three different types 
of CRS such as a 5-point harness, an impact shield 
and an ISOFIX CRS. For the child FE model, the 
whole spine flexed, whereas for the Hybrid III with 
stiff thorax spine, only the cervical spine and the 
lumbar spine flexed. As a result, in the 5-point 
harness CRS, the head down movement and its 
rotation were large for the child human FE model. 
The injury criteria of Hybrid III and child FE model 
were comparable in these CRS applications. In the 
impact shield CRS, the chest deflection was large. 
The head excursion was particularly small for the 
ISOFIX CRS. 

The influence of belt slack of CRS on injury criteria 
was also examined from FE analyses. There was a 
relation between the ridedown efficiency and the 
chest acceleration. A slack seatbelt and harness in the 
5-point harness CRS increased the injury risk. On the 
other hand, the injury criteria in the impact shield 
CRS with and without the seatbelt slack were 
comparable, which explains the low injury risks for 
children using the impact shield CRS in accidents.  

INTRODUCTION 

Accident data have demonstrated that a child 
restraint system (CRS) is effective for preventing 
injuries to children [1,2]. There are a variety of 
forward-facing CRS types, including those with a 
5-point harness, tray shield and T-shield. Many 
studies have examined the differences in behavior 
and injury criteria of child occupants under various 
restraints. Melvin and Weber, for example, have 
shown from sled tests of CRS that the behavior of a 
child dummy depends on the CRS types [3]. 

Langwieder et al. [4,5] investigated German accident 
data and found that the injury risks of children were 
lower in an impact shield CRS than in a 4/5-point 
harness CRS. 

In the JNCAP (Japan New Car Assessment Program), 
there are CRS dynamic tests, and forward facing 
CRS has been tested using three-year-old (3YO) 
Hybrid III. According to the number of units sold, 
CRSs are selected and subjected to a dynamic sled 
test using a minivan frame body [6]. In the JNCAP 
test, the injury criteria of Hybrid III in the 5-point 
harness CRS are inclined to be lower than those in 
the impact shield CRS with small chest deflection 
and low abdominal pressures. However, these results 
are inconsistent with the accident analysis by 
Langwieder et al. [4,5].  

In CRS impact tests, crash dummies such as Hybrid 
III 3YO, TNO P3 and Q3 are widely used. Injury 
criteria are recorded by these dummies and CRS 
safety performance is evaluated. However, there are 
some differences in anatomical structure and 
mechanical properties between the human body and 
crash dummies. These differences can affect the 
responses of the child in CRS during impacts. Thus, 
to examine the behavior and injuries to a child by 
CRS types in detail, the dummy test results might be 
insufficient, especially for evaluating different types 
of CRS.  

Many human finite element (FE) models of adults 
have been developed, and applied to the 
investigation of human responses in crash 
environments. Using these models, injury risks can 
be evaluated from stress and strain distributions, 
which cannot be measured in crash dummies. A child 
FE model will be useful when it is applied to evaluate 
the injury risk of a child using CRS. In the present 
research, a 3YO child FE model was used, which 
was developed by appropriate scaling of a THUMS 
(Total Human Model for Safety) AM50 (adult male 
50 percentile) [7,8].  
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Many studies have demonstrated that the percentage 
of misuse is quite high in using CRS, and this misuse 
can limit the protective benefit of CRS [4,5,9]. There 
are several types of misuse in CRS. According to the 
CRS usage investigation by the JAF (Japan 
Automobile Federation) and the police in Japan, 
seatbelt slack (35%) and harness incorrect use 
(8.6%) were observed in investigated CRSs [10]. 
They also reported the CRS static displacement 
when a force of 100 N was applied in forward 
direction. The result was that 39.6% of CRS was 
relatively tight (within 30 mm), 40% was acceptable 
(30 to 100 mm) and 20.4% was loose (over 100 mm) 
installed on the car seat. An ISOFIX CRS is effective 
for the reduction of the frequency of incorrect 
attachment of CRS to the car seat. Several studies 
have demonstrated that the injury criteria for an 
occupant in the ISOFIX are smaller than or 
comparable with those in the conventional CRS 
[11,12]. In the present study, the child occupant 
responses in 5-point harness, the impact shield and 
ISOFIX CRS during impact were examined using 
Hybrid III and child FE model. For the 5-point 
harness CRS and the impact shield CRS, the 
influences of belt slack on the injury criteria were 
also examined. 

METHODOLOGY 

A 3YO child human finite element (FE) model has 
been developed by the authors for investigating 
injuries to children in impacts [13,14]. Taking the 
anthropometry and material properties of a 3YO 
child into account, the model was made by scaling 
from the adult human FE model THUMS (Total 
Human Model for Safety). The responses of this 
child human FE model were validated in various 
impact conditions, and they were included in the 
corridor of Hybrid III 3YO dummy certification tests. 
In the child FE model, the skull shape was modified 
and the pelvis model was developed with Y-cartilage 
to represent child anatomy [14].  

A Hybrid III FE model provided by the First 
Technology Safety Systems (FTSS) was also used. 
The behavior and injury criteria were compared for 
various types of CRS using this child human FE 
model and Hybrid III 3YO FE model. Figure 1 shows 
the Hybrid III and child FE model. 
 

 

Figure 1. Hybrid III and child FE model.  

In this study, three different types of CRS such as a 
5-point harness, an impact shield and an ISOFIX 
CRS were analyzed. Figure 2 shows the child FE 
model in three types of CRS. Using the child and 
Hybrid III FE models, CRS sled tests based on the 
ECE R44 were simulated. An FE model of the ECE 
seat was created, and the CRS FE model was set in 
place on the ECE seat according to the ECE R44. 
The acceleration-time histories of the sled were 
included within the corridor of ECE R44, and the 
maximum acceleration was 25G with 50 km/h 
velocity change. Although the ECE R44 prescribes 
the use of a TNO P3 dummy, in the present study the 
Hybrid III 3YO was used because the Hybrid III 
3YO has higher biofidelity. 

For the 5-point harness CRS FE model, the CRS seat 
was modeled by shell elements, and the harness was 
modeled by membrane and seatbelt elements. In the 
impact shield CRS, the seat and shield made of 
styrene foam were modeled by solid elements. The 
material properties of these models were described in 
a previous study [13,14]. The ISOFIX CRS used in 
this study has a 5-point harness, a shell seat, a tether 
top and a base with two point ISOFIX attachments.  

The sled tests were conducted using the Hybrid III 
3YO for the 5-point harness, impact shield and 
ISOFIX CRS. Then, these sled tests were simulated 
using the Hybrid III FE model. By comparing the test 
and simulation results, the CRS FE models could be 
validated. The Hybrid III FE model also made it 
easier to understand the internal structural behavior 
of the Hybrid III model. Then, CRS sled simulations 

(a) Hybrid III FE model (b) Child FE model 
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using the child FE model were conducted with 
validated CRS models, and the behavior was 
compared to that of the Hybrid III FE model. The 
stress distributions of the skeleton of the child FE 
model were also compared in three types of CRS. 
Injury criteria were examined for the Hybrid III and 
child FE model. The injury acceptance reference 
values (IARV) from the FMVSS 208 were used. The 
HIC15 is 570, the chest acceleration 539 m/s2 and the 
chest deflection 34 mm. The head excursion of 550 
mm was used from the ECE R44 since the ECE test 
setup was used. 

In the FE simulation, two types of CRS misuse were 
examined. One was the loose installation of CRS by 
the vehicle seatbelt with slack. In the model, an 
initial seatbelt slack of 100 mm was added to a 
shoulder belt. The other error was the improper 
restraint of the child to the CRS. In this case, an 
initial slack of 100 mm was added to two shoulder 
harness straps of the CRS. Table 1 shows the matrix 
of the FE simulations. The seatbelt was modeled by 
the seatbelt elements, and the harnesses were 
modeled by the membrane with seatbelt elements in 
both ends. The initial slack was added as an option to 
the seatbelt elements. 

During impact, occupant kinetic energy is absorbed 
by the restraint energy and the ridedown energy. It is 
known that ridedown efficiency decreases as the 
restraint energy increases with restraint delay due to 
seatbelt slack [15]. Thus, the effect of restraint slack 
on the injury criteria can be evaluated numerically 
using the ridedown efficiency. Ridedown efficiency 

(µ) is defined as the ratio of maximum ridedown 
energy to the initial occupant kinematic energy as 
follows: 
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where a is the occupant deceleration, X the vehicle 
displacement, m the occupant mass, v0 the initial 
occupant velocity and t1 is the time when the vehicle 
velocity is zero. In Eq. (1), the chest acceleration was 
used for the calculation. 

 

 

Figure 2. Child human FE model with three types 
of CRS.  
 

Table 1. FE simulation matrix 

CRS Model Slack 

Proper use No slack 

w/ seat belt slack Seatbelt slack 100 mm 5-point harness 

w/ harness slack CRS harness slack 100 mm 

Proper use No slack 
Impact shield 

w/ seat belt slack Seatbelt slack 100 mm 

ISOFIX Proper use No slack 

Shield 

3YO FE Model  

CRS seat 

Slip ring Shoulder belt 

Lap belt 

Harness 
ECE seat 

CRS seat 

(a) 5-point harness CRS 

(b) Impact shield CRS 

(c) ISOFIX CRS 

Tether belt 

ISOFIX 

Base 

CRS seat 
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RESULTS 

CRS Types and Occupant Responses 

Three types of CRS, one with as the 5-point harness, 
the impact shield and the ISOFIX CRS, respectively, 
were examined based on FE simulations using the 
Hybrid III and child FE model under the conditions 
of proper use of the CRS with no belt slack. 

Occupant kinematics 
The behavior of the Hybrid III and child FE model in 
the 5-point harness CRS is compared in Figure 3. 
The pelvis and shoulders are restrained by the lap 
and shoulder harnesses. Due to head movement, the 
neck flexed and the chin made contact with the chest. 
As seen in Figure 3, whereas the thorax spine of the 
Hybrid III made of a steel box did not bend, the 
cervical and lumbar spine did. On the other hand, in 
the child FE model, as the whole spine flexed, the 
head moved downward. The accelerations of head, 
chest and pelvis are shown in Figure 4. In general, 
the acceleration tendencies of Hybrid III FE model 
are similar to that of the Hybrid III test. The head and 
pelvis accelerations of the child FE model are similar 
to those of the Hybrid III FE model. The chest 
acceleration curve of the child FE model has a 
plateau region when the shoulder harnesses 
compress the clavicles and the upper part of the rib 
cage. This plateau region continues after 100 ms 
where the inertial forces of the head, upper and lower 
extremities were applied to the chest. 

The impact shield CRS used in the present study 
does not have harnesses, but the shield directly 
supports the chest of the child during the impact 
(Figure 5). In the Hybrid III FE analysis, though the 
chest of the Hybrid III was compressed by the 
contact with the impact shield, the thorax spine did 
not flex. Instead, the torso of the Hybrid III rotated 
upward around the impact shield. On the contrary, in 
the child FE model, the torso deformed along the 
impact shield and the whole spine continued to flex. 
The inertial forces of the head, upper and lower 
extremities continued to transfer to the torso, and a 
great force was applied to the chest by the contact 
with the impact shield. The chest deflections of the 
Hybrid III and child FE models were very large. In 
this type of CRS, extreme neck flexion was 
prevented by the chin contact with the top of the 

shield. Figure 6 shows the acceleration-time histories 
of head, chest and pelvis. The accelerations of the 
body are comparable in the Hybrid III FE and child 
FE models except for the chest acceleration. For the 
child FE model, there are two peaks in the chest 
acceleration at 65 and 90 ms. The first peak is due to 
the chest contact with the shield, and the second peak 
is due to the inertia force of the head and upper 
extremities. 

The kinematics and acceleration of the occupant in 
the ISOFIX CRS are shown in Figures 7 and 8, 
respectively. In this type of CRS, the occupant 
restraint starts earlier than in other types of CRS. The 
ISOFIX attachment and the top tether secure the 
CRS effectively on the car seat. Accordingly, the 
torso flexion angle and the head excursion were 
small. The head flexion angle of the child FE model 
was larger than that with the Hybrid III FE model. At 
100 ms, the chin made contact with the sternum, 
which led to relatively high acceleration of the chest. 

 

Figure 3. Occupant kinematics in 5-point harness 
CRS at 120 ms.  
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Figure 4. Resultant acceleration of occupant in 
5-point harness CRS.  

 

(a) Hybrid III FE model (b) Child FE model 
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Figure 5. Occupant kinematics in impact shield 
CRS at 120 ms.  
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Figure 6. Resultant acceleration of occupant in 
impact shield CRS.  

 

 
Figure 7. Occupant kinematics in ISOFIX CRS at 
120 ms.  
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Figure 8. Resultant acceleration of occupant in 
ISOFIX CRS.  

Stress distributions of skeleton 
Von Mises stress distributions of the skeleton are 
presented in Figure 9. In the 5-point harness CRS, 
stresses are high at the clavicles and the upper part of 
the rib cage because great forces were applied from 
shoulder harnesses which control flexion of the torso. 
In the impact shield CRS, the middle of the rib cage 
deformed along the shield. Due to compression and 
bending of the rib cage, high stresses in the sternum 
and whole ribs were observed. In the ISOFIX CRS, 
the overall stress levels are smallest among the three 
types of CRSs. The stresses at the clavicle are high 
where the shoulder harness interacts. In general, the 
stress in the pelvis is small for all CRS types. 

 
Figure 9. Von Mises stress distribution of 
skeleton in 5-point harness CRS (90 ms), impact 
shield CRS (100 ms) and ISOFIX CRS (75 ms).  

Injury criteria 
The injury criteria for the Hybrid III test, Hybrid III 
FE model and child FE model were examined for 
three types of CRS (Figure 10). Generally, the injury 
criteria of Hybrid III FE model and child FE model 
are comparable, and they are less than the IARVs 
except for chest deflection in the impact shield CRS. 
For the 5-point harness CRS, the chest acceleration 
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and the deflection of child FE model are smaller than 
those of the Hybrid III FE model. The head excursion 
is similar between the Hybrid III FE and child FE 
models, because the head longitudinal direction does 
not change although the head of the child FE model 
moves downward. The chest deflection of both the 
Hybrid III FE and child FE model in the impact 
shield CRS is large as the force concentrates in the 
chest area. In the ISOFIX CRS, the head excursion is 
smallest among the three CRS types. In this CRS, the 
head excursion of the child FE model is larger than 
that of the Hybrid III FE model due to head rotation 
difference.  
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Figure 10. Ratio of injury criteria to injury 
assessment reference value (IARV) for three 
types of CRS.  

Misuse of CRS 

It is known that belt slack leads to delay of restraint 
starting time, and can result in high injury criteria. 
The relations between the belt slack and the occupant 
responses for various types of CRS were examined 
with respect to the occupant kinematics, injury 
criteria and ridedown efficiency. 

Occupant kinematics 
The kinematics of the child FE model with the 
addition of slack for various CRS types are presented 
in Figure 11. In the 5-point harness CRS with 
seatbelt slack, the CRS moved forward whereas the 
kinematics of the occupant is similar to the case with 
no slack. In the case of harness slack for the 5-point 
harness, because of the time delay of the restraint by 
the shoulder harness, the occupant torso flexed with 
a large head rotation angle. In the impact shield CRS 
with seatbelt slack, the occupant kinematics is 
similar to that with no slack. Accordingly, the 
occupant flexion behavior is affected more by the 
harness slack than the seatbelt slack. 

 

Figure 11. Occupant kinematics in various CRS 
with slack at 120 ms.  

 

(a) 5-point harness 
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(seatbelt slack) 



 Mizuno 7

Injury criteria 
Injury criteria of Hybrid III FE and child FE models 
in 5-point harness and impact shield CRS for belt 
slack are shown in Figure 12. In all CRS types, the 
head excursions increase consistently due to belt 
slack. In the 5-point harness CRS, both the seatbelt 
slack and the harness slack result in high HIC or 
chest acceleration. Compared to 5-point harness CRS, 
injury criteria of the occupant in the impact shield 
CRS do not change so much by the seatbelt slack. 

 

Hybrid III FE (no slack) 

Child FE (no slack) 
Hybrid III FE (w/ S/B slack) 

Child FE (w/ S/B slack) 

HIC15 Chest 
acc. 

Chest 
deflection 

Head 
excursion 

In
ju

ry
 c

ri
te

ri
a/

IA
R

V
s 

0.0 

0.5 

1.0 

1.5 

(a) 5-point harness CRSwith seatbelt slack 

HIC15 Chest 
acc. 

Chest 
deflection 

Head 
excursion 

0.0 

0.5 

1.0 

1.5 

(b) 5-point harness CRS with harness slack 

Hybrid III FE (no slack) 

Child FE (no slack) 

Hybrid III FE (w/ harness 
slack) 

Child FE (w/ harness slack) 

In
ju

ry
 c

ri
te

ri
a/

IA
R

V
s 

Hybrid III FE (no slack) 

Child FE (no slack) 
Hybrid III FE (w/ S/B slack) 

Child FE (w/ S/B slack) 

HIC15 Chest 
acc. 

Chest 
deflection 

Head 
excursion 

In
ju

ry
 c

ri
te

ri
a/

IA
R

V
s 

0.0 

0.5 

1.0 

1.5 

(c) Impact shield CRS with seat belt slack  

Figure 12. Injury criteria of Hybrid III and child 
FE model with and without belt slack.  

Ridedown efficiency 
The ridedown efficiency was calculated by the chest 
acceleration and is plotted in Figure 13 for all types 
of CRS with and without slack. The FE analysis of 
the vest-type CRS [14] is also included in this Figure. 
The chest acceleration tends to decrease as the 
ridedown efficiency increases. The ridedown 
efficiency of the child FE model is about 18%, 48%, 
65% and 72% for the vest, the 5-point harness, the 
impact shield and the ISOFIX CRS with no belt slack, 
respectively. When slack is added to the shoulder 

belt of the impact shield CRS, the ridedown 
efficiency is still high and the chest acceleration is 
less than the injury acceptance level.  
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Figure 13. Ridedown efficiency and chest 
acceleration in Hybrid III FE and child FE 
model.  

DISCUSSION 

The analysis has shown that the global flexion 
behavior is comparable between the Hybrid III and 
the child human FE models in the three types of CRS. 
However, there are significant differences in thorax 
spine flexibility. Surprisingly, the spine flexibility 
and anatomical structure did not significantly affect 
the injury criteria in the 5-point harness CRS. This is 
because most of the injury criteria reached the 
maximum value before there was any observable 
difference in behavior between the Hybrid III and 
child FE models. Furthermore, the head downward 
movement of the child FE model did not increase the 
head excursion. In the 5-point harness CRS, the 
harnesses apply force to the clavicle, upper ribcage 
and pelvis, which are relatively strong locations in 
the skeleton. The stresses in the pelvis were low 
when the forces from the lap harnesses were applied 
to the pelvis because this child FE model has a 
Y-cartilage that allows relative displacement of the 
ilium, pubis and ischium [14].  
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A local difference in chest anatomy between the 
Hybrid III and child FE model can also affect injury 
criteria. In the CRS types in which the pelvis is not 
restrained, e.g., the impact shield CRS, a large force 
was applied directly to the chest, which could lead to 
local deformation in the ribcage. With the child FE 
model, these local deformation modes and injuries 
can be estimated. In the impact shield CRS, the chest 
deformed along the shield. Therefore, the shape and 
energy-absorbing characteristics of the impact shield 
will be important to control the chest deformation 
during impact. 

In the 5-point harness, as the chin made contact with 
the chest in the child FE model, deflection and 
stresses of the sternum were observed. This sternum 
deflection will not be realistic compared to the 
cadaver tests or real-world accidents in which 
sternum injuries due to chin contact are not 
frequently reported. In the present child FE model, 
the face, including the mandible, mandibular joint 
and teeth, has not been modeled in detail. The 
detailed model of face and neck of child should be 
included when examining the head flexion behavior 
which affects the chin-chest contact and neck loading. 
In the child FE model, the occipital condyle/C1 is not 
a simple kinematic joint but is modeled by bone 
contact and ligaments with a large deformation 
during impact, which makes it difficult to measure 
the force and moment of the neck. However, in the 
present study, the head accelerations of the Hybrid 
III FE and the child FE models were comparable, 
suggesting that the neck loading was similar between 
the two FE models. This indication might be 
inconsistent with the analysis by Sherwood et al. [16], 
who indicated that 6-year-old (6YO) Hybrid III neck 
loadings in the dynamic test could be overestimated 
due to the stiff thorax spine. It is possible that the 
great neck force was generated by the chin and 
sternum contact in the Hybrid III, and this contact 
interaction could change when the thorax spine 
became flexible. Further research is warranted to 
investigate the neck loadings and its injury threshold 
in a child with various CRS. 

The seatbelt slack and harness slack can increase the 
injury criteria for the 5-point harness CRS. In the 
impact shield CRS, the influence of seatbelt slack on 
the injury criteria was small. In the accident analysis 
by Langwieder et al. [4,5], injury risks to children 

using the impact shield CRS were lower than using 
the 5-point harness CRS. In general, CRS tests are 
based on the proper use of CRS with tension added in 
the seatbelt and harness. The injury criteria of the 
crash dummies in the 5-point harness CRS can be 
smaller than those in the impact shield CRS in many 
tests. It is likely that the misuse of the CRS can 
explain the differences in the occupant injury risks 
observed in the accident and laboratory test. In the 
impact shield CRS, the chest deflections of the 
Hybrid III FE model and child FE model were over 
the IARV (34 mm). It is known that the ribcage of a 
child is flexible, and rib fractures are not frequent in 
real-world accidents. It may be still difficult to use 
this threshold for rib fractures of children.  

The ISOFIX is effective for preventing poor 
installation of the CRS on a car seat. The ridedown 
efficiency of the ISOFIX CRS was so high, and the 
injury criteria of the Hybrid III and child FE model 
were smaller than the IARVs. In this CRS, though 
the head excursion of the child FE model is larger 
than that of the Hybrid III FE model due to head 
rotation difference, the head excursion was 
considerably less than the IARV. 

CONCLUSIONS 

The child responses in three types of CRS with and 
without belt slack were examined using Hybrid III 
FE model and child FE model. The conclusions are 
summarized as follows. 
1. From the analysis of sled tests with three types 

of CRS, the global flexion behavior was 
comparable between the child FE model and 
Hybrid III FE model. Close examination 
revealed differences in behavior due to thorax 
spine flexibility and thorax deformation mode. 
Using the child FE model, injury risks to 
occupants using CRS can be examined in detail. 

2. In the case of slack in the harness or seatbelt, the 
injury risks were high for the 5-point harness 
CRS. The impact shield CRS was robust for the 
injury criteria when slack was added to the 
seatbelt. The influence of slack of the harness 
and seatbelt on the chest acceleration can be 
summarized by the ridedown efficiency. 
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3. The injury criteria, especially head excursion, 
were small in the ISOFIX CRS for the Hybrid III 
and child FE model.  
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ABSTRACT 
 
Pre-crash safety systems using radar detecting 
technology have been commercialized in the market. 
While the primary focus of these systems have been 
for frontal collisions, rear-end collisions actually 
have a higher proportion of the traffic accident 
injuries in Japan. 
In this paper, a new pre-crash safety system for 
rear-end collisions is explained. It was developed to 
help alert drivers of vehicles approaching from 
behind, and also to reduce whiplash injury. This new 
system uses a millimeter-wave radar installed in the 
rear bumper to detect a vehicle approaching closely 
from behind. If it judged that there is high risk of 
collision, the hazard lights would flash to warn the 
driver of the approaching vehicle and the headrests 
are automatically moved forward. Sensors in the 
headrests detect the location of the occupants’ head 
and shifts the headrests to a closer position to the 
head before the collision occurs, thereby reducing 
the risk of whiplash injury. This paper shows the 
effectiveness of the pre-crash hazard light and 
pre-crash headrest technology. 
 
INTRODUCTION 
 
According to accident analysis of crashes in Japan, 
rear-end collisions account for only 4% of fatalities, 
but approximately 50% of injuries (Fig. 1). 
 

 
Figure 1.  Proportion of Fatalities and Injuries 
per Location of Vehicle Damage. 
 
In addition, a high proportion (77%) of rear-end 
collisions result in neck injury, most of which can be 
categorized as whiplash injury (Fig. 2). 
 

 
Figure 2.  Proportion of Locations of Injury in 
Rear-End Collisions. 
 
The primary cause of rear-end collisions is driver’s 
poor attention to which caused by distraction ahead 
when driving, approximately 14% of accidents occur 
when the driver is looking forward but make’s 
misjudgment by carelessness (Fig. 3). 
 

 
Figure 3.   Causes of Rear-End Collisions 
Resulting in Fatality or Injury. 
 
This figure suggests that providing some kind of 
warning to the driver of approaching vehicle from 
the rear would be an effective.  
These facts provided the impetus for the 
development of the rear pre-crash safety system for 
rear-end collisions to lessen whiplash injury and 
reduce rear-end collisions itself. 
 
Rear Pre-Crash Safety System 
 
The pre-crash safety system for rear-end collisions 
consists of an obstacle detecting sensor, a control 
computer which judges a collision is impending or 
not, and actuators such as the hazard lights, 
headrests, and so on. The sensor is installed in the 
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rear bumper, and is made up of a version of the 
conventional frontal pre-crash safety system 
millimeter wave radar unit, which has been 
enhanced to enable short range monitoring of 
vehicles approaching from the rear.  
The pre-crash computer controls the motion of 
pre-crash headrest which move forward to help 
reduce whiplash injury. The structure of the system 
is shown in Fig.4. 
 

 
Figure 4.  Structure of Pre-Crash Safety System 
for Rear-End Collisions. 
 
Rear Short Range Millimeter Wave Radar – A 
compact millimeter wave radar which judge the 
possibility of rear-end collision has been developed 
as the sensor for detecting the risk of rear-end 
collision (Fig. 5). 
 

 
Figure 5.  Rear Short Range Millimeter Wave 
Radar. 
 
In general, the size of radar devices depends on the 
size of the antenna, and higher frequencies require 
smaller antennas. Since the size of the radar sensor is 
critical for installation in various types of vehicles, a 
high-frequency 76 GHz millimeter wave radar is 
adapted. This frequency has already been allocated 
for vehicle-installed radars throughout the world. 
The types of objects to be detected are restricted to 
vehicles approaching from the rearward. Normally, 
vehicle radars for forward monitoring require 
sophisticated processing technology to distinguish 
stationary solid obstacles such as the road or objects 
on the roadside. However, rear-end collision 
detection can ignore such stationary solid obstacles, 
enabling simpler collision judgment than forward 
monitoring radars. For this reason, a less complex 
3-channel electronic angle detection method was 
used for the circuit configuration, and the FM-CW 
method was used for the radar to achieve 
commonality with other radar devices. Table 1 
shows the main radar specifications. 
 

Table 1. 
Main Radar Specifications 

 
 
The locations where radar devices can be installed 
are restricted due to the effects of surrounding 
metallic objects on electrical waves. Installing the 
sensor inside the rear bumper prevents any part of 
the sensor from being exposed and has no adverse 
effects on the exterior vehicle design. 
This rear millimeter wave radar detects the distance, 
relative velocity, and directional angle of vehicles 
approaching from the rear with an update cycle of 
approximately 20 msec, and transmits the detection 
data to the collision judgment computer via CAN 
communication. 
 
Collision Judgment Computer – The collision 
judgment computer uses the detection data from the 
millimeter wave radar to calculate the estimated 
paths of vehicles approaching from the rear.  This is 
then used as the basis to estimate the lateral time to 
collision (LTTC) after the estimated time to collision 
(TTC).  TTC is calculated by dividing the distance 
to the vehicle approaching from the rear by the 
relative velocity. LTTC is obtained by monitoring 
time changes in the lateral position of the vehicle 
approaching from the rear and then calculating the 
lateral position after TTC by vector estimation. 
In addition, because vehicles usually negotiate 
curves in set lanes, logic is employed to correct 
lateral position to follow the lane curvature. This 
curvature is calculated from the yaw rate or steering 
angle of the driver’s vehicle (Fig. 6). 
 

 
Figure 6.  Rear-End Collision Judgment. 
 
When the system judges that LTTC has almost 
passed through a range equal to the width of the 
driver’s vehicle at a timing when the collision risk is 
high, it activates flashing of the hazard lights. 
Additionally, judgment that LTTC has almost passed 
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through a range equal to the width of the driver’s 
vehicle at a timing when a collision is unavoidable 
will also activates the pre-crash headrest. 
 
Pre-Crash Hazard Lights – The hazard lights are 
flashed automatically as a warning to drivers of 
vehicles approaching from behind. 
Once the collision judgment computer judges that 
there is a high risk of a rear-end collision, it 
transmits a signal to the body computer to activate 
automatic flashing of the hazard lights. The body 
computer uses this signal to flash the hazard lights 
for around 2 sec at a frequency of approximately 2 
Hz (Fig. 7). 
 

 
Figure 7.  Pre-Crash Hazard Lights. 
 
However, this system also gives priority to driver 
operation in the same way as other driver assistant 
systems. This means that automatic hazard light 
flashing is not activated when manual operation of 
the hazard lamps or turn signals is detected. 
Additionally, in consideration of driver reaction time, 
warning approaching vehicles as early as possible is 
a more effective way of reducing rear-end collision 
speed. However, issuing needless warnings when 
drivers are already aware of the situation is irritating.  
Experiments showed that when there is the 
impending danger of a collision, drivers complete 
avoidance operations up to the period approximately 
2 sec before the collision occurs. 
 

 
Figure 8.  Avoidance Timing Distribution. 
 
It is therefore highly likely that drivers would find 
warnings issued earlier than a TTC of 2 sec irritating.  
In response, the timing of hazard light flashing was 
set to a TTC of 1 to 2 sec. 
 
Pre-Crash Headrest – Simultaneous restraint of the 
head and chest is regarded as the key to reducing 
whiplash injury.(1)(2) The pre-crash headrest system 
was developed to achieve this instantaneously when 
a rear-end collision is judged as unavoidable by 
moving the headrests forward toward the head of the 
occupant before the collision occurs. 
When the collision judgment computer detects an 

unavoidable collision, it transmits a pre-crash   
headrest activation signal to the headrest control 
computer. Figs. 9 and 10 show the structure and 
electrical circuit configuration of the pre-crash 
headrest. Once the activation signal is received via 
CAN communication, a motor moves the headrest 
forward closer to the head of the occupant. 
 

 
Figure 9.  Pre-Crash Headrest. 
 

 
Figure 10.  Electrical Circuit Configuration. 
 
However, pushing the head more than necessary is 
only likely to worsen whiplash injury. The surface 
layer of the headrest therefore contains a head 
detection sensor, and utilizes a headrest position 
control mechanism. 
This system uses changes in capacity as detected by 
the capacitance sensor when the headrest nears the 
head to stop the headrest immediately before contact.  
Fig. 11 shows the structure of the sensor. The 
headrest is programmed to move no more than 
approximately 60 mm in the forward direction.  
 

 
Figure 11.  Head Detection Sensor. 
 
In addition, because the motor can return the 
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pre-crash headrest to the original position after it has 
been activated, it can be re-used without requiring 
repair in situations such as when the seat is 
unoccupied. 
 
System Activation Timing – Fig. 12 shows the 
activation timing of the pre-crash hazard light and 
pre-crash headrest functions. The horizontal axis 
shows the time to rear-end collision. 
 

 
Figure 12.  Activation Timing of Rear Pre-Crash 
Safety System for Rear-End Collisions. 
 
Experimental Results and Effect 
 
Actual Vehicle Test of Rear Radar – Fig. 13 shows 
detection data for vehicles approaching from the rear 
as measured during tests of the rear pre-crash safety 
system for rear-end collisions. 
 

 
Figure 13.  Actual Vehicle Experimental Data. 
 
A vehicle was driven straight toward the pre-crash 
sensor at a constant speed of approximately 50 km/h.  
The graph shows the path of the vehicle as detected 
by the sensor, and the activation judgment timings 
for the pre-crash hazard light and pre-crash headrest 
functions. The test verified that the rear pre-crash 
sensor is capable of definitely detecting vehicles 
approaching from the rear. 
 
Effect of Pre-Crash Hazard Lights – A test was 
performed to verify the effect of hazard light 
operation on the awareness of the driver in a 
following vehicle. Two vehicles were driven one 
behind the other at a speed of approximately 45 
km/h and a following distance of approximately 18 

m. The danger awareness reaction time (i.e., the time 
to brake pedal operation) of the driver in the 
following vehicle was then measured from the start 
of deceleration of the leading vehicle. It was verified 
that supplementing deceleration of the leading 
vehicle with automatic flashing of the hazard lights 
reduced the awareness time by approximately 20% 
from when the vehicle decelerated without flashing 
of the hazard lights (Fig. 14). 
 

 
Figure 14.  Reaction Time Comparison. 
 
The effect when the vehicle equipped with the 
pre-crash hazard light function is stopped was 
obtained by calculation. The first case study in Fig. 
15 examines a rear-end collision in which the vehicle 
approaching from the rear is traveling at 
approximately 60 km/h. In this case, when the 
provisional TTC is approximately 1.5 sec, the free 
running time is approximately 0.8 sec, and the 
vehicle approaching from the rear performs 
emergency braking of 6 m/sec2, the driver is able to 
reduce vehicle speed to approximately 40 km/h at 
the point of collision. Under the same conditions, but 
with an approaching speed of approximately 30 
km/h, the second case study in Fig. 15 shows that the 
driver is able to stop the vehicle before the collision 
occurs. 
 

 
Figure 15.  Case Studies. 
 
Effect of Pre-Crash Headrest – A comparative 
evaluation with and without the pre-crash headrest 
was performed to verify its whiplash injury 
reduction effect. The test conditions followed the 
IIWPG protocol, and used a BioRID II dummy to 
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measure the neck injury criteria (NIC) in a ∆ V16 
km/h impact sled test. The test verified that use of 
the pre-crash intelligent headrest reduced NIC by 
approximately 50%. 
 

 
Figure 16.  Whiplash Injury Evaluation. 
 
CONCLUSIONS 
 
A rear pre-crash safety system for rear-end collisions 
has been developed to lessen whiplash injury and 
reduce the number of rear-end collisions. 
The newly developed system is able to lessen 
whiplash injury and reduce vehicle speed in rear-end 
collisions. 
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ABSTRACT 

The TAC SafeCar study evaluated the impact of 
three Intelligent Transport System technologies, 
alone and in combination, on driver performance: 
Intelligent Speed Adaptation, Following Distance 
Warning and a Seatbelt Reminder system for all 
seated occupants. The project had several aims: to 
evaluate the technical operation of these 
technologies; to assess the acceptability to drivers 
of them; and to evaluate, in an on-road setting, the 
impact of them, alone and in combination, on driver 
performance and safety. Twenty-three fleet car 
drivers (15 treatment and 8 control drivers) 
participated in the on-road study. Each participant 
drove a SafeCar for at least 16,500 kilometres. The 
SafeCar project was the first to evaluate the effects 
on driving performance of long-term exposure to a 
Seatbelt Reminder system. The results, reported in 
this paper, revealed that driver and passenger 
interaction with the Seatbelt Reminder system led 
to large and significant decreases in the percentage 
of trips where occupants were unbelted, in the 
percentage of total driving time spent unbelted, and 
in the time taken to fasten a seatbelt in response to 
the seatbelt warnings. The Seatbelt Reminder 
system was rated by drivers as being useful, 
effective and socially acceptable, and use of it led 
to a decrease in drivers’ subjectively reported 
mental workload. Based on the results of the study, 
use of the Seatbelt Reminder system is estimated to 
save the Australian community approximately 
AUD $335 million per annum in reduced HARM 
costs. These findings were yielded even though 
initial seatbelt wearing compliance rates in the 
community were high, suggesting that Seatbelt 
Reminder systems can be effective in improving 
seatbelt compliance among occupants who already 
have high wearing rates. 

INTRODUCTION 

There is clear evidence that seatbelts are effective 
in reducing trauma to vehicle occupants in crashes, 
and in saving lives (Krafft et al., 2006; 
Glassbrenner, 2004; Eby et al., 2005). 
Consequently, new passenger vehicles are routinely 
fitted with them. 
 
In many jurisdictions around the world there is 
legislation that mandates the use of seatbelts by all 
vehicle occupants. Despite the existence of this 
legislation, however, there are many occupants who 
choose not to wear seatbelts. Within the European 
Union (EU) Member States, for example, the 
average wearing rate for front seat occupants is 76 
percent; for rear seat occupants, it is 46 percent 
(Krafft et al., 2006). In Australia, the comparable 
rates are 95 and 90 percent (Transport Accident 
Commission, 2007), respectively, even though the 
use of seatbelts by all seated occupants is actively 
enforced there by police. In the US, around 80 
percent of front-outboard vehicle occupants use 
their seatbelt (Glassbrenner, 2004). Even though 
Australia has a relatively high rate of seatbelt use, 
around 33 percent of occupants killed each year in 
car crashes are unbelted (Fildes et al., 2002). In 
Sweden, the comparable figure is 40 percent (Krafft 
et al., 2006).  
 
The reasons why vehicle occupants fail to wear 
seatbelts are many and varied. For some, it is a 
deliberate choice. For others, it is that they simply 
forget (see Harrison, Senserrick & Tingvall, 2000). 
In Australia, non-users appear mainly to be 
inconsistent users (rather than consistent non-
users), who wear seatbelts in most day-to-day 
driving activity and tend not to only in slow or 
residential driving situations (Harrison, Senserrick 
& Tingvall, 2000).  
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For any countermeasure to be effective in 
promoting seatbelt use, it must target and address 
the underlying motivational and behavioural factors 
which contribute to non-seatbelt wearing. Clearly, 
given the less than 100 percent seatbelt wearing 
rates, legislation that is properly enforced and 
linked with public education has been only partially 
effective in doing so. Other countermeasures are 
needed. Over the years, various vehicle-based 
technologies have been developed for promoting 
seatbelt use. These include the early “mild” 
continuous buzzer-light seatbelt reminder (SBR), 
seatbelt ignition interlocks, and automatic belt 
systems (in which the shoulder belt automatically 
positions itself after the driver starts the vehicle; 
Krafft et al., 2006; Eby et al., 2005). These 
technologies, however, have not been very effective 
in increasing seatbelt wearing rates. 
 
A more recent development is the “smart” SBR. 
These systems issue audible and/or visible signals 
to vehicle occupants when one or more occupants 
are unbelted, targeting people who appreciate the 
value of a seatbelt but are inconsistent users of the 
device. Typically, these systems issue mild 
warnings when the vehicle is stationary or slow 
moving, and more aggressive warnings at higher 
vehicle speeds. The first car with such a system was 
introduced in the US in 2000, and in Europe in 
2002 (Krafft et al., 2006). 
 
Smart SBRs have the potential to increase seatbelt 
usage by reminding people to belt up who 
habitually or occasionally forget to belt up, by 
alerting drivers and their passengers to the presence 
of unbelted occupants, and by obviating the need 
for the driver to reprimand occupants who fail to 
buckle up (which may be difficult in some 
situations). In 2002, EuroNCAP, the consumer 
crash protection program in Europe, introduced a 
protocol which rewards car manufacturers who 
produce vehicles equipped with smart SBRs for 
front- and rear-seated occupants.  
 
Although smart SBRs are already on the market, 
relatively little research has been conducted to 
assess the effectiveness, acceptance and technical 
operation of them (Regan et al., 2006).   
 
However, there has been some research on the 
effectiveness of SBR systems. In an early study, 
Bylund and Bjornstig (2001) examined the seatbelt 
usage rates of 477 vehicle occupants injured in 
motor vehicles crashes according to whether the 
vehicle they were driving was equipped with a SBR 
with a light and sound signal, a SBR with a light 
signal only, an “unknown” SBR, and no SBR. 
Twenty percent of drivers were found to be 
unbelted at the time of the crash. The seatbelt non-
usage rate in vehicles with a SBR which issued 

light and sound signals (12%) was significantly 
lower than the non-usage rate in vehicles without a 
reminder system (23%). Also, the seatbelt non-
usage rate was similar for those vehicles equipped 
with a SBR with a light signal only (22%) and 
those without a SBR (23%). Another interesting 
finding, given that the seatbelt non-users in the 
study were mainly young males who were driving 
at night, often under the influence of alcohol or 
drugs.      
 
Preliminary survey research on the Ford 
BeltMinder, a SBR deployed in the United States, 
found a significant 7 percent increase in seatbelt 
use for drivers of vehicles equipped with the system 
compared with drivers of late-model Fords not 
equipped with the system (Williams et al, 2002). A 
later study found that, of the two-thirds of drivers 
who activated the reminder system, three-quarters 
reported belting up in response to the warnings and 
nearly half reported that their seatbelt use had 
increased because of their experience with the 
system (Williams and Wells, 2003).    
 
Krafft et al (2006) observed, in 5 cities in Sweden, 
3000 drivers of cars with a ‘simple’ (i.e., adaptive 
for driver only) seatbelt reminder (the cases) and 
without a seatbelt reminder (the controls). The case 
and control vehicles (but not drivers) were matched 
on all possible major variables except presence or 
absence of the SBR. In cars without a SBR, 82.3 
percent of the drivers used the seatbelt; in those 
with the system, 98.9 percent of drivers used the 
seatbelt. The difference was statistically significant. 
The seatbelt usage rate for vehicles with a mild 
SBR was 93 percent. It was estimated that smart 
SBRs have the potential to save, per annum, 7,600 
lives in Europe and 8,000 lives in the United States. 
Fildes et al (2002) determined whether SBRs would 
be cost beneficial for new vehicles sold in 
Australia. They calculated benefit-cost ratios 
ranging from 5.1:1 (for a simple SBR for the driver 
only) to 0.7:1 (for a simple device for all 
passengers).  
 
There has been only limited research on the 
acceptability of SBR systems. Eby et al. (2005) 
conducted research to guide the development of an 
effective SBR. Research activities included a 
nationwide survey of part-time seatbelt users, 
development of design concepts, and a series of 
focus groups with part-time seatbelt wearers. They 
concluded that the most effective and acceptable 
SBR is one that is adaptive; which changes its 
signal type and presentation modality depending on 
seatbelt wearing behaviour over some time metric 
(e.g., time, distance or speed). Harrison et al (2000) 
used focus groups and questionnaires to gauge 
driver acceptance of SBRs. Although participants in 
the study did not interact with actual SBR systems, 
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they were generally positive about the likely 
introduction of the systems discussed. Turbell and 
Larsson (1998) reported similarly favourable 
attitudes towards SBRs among groups of Swedish 
road users.    
 
In summary, there is evidence from observational 
studies that smart SBRs are generally effective in 
increasing seatbelt wearing rates, and appear to be 
acceptable to car drivers. No previous study, 
however, has examined and recorded the long-term 
impact of these systems on driver behaviour and 
performance over time.  
In this paper we report the aims, methods and 
findings of an Australian study, known as the TAC 
SafeCar project, which assessed the effectiveness, 
acceptance to drivers and technical operation of a 
range of ITS systems, including a ‘smart’ (i.e., 
adaptive) SBR equipped to 15 Ford passenger cars 
(“SafeCars”) driven by 23 drivers over a distance of 
at least 16,500 kilometres. This paper focuses on 
the impact on driving performance, mental 
workload and driver acceptability of the SBR 
system. The study provides, for the first time, 
detailed and long-term insights into the 
effectiveness of these systems in positively 
changing seatbelt wearing behaviour. The paper 
concludes with recommendations for further 
research and development activity. 

METHOD 

Participants 

Twenty-three drivers drove a SafeCar vehicle over 
a distance of 16,500 kilometres. Eight participants 
(7 males and 1 female) were assigned to the control 
group and 15 (14 males and 1 female) to the 
treatment group. Participants were aged between 29 
and 59 years (mean age = 43.4 years). Participants 
were recruited from Government and private 
companies in Melbourne, Australia, a large city 
with a population of approximately 4 million 
people.  

SafeCar ITS Technologies 

Fifteen Ford sedans and wagons, called ‘SafeCars’, 
were fitted with the following ITS technologies: 
Intelligent Speed Adaptation (ISA); Following 
Distance Warning (FDW); and SeatBelt Reminder 
(SBR). A Reverse Collision Warning system and 
Daytime Running Lights were also equipped to the 
SafeCars, but their effect on driving behaviour was 
not evaluated. These systems were designed to 
automatically issue warnings to the driver only if 
they violated certain road rules, undertook certain 
high-risk driving behaviours, or were in danger of 
colliding with an object or vehicle when reversing.  
 

The SBR system was a ‘smart’ or adaptive system 
that used seat buckle and weight sensors to detect 
when a vehicle occupant was unrestrained. The 
SBR system issued a two stage warning sequence. 
The Stage 1 warning was issued to the driver if 
vehicle speed was between 0 and 10 km/hr and an 
occupant was unrestrained. The Stage 1 warning 
consisted of a flashing visual icon and, below it, a 
static caption, “FASTEN SEATBELT”, appeared 
on the visual warning display (see Figure 1). If 
vehicle speed exceeded 10 km/hr and an occupant 
was still unrestrained, the Stage 2 warning was 
issued. During Stage 2, the flashing visual icon and 
static caption were accompanied by a continuous 
auditory warning. The repetition rate of the 
auditory warning increased as the speed of the 
vehicle increased. Due to the design of the SBR 
system, it was not possible to determine if the 
seatbelt data deriving from the study related to 
drivers or to passengers. 
 

 
 

Figure 1. Seatbelt Reminder System visual 
warning 

 
The ISA system was designed to warn the driver 
when he/she was travelling 2 km/hr or more over 
the posted speed limit. Information regarding the 
location of the SafeCar and the local speed limit 
was determined by comparing the vehicle’s 
location coordinates (obtained from GPS) with an 
on-board digital map database of the Melbourne 
metropolitan road network.  
 
The ISA system had a two-stage warning sequence. 
The Stage 1 warning was initiated if the posted 
speed limit was exceeded by 2 km/hr or more. 
Here, a static visual icon denoting the posted speed 
limit appeared on the Visual Warning Display (see 
Figure 2). The visual icon was accompanied by a 
single short-duration auditory tone. If the first stage 
warning was ignored for two seconds or more the 
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Stage 2 warning was issued. During Stage 2, the 
visual icon flashed and was accompanied by strong 
upward pressure on the accelerator pedal. If 
necessary, the driver could override the upward 
pressure by pressing down hard on the accelerator 
pedal. 
 

 

Figure 2. ISA visual warning icon 
 
 
The FDW system was designed to warn the driver 
if he/she was following the vehicle immediately in 
front too closely. There were six levels of graded 
visual warnings, displayed on the visual warning 
display, which increased in intensity as following 
distance decreased. The FDW visual display 
resembled a ladder (see Figure 3). The six bars of 
the ladder display (i.e., gaps between the steps) 
represented the six levels of warning. When the 
time gap between the SafeCar and the vehicle in 
front was greater than 1.7 seconds, only a black 
outline of the ladder was visible. As time gap 
decreased, the bars of the ladder filled with colour. 
The first level of warning was issued when the time 
gap reached 1.7 seconds and the top bar filled with 
yellow. The bars of the ladder progressively filled 
with colour as the time gap decreased, as depicted 
in Figure 2. The sixth and final warning was issued 
when the time gap reduced below 0.8 seconds 
accompanied by a repetitive auditory warning. 
Here, the bottom bar of the ladder turned red, the 
ladder continued to flash and a continuous auditory 
warning was issued. 
 
Finally, the RCW system was a reversing aid that 
warned the driver if he/she was about to collide 
with an object to the rear of the vehicle. The 
repetition rate of the auditory warnings became 
more rapid as the distance between the vehicle’s 
rear and the object decreased.  
 
The SafeCars were also fitted with a number of 
additional systems that supported the on-road data 
collection. These included: a System Override 
Button, a Data Logging System and a Master 
Pushbutton. The Data Logging system enabled 
automatic collection of a wide range of driver and 

vehicle performance data, such as vehicle speed 
and time headway. The data were recorded up to 5 
times a second and stored on removable flash 
memory cards. The System Override Button 
temporarily disabled the SafeCar system warnings 
for approximately one minute. This button was 
located on the dashboard, to the left of the driver’s 
seat. Finally, the Master Pushbutton allowed drivers 
other than participants to drive a SafeCar without 
being exposed to any system warnings or messages. 
Non-designated drivers were reminded with a voice 
prompt to press the flashing System Override 
Button when starting the car to disable all SafeCar 
systems. The Master Pushbutton ensured that the 
data collected for a SafeCar related to the 
designated driver’s performance only. 
 
 

1.7 s 

1.4 s 

1.3 s 

1.0 s + flashing  

0.9 s + flashing 

TIME HEADWAY 

0.8 s + flashing + audio 

 

Figure 3. Following Distance Warning system 
graded warning ladder 

 

Experimental Design 

The ITS technologies in the experimental vehicles 
were divided into two groups: ‘key’ systems and 
‘background’ systems. The key systems were the 
ISA and FDW systems and the background systems 
were the SBR and RCW systems. The treatment 
participants were exposed to both the key and 
background systems, while control participants 
were exposed only to the background systems.  
 

Treatment Drivers The treatment participants 
were not exposed to all ITS technologies for their 
entire trial. The ISA and FDW systems turned on 
and off at predetermined times in the trial, in order 
to assess the effects of each system on driving 
performance before, during and after exposure to 
them. The treatment participants’ trial was divided 
into a number of periods: the ‘Familiarisation’, 
‘Before’, ‘During’ and ‘After’ periods, as depicted 
in Figure 4. 
 
The Familiarisation period ran for 200 kilometres 
and provided drivers with the opportunity to 
familiarize themselves with the SafeCar prior to 
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any ITS technologies being activated. Participants 
then completed the Before 1 period, which lasted 
for 1,500 kilometres. During this period, baseline 
performance data were collected and, thus, no ITS 
system warnings were issued. The data logger, 
which recorded a range of driving performance 
data, was first activated during this period and 
recorded on for the remainder of the trial. 
Participants then entered the Before 2 period, which 
lasted for 1,500 kilometres. In the Before 2 period 
the RCW and SBR systems were first activated and 
these systems remained on for the rest of the trial.  
 
The three During periods were designed to assess 
the effect on driving performance of the ISA and 
FDW technologies in the SafeCars. The During 
periods were divided into “During 1, 2 and 3” 
periods, and each lasted for 3,000 kilometres. The 
During 1 period occurred immediately after the 
Before 2 period. In addition to the RCW and SBR 
systems, in the During period, drivers received 
warnings from either the ISA system, FDW system, 
or both systems concurrently. The system or system 
combination received in each During period was 
counterbalanced across drivers to control for order 
effects. Each During period was followed by a 
1,500 kilometre After period in which the  
system(s) that was active in the previous During 
period was switched off.  

Control Drivers The control participants’ trial 
was divided into two periods: the Control 1 and the 
Control 2 periods (see Figure 4). The Control 1 
period was equivalent to the treatment participants’ 
Before 1 period. The Control 2 period lasted for the 
remainder of the trial (15,000 kilometres), and 
during this period, only the SBR and RCW systems 
were active.  

Data Collection 

Both objective and subjective data were collected 
during the study. Objective measures of driving 
performance were derived from the data 
automatically recorded by the Data Logging system 
in each test vehicle. The data logging system was 
capable of recording data relating to the ISA, FDW 
and SBR systems only. Driving data relating to the 
use of the RCW system and DRLs were not 
recorded during the trial. Subjective measures of 
driver workload were obtained through a series of 
questionnaires administered to participants at a 
number of points throughout the trial. Only a small 
sub-set of the subjective data for the SBR system is 
reported. Further details can be found in Regan, 
Triggs et al. (2006). 
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Figure 4: Treatment Group Design Sequence
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RESULTS 

Data Analysis 

This paper focuses on the impact on driving 
performance, mental workload and driver 
acceptability of the SBR system. A series of t-tests 
and repeated-measures ANOVAs was conducted on 
the seatbelt data to examine if use of the SBR 
system influenced the percentage of trips and 
driving distance spent with an occupant 
unrestrained, the time taken to fasten a seatbelt in 
response to SBR warnings and the percentage of 
time spent travelling at dangerous speeds 
(>40km/hr) while unrestrained. The analyses were 
conducted on data collected in all speed zones, 
when the SafeCar was travelling at speeds of 10 
km/hr and more.  
 
The SBR analyses were conducted for the treatment 
and control drivers as a whole, given that both 
groups of drivers were exposed to the SBR system 
at the same point in the trial and for the same 
number of kilometres (15,000 kilometres following 
the Before/Control 1 period). Due to the 
configuration of the SBR system, it was not 
possible to determine if the data collected related to 
the driver or their passengers; thus, the 
interpretation of the seatbelt data in the following 
sections is limited to discussing the overall effects 
of the SBR system for drivers and passengers 
combined. 
 
The SBR data is reported for 21 of the 23 SafeCar 
drivers. The data for two drivers, one treatment and 
one control, were excluded from all SBR analyses, 
as these two drivers experienced technical problems 
with their SBR system early in their trial, whereby 
the SBR system was constantly issuing warnings 
even when there was no weight on the seats. 

Percentage of Trips Taken While Unrestrained 

The percentage of trips that were undertaken where 
a seatbelt was unbuckled for any part of the trip 
was compared across the driving periods to 
examine if the use of the SBR system improved 
seatbelt-wearing habits. The percentage of trips 
undertaken while unrestrained for any part of the 
trip is displayed in the second column of Table 1.  
 
Prior to exposure to the SBR system, SafeCar 
occupants were unrestrained during any part of a 
trip on 32 percent of trips they undertook. In the 
Before 2 period, when the SBR system was 
activated, this percentage reduced to 17 percent, 
representing a 47 percent reduction, which was 
statistically significant (t (20) = 4.14, p = .001). 
This reduction was maintained over the remainder 
of the trial (remaining driving periods combined) (t 

(20) = 3.05, p = .006); although there was a non-
significant trend for the percentage of unrestrained 
trips to increase slightly again over the duration of 
the trial. 
 

Table 1.  
Percentage of trips and driving distance spent 
unbuckled and mean time taken to buckle for 

each driving period for all drivers (n=21) 

Driving 
Period  

% trips % driving 
distance 

Mean Time 
to Buckle 

(secs) 
Before 1 31.88 4.98 29.71 (36.50) 

Before 2 16.63 0.12 7.01 (3.55) 

During 1 18.15 0.21 7.97 (8.37) 

After 1 19.01 0.19 5.29 (3.28) 

During 2 22.54 0.43 7.19 (4.35) 

After 2 18.75 0.12 8.83 (8.55) 

During 3 20.82 0.14 6.41 (3.48) 

After 3 19.84 0.09 6.87 (4.42) 

Note: Standard Deviation in parentheses. 

Driving Distance Spent Unrestrained 

The percentage of total driving distance that was 
driven while an occupant was unbuckled was also 
compared across the driving periods to examine if 
the use of the SBR system improved seatbelt-
wearing habits. These data are displayed in the third 
column of Table 1.  
 
The percentage of travel time where an occupant 
was unrestrained decreased significantly from pre-
exposure levels in the Before 2 period when the 
SBR system was first activated. Before the SBR 
system was active, approximately 5 percent of the 
distance travelled by SafeCars was undertaken with 
an occupant unrestrained (see Table 1). After 
activation of the system, this figure decreased 
significantly to 0.18 percent, a reduction of 96 
percent (t (20) = 2.72, p = .013). This reduction was 
maintained over the remainder of the trial 
(remaining driving periods combined) (t (20) = 
2.75, p = .012), although there was a non-
significant trend for the percentage of driving 
distance spent unrestrained to increase slightly 
again over the duration of the trial.  

Mean Time to Buckle 

The mean time (in seconds) taken for all occupants 
to fasten the seatbelt in response to the Stage 1 SBR 
warnings was examined over the trial to determine 
if the presence of the SBR system warnings 
decreased the time taken for drivers and occupants 
to buckle up.  
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Prior to activation of the warnings, it took unbelted 
occupants 30 seconds, on average, to buckle up in 
response to the SBR warnings (see fourth column 
of Table 1). This time to buckle up reduced 
significantly to an average of 7 seconds in the 
Before 2 period when the SBR system was 
activated, equating to a 77 percent reduction (t (20) 
= 2.79, p = .011). This reduction was maintained 
over the remainder of the trial, with the time taken 
to buckle up being significantly lower at the end of 
the trial than at the beginning (t (20) = 2.77, p = 
.012).  
 

Time Spent Unrestrained When Travelling at 
Speeds Above 40 km/hr 

The proportion of time spent driving at ‘dangerous’ 
speeds while a SafeCar occupant was unrestrained 
(defined as 40 km/hr and over) was also examined 
across the trial periods. While travelling 
unrestrained at any speed is considered dangerous, 
a threshold of 40 km/hr was chosen as a 
‘dangerous’ forward moving speed to be travelling 
at while unbuckled because the risk to unrestrained 
occupants of being fatally or seriously injured in a 
crash at this speed or higher is four times higher 
than the risk to a restrained occupant (Evans, 1996). 
 
The proportion of driving time spent unbuckled 
while travelling at dangerous speeds is displayed in 
Figure 5 for each driving period for all drivers. As 
illustrated, before activation of the SBR system, the 
percentage of driving time spent unrestrained while 
travelling at dangerous speeds was 6.72 percent. 
This reduced significantly to 0.05 percent in the 
Before 2 period, when the SBR system was 
activated, representing a 99.99 percent reduction in 
the percentage of time unrestrained (t (20) = 2.30, p 
= .032). This reduction was maintained for the 
remainder of the trial (remaining driving periods 
combined) (t (20) = 2.29, p = .033). 
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Figure 5. Percentage of driving time in each 

driving period spent unbuckled while travelling 
at dangerous speeds 

 

Occupant Reponses to the Stage 1 and 2 SBR 
Warnings 

The percentage of times the SafeCar occupants 
buckled up in response to the Stage 1 and Stage 2 
SBR warnings was examined for each trip across 
the driving periods to determine if a) the presence 
of the SBR system increased the proportion of 
times occupants buckled up during the time the 
warnings were active and b) to examine if the 
occupants mostly buckled up during the Stage 1 
warnings or waited for the Stage 2 auditory 
warning before buckling. The percentage of times 
the occupants did not buckle at all during a trip was 
also examined.  
 
The SafeCar occupants responded to the Stage 1 
warnings by buckling up on approximately 70 
percent of occasions and responded to the Stage 2 
warnings on approximately 20 to 24 percent of 
occasions. These figures suggests that, on the 
majority of occasions, the occupants buckled up in 
response to the Stage 1 visual warnings and did not 
wait until they received the auditory warning. The 
proportion of times that occupants did not buckle 
up at all in response to the SBR warnings decreased 
from almost 14 percent prior to the SBR system 
activation to around 8 percent in the periods when 
the SBR was active. 
 

Driver Acceptance and Subjective Mental 
Workload 

A number of questionnaires were administered to 
participants throughout the on-road trial that were 
designed to collect subjective data relating to 
participants baseline seatbelt wearing behaviour, 
the acceptability of the SafeCar ITS systems and 
the level of subjective mental workload participants 
experienced while interacting with the systems. It is 
important to note that the questionnaire data related 
to drivers only, not all vehicle occupants as the 
logged data did. 
 

Reported Baseline Behaviour Prior to 
exposure to the SBR system, almost all of the 
participants (21; 91.3%) reported ‘always’ wearing 
a seatbelt when driving. The remaining participants 
reported ‘often’ doing so (2; 8.7%). The 
participants that reported not always wearing a 
seatbelt said they did not wear one when reversing 
from a driveway or car park. 

 
Effectiveness of SBR The participants were 

asked what effect the SBR system would have on 
seatbelt wearing for most drivers in several driving 
situations. Overall, the majority of participants 
believed that the SBR system would increase 
seatbelt wearing when driving short distances 
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(90.5%), in low traffic density (78.7%), when 
travelling at speeds greater than 10km/hr (78.7%) 
and at speeds less than 10km/hr (70.7%). The 
remainder of the participants believed the system 
would induce ‘no change’ to seatbelt wearing in 
these situations. 
 
The participants reported that the SBR system 
would be particularly effective for drivers who 
inadvertently practice unsafe seatbelt behaviours, 
but would not be very effective for drivers who 
intentionally do not wear their seatbelt. 

 
Usefulness of SBR Participants rated the SBR 
system highly in terms of how useful it was in 
assisting them (the driver) to buckle up. Prior to 
using the system, 31.6 percent of participants rated 
the systems as ‘always of use’. At the end of the 
trial, after all participants had experienced the 
system, the percentage of participants who rated the 
SBR system as ‘always of use’ rose to 42.1 percent. 
The system was rated particularly useful for drivers 
who forget to put on their seatbelt and for drivers 
who do not wear seatbelts when travelling short 
distances. 
 
The participants also rated the SBR system highly 
in terms of its usefulness in letting drivers know 
that their passengers are not wearing seatbelts. The 
proportion of participants that rated the system as 
‘always of use’ increased over time, from 47.4 
percent at the beginning of the study to 68.4 percent 
at the end of the trial. 
 

Subjective Mental Workload Subjective 
mental workload was measured using a standard 
workload questionnaire: the NASA-Raw Task Load 
Index (NASA-RTLX) (Byers, Bittner & Hill, 
1989). Participants were asked to rate the level of 
workload they experienced in several driving 
situations prior to and during activation of the SBR 
system. The treatment participants rated their 
overall mental workload as significantly lower 
when the SBR warnings were active compared to 
when the system was not active. The control group, 
however, did not report any difference in mental 
workload when the SBR system was active versus 
inactive. 

Estimated Injury Cost Savings 

Estimates of the cost savings expected from the use 
of the SafeCar SBR system were calculated by first 
determining the cost of unrestrained occupants in 
Australia, and, second, the cost savings associated 
with seatbelt use. The method used to calculate 
these cost savings was drawn from a report by 
Fildes, Fitzharris, Koppel and Vulcan (2002). Cost 
of injury to unrestrained occupants was determined 
by using cost and injury data from the Bureau of 

Transport and Regional Economics (BTRE; 2001). 
Cost savings associated with seatbelt wearing were 
calculated by using HARM, which quantifies injury 
costs from road trauma. These costs comprise not 
only medical and treatment data, but also allowance 
for loss of earnings, impairment and loss of quality 
of life; that is, they represent the societal cost of 
injury. For further detail regarding how HARM is 
calculated, the reader is referred to Chapter 3 of the 
report by Fildes et al. (2002). 
 
The amount of injury costs saved each year 
depends on the effectiveness of the SBR device. In 
accordance with Fildes et al. (2002), the 
effectiveness of the SBR system was calculated by 
determining the percentage of SafeCar participants 
who demonstrated an improvement of greater than 
90 percent in seatbelt use in the Before 2 period 
when the SBR system was active from Before 1 
levels and spent less than 0.5 percent of driving 
distance in the Before 2 period unrestrained. Of the 
21 SafeCar participants used in the calculations, 12 
met this criterion and, hence, the effectiveness of 
the seatbelt reminder system was 57 percent. It is 
estimated that at 57 percent effectiveness, use of the 
SafeCar SBR system would save the Australian 
community approximately AUD$335 million per 
annum in injury costs (assumes 100 percent fitment 
to vehicle fleet).   

DISCUSSION 

The current study is the first to have examined 
long-term adaptation to an adaptive SBR system. 
However, due to the design of the SBR system, it 
was not possible to determine if the seatbelt data 
deriving from the study related to drivers or to their 
passengers. As a result, the interpretation of the 
seatbelt data is limited to discussing the overall 
effects of the SBR system for drivers and 
passengers combined.  

Logged Driving Data 

As expected, interaction with the SBR system led to 
large and significant decreases in the percentage of 
trips driven where an occupant was unrestrained for 
any part of the trip. Use of the SBR system leads to 
a 48 percent reduction in the proportion of trips 
taken in which an occupant was unrestrained. This 
reduction was maintained for the entire period in 
which the SBR system was active, although there 
was a suggestion in the data for the percentage of 
unbuckled trips to increase slightly over the 
duration of the trial. This finding is very positive as 
it occurred even though the initial seatbelt wearing 
compliance rate among occupants was high, 
suggesting that the SBR system can be effective 
even among occupants with high wearing rates. The 
finding that the improvement in seatbelt wearing 
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induced by the SBR system was maintained for the 
entire trial is also positive, as it suggests that 
occupants did not start to ignore or attempt to 
override the warnings after the system had been 
active for a period of time. 
 
Although no other research has examined long-term 
adaptation to SBR systems, a number of studies 
have been conducted, which examined whether the 
presence of a SBR decreases the number of vehicle 
occupants not wearing their seatbelt (Bylund & 
Bjornstig, 2001; Williams, Wells & Farmer, 2002). 
These research studies found that seatbelt wearing 
rates were higher among the occupants of vehicles 
fitted with a SBR system than those not equipped 
with a SBR. Despite having higher initial seatbelt 
wearing compliance rates than in previous studies, 
the present study still found that the SBR system 
was effective in further increasing seatbelt wearing 
rates. 
 
It was anticipated that use of the SBR system would 
reduce the percentage of driving distance driven 
with an occupant unbuckled. Before the SBR 
system was active, approximately 5 percent of the 
distance travelled was undertaken while an 
occupant was unrestrained. After activation of the 
system, however, this figure decreased significantly 
to 0.18 percent, a reduction of 96 percent. This 
reduction was maintained for the rest of the trial. It 
is encouraging to note that, even though occupants 
initially spent only a small proportion of their 
driving time unbuckled, the SBR system was 
effective in further decreasing the time spent 
unbuckled to almost zero. 
 
Positive benefits of the SBR system were also 
found in terms of the mean time taken to buckle 
from the onset of the SBR warnings. Prior to 
activation of the warnings, it took unbelted 
occupants 30 seconds, on average, to buckle up 
from when the warnings would have commenced 
had the system been active (i.e., when the ignition 
was turned on). However, as expected, the mean 
time taken to buckle reduced significantly to an 
average of 7 seconds in the Before 2 period when 
the SBR system was activated, equating to a 23 
second or 77 percent reduction. This reduction was 
maintained for the remainder of the trial, with the 
time taken to buckle up significantly lower at the 
end of the trial than at the beginning. It therefore 
appears that the SBR system is effective in getting 
those occupants who tend to put their seatbelt on 
after the car has started moving to buckle up earlier. 
Indeed, several of the drivers reported in the 
questionnaires that, prior to the SBR system being 
activated, they tended to drive out of their driveway 
and down the street before they buckled, but that 
the SBR system encouraged them to buckle up 
while the vehicle was still stationary.  

The effectiveness of the SBR system in being able 
to reduce the proportion of time spent driving at 
dangerous speeds while an occupant was unbuckled 
(defined as 40 km/hr and over) was also 
demonstrated. Prior to activation of the SBR 
system, the percentage of driving time spent 
unbuckled while travelling at dangerous speeds was 
6.72 percent. This reduced by 99.99 percent to 0.05 
percent when the system was first activated and 
was maintained for the remainder of the trial. 
Reducing the amount of time occupants spend 
unrestrained at dangerous speeds is likely to reduce 
the severity of injuries sustained by vehicle 
occupants and the risk of being fatally injured in the 
event of a crash.  
 
The percentage of times occupants buckled up 
during the Stage 1 and Stage 2 SBR warning 
periods was also examined. The analysis sought to 
examine the relative effectiveness of the Stage 1 
and 2 seatbelt warnings; specifically, if occupants 
mainly buckled up during the Stage 1 warning 
period or waited for the Stage 2 auditory warnings. 
Occupants buckled up on approximately 70 percent 
of occasions during the Stage 1 warning period and 
approximately 22 percent of the time during the 
Stage 2 warning period. On the remainder of 
occasions (8 percent), occupants did not buckle up 
at all in response to the warnings. This suggests 
that, on the majority of occasions, the occupants 
buckled up in response to the Stage 1 visual 
warnings and did not wait until they received the 
auditory warning before buckling up. It does, 
however, highlight that occupants also relied on the 
auditory warnings on over 20 percent of occasions 
and, thus, in order to be maximally effective, SBR 
systems should contain both visual and auditory 
warnings. 

Driver Acceptance and Subjective Workload 
Data 

Almost all of the drivers reported always wearing 
seatbelts, and those who did not always wear 
seatbelts reportedly only did not to wear them while 
reversing. The SBR system may, therefore, mainly 
be useful for drivers in limited situations. However, 
the issue of passenger use of seatbelts is also 
important. A number of drivers reported that they 
did not always check to see if their passengers were 
wearing seatbelts and, as such, this identifies an 
important role for the SBR system. Indeed, drivers 
felt the SBR system would be particularly useful 
and effective for alerting them when their 
passengers are not wearing seatbelts. 
 
It was encouraging that drivers also reported the 
SBR system to be personally useful, even though 
they initially reported rarely driving without a 
seatbelt on. However, drivers did not seem to think 
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the SBR would be particularly useful when 
reversing. This is in accordance with the drivers’ 
self-reports that reversing was the only situation in 
which they reported not wearing seatbelts.  
 
Finally, the drivers in the treatment group felt that 
their level of workload was significantly lower 
when receiving warnings from the SBR system, 
compared to when driving prior to the SBR 
warnings being operational. The drivers in the 
control group, however, did not rate their workload 
as lower when the SBR system was operational; in 
fact, there was a non-significant trend for the 
workload ratings to increase overtime. It is unclear 
why the SBR system had such a different effect on 
the perceived workload of the two groups, when all 
of the drivers had the same SBR system in their 
cars. 

Conclusions 

Overall, the SBR system was effective in 
promoting safer seatbelt wearing behaviour, despite 
the test participants having high initial (self-
reported) seatbelt wearing rates. On the basis of 
findings reported here, the authors believe a strong 
case can be made for the wide-scale deployment of 
SBR systems. If implemented on a population 
basis, SBR systems would be expected to yield 
significant gains to the community in terms of 
injury reductions and cost savings. 
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ABSTRACT 
 
Seat test standard protocols have been established by 
insurance research institutes and consumer test 
organisations are developing similar test procedures 
to assess the performance of seats under rear-impact 
crash conditions.  
With several numerical simulation models of the 
BioRID II being commercially available this study is 
intended to validate a multi-body rear-impact dummy 
model in a neutral seat environment for a range of 
seating postures and impact severities. This enables 
the systematic investigation of those parameters of 
the seat which influence the biomechanical loading 
on the dummy.  
For this purpose, five dynamic tests were conducted 
on a newly developed test device that employs a 
stationary carriage with the seat and dummy and is 
accelerated from the rear by a sled-on-carriage 
impactor system. The BioRID dummy was placed on 
the so-called Chalmers seat which was utilized in 
earlier EU co-funded research projects and provides 
several adjustment possibilities to represent different 
seat shapes and characteristics. Starting with a 
medium severity crash pulse four additional 
validation tests were carried out with lower and 
higher crash severity as well as different seat and 
seating positions to cover a broader range of 
conditions. 
Modelling involved both the detailed measuring and 
computational representation of the Chalmers seat as 
a multi-body model with facet surfaces as well as 
careful documentation of the placement of the 
BioRID model on the seat. 
Based on the comparison of the model response with 
the kinematics and biomechanical measurements 
from the basic test an acceptable conformity between 
numerical model and validation test could be found 
for most body regions. However, some shortcomings 
in the dummy model were identified. 
 

INTRODUCTION 
 
Soft tissue neck injuries, often termed whiplash-
associated disorders, are among the most frequently 
reported injuries of car occupants in many countries 
with a high level of motorization [1]. Although 
assessed as minor injures and usually healing without 
further bodily impairment they represent a large 
burden to society due to the large number of 
incidents, mostly among occupants of passenger cars 
struck in the rear by another vehicle. A comparative 
study conducted by the European insurance industry 
in 2004 reported a large difference in the situation of 
minor cervical trauma claims among European 
countries, both in number of claims and in cost of 
injury [2]. For instance, in Germany approximately 
47% of all bodily injury claims are linked only to 
minor neck injuries, for France this rate is only 3% 
and for the United Kingdom it is approximately 76%. 
The annual costs of these injuries range from an 
estimated 1.5 million Euros in Finland to 500 million 
in Germany to more than 2.9 billion Euros in Italy. 
Many research studies have investigated into the 
injury mechanisms and have tried to establish 
biomechanical threshold values for these types of 
injuries, but a common understanding does not exist 
until today. The International Insurance Whiplash 
Prevention Group (IIWPG), a group of insurance 
research institutes from North America, Australia and 
Europe developed a geometric and dynamic test and 
assessment protocol for car seats [3]. This formed the 
basis for test programs of new vehicle seats which 
have been published for three years in a row to inform 
consumers and to increase the awareness in the 
automotive industry about the safety performance of 
seats under rear-impact conditions. The assessment 
criteria employed in this protocol have their 
foundation in surveys of the number of neck injury 
claims in connection with particular passenger car 
models [4]. For two vehicle models, the number of 
claims for the model generation equipped with 
standard seats was compared with the claim figures 
for the subsequent generation which featured seat 
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designs specifically engineered for better rear-impact 
neck protection. Employing the BioRID II 
anthropometric test device, laboratory tests with these 
seats under rear-impact conditions displayed 
significant differences in some biomechnical 
variables depending on the design strategy against 
neck injury. While all of them aim at reducing the 
upper neck forces (shear and axial) the methods 
differ. Specifically energy-absorbing seat backs 
reduce the longitudinal acceleration in the T1 vertebra 
of the BioRID II dummy whereas re-active head 
restraints seek to minimize the time to close the gap 
to the back of the head. These physical values serve 
as seat evalution criteria in the IIWPG test procedure. 
While a considerable number of passenger car front 
seats has been evaluated according to this protocol it 
still requires physical testing. Some dummy responses 
have shown to be sensitive to slight variations in 
seating position and seat variability as it may occur in 
serial production. Moreover, the interaction between 
dummy and seat is often difficult to observe since the 
view can be obstructed by the dummy’s arms, 
clothing or the seat upholstery.  
This was the major motivation to develop a validated 
numerical simulation model which includes a 
commercially available BioRID II model in a neutral 
seat environment. Such a model would enable to 
study the influence of a variety of seat and impact 
parameters on the dummy loadings with special focus 
on the cervical and thoracic spine. Numerical 
simulation can also serve as a cost-efficient and time-
saving alternative to testing when fundamental effects 
of other seat types, e.g., for light commercial vehicles 
or rear seat benches, need to be investigated. Hence, 
great store was set by the prognostic capabilites of the 
numerical model for a range of possible dummy 
seating positions and impact severities. 
 
VALIDATION TESTING 
 
Development of Dynamic Test Device 
 
Experience from other laboratory experiments shows 
that the initial dummy position has large influence on 
the result of a dynamic rear-impact test. Therefore, 
the objective was to design a test set-up with a 
stationary carriage which is accelerated when the 
crash pulse sets in. A Hyge sled was not available for 
testing. Instead, a system was developed where the 
seat is mounted on a stationary carriage which is 
accelerated from the rear by an impactor device with 
a defined crash pulse. Sets of coil springs are used to 
transfer the impact forces which enhances the 
repeatibility of the force characteristics between tests 
and reduces test costs.  
The concept was worked out using a MADYMO 
simulation model of the test set-up. The first 

evaluations of a system which employed a single 
impacting mass revealed that this would permit only 
the realisation of harmonic crash pulses. In order to 
simulate crash characteristics of non-harmonic shape 
like the IIWPG crash pulse an additional mass is 
necessary to interact with the seat carriage at a later 
point in time during the impact. A similar effect was 
achieved with the development of a sled-on-carriage 
system, incorporating the impactor carriage and an 
additional sliding mass. By adjusting the amount of 
additional mass, the time that it interacts with the seat 
carriage and the stiffness of the coil springs the crash 
pulse can be tuned to the desired shape. Different 
options of setting-up the additional masses on the 
impactor carriage were investigated. A simple lumped 
mass model with coil springs was used to determine a 
suitable combination of mass and spring stiffnesses. 
However, no masses were assigned to the springs in 
the model. The schematic test set-up is shown in 
Figure 1. 
 

 
Figure 1.  Schematic test set-up. 
 
During the first pre-tests with a physical test device it 
became clear that the natural oscillation of the spring 
coils has significant influence on the resulting crash 
pulse. The MADYMO model was therefore refined in 
the area of the spring simulation. Each coil spring was 
modelled as a system consisting of ten bodies with 
linear stiffnesses in between. The large number of 
springs resulted in a complex calculation model, but 
with good prognostic capability. By distributing the 
springs among the impactor sled and the seat carriage 
their effect on the crash pulse could be greatly 
reduced.  
 

 
Figure 2.  Sets of coil springs between impactor 
sled and seat carriage. 
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Figure 3 shows the target crash pulse, the IIWPG 
curve in this case, in comparison with the calculated 
pulse and the pulse measured in the experiment. The 
corridor defined by IIWPG is met except for a slight 
deviation in the time frame after 87 milliseconds. 
 
 

 
Figure 3.  Comparison of IIWPG target pulse, 
calculated and test crash pulse. 
 
  

 
Figure 4.  Complete test set-up with impactor 
(foreground) and seat carriage (background). 
 
 

Test Seat 
 
For the primarily intended purpose of a parameter 
study the use of production car seats entails some 
disadvantages. The observation of the interaction 
between dummy and the seat is limited due to 
upholstery, especially on the seat cushion and seat 
back sides. Purposeful variation of seat parameters 
requires extensive modifications of the seat 
construction and may alter its performance 
unintentionally.  For this reason, the so-called 
Chalmers seat was used in the dynamic validation 
tests. It was developed in the course of the 
„Whiplash“ project co-funded by the EC [5] and was 
employed in several research projects focussing on 
rear-impact neck injury and protection. This seat 
displays a generic design with a number of separate 
and adjustable seat elements which allows a detailed 
investigation of the interaction between dummy and 
seat and the variation of isolated seat parameters. 
 The seat features a rigid seating surface and an 
adjustable seat back frame with an articulated sub-
frame which carries four movable seat back elements 
and a movable head restraint (see Figure 5 and 6). All 
of the seat back elements and the head restraint can be 
individually adjusted. The sub-frame is connected to 
the seat back frame by means of a deformation 
element that works according to the principle of a 
sheet metal bending brake.  
 

 
Figure 5.  Chalmers seat. 
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Figure 6.  Schematic representation of Chalmers 
Seat. 
 
Validation Tests 
 
A large number of characteristic points on the dummy 
and on the seat were measured before the tests to 
obtain detailed data for the following set-up of the 
numerical simulation model and to ensure a 
repeatable dummy position for all tests (see Figure 7). 
The tests were documented with three high-speed 
video cameras. On the seat carriage,  the longitudinal 
acceleration was measured and signals on all standard 
measurement locations of the BioRID II dummy were 
recorded and processed according to SAE standards 
(see Figure 8). 
The test dummy was freshly calibrated before the test 
series and conditions of the test environment met 
IIWPG requirements. This provided an extensive 
amount of information and measurement data from 
the validation tests for the development of a 
numerical simulation model. 
Altogether, five validation tests were conducted with 
the described test set-up and using the BioRID II 
anthropometric test device: a basic test applying the 
IIWPG crash pulse, one test each with reduced and 
increased crash severity, one test with increased 
backset between dummy head and head restraint and 
one test with increased seat back angle.  
 
Test No. Description 
V01 Increased backset 
V02 Basic test conditions 
V03 Reduced crash severity 
V04 Increased seat back angle 
V05 Increased crash severity 
 
Starting from the basic test conditions, the purpose 
was to vary the crash pulse severity in two tests and 
maintain the remaining parameters, and to vary the 
seat geometry in two tests while maintaining all other 
parameters. The initial positioning of the test dummy 
was carried out according to IIWPG requirements as 
far as the Chalmers seat design allowed; the seating 
position was then replicated for the tests with 

variation of the crash pulse. In the tests with increased 
backset and with reclined seat back, the dummy 
posture had to be changed slightly to achieve the 
desired seat adjustments.  
 
 

 
Figure 7.  Measurement points on dummy and test 
device. 
 
 

 
Figure 8.  Measurement locations on  
BioRID II dummy. 
 
 
The test results were assessed largely in accordance 
with IIWPG guidelines. The maximum shear and 
axial forces measured on the upper neck are 
represented in a rating chart as used by IIWPG to 
classify the combined neck force values according to 
one of the three categories of “low”, “moderate” and 
“high” neck forces (see Figure 10). Similarly, the 
maximum longitudinal acceleration measured on the 
T1 thoracic vertebra is assessed when rating the 
performance of seats under rear-impact conditions.  
 
Effect of Crash Severity 
 
In three of the validation tests, the crash severity was 
varied whereas all other variables remained 
unchanged. Starting from the crash pulse in base test 

Deter 4 



V02, representing the IIWPG condition, a pulse of 
lower severity with a  peak acceleration of  8 g’s and 
a pulse of higher severity with almost 13 g’s were 
applied. Their corresponding delta v’s total 13.0 kph 
and 17.6 kph, respectively. 
 

 
Figure 9.  Different crash pulses used for 
validation tests. 
 
The following figures show the effect of crash 
severity on dummy loadings according to IIWPG. 
However,  the present study takes into consideration 
also negative shear values for illustration in the rating 
chart and assessment of the validation quality. 
 
 

 

 

 
Figure 10.  Effect of crash severity on upper neck 
forces. 

 

 
Figure 11.  Effect of crash severity on T1 
longitudinal acceleration. 
 
Effect of Backset 
Backset is the initial horizontal distance between the 
back of the dummy’s head and the front of the head 
restraint. While the base test V02 featured a small 
backset, this distance was considerably increased in 
test V01, partially by changing the head restraint 
position relative to the seat back and by slightly 
modifiying the dummy posture. The initial positions 
are shown in Figure 12. 
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Figure 12.  Initial dummy and head restraint 
position in test V02 (top) and V01 (bottom) 
 
Changing the backset leads to large differences in 
neck loadings (see Figure 13). With increasing 
backset the tendency for positive shear in the neck, 
i.e., the head moving rearward in relation to the 
thorax, rises. The T1 acceleration was reduced in the 
test with larger backset, but the difference in dummy 
position probably contributed to this effect. 

 

 

 
Figure 13.  Effect of backset on upper neck forces. 
 

 

 
Figure 14.  Effect of backset on T1 longitudinal 
accleration. 
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Effect of Seat Back Angle 
 
When the seat back angle was increased in test V04 it 
was necessary to adjust also the dummy’s posture. 
The initial situations for this and the base test V02 are 
compared in Figure 15. 
 

 
Figure 15.  Initial dummy and seat position in test 
V02 (top) and V04 (bottom). 
 
With stronger inclination of the seat back a reduction 
of the tension and shear force peak values as well as 
T1 acceleration can be observed. Nevertheless, this 
should not serve as a simple measure to reduce the 
biomechanical loadings in a rear-impact as it 
increases the risk of the occupant sliding over the seat 
back. 
 

 

 

 
Figure 16.  Effect of seat back angle on neck force. 
 

 

 

 
Figure 17.  Effect of seat back angle on T1 accel. 
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Numerical Simulation Model 
 
The simulation model was set up mostly as a multi-
body model in MADYMO 6.3.2. The seat was built 
up completely new. For this purpose, the geometry of 
the Chalmers seat was digitized with a coordinate 
measuring device and modelled with the 
Pro/ENGINEER CAD software system. The mass 
inertias of inidividual seat parts were calculated on 
the basis of weight and geometry measurements. 
Spring characteristics were calculated based on the 
measurement of their specific geometries. The seat 
model was developed as a multi-body system with 
discrete masses and joints. In order to replicate the 
seat geometry as closely as possible the measured 
data were transferred into a facet model and 
superposed on the multi-body model. 
A PAMCRASH finite element model was used to 
determine the characteristics of the sheet metal 
bending brake located between the seat back frame 
and the sub-frame since extensive experience 
regarding model set-up and material properties 
existed already. The obtained force-deformation 
characteristics were then transferred to the 
MADYMO model. The foam of the head restraint on 
the Chalmers seat was modelled in finite element 
code with solid elements. 
 

 
 
Figure 18.  Numerical model of deformation 
element. 
 
For the numerical representation of the BioRID II the 
current MADYMO dummy was used which includes 
facet surfaces (MADYMO 6.3.2, facet dummy 
version 2.1) (see Figure 19). The numerical model of 
the dummy was updated twice over the duration of 
the project. The initially employed model 
(MADYMO 6.2.2 with BioRID Version 1.1) showed 
geometric incompatibilities in the neck area due to an 
unrealistic representation of the geometry of the end 
stops which led to unnatural joint characteristics. The 
calculations were repeated when a BioRID II model 
update was available and provided a stable and 
satisfying result.  

A sensitivity analysis was carried out to investigate 
the robusteness of the complete model which showed 
that the calculation requires a time step of one 
microsecond to avoid large numerical scatter in the 
results. 
 

 
 

Figure 19.  MADYMO BioRID II model. 
 
 
VALIDATION OF SIMULATION MODEL 
 
In a first step, the crash pulses measured in the 
validation tests were included in the MADYMO 
model. Dummy positioning coordinates from the 
basic test were processed in finite element code and 
superposed on the MADYMO model to allow 
accurate positioning of the numerical dummy model. 
H-point, legs and arms as well as characteristic points 
on the spine and head were positioned to coincide as 
much as possible with the measured pre-test dummy 
coordinates (see Figure 20). However, it proved 
difficult to adjust the model’s spine in such a manner 
that the balanced position of the dummy model 
matched the initial seating posture of the real BioRID 
II dummy. When the numerical model was positioned 
accurately it produced high accelerations in the 
vertebrae when the calculation was started, yielding 
useless calculation results. Hence, the calculation was 
started with a relaxation phase of 50 milliseconds to 
eliminate the initial loading effect and allow the 
model to assume a balanced state. Any small 
movements of the dummy model during this 
relaxation were anticipated in the initial position so 
that the relaxed posture matched the seating position 
in the validation tests. Only then the complete model 
was subjected to the crash pulse and the actual 
simulation phase started. The positions of the joint 
coordinate systems were not adjusted as they can be 
expected to reflect the real geometry. 
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Figure 20.  Positioning of dummy model. 
 
The contacts between the dummy and the seating 
surface and the four seat back elements were defined 
such that only the characteristics of the dummy model 
were adapted; the seat surfaces were assumed to be 
undeformable. Because the foam in the hip area 
proved too soft an adjusted force-deflection 
characteristic was applied to produce a realistic 
behavior of this body region. The dummy could 
remain unchanged for proper definition of the 
contacts with the seat back elements. However, the 
choice of the friction model has considerable 
influence on the calculation result. 
The foam used for the head restraint in the tests was 
relatively soft and required the use of a solid-foam 
model to reflect the non-linear effects of the geometry 
properly. Since no separate component tests could be 
conducted the foam properties were defined in the 
context of the complete simulation model. 
A specific problem arises – at least in conjuction with 
the Chalmers seat design – from the fact that the 
facets of the dummy jacket are attached to the spine 
segments in the numerical model. In case of relative 
rotational movement between two adjacent spine 
segments the size of the facets on the back of the 
jacket changes. This effect can produce large 
deformations so that the jacket geometry becomes 
incorrect. This problem could be solved by adapting 
the contact characteristics. 
The entire model was validated exclusively on the 
foundation of the base test V02. The validation 
quality of the numerical model can be judged by the 
comparison of both the kinematics and the major 
loading curves between numerical simulation and 
experiment. The motion of the dummy model 
matches that of the real dummy very well when their 
silhouettes are overlaid (see Figure 21). 
 

 
 
Figure 21.  Comparison of kinematics in test and 
simulation for V02. 
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Figure 22.  Validation result for test V01. 
 

 
 

 
 

 
 

 
 
Figure 23.  Validation result for test V02. 
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Figure 24.  Validation result for test V03. 

 
 

 
 

 
 

 
 
Figure 25.  Validation result for test V04. 
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Figure 26.  Validation result for test V05 
 
 
 
 
 
 

 
Figure 28.  Upper neck shear forces. 
 

 
 

Figure 29.  Upper neck tension forces. 
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Figure 27.  Thorax T1 accelerations. 
 
 
 

 
Figure 30.  IIWPG-relevant criteria from 
simulation in relation to test results (100%) 
 
When comparing the characteristics of the dummy 
loading curves obtained from testing and calculated 
with the numerical model the criteria measured in the 
pelvic region corresponded well. The same holds true 
for the head accelerations. However, for the body 
regions which are relevant for IIWPG assessment the 
loading characteristics show less agreement. An 
overview of the extrema from the simulation model in 
relation to those measured in the tests is given in 
Figures 27 to 29 and Figure 30. Data from the 
rebound phase after the head contact with the head 
restraint had ended were not considered for this 
evaluation. 
The IIWPG protocol assesses only positive shear 
force values and axial tension forces, i.e., a rearward 
relative motion of the head relative to the torso. The 
BioRID II dummy typically displays this behavior in 
rear-impact tests with production car seats. However, 
also negative shear forces occurred in some of the 
validation tests during the relevant phase of head-to-
head restraint contact. This can be attributed to the 
particular configuration chosen for the Chalmers seat 
where the head restraint is closer to the head than 
usually found in production seats. Therefore and in 
contrast to IIWPG practice, the present study takes 

into consideration also negative shear values when 
illustrating simulation results in the rating chart and to 
assess the validation quality. 
The axial forces are represented quite well by the 
simulation model, both in general character of the 
graph and in magnitude of the peak values, except for 
the test condition with increased backset V01 (see 
Figure 22 to 26). The peak values of the shear force 
differ significantly from those measured in the tests in 
some cases, but the times that the peaks occur 
correspond between simulation and experiment. This 
supports the visual ascertainment that the overall 
motion of the dummy model coincides with that of 
the test dummy. Again, the largest deviations between 
simulation and test curves are found in the situation 
with increased backset. 
When analysing the longitudinal acceleration graphs 
of T1measurements most tests demonstrate a 
pronounced first peak at the beginning of the dummy 
loading phase. This peak is possibly caused when the 
head restraint accelerates the head and this signal is 
transferred through the cervical spine to the thorarcic 
spine. It is not prominent in the graphs obtained with 
the simulation model. Apart from this peculiarity, the 
T1 longitudinal accelerations are well represented by 
the numerical model in general character and in 
magnitude. 
The complete simulation model which was validated 
only on the basis of test V02 predicts also the 
biomechanical loadings measured in test V03 
(reduced crash severity) quite well. The conformity 
with the test results from V05 (increased seat back 
angle) and V06 (increased crash severity) is limited 
mostly due to the deviations in neck shear force. The 
test scenario which included a very large backset and 
modified initial dummy position (V01) is reflected 
only roughly in simulation although characteristic 
points in the kinematics between test dummy and 
model match. 
 
DISCUSSION AND CONCLUSIONS 
 
For the build-up of a numerical simulation model to 
study the influence of seat design factors on occupant 
loadings under rear-impact a number of validation 
tests were conducted. The chosen test set-up allows to 
adjust the crash pulse by means of a simple and cost-
efficient method. Using a system which accelerates a 
stationary carriage with the seat and dummy enables 
to accurately measure the dummy position as it is 
present when the impact occurs. This is a pre-
requisite for the subsequent simulation model 
validation. Five tests were conducted with the aim to 
cover a range of major influential factors on the 
occupant kinematics and biomechanical loadings. 
Accordingly, the crash severity and the seat geometry 
were varied in the tests. This allows to evaluate the 
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prognostic capabilites of the simulation model for a 
range of test conditions. 
The generic seat design of the Chalmers seat 
employed in the dynamic experiments facilitates the 
adjustment of seat parameters independently of each 
other. The structure and geometry of this test device 
differs from those of many production car seats, e.g., 
in the area of the seat cushion and the connection 
between between seat back and head restraint. The 
dynamic behavior of the Chalmers seat may therefore 
deviate in detail from that of a production seat or at 
least require extensive pre-testing to adjust its 
characteristics. Particularly, it was found that the seat 
configuration used for some of the validation tests 
differed in behavior from most car front seats. The 
head restraint caught the dummy’s head very early 
which resulted in uncommon neck shear force 
characteristics. 
The tests provided input data to describe the 
experimental set-up in a numerical simulation model, 
mainly in multi-body code MADYMO. Particular 
elements of the seat model were realized in FE code 
and major surfaces which come in contact with the 
dummy model were carried out as facet surfaces to 
allow realistic interaction with the body parts. The 
model of the employed BioRID II anthropometric test 
device is based on multi-body code, but features a 
facet representation of the body surfaces. However, a 
considerable amount of validation work on certain 
body regions of the original dummy model was 
necessary to replicate adequately the interaction with 
the seat as observed in the experiments. The finite 
element version of the dummy model which was also 
available at the time of the study did not improve the 
simulation results significantly and was therefore 
abandoned. FE model updates that have entered the 
market in the meantime demonstrate more promising 
quality. Investigations of the model robustness 
revealed that the time step size for the calculation 
should not fall short of one microsecond. Future 
efforts to optimize the model should focus on 
improving the dummy model and its interaction with 
the seat surface. It is also possible that the difficulties 
encountered with the inconsistencies in the dummy 
back in conjuction with the Chalmers seat are less 
pronounced when production seats with a softer and 
continious seat back surface are used. 
A recent MADYMO model version (MADYMO 
6.3.2, facet dummy version 2.1) of the BioRID II with 
a water-filled abdominal cavity and jacket in FE 
method was implemented in the existing model. It 
indicates that the described difficulties in the dummy 
back region are largerly overcome, but would have 
required a completely new validation of  the thoracic 
and cervical spine area. Hence, this approach was not 
further pursued in the course of the present study. 

Another alternative is the utilization of a complete 
finite element representation of the BioRID II dummy 
which is also available on the market. Using the 
experience from the MADYMO-based simulation 
model it is planned to set up also a finite element 
version in LS-DYNA code. Future research in this 
field should therefore include a systematic evaluation 
of the different model approaches.  
The calculated biomechanical loadings from the 
current simulation model correspond quite well with 
the characteristics of the measured accelerations and 
forces on the test dummy, especially for the head and 
the pelvic area. However, some significant deviations 
are evident in the neck and upper thoracic area which 
currently prohibit to use the model to forecast 
IIWPG-relevant loadings. Nevertheless, the model 
can be used to predict tendencies when seat design 
parameters or crash severity are varied. It can 
therefore be considered a suitable research tool to 
study the influence of fundamental rear-impact 
factors. However, it should be utilized only within the 
range of the tested conditions and should regard the 
limitations of the test set-up and the anthropometric 
test device. Possible subjects of application are the 
investigation of different crash pulse characteristics, 
seat back or head restraint positions on the 
biomechnical loadings of the BioRID II. A number of 
parameter variations with regards to the seat position 
has been conducted already which indicate positive 
effects on the seat performance. 
The application of the model in a vehicle environment 
including a particular car seat could not be realized 
during this study. Provided that sufficiently detailed 
MADYMO seat models are available this offers 
possibilities for enhancing the safety of present or 
future seat concepts. 
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ABSTRACT 
 
The most dangerous bus accident is the rollover. An 
accident statistics - collected by the author contain-
ing more then 300 accidents - shows that the aver-
age casualty rate is 25 casualties/accident. There are 
four major injury mechanisms in a rollover which 
may endanger the occupants: intrusion, projection, 
total and partial ejection. Different ways of protec-
tion may be used to avoid these kinds of injuries, 
which are shown in the paper. The severity of a 
rollover accident may be specified on two different 
ways: one is based on the number of casualties (this 
is mainly used by the public opinion) and the other 
one evaluates the circumstances of the rollover 
(turn on side is less severe than roll down into a 
precipice) The severity is a basic parameter when 
specifying the protectable rollover accidents (PRA) 
in which the occupants may be and shall be pro-
tected. This severity limit may be defined on the 
basis of the accident statistics mentioned above and 
on the basis of in depth analysis of real world roll-
over accidents and different rollover tests. These 
methods are used and discussed in this paper. All 
bus passengers using different bus categories (tradi-
tional buses, high decker tourist coaches, double 
deckers, and small buses) shall have the same 
safety level which shall be guarantied by interna-
tional regulation. This paper is a contribution to the 
international effort specifying a general regulation 
about the safety of buses in rollover accidents. 
 
INTRODUCTION 
 
In case of buses the rollover is a rather rare accident 
type. In Hungary, during a 5 years period (1978-
1982) among 1803 bus accidents (as a total) 22 
rollovers have been reported [1] this means 1,2%. 
In this statistics the small buses were not consid-
ered. Some other statistics are compared to this fig-
ure [2] and the rate of rollover in bus accidents was 
found in the range of 1-8%. The casualty rate (num-
ber of casualties per accident) in rollover accident is 
around 25 and in frontal collision – which is the 
second most dangerous bus accident type – this fig-
ure is around 17. The difference is even stronger, 
when comparing the fatality and serious injury rate 
together: this figure is at least 15 or more, (see Ta-
ble 5) for rollover and 9 in case of frontal collision. 
Since the mid of ’70-s the protection of the passen-
gers in bus rollover accidents is a strong effort in 

the UN-ECE regulatory work. The existing ECE 
regulation R.66 – which describes a required 
strength of the superstructure in a specified rollover 
test – relates only to large, single deck buses, e.g. 
the small buses, double deck coaches are excluded 
from its scope. To define the required protection 
level for all bus categories, to specify the same 
(similar, equivalent) safety for all kind of bus occu-
pants, at least the following questions should be 
analysed and answered:  
a) In which kind of rollover accidents (group of 

accidents) shall be the bus occupants pro-
tected? The protection generally means to pro-
vide high level probability of survival and to 
reduce the casualty risk. 

b) What are the general requirements to protect 
bus occupants, to provide the required safety 
level? 

c) How to specify the requirements of the ap-
proval (approval test) for all bus categories? 

Every bus rollover accident is unique, different 
from the others. But there are certain regularities 
which can help to answer on the questions above. 
Theoretically there are two essentially different 
rollover processes for buses: 
• The bus is rotating around an axis being per-

pendicular to the vertical longitudinal central 
plane of the bus. This can happen, if the road 
has a sharp curve close to a precipice. One ac-
cident is known belonging to this type of roll-
over, happened in Rome, 2005. Only 1-2% of 
the rollover accidents belong to this type of 
rollover. 

• The bus is rotating around a longitudinal axis 
being parallel with the main longitudinal axis 
of the bus. This is the general way of rollover, 
the so called lateral rollover, at least 98% of 
the rollover accidents belong to this group. The 
safety requirements and the approval tests of 
ECE Reg.66 are based on this type of rollover 
as it is shown on Fig.1. 

This paper – similarly to the international regula-
tory work – deals only with the second type of roll-
over. To reduce the number and severity of casual-
ties, the following main injury mechanisms shall be 
considered: 
• Intrusion. Due to large scale structural defor-

mations and the loss of the residual space, 
structural elements intrude the body of the oc-
cupants or crash them. 
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• Projection. Due to the uncontrolled movement 
of the occupants inside the bus, their body im-
pacts the structural parts of the passenger com-
partment. 

• Complete ejection. During the rollover proc-
ess the occupants could be ejected through the 
broken or fallen windows and crushed by the 
rolling bus. 

• Partial ejection. During the rollover process 
parts of the passenger’s body come contact 
with outside surface and can be strongly 
scratched or parts of the body (head, arms, 
chest) get under window column or waist rail 
and are pressed by it. 

 

 
 

Figure 1. Lateral rollover test 
 
CATEGORIZATION OF ROLLOVER ACCI-
DENTS 
 
To specify those rollovers (rollover groups) in 
which the passengers shall be protected, the first 
step is to define characteristics groups of rollovers. 
The following categories may be used: 
a) Turn on side ¼ rotation. The bus generally 

slips a certain distance on its side and finally 
stops. Level difference is practically 0 

b) Turn into a ditch. The rotation is between ¼ 
and ½ .The depth of the ditch is not more than 
1,5 m, but it can stop the further rotation 

c) Rollover from the road. More than ½ rota-
tion, but not more than 2. The level difference 
between the road and the ground, where the 
bus finally stops is not more than 10 m. 

d) Serious rollover. More than 2 rotations. The 
level difference between the road and the 
ground, where the bus finally stops is more 
than 10 m. 

e) Combined rollover. The rollover is followed 
by a fire, or before the rollover a severe frontal 
collision occurred, or after the rollover the bus 
falls into a river or lake, etc. 

Sometimes category “b” (turn into a ditch) is listed 
either in category “a”, or category “c”. 
Categories “a”, “b” and “c” may belong to the pro-
tectable rollover accidents (PRA) and it is a realistic 
public demand to assure high level survival prob-
ability for the bus occupants in these kinds of roll-
over. One of the most important requirements is 
that in PRA-s the bus superstructure shall have cer-
tain strength to avoid its collapse or large scale de-
formation, to avoid the intrusion type casualties. It 
has to be mentioned that the 2 rotations and the 10 
m level difference in category “c” are not theoreti-
cal, but practical figures. There were more real ac-
cidents (as well as full scale rollover tests) validat-
ing these figures. It is important to emphasize that 
the approval test specified in R.66 can assure an 
appropriate strength for the superstructure to sur-
vive this type of rollover. 
 
SPECIAL ROLLOVER STATISTICS 
 
Based on the Hungarian media reports (TV and ra-
dio new, newspapers, journals, internet, etc.) the 
collection of information started in 2000 and the 
results of this work were published many times.  
 

Table 1. 
Summary of rollover statistics 

 
Number of accidents 
Number of countries involved(1) 

 338 
   65 

Total number of 
- fatalities 
- serious injuries 
- light injuries 
- injuries without classification 
- reported “many injuries” 

 
4054 
1029 
  977 
2594 
21 times 

Type of rollover (severity) 
- turned on side 
- rollover from the road 

- serious rollover  

 - combined accident 

   
   64 
  127 
   74 
   73 

Category of the bus rolled over  
- C I. (city, suburban)  
- C II (intercity, local,  
- C III (tourist long-distance) 
- Double decker  
- Small bus (2) 

- School bus(3) 

- Other (worker, pilgrim, etc.) 
- unknown 

 
    7 
  34 
130 
  16 
  67 
    9 
    8 
  67 

Deformation of superstructure 
- serious deformation(4) 
- slight deformation(5) 

- no information 

 
  61 
  82 
195 
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Footnotes to Table I. 

(1) countries may be involved as manufacturer, ap-
proval authority, operator or the scene of the acci-
dent. 

(2) in the media reports this category is called: minibus, mi-
crobus, small bus, midi bus, club bus, ambulance bus, 
etc. without exact specification 

(3) in many cases children, students were transported by 
normal coaches, these accidents are counted as coach 
accidents. 

(4) serious deformation means the damage of the survival 
space, (the collapse of the superstructure obviously be-
longs to this category). 

(5) slight deformation means that the survival space very 
likely is not damaged in the rollover accident. 

 
The last presentation shown and analysed on the 
last EAEC Congress in Belgrade (2005) was based 
on 222 rollover accident happened worldwide re-
ported by the Hungarian media [3]. Meantime this 
statistics has been increased, the new version con-
tains already 338 accidents. Table 1. gives a sum-
mary of this statistics analysing the 338 accidents 
from different point of views. 
 

Table 2. 
Rollovers in three major regions. 

 

Regions Before 
2001 

2001- 
2003 

2004- 
2006(3) 

Total 

Hungary 
Europe(1) 

World(2) 

10 
30 
18 

39 
29 
59 

45 
32 
76 

94 
91 

153 

Total 58 127 153 338 
 (1) without Hungary 
 (2) without Europe 
 (3)  only the first 9 months in this year 

 
Table 2 shows the distribution of these accidents 
among three interesting regions. 
It is interesting to mention that the rates of the acci-
dent types (their severity) in this statistics strongly 
depend on the region of the accident. An example: a 
“turn on side” of a minibus without fatalities is re-
ported by the Hungarian media only if it happened 
in Hungary, but it is not news if it happened in Bra-
silia or China. This is proved by Table 3. The con-
clusion of this effect is that the more severe rollover 
accidents are over-represented in this accident sta-
tistics considering the whole world. 

 
Table 3. 

The rates of accident types in the regions 
 

Regions Turn
ed on 
side 

Rollover 
from the 

road 

Serious 
roll-
over 

Comb. 
roll-
over 

 
total 

Hungary 
 

45 
48% 

43 
46% 

0 
0% 

6 
6% 

94 
100% 

Europe(1) 

 
18 

20% 
40 

44% 
13 

14% 
20 

22% 
91 

100% 
World(2) 2 

1% 
43 

28% 
59 

39% 
49 

32% 
153 

100% 
Total 65 

19% 
126 
37% 

72 
21% 

75 
23% 

338 
100% 

(1)  without Hungary       (2) without Europe 

Remarks to Table 3. 
• This statistics is projected by the Hungarian 

media. It means that the Hungarian figures are 
almost complete (90-95%), so it may be said 
that it is a representative sample from Hungary.  

• Assuming a proportional figure in Europe, 
based on the fleet sizes of buses (18.000 in 
Hungary and 500-550 thousand in Europe) the 
estimated number of the rollover accidents in 
Europe could be in the range of 380-480 roll-
overs/year. If so, the European figures in this 
statistics cover only 2-4% of the total, which is 
not representative sample. It may be said that it 
is a useful, usable signal from Europe. 

• The rollovers outside Europe may be used as 
individual information, but they can be in-
volved into the statistical evaluation of certain 
questions, special aspects. 

Table 4. summarizes the number and the rate of 
PRA-s in this statistics. 

 
Table 4. 

The rate of PRA-s in the regions. 
 

PRA Regions All rollover 
accidents number % 

Hungary 
Europe(1) 

World(2) 

94 
91 
153 

88 
58 
45 

94% 
64% 
29% 

Total 338 191 57% 
(1) without Hungary 
(2) without Europe 
 
Remarks to Table 4: 
• In Hungary the 94% of the rollover accidents 

belong to PRA (No big mountains, precipices, 
all rollover accidents are reported even if there 
was no fatality, no serious injury, etc.) As it 
was said before, this statistics is representative, 
related to Hungary 

• Related to Europe, this rate is 64% but it is ob-
vious that the Hungarian media do not report 
the less severe rollover accidents from Europe. 

• Considering countries having more and bigger 
mountains, too, the estimated rate of PRA-s is 
between these two values, probable closer to 
the Hungarian one. It seems to be a reasonable 
estimation that 80-85% - as an European aver-
age – of the rollover accidents belong to PRA. 

• In other words, if we can provide high level 
probability of survival and reduce the casualty 
risk in PRA-s, the passenger protection will be 
significantly increased in rollover accidents of 
buses. 

 
THE ROLLOVER PROCESS 
 
It is important to see clearly the rollover process, 
the factors influencing this process and to under-
stand the problem of severity in case of rollover. 
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Start of the rollover 
 
The start of the rollover process mechanically is 
simply and more or less similar in all accidents. A 
turning moment (M) starts the process (see Fig.2.) 
which may be generated on two ways: 

 
Figure 2.  Turning moment and other parame-
ters. 
 
a) If the one side wheels of the bus run into the 

air, no vertical supporting forces on these 
wheels, the turning moment M is:  

2

w
mgM =  (1)  

 
b) If lateral mass force (FL) – due to a sharp curve 

or lateral slipping on icy road – is acting in the 
CG of the bus, lateral friction forces as reacting 
forces (FR) are acting on the wheels. The rota-
tions starts around the axis running trough the 
wheel foot points, if the turning moment is big 
enough: 

 

LhF
w

mg    
w

g mM −〉=
22

µ  (2) 

 
and the kinetic energy of the bus is enough to 
elevate the CG into the unstable position: 

 
 

hmg  Ekin ∆〉  (3) 

  
 In these equations  
  m   is the total mass of the bus 
  µ is the friction coefficient 
  g is the gravitational constant  
  w is the extended track (see Figure 2.) 

 
If there is no friction (µ = 0) there is no turning 
moment, no rollover, only slipping away. Bigger 

friction coefficient bigger turning moment. The 
friction coefficient, more exactly the reaction force 
(FR) could be increased by certain circumstances 
(see Figure 3.) 
    

 
Metalled wayside       kerb stone on wayside     soft soil wayside 
 

Figure 3. Increasing of the reaction (friction) 
force 
 
The simplest rollover is the “turn on side”, with ¼ 
rotation. This is the end of the first part of the roll-
over process. This happens on a horizontal (or 
closely horizontal) ground, see Fig.4. The bus slips 
on its side, the reaction (friction) force (FR) is act-
ing on the sidewall. The possible axis of the further 
rotation Ar is at the cantrail. No further rotation, if 
the kinetic energy of the bus can not elevate the CG 
into the unstable position (∆h). The sliding will be 
stopped by the friction (energy consumption), fi-
nally the bus will be laying on its side. 

 
Figure 4. Turn on side. 
 
The further motion in rollover 
 
Studying the further motion of the bus – after turn 
on side – two essentially different processes may be 
distinguished: 
• Energy consuming process, when the kinetic 

energy of the bus is decreasing by the energy 
absorption of the friction work, by the defor-
mation work (structural and/or local) and by 
the elevation of the CG, etc. This process leads 
to stopping the further rotation of the bus.  

• Energy generating process, when the kinetic 
energy of the bus is increasing by the drop of 
the CG  (e.g. sliding or rolling down on a 
slope) If the energy generated by the drop of 
the CG (∆Eg) is bigger than the energy ab-
sorbed by the friction and deformations (∆Ea): 
  

 ag E  E ∆〉∆  (4) 
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the motion of the bus (sliding or rotation) will 
continue. 

The further motion of the bus depends on the sur-
roundings ( general geometry of the scene of the 
accident, soil properties, locality of the ground, 
etc.) and on the properties of the bus (shape, CG 
position, stiffness of the superstructure, etc.) Let us 
consider the two essential influences. 
 
General geometry of the scene 
To understand the effect of the general feature of 
the scene of the rollover, let us presume the same 
starting position: the bus already turned on its side 
and is sliding on its side crosswise. Figure 5. shows 
examples about the possible general geometry of 
the surroundings. Different surroundings, different 
further motion of the bus, different severity in the 
rollover process. 
 

 
Figure 5. Examples for the general geometry of 
the surroundings. 
 
Explanation to Figure 5. 

4.1. horizontal ground with   different surface 
4.2. ditch with different shape 
4.4. wall like object wayside 
4.5 slight slope with different length 
4.7. step like level difference 
4.8. level difference with water, down 
4.9. precipice with different depth 

 
Stiffness of the superstructure. 
There are two major aspects. The first is the general 
stiffness (or strength) of the superstructure having 
two alternatives: the superstructure is strong 
enough, no considerable deformation in the stan-
dard rollover described in the regulation ECE-R.66, 
or the superstructure is weak, large scale structural 
deformation or collapse occurs (see Fig.6/a) The 
other one is the local stiffness of the cantrail (out-
side corner between the roof and sidewall) which 
may influence the further rotation (see Fig.6/b.) 

When studying the further motion of the bus in a 
rollover accident, it has to be recognized that the 
surroundings and structural stiffness have common 
effects, too. [3] 
 

 
 
Figure 6. Stiffness of the superstructure 
 
SEVERITY OF ROLLOVER ACCIDENTS 
 
It is interesting and important to specify the severity 
of bus rollover accidents, at least to specify a “di-
viding line” between the severe and not severe ac-
cidents. It is obvious that the regulatory work 
should concentrate on the not severe accidents, in 
which the passengers should be protected, the 
safety level should be enhanced. There are two dif-
ferent approaches in the common practice when 
talking about the severity of bus rollovers: 
a) Based on the number and severity of casualties. 

More casualties, more severe accident. The 
material losses are also considered. The real 
rollover process does not play role in this ap-
proach. A turned into a ditch accident – if the 
roof collapses and there are many fatalities – is 
called a severe one in this case. 

b) Based on the rollover process. In chapter 3, the  
list of the different rollover accidents repre-
sents an order of the severity, the PRA-s are 
not severe accidents, but the combined and se-
rious rollovers are severe. This approach does 
not count the casualties, if an empty bus rolls 
down on a slope having 20 m level difference 
and no casualty (because it was empty), the ac-
cident is a severe one.  

These two approaches sometimes are mixed, and 
sometimes both approaches specifies an accident as 
a severe one, or both of them as a non severe one. 
From the view point of the regulatory work the sec-
ond approach is more useful, because well defined 
technical requirements may be derived on the basis 
of this approach. As it was said earlier, the PRA-s 
specify those group of the rollovers in which the 
bus occupants shall be protected, so the dividing 
live is between PRA-s and the severe rollover acci-
dents (serious and combined rollovers) 
It is difficult to check, whether the recently used 
approval test is adequate to separate the strong su-
perstructure from the weak one, to meet the demand 
of the public, to assure the required safety for the 
passengers at least in the PRA-s. A slow feedback 
can be found from this accident statistics, even if 
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this statistics does not give direct information about 
the efficiency of the approval of buses regarding 
ECE-Rg.66. Very few information are available, 
whether the bus having a rollover accident was ap-
proved on the basis of R.66 or not. But indirectly an 
interesting comparison may be done. As it was de-
fined above, PRA-s cover those accidents in which 
the passengers should be protected, the survival 
space (SS) shall be maintained. It has to be under-
line that the required strength of the superstructure 
helps to avoid the intrusion type injuries, to reduce 
drastically this type of fatalities, but it is less effec-
tive in the projection and ejection type injuries. 
Among the 388 rollover accidents there are 191 
PRA-s and among these accidents there are 142 in 
which we have information about the behaviour of 
the superstructure: 82 accidents did not cause dam-
age in the SS and in 60 accidents the SS was 
harmed, including the total collapse, too. An inter-
esting comparison is shown in Table 5., in which 
the casualty rates (casualty per accident, CR) are 
given for four kinds of rollover accident groups: 

– All the 388 accidents giving a very general aver-
age 

– PRA-s in which the passengers should be pro-
tected 

– PRA-s in which the SS remained intact (studying 
the pictures, photos, videos available) 

– PRA-s in which the SS damaged, the superstruc-
ture collapsed. 

 
Table 5. 

Casualty rates in rollover accidents 
 

Casualty rates (CRi) Considered 
rollovers 

Number 
of events CRFa CRSi CRLi CRNs CRAC 

All rollovers 
PRA-s 

338 
191 

12,0 
5,5 

3,0 
2,6 

2,9 
3,7 

7,7 
6,3 

25,6 
18,1 

SS intact 
SS damaged 

82 
60 

0,9 
13,4 

1,9 
6,7 

4,3 
4,2 

3,6 
10,2 

10,7 
34,5 

 
In Table 5. 
CRFa =  fatality rate 
CRSi =  serious injury rate 
CRLi =  slight injury rate 
CRNc =  rate of not specified injuries 
CRAc =  all casualty rate 
 
Remarks to Table 5: 
• Dealing with the casualty data in this statistics 

we have to be careful. The fatalities are accept-
able statistically (as reported from the scene) 
and also the total number of the injuries, but 
their real severity is questionable. The number 
of the serious injury is strongly underestimated. 

• The fatality rates clearly show the essential im-
portance of the SS. If the survival space is 
damaged, the fatality rate is higher with one 
order (15 times) compared to the unharmed SS. 
The rates of the serious injuries show also a 
significant difference (3,5 times higher) 

• On the basis of these statistical data it may be 
said that the casualty risk of intrusions can be 
drastically reduced by the requirement of the 
intact SS, by the required strength of the super-
structure. 

• It is interesting to mention - on the basis of Ta-
ble 5. - that the slight injury rates are not 
closely related to the kind of rollover groups. It 
may be assumed that this type of injuries are 
caused mainly by projection (the inside colli-
sion of the passengers) when they are leaving 
their seats, seating position during the rollover 
process. The main tool to reduce this kind of 
injuries could be the use of seat belts. (It has to 
be emphasized that the seat belt can reduce the 
number of fatalities and serious injuries, too, 
and also the ejection of the passengers.) 

When starting to work with R.66 (in the mid of 
‘70s) one of the most important and long discussed 
question was to find on appropriate standard ap-
proval rollover test. At that time there was no clear 
idea about the PRA-s, but there was a demand for a 
“good” approval test which separates the strong su-
perstructures from the weak ones. Figure 7. shows 
three kind of rollover tests used in Hungary. 
 

 
 
Figure 7.  Different rollover tests, used and pro-
posed by Hungary 
 
This test series gave a good possibility to compare 
their results because the same bus types were used, 
altogether 8 full scale real rollover tests were car-
ried out [4] The most severe test is – producing the 
most severe dynamic impact load on the cantrail – 
the version “c”, which, at first glance seems to be 
the less severe one. Test “b” separated also the 
weak superstructure (see Figure 8.) from the strong 
one. Figure 9 shows the same test with the same 
bus type in which two reinforcing safety rings were 
installed and the survival space remained intact dur-
ing the test, the superstructure did not collapse. But 
the comparison with the test “c” – using the same 
weak and reinforced buses – showed that the rein-
forced bus needed some further reinforcement at 
the rear part of the superstructure ( see Figure 10.) 
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Figure 8. Rollover test with weak super-
structure 

 
Figure 9. Rollover test with reinforced su-
perstructure 

 
 

 
week superstructure 

 

 
reinforced superstructure 

 

Figure 10. Comparison with test “c” 
 
Many real rollover accidents proved the effective-
ness of the recent approval rollover test described in 
R.66. which is the same as the version “c” on Fig-
ure 7. Some examples are shown on the next figures 
Figure 11. shows the result of a rollover accident, 
which happened on a slope very similar to the ver-
sion “b” on Figure 7. after 1,5 rotation. The level 
difference was around 6 m, the superstructure was 
“original”, that means without reinforcement. After 
two steps reinforcement (and approval according to 
R.66) this reinforced bus had a rollover accident on 



  Matolcsy 8. 
   

a slope given in Figure 12. The level difference was 
around 9-10 m, the number of rotation 2 ¼ and after 
this accident no significant deformation could be 
observed on the superstructure. [5] (see Figure 13.) 
 

 
 

Figure 11.  Result of real rollover accident (Su-
perstructure not reinforced) 
 

VO’

 
Figure 12. The scene of the rollover accident 
 
 

 
 

Figure 13. After rollover no significant deforma-
tions 
 
Another bus type – also approved according to R.66 
– may be seen on Figure 14. after a rollover acci-
dent slope, number of rotation ¾, the level differ-
ence is around 5-6 m. An interesting test was pub-
lished by Volvo [6] With an approved bus, having 
the required strength of superstructure a rather se-
vere rollover test was carried out on the slope 

shown on Figure 15. After 3 ¼ rotations – the level 
difference was 17-18 m – the survival space re-
mained intact, the intrusions were avoided. Nine 
dummies were used in this test, 7 of them had 3pts 
safety belt, 2 of them were without belt. The belted 
dummies remained in their seats, (no projection 
type injury) but the two unbelted dummies flew in 
the passenger compartment and had untraceable 
motion. According to our definition, this rollover 
accident is out of the PRA group (more than 2 rota-
tions, more than 10 m level difference) it belongs to 
the severe rollovers. But having the required 
strength of superstructure and wearing seat belt, the 
survival probability of the occupants is strongly in-
creased even in severe rollover accidents, too. 
 
 

 
 

Figure 14.  Rollover accident of an approved bus 
type 
 

 
 

 
 

Figure 15. VOLVO’s rollover test 
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TWO EXAMPLES 
 
Thinking about the severity of rollover accidents, it 
could be interesting to study in details the following 
two accidents. 

 
Figure 16. The path of the rollover 
 
Switzerland, Grand St.Bernard Pass, 17.04.2005 
 
HD tourist coach, 27 occupants on board rolled 
down from a mountain road The result: 12 fatali-
ties, 15 serious injuries, 4 of them were in life dan-
ger. The path of the rollover process is shown on 
Figure16. Next to the road there was a 60-70 m 
long slight slope on which the bus had 6-7 rota-
tions. After that a steeper section came, finally a 20 
m deep rocky precipice completed the path of the 
bus. The final position and the completely collapsed 
roof can be seen on Figure17. Asking the question: 
was it a severe accident? – both approaches give 
positive answer, yes it was. But a detailed study 
proved [3] that if the bus should have had a strong 
superstructure which did not collapse at the first 
impact, the bus could slip away on the slight slope 
and stop before the steeper section. Of course cer-
tain injuries could happen in this case, too, but per-
haps both approaches could say: no, it was not a 
severe accident. 
 

 
 

Figure 17. Final position of the collapsed bus 
 

Hungary, Balatonszentgyörgy, 10.07.2002 
 
The HD tourist coach, 51 occupants on board, run 
into a roundabout with relatively high speed (The 

driver did not recognize the situation, it was gloom, 
night.) After uncontrolled manoeuvre the bus 
turned on its side, slipped away on the double-way 
roundabout 20-25 m and hit the other side of a ditch 
next to the roundabout. (see Figure18.) The roof 
structure completely collapsed as it may be seen on 
Figure19. The result: 20 fatalities, 17 serious inju-
ries and 14 slight injuries. [7] The tip over (turned 
on side) is the less severe rollover based on the 2nd 
approach. But the first approach says, it is a very 
severe accident. But if the superstructure should 
have had the required strength, both approaches 
could say that this is not a severe accident. The 
public opinion says: it is unacceptable that in a 
similar accident (tip over) the casualty rates are so 
high. And that is the goal of the international regu-
latory work: to increase the safety, to avoid this 
kind of results in PRA-s. 
 

 
 

Figure 18. The ditch, in which the bus landed 
 

 
 
Figure 19. The collapsed roof structure 
 
CONCLUSIONS 
 
• The protectable rollover accidents (PRA) in 

which the bus occupants shall be protected may 
be and shall be defined. 

• Every individual rollover accident is strongly 
influenced by the surroundings, the general ge-
ometry of the scene, but the process is similar 
for all bus categories. 
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• The severity of the rollover should be defined 
on the rollover process itself and not on the 
measure (number) of the casualty figures. 

• The survival space concept and the belonging 
existing requirements are very effective. Statis-
tical data prove that the all casualty rate is 3 - 4 
times lower, the fatality rate is lower with one 
order (10 times) when the survival space re-
mains intact in a PRA. 

• There are four important injury mechanisms 
which should be considered enhancing the pas-
senger safety in rollover. The most dangerous 
one is the intrusion, when due to the large scale 
structural deformation structural parts intrude 
into the passenger, or compress them (lack of 
the strength of superstructure) 
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ABSTRACT 
 
The purpose of this research study is to understand 
the mass limits of typical instrument panel (IP) 
components given standard design guidelines for 
head injury risk reduction.  The IP components of 
passenger vehicles are continually changing to 
increase features and quality.  Consequently, these 
changes increase the mass of the IP components.  It 
was hypothesized that, regardless of the mounting, 
certain IP components possess significant inertial 
resistance such that injury risk values may be above 
accepted risk levels without modification to their 
internal structures.  Using the FMVSS201 test 
procedure, multiple IP components from several 
vehicles (n=6) were tested for head injury risk both 
in-vehicle and as isolated suspended systems.  The 
isolated components were tested using a simple 
pendulum setup with the component properly 
oriented and suspended from 2m cables.  The 
component then was impacted with a 6.8kg linear 
head impactor at a velocity of 19.0km/h.  Initial 
results showed that in an isolated state, the injury 
values, both peak and 3ms clip deceleration, 
correspond to as much as 93% of the in-vehicle tested 
values.  From the component and in-vehicle tests, 
work functions based on the component mass were 
developed to replicate the impact event and establish 
mass-based thresholds.  Models studied included 
waveforms comprised of haversine, half-sine, 
triangular, trapezoidal and square functions. A simple 
spring-mass model was also used to characterize the 
impact event.  Initial assessment of the model showed 
the energy associated with an impact to a typical 
4.5kg tuner assembly is great enough to potentially 
exceed the acceptable injury risk values according to 
Federal regulations. Furthermore, integrated 
structures such as air bag modules have a lower mass 
threshold due to their internal stiffness and 
interaction with the IP.  Based on these thresholds, 
some design guidelines to improve the crush 
characteristics of structures such as tuners, HVAC 
controllers, and air bag modules are presented. 
 
 
 

INTRODUCTION 
 
Every year in the United States, over 60% of the 
nearly 40,000 fatalities and 50% of the 2.7 million 
reported injuries are a result of a front directional 
crash [1-World Bank].  In these crashes, there is a 
risk of an occupant’s head striking the instrument 
panel.   
 
In the United States (US), Federal Motor Vehicle 
Safety Standard (FMVSS) 201 imposes regulations 
aimed at limiting the rigidity of the instrument panel 
to provide head impact protection to occupants [2-
FMVSS].  Similarly, in Europe (Economic 
Commission for Europe (ECE) 21.01), Japan 
(TRIAS34-1975), and Australia (Australian Design 
Rules (ADR) 21/00), requirements specify maximum 
injury levels for similar head impact events [3 – ECE, 
4-TRIAS, 5- ADR].    
 
All of the requirements specify an upper limit of 
80g’s for a 3ms continuous time clip.  However, the 
impact speed of the 6.8kg headform varies from 19.0 
to 24.1 km/h, depending on the market.  The 3ms clip 
acceleration represents the typical injury assessment 
reference value (IARV) used for instrument panel 
impact testing. 
 
Regardless of the specific test conditions and impact 
zones, the primary technique used to meet the interior 
impact requirements is to maintain sufficient 
clearance behind instrument panel components (e.g. 
tuner assemblies, HVAC controllers, etc.) to reduce 
head injuries.  However, the increased mass of 
components creates a logical limit where the inertial 
resistance of a component is too great to overcome 
and still meet the prescribed injury thresholds.  
Therefore, these components must be developed to 
absorb energy internally as opposed to translation of 
the overall component.  
 
This paper focuses on establishing mass-based 
thresholds to meet government regulations with 
conventionally mounted designs.  If the thresholds 
are exceeded, then internally stroking designs must 
be used to meet the regulations.   Specific design 
criteria are discussed to illustrate options for the 
construction of these designs. 
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METHODS 
 
For this study, FMVSS 201 test procedures were used 
to study the mass-based implications of various 
components.  The basic test parameters involve a 
6.8kg headform impacting the IP surface at 
19.0km/h. The impactor has a ‘rigid’ aluminum 
hemispherical construction with a 165mm diameter 
and is constrained either linearly or by a radial 
pendulum [2-FMVSS].   
 

 
Figure 1.  Typical configuration for a FMVSS 201 
instrument panel head impact.   
 
 
Head Injury Risk Assessment 
 
The injury judgment criteria is a 3ms continuous clip 
of the headform deceleration.  For this study, the 
focus was on the 3ms clip deceleration, but maximum 
acceleration and loading rates were also investigated.  
Manufacturers typically target a 20% lower than 
regulation value for safety margin.  For this study, an 
industry accepted 3ms clip of 64g’s was used to 
establish the mass-based threshold.   
 
The concept of 3ms clip acceleration tolerance stems 
from the Wayne State Tolerance Curve first 
published in 1971.  In this study head drop tests of 
forty cadaver subjects were conducted to develop 
what is now referred to as the Wayne State Tolerance 
Curve.  The curve is a relationship of peak effective 
acceleration to time and the subsequent injury risk.  
The curve shows that the skull fracture tolerance of 
the human head has an inverse relationship between 
acceleration and time for injury risk.  The human 
skull can sustain equally either a high-acceleration 
for a short duration or a lower-acceleration for a 
longer duration [6-Hodgson].   
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Figure 2: Wayne State Tolerance Curve depicting 
HIC1000 and the margin the 3ms, 80g IARV 
entails. 
 
The 3ms clip IARV of 80g is clearly within the 
HIC1000 curve.  Further, for a head contact event in 
which the head strikes the instrument panel, the time 
duration is typically below any range in which the 
HIC1000 tolerance curve would be exceeded. 
 
Vehicle Testing of Tuner Assemblies 
 
A variety of historical tests for impacts to the center 
of tuner assemblies were compared to establish an 
average jerk (g/ms) for a basic tuner construction 
design.   Figure 3 shows that the average jerk for the 
tuner assemblies tested is 56g/ms.  These tuners used 
conventional structures targeting a stroking unit 
mounted with deformable brackets.   The mass of the 
tuner assemblies varied from 2.20 to 5.15kg.  
 

Figure 3.  Acceleration versus time for a variety of 
tuner assembly impacts from various vehicles 
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Isolated Tuner Tests 
 
A series of five impact tests were performed with the 
headform striking suspended tuner assemblies of 
various masses [Figure 4, 5].  The tuners were 
suspended from a 2m cable and impacted at a 
velocity of 19.0km/h with a 6.8kg headform impactor.  
The suspended tuners were impacted normal to the 
faceplate and in line with the center of gravity of the 
unit.  The target point of the tuners corresponded 
(<10mm) with the geometric center of the faceplate.  
Headform acceleration was measured and processed 
according to SAE J211 [7-SAEJ211].       
 

 
 
Figure 4. Setup of the isolated tuner test with the 
tuner suspended forward of a padded backplate to 
control the event after the initial impact. 
 

 
Figure 5. Setup of isolated tuner test with the 
impactor loading through the center of gravity. 
 
The tuners were also tested in-vehicle at the same 
relative angle and location.  The comparison of 
component and in-vehicle tests showed linear 

correlation as high as 95%.  Figure 6 shows one 
example comparing the in-vehicle test to isolated 
tuner test.  This example illustrates a correlation of 
(R2 = 0.82) between the tests.   
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Figure 6.  Overlay of tuner acceleration-time trace 
for the in-vehicle and component level impact test. 
 
A review of the injury risk prediction values reveals 
that the isolated tuner assembly test represents a 
significant portion of the in-vehicle test.  For the five 
tuners tested, the component test accounted for an 
average of 80% of the overall response measured in 
the vehicle test [Figure 7].  This suggests the tuner 
assembly inertia and stiffness account for the 
majority of the deceleration event, regardless of the 
in-vehicle mounting used for these particular 
conditions. 
 

 
Figure 7. Comparisons of 3ms clip and peak 
acceleration for in-vehicle and isolated component 
level tests.   
 
Various Acceleration-Time Curve Waveforms  
 
Based on the controlled input of the headform and 
mass of the impacted object, there exists a finite 
amount of energy available in the system.  For this 
study, several waveforms were examined for their 
correlation to the measured performance of the head 
impact to tuner assembly.  By examining these 
various models, it is possible to understand the upper 
and lower limits of what may be seen in actual 
vehicle testing.  The waveforms studied included the 
following [Figure 8]: 
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�Square: Perfect ideal response to impact (infinite 
jerk to a 3ms peak value).  This form represents the 
maximum 3ms clip for a given energy input. 
�Triangular: Isosceles triangle response with ramp 
up/down rates equal to average onset from previous 
discussed vehicle tests.  
� Trapezoid: Trapezoidal response with ramp 
up/down rate equal to the average jerk from vehicle 
tests and plateau 3ms in duration. 
� Half Sine: Half period of sine wave with peak 
acceleration equal to that predicted by the component 
mass tests of the previous discussed tests. 
� Haversine: Full period of shifted cosine wave with 
peak acceleration equal to that predicted by the 
component mass tests of the previous discussed tests. 
 

 
Figure 8: Various wave profiles for the energy 
transfer associated with a 4.0kg impacted mass 
given a 19.0km/h head impact. 
 
For all the waveform profiles, the inputs by the 
headform remained constant for both mass and 
velocity.  Further, the work done on the mass by the 
impactor was held constant for each mass, and the 
3ms clip prediction subsequently calculated.  Based 
on the mathematical models, the mass versus 3ms 
clip injury prediction was established [Figure 9].  The 
range of predictions for the various models was 
significant.    
 

 
Figure 9: Relationship of component mass and 
3ms clip acceleration for various wave profiles.   

Dynamic Spring-Mass Model 
 
A simple spring-mass model was used to establish 
the effects of varying the component mass given a 
constant input [Figure 10].  Given the input of a 
6.8kg, 19.0 km/h headform, the mass of the 
component was varied from 2.0 to 6.0kg to establish 
a trend of mass versus injury risk.  The spring 
stiffness was held constant and corresponded to the 
56g/ms average jerk in the tuner impacts.  In terms of 
stiffness, this is equivalent to 375N/mm.   
 
 

 
Figure 10. Spring-mass model used to relate the 
impacting headform to components of varying 
mass. The spring stiffness was held constant.   
 
Using numerical integration, the dynamics of both 
the headform and tuner were calculated.  Figure 11 
shows the acceleration vs. time profiles of various 
component masses.  From these time profiles, the 
subsequent injury risk potential (3ms clip) of the 
events for the various masses are presented [Figure 
12].  For the mass range of interest, the injury risk 
prediction increases as the mass of the tuner is 
increased as originally hypothesized. 
 

 
Figure 11. Predicted acceleration-time profile of 
various component masses.   
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Figure 12. Injury predictive threshold of the 
spring-mass model used to relate the impacting 
headform to components of varying mass. The 
spring stiffness was held constant.   
 
 
RESULTS / DISCUSSION 
 
Correlation of Predictive Models 
 
The comparison of the tuner impacts to the various 
waveform models showed the effectiveness of the 
models to both correlate the acceleration-time profile 
as well as the overall 3ms clip acceleration.   For the 
five tuners studied, the haversine function correlated 
the strongest to the measured acceleration for actual 
tuner impacts [Figure 11].  The example shown in 
Figure 11 is for one of the 3.15kg tuner assemblies.  
The correlation varied dramatically between 
waveform models, but the haversine function had the 
highest correlation value (R2 = 0.93) [Figure 12].  
 

 
Figure 11: Acceleration-time relation of the 
waveform prediction models and the actual 
component tuner impact test.     
 

Figure 12: Correlation of the 3.15kg tuner impact 
to the various waveform prediction models and 
the error in 3ms clip prediction.   
 
The predictive models and the actual in-vehicle tuner 
impacts were compared to establish the overall best 
predictors for the 3ms clip IARV [Figure 13].  The 
square wave and trapezoidal wave significantly over 
predicted the 3ms clip injury risk and can be 
disregarded as unrealistic.  The triangular wave was 
the best model predictor to the in-vehicle tuner 
impacts in terms of 3ms clip prediction.  Based on 
this model, a 5.0kg threshold is predicted as the mass 
at which there is inertial resistance to fail the IARV 
with 20% margin.  
 

 
Figure 13: Correlation of tuner impacts compared 
to the predictive waveform models.   
 
A slightly more conservative model compared to the 
triangular waveform would be either the half sine or 
spring-mass model.  The mass threshold for these two 
models is 4.25kg given the 20% margin to the 
regulation.  
 
Mass Based Threshold Predictions  
 
Center Stack Components 
 
A review of the predictive models used in this study 
show that the mass threshold of center stack 
components is between 4.25 – 5.0kg.  This assumes a 
tuner assembly that is mounted to deformable 
brackets and the components can stroke into the 
instrument panel during impact  At 4.0kg, the 3ms 
event is completed at 5.5ms according to the spring-
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mass model, but the headform has displaced 11mm 
[Figure 14].  
 

 
Figure 14: Relation of headform acceleration and 
displacement and the tuner displacement as a 
function of time. 
 
As a conservative approach, the mass-based threshold 
for center stack components can be set as 4.5kg.  
Below this threshold, the ability to translate an 
instrument panel component is feasible given a 
representative stiffness, mounting structure, and 
clearance within the instrument panel to stroke.  
However, above this mass, the component must be 
designed with lower crush stiffness in order to 
internally displace and absorb the impact energy.  At 
these higher masses, the injury risk portion of the 
event is over before the component strokes a 
significant amount.   
 
Air Bag Modules 
 
A similar investigation was carried out using impacts 
to the instrument panel over the passenger air bag 
module.  Similar requirements exist for this area 
compared to tuner assemblies.   
 
Typical designs by manufacturers involve either (1) 
crushable air bag module housings or (2) positioning 
the air bag below the instrument panel surface with 
sufficient stroke to absorb the impact before air bag 
module contact.  With the latter design, a chute is 
applied to guide the air bag up and through the 
instrument panel surface.   
 
To study the ability to translate the air bag module, 
CAE was conducted to measure the effects of the 
mounting brackets for a particular air bag assembly 
[Figure 15].  In this example, the air bag is mounted 
directly below the instrument panel surface and 
weighs 2.2kg.  The brackets in the model were 
deleted to illustrate the inertia versus mounting 
effects of the system.  The results for this study 

showed, like the tuner, the air bag module’s mass is 
responsible for the majority of the impact event 
[Figure 16].  The 3ms clip acceleration for the 
condition with the brackets removed was 93% of the 
normal construction with brackets attached.  
Similarly, the peak acceleration was 92% of the 
normal condition and the overall correlation was R2 = 
0.95.  
 

 
Figure 15: Instrument panel section showing the 
instrument panel as designed, and the brackets 
removed to compare the inertial and mounting 
effects. 
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Figure 16: Comparison of the head impact to air 
bag module with and without mounting brackets.   
 
By conducting an analysis similar to the center stack 
components predictive tool, a mass threshold of 2.5 
kg can be set for airbag modules of comparable 
stiffness and mounting.  The reduced mass threshold 
for the airbag module is a direct result of both the 
component stiffness and the interaction with IP 
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substrate, which engages more of the IP mass than 
the center stack components. 
 
CONCLUSIONS 
 
It was originally hypothesized that regardless of 
mounting, certain IP components possess significant 
inertial resistance such that injury risk values may be 
above accepted risk levels without modification to 
their typical internal structures.  This study has 
confirmed this belief as well as established mass-
based thresholds for typical instrument panel 
components. 
 
For tuners and other types of center stack 
components (e.g. HVAC controllers, NAVI screens, 
etc), the predictive models show a limit at 4.5kg for 
maintaining a reasonable (20%) margin to the 
regulation.  Above this level, the potential for 
excessive injury risk is high and the predictive model 
quickly elevates the 3ms clip estimation.  For all the 
mass-based criteria, the mass of the tuner, brackets, 
and any other combine parts such as HVAC 
assemblies must be considered.   
 
Alternatively, structures such as air bags which mesh 
with the overall IP surface and subsequently acquire 
more mass and stiffness from the surrounding 
structure have a considerably lower mass threshold of 
2.5kg for the specific module analyzed.   
 
Design Alternatives 
 
The IP components of passenger vehicles are 
continually changed to increase features and quality, 
which consequently increases the mass of these 
components.  While continuing to apply additional 
features and the subsequent mass, new approaches to 
complying with regulations are necessary.  If the 
ability to remove mass or relocate components 
without compromising content is not feasible, 
alternative structures must be developed.   
 
For tuner assemblies, if the mass exceeds 4.5kg, the 
tuner could be designed with reduced stiffness and 
compartmentalized into secondary components to 
avoid overall part translation.   
 
Airbag modules typically can be designed to crush 
and absorb energy while still meeting deployment 
requirements.  Due to packaging limitations, if the 
airbag module must be mounted directly beneath the 
IP skin or near the skin, the housing must be designed 
to absorb the impact energy in a controlled manner.   
 

Using the aforementioned design techniques, 
functionality or quality does not need to be sacrificed 
to meet head impact requirements.  
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ABSTRACT 
 
This paper describes a step-by step process for the 
development of test procedures for pre-production 
driver assistance systems. The process begins with a 
detailed engineering description of system 
performance and utilizes a universal description of 
the causal factors and resulting crash types as the 
foundation for a detailed analysis of crash data. The 
process ends with a set of objectives test procedures 
that can be applied to pre-production driver 
assistance systems that address lane-keeping/road 
departure performance. The quantitative estimates 
were obtained from national crash databases, namely, 
2004 General Estimating system (GES) and 2004 
Fatality Analysis Reporting system (FARS).  There 
were 10,945,000 vehicles involved in crashes in 
2004, of which 1,114,000 and 977,000 vehicles were 
involved in multi-and single-vehicle lane-keeping/ 
road-departure type crashes, respectively. Other 
factors such as trafficway flow, alignment, curvature, 
and speed were also analyzed to determine 
appropriate test conditions.  
 
The results provide separate test conditions for 
single-and multi-vehicle crashes. The tests for multi-
vehicle crashes include testing vehicles traveling in 
both directions; same and in opposite directions. 
Tests for vehicles traveling in the same direction 
involve driving that simulates undivided multi-lane 
roads. Testing for vehicles traveling in opposite 
directions involves driving that simulates both 
straight and curved two-lane undivided roadways.  
Single-vehicle crashes involve one test that 
represents a curved two-lane undivided highway with 
a narrow shoulder and another that represents a 
multi-lane undivided highway with a shoulder having 
a parked vehicle. All tests involve a driver traveling 
at speeds between 30 and 50 mph.  
 
This is the first application of the new crash-analysis-
based process for developing test procedures. 
Additional challenges in performing the tests and 

using the results to estimate crash avoidance benefits 
are not discussed in detail in this paper 
 
INTRODUCTION 
 
As new safety-related technologies are introduced 
into motor vehicles, there is a need to be able to 
assess the safety impact prior to production. Meeting 
this need requires new evaluation procedures. This 
paper addresses one aspect of a new methodology 
that is being developed for this purpose. The overall 
methodology is summarized in Figure 1. The 
complete development and methodology is contained 
in a forthcoming report [1]. 
 
Each of the rectangles in Figure 1 represents an 
activity and each parallelogram represents an output. 
The overall process begins with the identification of a 
candidate system or technology. The intermediate 
steps or activities create a database that is then used 
in the final activity to estimate the safety benefit 
(reductions in the number of crashes, injuries and 
fatalities). 
 
The activities in this methodology include: 
 
Activity 1. Describe the system design and performance. 
 
The output of this activity is a detailed engineering 
description of the system and its performance. The 
performance description from this activity is the 
starting point for the remainder of the process. 
 
 
 
  
 
 

 
 
 



                 Burgett 
 
 

2

 
 
 

Figure1.  Flowchart for NHTSA system assessment process. 
 
 
Activity 2. Analyze GES and other crash data files. 
 
The complete picture of the chain of events for each 
vehicle in the GES file (critical event, driver 
response, first harmful event) is summarized in Table 
1. The Universal Description provides a high-level, 
but complete picture of crashes, the critical events 
that precede crashes, and how drivers try to prevent 
the crash. In this activity, variables and data elements 
are identified based on the performance description 
from Activity 1. The analyses in this activity are the 
foundation for most of the other activities. 
 
Activity 3.  Analyze real-world data such as naturalistic 
driving and field operational tests.  
 
In this activity, data from naturalistic driving studies 
are analyzed to determine the level of exposure of 
critical events.  The level of exposure from 
naturalistic driving data complements the results 
from analysis of the crash data files.  These results 
are used for refining test conditions and for providing 
the baseline for estimating benefits.   
 
Activity 4.  Develop Relationships between Measures of 
Performance and Measures of Effectiveness. 
 
The linkage between Measures of Performance from 
objective tests and Measures of Effectiveness is a key  
 

 
element of the benefit estimation process and 
quantifies how the system will assist drivers. 
 
Activity 5.  Develop Appropriate Objective Tests. 
 
In this activity, test conditions for the system are 
developed.  This activity is tightly coupled with 
Activity 2; and in practice, these two activities will 
probably be done simultaneously. 
 
Activity 6.  Perform tests. 
 
In this activity, the tests developed in Activity 5 will 
be performed.  The outcomes from these tests will 
include the Measures of Performance that are 
identified in Activity 4. 
 
Activity 7.  Analyze results from tests and estimate 
benefits. 
 
This activity consolidates results from all of the 
preceding activities into the estimation of benefits.  
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Table 1. 
Universal description: Showing the pre-crash critical event, crash avoidance maneuver, and type of crash 

for each crash-related vehicle (Imputed values from GES 2004) 
 

Critical Event 

                     First Harmful  
Avoidance              Event 
 Maneuver 

Non-
Collision 

Collision with 
 non-fixed 
object 

Collision 
with fixed 
object Total 

No maneuver 99,000 54,000 262,000 415,000 

Braking 22,000 46,000 71,000 139,000 

Steering 38,000 16,000 47,000 101,000 

Braking and steering 5,000 2,000 7,000 14,000 

Accelerating/Others 0 0 2,000 2,000 

Subject vehicle 
 loss of control  
  
  
  
  Total 164,000 118,000 389,000 671,000 

No maneuver 25,000 2,284,000 195,000 2,504,000 

Braking 6,000 215,000 44,000 265,000 

Steering 64,000 109,000 89,000 262,000 

Braking and steering 3,000 12,000 7,000 22,000 

Accelerating/Others 1,000 26,000 2,000 29,000 

Action by subject  
vehicle  
  
  
  
  Total 99,000 2,646,000 337,000 3,082,000 

No maneuver 2,000 3,064,000 1,000 3,067,000 

Braking 3,000 721,000 6,000 730,000 

Steering 7,000 199,000 18,000 224,000 

Braking and steering 2,000 64,000 6,000 72,000 

Accelerating/Others 0 21,000 0 21,000 

Action by another vehicle  
in subject vehicle�s lane  
  
  
  
  Total 14,000 4,069,000 31,000 4,114,000 

No maneuver 3,000 1,413,000 1,000 1,417,000 

Braking 7,000 482,000 6,000 495,000 

Steering 21,000 395,000 79,000 495,000 

Braking and steering 4,000 80,000 6,000 90,000 

Accelerating/Others 1,000 11,000 1,000 13,000 

Encroachment by  
another in subject 
 vehicle�s lane  
  
  
  Total 36,000 2,381,000 93,000 2,510,000 

No maneuver 0 60,000 0 60,000 

Braking 0 30,000 0 30,000 

Steering 0 12,000 1,000 13,000 

Braking and steering 0 7,000 2,000 9,000 

Accelerating/Others 0 1,000 0 1,000 

Pedestrian and other  
non-motorist 
  
  
  
  
  Total 0 110,000 3,000 113,000 

No maneuver 2,000 217,000 2,000 221,000 

Braking 1,000 91,000 2,000 94,000 

Steering 13,000 70,000 42,000 125,000 

Braking and steering 0 11,000 3,000 14,000 

Accelerating/Others 0 1,000 0 1,000 

Object or animal  
  
  
  
  Total 17,000 390,000 48,000 455,000 

Grand Total   330,000 9,716,000 899,000 10,945,000 
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FOUNDATION FOR OBJECTIVE TESTS 
 
The analysis in this paper addresses driver assistance 
systems that help drivers in lane change/ road 
departure situations. The analysis uses GES data and 
forms the foundation for defining objective tests. The 
methodology for developing objective tests that can 
be used to establish the safety-related performance of 
driver-assistance systems builds on data from crash 
data files. The process consists of the following three 
steps: 
  
1. Select the subsets of the Universal Description   

that are relevant to the safety performance of the 
system being evaluated.  

 
2. Consolidate the analysis of these subsets into 

basic test conditions.   
 
 
3. Refine the test conditions, including 

consideration of distributions of crashes, injuries, 
and fatalities. 

 
Step#1.  Select the subsets of the Universal 
Description that are relevant to the safety 
performance of the system being evaluated. 
 
The process for identifying test procedures for lane-
keeping/road departure systems begins with a 
detailed analysis of critical events that precede these 
crashes. 
 
From the Universal Description, the following groups 
of the Critical Event (GES Variable V26) data 
elements have the potential of producing a lane-
keeping/road departure-related crash [2,3,4].  Thus, 
they form the basis for identifying potential test-
conditions. The numbers beside each data element 
are the SAS Code value. 
 
• Subject vehicle loss of control: 

 6; Traveling too fast for conditions 
• Action by subject vehicle: 

10; Over the lane line on left side of travel 
lane 
11; Over the lane line on right side of travel 
lane 
12; Off the edge of the road on the left side 
13; Off the edge of the road on the right side 

 15; Turning left at intersection 
 16; Turning right at intersection 
 

• Action by another vehicle in subject vehicle�s 
lane: 
 50; Other vehicle stopped  

 51; Traveling in  same direction with lower 
steady speed 
52; Traveling   in the same direction while 
decelerating 
53;Traveling in same direction with higher 
speed 

 54;Traveling in opposite direction 
• Encroachment by another vehicle into subject 

vehicle�s lane: 
60; From adjacent lane (same direction) over 
left lane line 
61; From adjacent lane (same direction) over 
right lane line 
62; From opposite direction over left lane 
line 
63; From opposite direction over right lane 
line 

 64; From parking lane 
74; From entrance to limited access highway 

• Pedestrian/animal etc: 
80-92; All pedestrian and animal data 
elements 

Similarly, the major First Harmful Events (GES 
Variable A06 )  that are likely outcomes of lane or 
road departure events  are: 
 
• Non-collision 

 1; Rollover/Overturn 
• Collision with non-fixed object 

 25; Motor vehicle in transport 
 21, 22, or 24; Pedestrian, cyclist, or animal 
 26; Parked motor vehicle 

• Collision with fixed object 
 31-59; All fixed objects 

 
Step #2.  Consolidate the subsets into basic test 
conditions. 
 
In this section, crashes that result from these critical 
events are assessed to determine common 
characteristics.  One obvious feature of these events 
is that the critical events lead to both multi-vehicle 
crashes and single-vehicle crashes.  The predominant 
features of these two types of crashes are not the 
same, so they are analyzed separately in the 
following sections. 

  
     Multi-vehicle crashes - This section addresses 
critical events that lead to lane-keeping/ road-
departure-related multi-vehicle crashes. The starting 
points for the analysis of multi-vehicle lane-
keeping/road-departure-related crashes are those 
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vehicles that were traveling too fast for conditions, 
plus the two groups of vehicles that experienced a 
critical event where there was excursion into another 
lane or encroachment by another vehicle from an 
adjacent lane and the first harmful event was 
collision with another moving vehicle. 
 
A multi-vehicle crash is any crash that involves two 
or more vehicles. Each vehicle involved in a multi-
vehicle crash interacts with one or more other 
vehicles during the crash. However, the data are not 
coded in a way that makes it possible to determine 
the details of these inter-vehicle combinations. This 
complicates more detailed analysis. To circumvent 
this problem, the following analysis uses only two-
vehicle crashes. Also, since the objective of the 
analysis is to provide data for determining possible 
test procedures, the use of only two-vehicle crashes is 
justified. This judgment is supported by the fact that 
in this subset of crashes, more than two vehicles 
account for only 6% of the crashes, as is seen in 
Table 2. 

Table 2. 
Distribution of critical events leading to lane 
keeping/road-departure-related multi-vehicle 

crashes (Unimputed) 
 

Critical Event (V26) 

Two 
vehicle 
crashes 

Greater 
than two- 
vehicle 
crashes  Total 

Excessive Speed (6) 17,000 2,000 19,000 
Over the lane line 
 on the left side (10) 143,000 5,000 148,000 
Over the lane line 
 on the right side (11) 93,000 3,000 96,000 
Off the edge of the  
road on the left side(12) 2,000 0 2,000 
Off the edge of the  
road on the right 
side(13) 2,000 0 2,000 
Turning left  
at intersection (15) 207,000 10,000 217,000 
Turning right  
 at intersection (16) 23,000 1,000 24,000 
From adjacent lane 
 (same direction)  
over the left lane (60) 117,000 11,000 128,000 
From adjacent lane  
(same direction) over 
the right lane (61) 119,000 9,000 128,000 
From opposite direction 
over  the  
left lane line (62) 228,000 23,000 251,000 
From opposite direction  
over the right lane line 
(63) 3,000 1,000 4,000 

Total * 956,000 64,000 1,019,000 

The description of the situation for each of the 
vehicles that experience a two-vehicle crash can be 
improved by comparing the critical event for both 
vehicles. This is accomplished in Table 3.  

Legend for Table 3 and Table 4 
 

Critical  
Event  
Number Critical Event data element 

6 Excessive speed  

10  Over the lane line on the left side  

11 Over the lane line on the right side  

12 Off the edge of the road on the left side 

13 Off the edge of the road on the right side 

15 Turning left at intersection 

16 Turning right at intersection 

60 
From adjacent lane (same direction) over 
the left lane  

61 
 From adjacent lane (same direction) over 
the right lane  

62 
 From opposite direction over the left lane 
line  

63 
From opposite direction over the right lane 
line  

 

In Table 3 there are three broad combinations of 
critical events that describe the lane departure 
scenario: 

• One vehicle exceeding a safe speed and the 
other is encroaching across a lane line( one 
vehicle is coded as 6 and the other is coded 
as 60-63) 

• Both vehicles are encroaching across a lane 
line ( both vehicles are coded as either 10-16 
or 60-63) 

• One vehicle is encroaching over a lane line 
and that encroachment is reflected in the 
critical event for both vehicles ( one vehicle 
is coded as 10-16 and the other is coded as 
60-63 

 
From Table 3 it is seen that several combinations 
describe unattainable circumstances like 
combinations of 60 and 10 and the presence of code 
63. Other combinations are intersection crashes 
where the vehicles are turning or traveling in 
opposite directions that do not include a relevant 
lane-crossing. These combinations are excluded from 
further consideration. 
 
 

 
 

* The number of vehicles in Table 2 is based on unimputed values for the respective critical events, 
rather than the imputed values used in the Universal Description. 
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Table 3. 
Distribution of critical events for all two-vehicle lane-keeping/road-departure-related crashes. 

 (Unimputed) 
 

This vehicle…  Other vehicle…   Vehicle 2 

 

Vehicle 1 6 10 11 15 16 60 61 62 63 

Grand  

Total 

6 0 0 0 0 0 6,000 4,000 17,000 0 27,000 

10 0 6,000 5,000 1,000 0 

 

8,000 125,000 57,000 1,000 203,000 

11 0 4,000 1,000 0 0 120,000 4,000 3,000 0 132,000 

15 0 2,000 1,000 4,000 1,000 6,000 26,000 258,000 1,000 299,000 

This 

vehicle..  

 

 

 

  16 0 0 0 2,000 1,000 23,000 2,000 1,000 2,000 31,000 

60 2,000 

 

3,000 44,000 2,000 11,000 

 

2,000 3,000 1,000 0 68,000 

61 1,000 48,000 1,000 17,000 1,000 2,000 2,000 0 0 73,000 

62 3,000 19,000 1,000 88,000 1,000 0 0 1,000 0 113,000 

Other 

vehicle.. 

  

  

  63 0 1,000 1,000 1,000 0 0 0 0 0 3,000 

  

Grand 

 Total 6,000 83,000 54,000 115,000 15,000 170,000 167,000 341,000 4,000 948,000 

 
Table 4. 

Distribution of critical events for all two-vehicle lane-keeping/road-departure-related crashes. 
Excludes irrelevant and inconsistent data (Unimputed) 

 
This vehicle…  Other vehicle…   Vehicle 2 

 
Vehicle 1 6 10 11 15 16 60 61 62 63 

Grand  
Total 

6 0 0 0 0 0 6,000 4,000 17,000 0 27,000 

10 0 6,000 5,000 1,000 0 
 
     * 125,000 57,000 * 194,000 

11 0 4,000 * 0 0 120,000 * * 0 124,000 

15 0 2,000 1,000 
 

* 
 

* 6,000 25,000 
 

* * 34,000 

This 
vehicle.. 
  
  
  
  16 0 0 0 

 
* 

 
* 22,000 2,000 

 
* * 24,000 

60 2,000 
  
    * 44,000 2,000 11,000 

  
    * 3,000 * * 62,000 

61 1,000 48,000 * 17,000 1,000 2,000 * 0 * 69,000 

62 3,000 19,000 * 
 
* 

 
* 0 0 1,000 * 23,000 

Other 
vehicle.. 
  
  
  63 0 0 0 * 0 0 * * * 0 

  
Grand 
 Total 6,000 79,000 50,000 20,000 12,000 156,000 159,000 75,000 0 557,000 

 
Table 4, with the excluded combinations marked by 
the * ,  summarizes the critical events for each of the 
two vehicles in these crashes where at least one of the 
vehicles has a critical event of crossing a lane line or 
road edge. Each cell in this table represents the basic 
outline of a test procedure.  The number of vehicles  
from the GES in each cell is a measure of the 
importance of that test procedure. From Table 4 it is  

 
seen that there are eight vehicle configurations that 
produce multi-vehicle lane-keeping/road-departure 
related crashes.  
 
These lane-keeping / road departure related critical 
events that lead to two-vehicle crashes are 
summarized (in rank order) in Table 5.  
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Table 5. 
Distribution of all vehicles involved in two 

vehicle lane-keeping/road-departure-related 
crashes placed in their descending rank order 

(Unimputed) 
 

Critical events that lead to 
two vehicle crashes 

Number  
of vehicles 

Percentage%
 

This vehicle over the lane  
line on the left side (10) 273,000 25% 
Other vehicle encroaching 
 from adjacent lane (same 
direction)  
over the right lane (61) 228,000 20% 
Other vehicle encroaching  
from adjacent lane (same 
direction) 
 over the left lane (60) 218,000 20% 
This vehicle over the lane 
 line on the right side (11) 174,000 16% 
Other vehicle encroaching 
 from opposite direction over 
 the left lane line (62) 98,000 9% 
This vehicle turning left  
at intersection (15) 54,000 5% 
This vehicle turning  
right at intersection (16) 36,000 3% 
This vehicle, 
 excessive speed (6) 33,000 3% 

Total 1,114,000 100% 
 
Table 6 organizes these events by actions that were 
taken by each vehicle. 

Table 6.  
Summary table of combination of critical events 
involving encroaching vehicles for lane-keeping / 

road-departure-related crashes (Unimputed) 
 

Critical event 
situations 

Encroach 
vehicle 

Vehicle going 
straight Total 

Over the lane line on the left side (same direction)  
Excessive speed 5,000 5,000 10,000 

No Excessive speed 221,000 221,000 442,000 
Other vehicle over 
 the lane line 14,000 - 14,000 

Over the lane line on the right side ( same direction) 
Excessive speed 8,000 8,000 16,000 

No Excessive speed 206,000 206,000 412,000 
Other vehicle over  
the lane line 14,000 - 14,000 

Over the lane line on the left side (opposite direction)  
Excessive speed 20,000 20,000 40,000 

No Excessive speed 76,000 76,000 152,000 
Other vehicle  
over the lane line 14,000 - 14,000 

Total 577,000 537,000 1,114,000 

 
In summary, the lane-keeping/road-departure-related 
situations that lead to two-vehicle crashes are: 
 
• Over the lane line on the left side (same direction)  

• Without excessive speed 
• With excessive speed 
• Coincident with encroachment by the other 

vehicle 
 

• Over the lane line on the right side (same direction) 
• Without excessive speed 
• With excessive speed 
• Coincident with encroachment by the other 

vehicle 
 

• Over the lane line on the left side (opposite direction) 
• Without excessive speed 
• With excessive speed 
• Coincident with encroachment by the other 

vehicle 
 

       Single-vehicle crashes - This section addresses 
critical events that lead to single-vehicle crashes.  For 
the purposes of determining meaningful test 
conditions, not all of these combinations of events 
will be considered.  Most of the events that lead to 
Collisions with Non-fixed Objects such as Motor 
Vehicle in Transport, Pedestrians, Railway Trains 
and Animals are not a relevant group. However, 
Collision with a Parked Motor Vehicle is a relevant 
combination.  For this reason, this subgroup is the 
only one from this category that has been included 
for further analysis. 
 
A summary of the relevant combinations of critical 
event and single-vehicle first harmful event is 
presented in Table 7. 
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Table 7. 

Distribution of critical events that lead to single-vehicle lane-keeping/road-departure-related 
crashes subdivided by their first harmful events (Unimputed) 

 
  First Harmful 

Event (A06) 
 
Critical  
Event (V26)  Rollover 

Parked  
vehicle 

 
Collision 
with fixed 
object Grand Total 

This vehicle, excessive speed (6) 44,000 11,000 267,000 322,000 

This vehicle over the lane line on the left side (10) 2,000 23,000 8,000 33,000 

This vehicle over the lane line on the right side (11) 1,000 87,000 8,000 96,000 

This vehicle off the edge of the road on the left side (12) 11,000 9,000 106,000 126,000 

This vehicle off the edge of the road on the right side (13) 20,000 30,000 201,000 251,000 

Other vehicle stopped in lane (50) 1,000 3,000 6,000 10,000 
Other vehicle traveling in lane in the same direction with lower  
steady speed (51) * * 2,000 2,000 
Other vehicle traveling in lane in the same direction while 
decelerating (52) 2,000 * 10,000 12,000 

Other vehicle traveling in lane in the opposite direction (54) 1,000 * 4,000 5,000 
Other vehicle encroaching from adjacent lane (same direction) 
over the left lane (60) 1,000 1,000 15,000 17,000 
Other vehicle encroaching from adjacent lane (same direction) 
over the right lane (61) 3,000 * 16,000 19,000 
Other vehicle encroaching from opposite direction over the left 
lane (63) 2,000 2,000 22,000 26,000 

Pedestrian/Pedalcyclist/Animal/Object (80-92) 8,000 3,000 47,000 58,000 

Grand Total 96,000 169,000 712,000 977,000 

*  Cells containing no data 

This leads to the following six primary conditions 
that represent events that lead to single-vehicle lane-
keeping/road-departure-related crashes. 

Inappropriate action by the driver: 
• Excessive speed 
• Traveling Over the Lane Line 
• Traveling off the edge of the road 
 
Outside influence on driving conditions 
• Another vehicle in the same lane 
• Encroachment by another driver 
• Encroachment by pedestrian, animal, etc. 
  

The distribution of these crashes is shown in Table 8. 

 
 
 
 
 
 
 
 
 
 

Table 8. 
Distribution of conditions that lead to a single-
vehicle lane-keeping/road-departure-related 

crash, shown by total and percentage (Unimputed) 
 

Single-vehicle crash 
 basic test conditions Total Percentage 
Traveling off the  
edge of the road (12,13) 377,000 39%

Excessive Speed (6) 322,000 33%
Traveling Over 
 the Lane Line (10,11) 129,000 13%
Encroachment by  
another driver (60,61,63) 62,000 6%
Encroachment by  
pedestrian, animal, etc (80-92) 58,000 6%
Another vehicle in the 
 same lane (50,51,53,54) 29,000 3%

Grand total 977,000 100%
 
Summary of Step 2 
The analysis during this step for the lane-keeping / 
road-departure system has identified 15 test 
conditions that are candidates for inclusion in the test 
program. Nine of these lead to multi-vehicle crashes 
and six of them lead to single-vehicle crashes. 
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Step #3. Refine test conditions using GES data. 
 
In this step, several measures are used as the basis for 
developing more detailed test procedures.  These 
measures include the type of roadway, the driver�s 
crash avoidance maneuver, curvature of the road, and 
the distribution of traveling speed. As in Step 2, 
multi-vehicle crashes are treated separately from 
single-vehicle crashes. 
 
    Multi-vehicle crashes -For the purpose of 
facilitating the process of analysis, the discussion in 
this section is limited to two-vehicle crashes. 
 
• Travel Speed 
The details of traveling speed are summarized in 
Figure 2 [Two-vehicle, speed distribution].  There is 
insufficient data to obtain a meaningful distribution 
of speed for the conditions where one vehicle is 
encroaching and is traveling at excessive speed.  The 
distributions of travel speed for the other four 
conditions are shown in this figure.  It can also be 
seen that the distribution of travel speed is essentially 
the same for both vehicles. Based on these data and 
the need to address situations that produce significant 
injury, the 80 percentile speed is used as the basis for 
the two-vehicle test conditions.  This is 
approximately 40 mph for all four situations.  Note 
that in the opposite direction, this means that both 
vehicles are traveling at 40 mph. Other research [7] 
has shown that overtaking vehicles in the adjacent 
lane are a common element of lane change crashes. 
Thus, the speed of the confederate in the same 
direction tests should be higher than the subject 
vehicle. 

 
 
Figure 2.   Speed distribution for two-vehicle lane-
keeping/road departure -related crashes. 

• Traffic way 
From the distributions of traffic way for the two-
vehicle crash data, situations where both vehicles are 
traveling in the same direction are evenly divided 
between undivided traffic ways and multi-lane 
divided traffic ways.  However, the situations where 
the vehicles are traveling in opposite directions occur 
predominantly (greater than 80 %) on two-lane 
undivided traffic ways.  Thus, the conclusion is that 
the test conditions should reflect two-lane undivided 
traffic ways for the test in opposite directions and 
should reflect both undivided and divided traffic 
ways in the tests traveling in the same direction. 
However, the lane configurations for multi-lane 
undivided and divided are similar, so there can be a 
single test for vehicles traveling in the same 
direction. 
 
• Corrective Action 
There is limited data in GES on the corrective action 
taken by each of the drivers.  However, based on 
these data, it appears that more drivers take corrective 
action when the vehicles are traveling in opposite 
directions than when they are traveling in the same 
direction.  These results are summarized in Table 9.  
Based on these results, the test conditions need to 
accommodate systems that address the situations 
where neither driver takes corrective action. 

 
Table 9. 

Known avoidance maneuvers in two-vehicle 
crashes for vehicles traveling the same direction 

and opposite direction 
 

Same 
Direction Non-Encroaching vehicle 

 
No  
Maneuver Brake  Steer 

No 
Maneuver 85% 3% 6% 

Brake 2% 0% 0% 

Encroaching   
Vehicle 
 
 Steer 3% 0% 2% 

Opposite 
Direction Non-Encroaching vehicle 

 
No  
Maneuver Brake  Steer 

No 
Maneuver 58% 0% 17% 

Brake 8% 0% 0% 

Encroaching   
Vehicle 
 
 Steer 8% 0% 8% 

 
• Road Curvature 
The distribution of road curvature is interesting for 
these crashes.  For the crashes where both vehicles 
were traveling in the same direction, the likelihood of 
the crash being on a curve is only 7%.  However, for 
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crashes where the vehicles were traveling in opposite 
directions, the likelihood of the crash being on a 
curve is 44%.  Thus, the test conditions for vehicles 
traveling in the same direction need only address 
straight roads; however, the test conditions for 
vehicles traveling in opposite directions need to 
address straight and curved roads. 
 
      Summary of Multi-vehicle crash test conditions 
based on GES data - Based on the detailed analysis 
above, it is concluded that two basic conditions will 
be tested: 
 (1) The host vehicle and a confederate vehicle 
traveling in the same direction and 
 (2) The host vehicle and a confederate vehicle 
traveling in opposite directions. 
 
Same Direction: 
• The lane-changing vehicle, the subject vehicle, 

should be traveling at 40 mph on a straight road 
that emulates either: 
• A divided multi-lane roadway, or  
• A multi-lane undivided roadway 

In addition to this basic configuration of the two 
vehicles, it is necessary to establish the relative 
position and speed of the two vehicles.   Other 
research [7] has shown that the vehicle that is not 
changing lanes, the confederate vehicle, is often 
overtaking the subject vehicle at a higher speed.  For 
this reason it is recommended that the confederate 
vehicle should be traveling at a speed of 45 mph.  A 
distance that corresponds to a time-to-collision of 3 
seconds has been selected as the point at which the 
lane change begins.  This provides an opportunity for 
warning, or automatic control, systems to effectively 
intervene.   The analysis provided in the Appendix to 
this paper supports the additional criteria that the 
encroaching vehicle should cross the lane line at an 
angle of 3 degrees. 
 
Opposite direction:  
• Both vehicles traveling at 40 mph on a two-lane 

undivided roadway.  Two test conditions should 
be used:  
• A straight road segment, and  
• A curve of appropriate radius  

 
In addition to this basic configuration of the two 
vehicles, it is necessary to establish the relative 
position and speed of the two vehicles.   The relative 
distance between the two vehicles is based on time-
to-collision.  A distance that corresponds to a 3-
second time-to-collision is recommended.  This 
provides an opportunity for warning, or automatic 
control, systems to effectively intervene.   If both 

vehicles are traveling at 40 mph, this distance is 350 
feet.  The analysis provided in the Appendix to this 
paper supports the additional criteria that the 
encroaching vehicle should cross the lane line at an 
angle of 3 degrees.  The radius-of-curvature for the 
second condition has not been established.  The crash 
data files, such as GES and the Crashworthiness Data 
System do not include details on radius-of-curvature.  
Thus, it will be necessary to do additional analysis of 
naturalistic driving data, similar to the analysis in the 
Appendix, or other sources to determine this value. 
 
The tests in both conditions should accommodate 
systems that assist drivers who would otherwise take 
no evasive action.  
 
  Single-Vehicle crashes - In the preceding section, it 
was determined that there are six basic pre-crash 
conditions that need to be considered.  The conditions 
are summarized in Table 8 and repeated below: 

 
• Excessive Speed 
• Traveling over the lane line 
• Traveling off the edge of the road 
• Another vehicle in the same lane 
• Encroachment by another driver 
• Encroachment by pedestrian, animal etc 

 
• Travel speed 

The details of traveling speed for each of the six 
conditions are summarized in Figure 3. 

 
Figure 3.  Summary of travel speeds for single- 
vehicle crashes for various critical events. 
 
From this figure, it is seen that the speed distribution 
for �over the lane line� events that lead to crashes 
occur at lower speeds than do the other types of 
single-vehicle situations; in contrast, the events that 
begin with �encroachment by another vehicle�, occur 
at higher speeds.  Based on these data, and the need 
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to address situations that produce significant injury, 
the 80 % speed is used as the basis for the single-
vehicle test conditions.  This is approximately 30 
mph for �Over the lane line� situations, 60 mph for 
�Encroachment by another vehicle� and 50 mph for 
the other four types of events. 
 
• Traffic Way 
From the distribution of traffic way for the single-
vehicle crashes, the single most common type of 
traffic way (ranging from 40 % for encroachment 
type events to 73 % for pedestrian/animal events) for 
these events is two-lane undivided highways (one 
lane in each direction).  The second most common 
type of traffic way is two-lane divided highways (two 
lanes in each direction).  For those events that are 
initiated by encroachment, about 25 % occur on 
divided highways with more than two lanes in each 
direction.  Based on these data, the conclusion is that 
the test conditions should reflect two-lane undivided 
traffic ways as well as multi-lane divided traffic ways 
for all six conditions.  
 
• Corrective Action  
From Table 10 below, it�s seen that, for events where 
this variable is known, 48 % of the drivers steered 
and 11 % braked, but 36 % did not attempt an 
avoidance maneuver. 
                                   Table 10. 

Distribution of known avoidance maneuvers 
for single-vehicle lane-keeping/ road-

departure-related events 
 

Avoidance 
Maneuver 
Critical Event 

No 
Maneuver Brake Steer 

Brake 
and  
steer Total 

Traveling off 
the edge of the 
road (12,13) 63,000 11,000 41,000 3,000 118,000 
Excessive 
Speed (6) 48,000 16,000 14,000 2,000 80,000 
Encroach 
 by another 
driver(60-64) 0 3,000 51,000 4,000 58,000 
Encroach 
 by pedestrian, 
Animal  
(80-92) 2,000 2,000 42,000 2,000 48,000 
Traveling Over 
the Lane Line 
10,11) 16,000 2,000 9,000 0 27,000 
Another vehicle
in the same 
 lane 
(50-54) 1,000 5,000 16,000 5,000 27,000 

Grand Total 130,000 39,000 173,000 16,000 358,000 

Percentage 36% 11% 48% 5% 100% 

 

Based on these data, the test conditions need to 
accommodate situations where the driver attempts no 
maneuver as well as those where the driver either 
steers or brakes. 
 
• Road Curvature 
The percentage of events that occur on curves for 
each category is shown in Table 11 below.   

Table 11. 
Percentage distribution of crashes for each critical 

event on curves 
 

Category 
% on 
Curve 

Excessive Speed 50% 

Off the edge of the road 35% 
Over the lane line from adjacent lane traveling the 
same/opposite direction 27% 

Pedestrian / Pedalcyclist/ Animal/ Object 27% 
Other vehicle traveling in the same lane  either 
topped/slower /steady speed  17% 

Over the lane line 14% 

 
From this table, it is seen that events that involve lane 
line crossings and encroachment by other vehicles 
occur on straight roads.  The other four categories of 
events frequently (between 27% and 50%) occur on 
curves.  Based on these results, the test conditions for 
single-vehicle events should include both straight and 
curved roads, except for lane line crossings and 
encroachment by other vehicles that would be tested 
only on straight road segments. 
Two additional considerations are the types of crash 
that result from these single-vehicle events and the 
level of injury that results from these crashes. 
 
• Types of crashes 
The distributions of first harmful events for each of 
the six broad categories of single-vehicle lane-
keeping / road-departure�related events are shown in 
Figure 4 below. 

 
Figure 4.  Distribution of first harmful event for 
single-vehicle lane-keeping/road-departure-related 
events. 
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Several helpful observations can be made from this 
table:   
 
First: Consider the events that result from a 
pedestrian or animal (Category 6).  This category was 
included in this analysis because of the potential for 
the avoidance maneuvers in these events leading to 
off-road crashes.  This figure shows that although 
there are a few crashes of this type, the vast majority 
of the first harmful events are a collision with the 
pedestrian or animal.  These collisions may occur 
either on or off the road.  Thus, this type of event is 
not a good choice for evaluating the performance of 
lane-keeping / road-departure systems.  For this 
reason, it will be dropped from further consideration. 
 
Second: Categories 4 and 5 (actions by other 
vehicles) contribute only a small fraction to the total 
problem.  For this reason, they will also be dropped 
from further consideration. 
 
Third: The remaining three categories produce three 
main types of harmful event: (1) impacts with fixed 
objects (trees, poles, bridges, etc.), (2) rollovers, and 
(3) collision with parked vehicles.  
 
The conclusions from this part of the analysis are that 
the test conditions should reflect the first three 
conditions of critical event (excessive speed, lane line 
crossing, and road departure) and should be based on 
environments that may lead to rollovers, crashes with 
fixed objects, and crashes with parked vehicles. 
 
Summary of single-vehicle test conditions 
 
Based on this analysis, two tests are needed: 
 
• A test that combines the attributes of excessive 

speed and road departure.  This test will be on a 
roadway that reflects a two-lane undivided 
roadway (This probably means a narrow 
shoulder).  The vehicle should be traveling at 50 
mph, and the event should occur on a curve of 
appropriate radius. 

 
• A test on a roadway with sufficient shoulder 

width to accommodate a parked vehicle.  The 
vehicle should be traveling at 30 mph on a 
straight section of road with a vehicle parked on 
the shoulder. 

 
The radius-of-curvature for the first condition has not 
been established.  The crash data files, such as GES 
and the Crashworthiness Data System do not include 
details on radius-of-curvature.  Thus, it will be 

necessary to do additional analysis of naturalistic 
driving data, similar to the analysis in the Appendix 
to this paper, or other sources to determine this value. 
As noted in the discussion of two-vehicle test 
conditions, it is necessary to establish the relative 
position of the two vehicles for the second 
condition.   A distance that corresponds to a 3-second 
time-to-collision is recommended.  This provides an 
opportunity for warning, or automatic control, 
systems to effectively intervene.  If the subject 
vehicle is traveling at 30 mph, this distance is 145 
feet. The analysis provided in the Appendix supports 
the additional criteria that the subject vehicle should 
cross the lane line at an angle of 3 degrees for both 
test conditions. 
 
The tests in both conditions should accommodate 
systems that assist drivers who would otherwise take 
no evasive action, as well as drivers who steer or 
brake. 
 
CONCLUSIONS 
 
Test conditions have been developed for systems that 
assist drivers in preventing crashes associated with 
lane changes or road departures.  The resulting test 
conditions are based on data from GES.  Table 12 
provides a summary of these test conditions.  The 
speeds shown in this table correspond to the 80th 
percentile of crashes in GES. 
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Table 12. 
Summary table for test procedures for lane keeping/ 
road departure related systems based on data from 

GES conditions 
 

Type Roadway Specifics Speed (80 %  
of all  
crashes) 

Two-  
vehicle;  
Opposite 
direction 

-  Two-lane 
-  Undivided 
-  Curve 

- 350 ft 
separation    
(485 ft at 
55mph) 
- 3 degree 
approach angle 
 

40 mph,   
Both  
vehicles 

Two-  
vehicle;  
Opposite 
direction 

-  Two-lane 
-  Undivided 
-  Straight 

- 350 ft 
separation (485 
ft at 55mph) 
- 3 degree 
approach angle 
 

40 mph,  
 Both  
vehicles 

Two- 
vehicle; 
Same 
direction 

-  Multi-lane 
-  Straight 

- 3 degree 
approach angle 
 

-40 mph,  
Lead  
vehicle. 
-45 mph, 
Following 
vehicle 

Single-  
vehicle 
 

-  Two-lane 
-  Undivided 
-  Curve 

- Narrow 
shoulder 
- 3 degree 
approach angle 
 

50 mph 

Single- 
vehicle 

-  Multi-lane 
-  Straight 

- Shoulder with 
parked vehicle 
- 3 degree 
approach angle 
 

30 mph 
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APPENDIX  
 
The objective of this analysis is to determine the 
approach angle with respect to the lane line.  The 
analysis uses data from a recent naturalistic driving 
study [5, 6]. This study provides details on 200,000 
vehicle miles of travel. The data was generated by 
241 participants driving for 43,000 hours over a span 
of 23 months.  
  
There are 828 event files in the data base used for this 
analysis.  Each event is a Crash or a Near Crash.  Of 
these, 762 files were Near Crashes.  Each file 
includes real time video of five views: frontal, rear, 
left side, right side, and driver�s hand position; 
variables such as lane offset, lane width, delta time 
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frame, vehicle speed, lateral and longitudinal 
acceleration. 
The estimates of approach angle are based on the 
following variables: 
 
Lane offset,X (in): Distance between vehicle�s 

longitudinal center and the lane 
center. 

Delta Frame, δt (Sec): Time increment between 
current step and preceding step 
of data collection. 

Lane Width, W (in):Lateral distance across current 
lane. 

Vehicle Speed, V (mph): Vehicle travel speed. 
Figure A-1 shows the signature of offset in inches, 
during a right-to-left and left-to-right lane change 
maneuver.  In these two examples, the right-to-left 
lane change took about 5 seconds, while left-to-right 
lane change took 3.5 seconds. 
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Figure A-1: Offset channel signature during a lane 

change maneuver. 
 
Once the variables and their values are established, 
the approach angle is calculated: where 

The approach angle is: 

⎟
⎠

⎞
⎜
⎝

⎛= −

V

V
Sin L1θ  

where VL is the estimated lateral velocity of the 
vehicle and V is the vehicle travel speed. The angle θ 
is determined for each time frame by substituting 
values for VL and V.  If the vehicle�s longitudinal 
center line is in the left of the lane center then the 
offset has a negative value, while it has a positive 
value on the right side. 
Estimation of lateral velocity at each step uses the 
expression:  

n

1-nn

 t

XX

δ
−

=LV  

where n is the frame number.  These relationships are 
summarized in Figure A2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-2: Offset and angle of approach θ 
 
The time at which the vehicle crosses the lane, Tlc, is 

the time when widthcarOffset  
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The approach angle θ at this instant is the vehicle�s 
approach angle at the lane change event.  
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Figure A-3 shows the estimated values of θ for the 
same two examples in Figure A-1.  An eight point 
moving average filter is used to reduce the noise in 
the data collection / calculation process.  The filtered 
value of θ is also shown in the Figure A-3 and is used 

in estimating the value for  
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Figure A-3: Estimated angle θ 

The lane change signature described in Figure A-1 
was applied to the data in each of the 762 near 
crashes. A total of 223 lane change maneuvers were 
identified by the algorithm. These selected lane 
change maneuvers had a minimum speed of 10mph.  
Distribution of road alignment and road type is 
shown in Table A-1.  Of the 223 lane changes, 30 
were completed on curved roads while the rest was 
completed on straight roads.  53 of the lane changes 
took place on un-divided traffic way, of which 19 had 
only 2 lanes. 

 
 
 
 
 

 
 

Table A-1: 
Distribution of road alignment and road type 

Traffic_Flow
# of Travel 

Lanes
Curve 
Grade

Curve 
level

Straight 
grade

Straight 
level

Grand 
Total

1 3 3 6
2 5 4 37 46
3 1 10 7 68 86
4 27 27
5 2 2 4
2 2 1 16 19
3 4 9 13
4 1 9 10
5 6 6
6 1 1
1 1 1 1 3
2 1 1
4 1 1

Grand Total 2 28 12 181 223

Road alignmentNumber of lane changes

Divided 
(median strip 

or barrier)

Not divided

One-way 
traffic

 
 
Summary 
The results of the analysis are shown in Figure A-4. 
 From this figure, it is seen that at least 60 percent of 
the events occur with a lane change angle less than 3 
degrees for speeds greater than 20mph. This leads to 
the conclusion that 3 degrees is an appropriate 
approach angle for testing lane-keeping/road 
departure systems. 

 
 

Figure A-4.Cumulative distributions of approach 

angles during a lane change maneuver. 
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ABSTRACT 

While traffic accident fatalities in Japan have been 
declining, the number of injuries has continued on an 
upward trend for many years. One salient aspect of 
that rising trend is the number of casualties attributed 
to rear-end collisions. In 2005, such accidents 
accounted for approximately 35% of all fatalities and 
injuries. Regarding ordinary passenger cars, many of 
the drivers of the struck vehicles in rear-end 
collisions suffer slight neck injuries, while nearly all 
of the drivers of the striking vehicles are not injured. 
In this study, the influence of vehicle properties and 
human attributes on the incidence of neck injuries in 
rear-end collisions was analyzed using an integrated 
accident database developed by the Institute for 
Traffic Accident Research and Data Analysis 
(ITARDA). The results revealed, among other things, 
that an active head restraint system, which is one type 
of anti-whiplash device, is effective in suppressing 
the occurrence of neck injuries; that females tend to 
be injured more often than males; that age and 
generation influence the tendency for men to be 
injured; and that the trip purpose influences the 
tendency for neck injuries to occur. This tendency for 
generation and trip purpose to exert such an influence 
suggests the possibility that the health consciousness 
of the parties involved in rear-end collisions might 
affect the incidence of neck injuries. Among the 
other issues discussed in this paper is the concern that 
neck injuries due to rear-end collisions might 
increase in the future. 

INTRODUCTION 

In Japan, the number of traffic accident fatalities 
occurring within 24 hours totaled 11,451 in 1992. It 
has decreased consistently since then, falling to 7,358 
in 2004 and to 6,871 in 2005. The number of 
fatalities occurring within 30 days has also steadily 
declined, dropping to 8,492 in 2004 and to 7,931 in 

2005 as shown in Figure 1. This decrease is thought 
to result from various measures, including more 
extensive traffic safety education, road and vehicle 
improvements and better emergency medical care 
[1-3]. In contrast, the number of traffic accident 
injuries has been increasing for many years, totaling 
more than 1.1 million annually in recent years as 
shown in Figure 1, so further measures to reduce 
injuries are necessary. 

This study focused on rear-end collisions which 
account for many traffic accident injuries. The 
situation (as of 2005) for rear-end collisions in Japan 
and resultant neck injuries was analyzed using an 
integrated accident database developed by the 
Institute for Traffic Accident Research and Data 
Analysis (ITARDA). And the influence of vehicle 
properties and human attributes on the incidence of 
neck injuries in rear-end collisions was analyzed 
using an integrated accident database.  
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Figure 1.  Trends in traffic accident fatalities and 
injuries. 
 

ACTUAL SITUATION FOR REAR-END 
COLLISIONS AND INJURIES 

Rear-end Collisions 
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The trends in the number of traffic accidents by type 
are shown in Figure 2. Rear-end collisions show a 
marked upward trend and have consistently been the 
most numerous of all types of traffic accidents since 
1996. In 2005, they accounted for approximately 
32% of all traffic accidents. Figure 3 shows the 
trends in the number of casualties by type of 
accident. The number of casualties occurring in 
rear-end collisions has also tended to increase and 
accounted for approximately 35% of the total in 
2005. 

Limiting rear-end collisions to the combination that 
the striking vehicle is the primary party (culpable) 
and the struck vehicle is the secondary party (less 
culpable), the number of such combinations that year 
was 263,993. The combinations are broken down by 
vehicle type in Table 1. According to the table, the 
number of rear-end collisions in which the striking 
vehicle was an ordinary passenger car was 156,324, 
or approximately 59%. Of them, the number of cases 
in which the struck vehicle was a “passenger car or 
truck” and “ordinary or light” was 155,502, or 
approximately 99%. The number of rear-end 
collisions in which the struck vehicle was an ordinary 
passenger car was 162,521, or approximately 62%, 
and, of them, the number of cases in which the 
striking vehicle was a “passenger car or truck” and 
“ordinary or light” was 158,129, or approximately 
97%. These figures indicate that many of the striking 
and struck vehicles were ordinary passenger cars and 
that most of the other parties were passenger cars or 
trucks and were ordinary or light vehicles. 
Accordingly, the target vehicles for the subsequent 
analyses were limited to ordinary passenger cars 
whose other parties were passenger cars or trucks and 
were ordinary or light vehicles.  
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Figure 2.  Trends in traffic accidents by type of 
accident. 
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Figure 3.  Trends in traffic accident casualties by 
type of accident. 

 

Table 1. 
Number of rear-end collisions between vehicles by 

vehicle classification (2005) 

Bus,
Minibus

Ordinary Light Mini-car
Large-sized

special,
Large-sized

Ordinary Light

Bus, Minibus 25 224 61 0 30 107 24 1 472

Ordinary 414 100,049 26,782 2 3,927 20,962 10,336 49 162,521

Light 108 33,330 12,428 0 1,073 6,003 4,413 24 57,379

Mini-car 0 1 3 3 0 2 3 0 12
Large-sized
special,
Large-sized

9 482 154 0 733 564 92 0 2,034

Ordinary 69 10,361 2,489 1 1,296 4,568 1,329 11 20,124

Light 57 11,762 3,997 0 528 3,070 1,774 10 21,198

3 115 48 0 15 36 36 0 253

685 156,324 45,962 6 7,602 35,312 18,007 95 263,993
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Striking vehicle (primary party)

Passenger car Truck
Special
 vehicle
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Passenger
  car

Truck

Special vehicle

Total  

 

 

Injuries Incurred by Ordinary-passenger-car 
Occupants in Rear-end Collisions 

The injuries incurred by ordinary-passenger-car 
occupants in rear-end collisions in 2005 were 
analyzed in the striking and struck vehicles 
respectively under the following assumptions: 

• Target vehicles for analysis: ordinary passenger 
cars 

• Other-party vehicle: passenger car or truck and 
ordinary or light vehicle 

• Striking vehicle: primary party (culpable) 
• Struck vehicle: secondary party (less culpable) 

and struck in the entire rear-end area 
• Multiple collision: excluded 
 
The first analysis focused on the drivers. Figure 4 
shows that approximately 99% of the 119,678 
striking-vehicle drivers were not injured. In contrast, 
approximately 87% of the 124,172 struck-vehicle 
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drivers were slightly injured, mainly in the neck, as 
shown in Figure 5. This suggests that attention 
should be paid to neck injuries in struck vehicles in 
rear-end collisions. On the other hand, approximately 
73% of the 148,423 struck-vehicle occupants who 
mainly suffered neck injuries were drivers, 
approximately 17% of them were front-seat 
passengers and approximately 10% of them were 
rear-seat passengers as shown in Figure 6. These 
figures indicate that neck injuries of struck-vehicle 
drivers have a high priority. 

 

Serious
Injuries
0.0%

Slight
Injuries
0.8%

Fatalities
0.0%

No Injuries
99.1%

N=119,678

 
Figure 4.  Injury severities of striking-vehicle 
drivers in rear-end collisions (ordinary passenger 
cars, primary parties, 2005). 
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Figure 5.  Injury severities of struck-vehicle 
drivers in rear-end collisions (ordinary passenger 
cars, secondary parties, 2005). 
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Figure 6.  Seating positions of all occupants of 
struck vehicles in rear-end collisions (ordinary 
passenger cars, secondary parties, neck injured, 
2005). 

 

Neck Injury Incidence in Rear-end Collision 

Measures to prevent whiplash neck injuries in struck 
vehicles are desired. However, the mechanism of 
whiplash injuries is not fully understood at present, 
and there are differing opinions about the mechanism 
causing such injuries [4-8]. 

 

DEFINITION OF NO-NECK-INJURY RATE 

An analysis was made of the relation of 
struck-vehicle properties to neck injuries in struck 
vehicles, which account for the greater portion of 
rear-end collision casualties. The index used in the 
analysis was the no-neck-injury rate defined as 
follows, based on the injury severity of struck-vehicle 
drivers: 

No-neck-injury rate (%) 

  =                                   x 100 

Casualties (fatalities, serious injuries and slight 
injuries) were restricted to those that mainly involved 
neck injuries. The types of serious and slight injuries 
were limited to sprains, dislocations or fractures in 
order to focus on injuries thought to be whiplash or 
an extension thereof. It will be noted that this index is 
used only for drivers because only drivers, as a rule, 
are counted among the no-injury vehicle occupants in 
ITARDA's integrated accident database.  

Fatalities+ Serious/Slight injuries+ No injuries 

No injuries 
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INFLUENCE OF STRUCK-VEHICLE 
PROPERTIES 

The struck-vehicle properties analyzed in this study 
with this index were the initial year of registration 
and presence/absence of an anti-whiplash device.  

Relation to Initial Year of Registration 

Method and Data - An investigation was 
made of whether neck injuries were apt to occur in 
newer struck vehicles, in view of the upward trend 
for casualties in rear-end collisions as shown in 
Figure 3. The relationship between the initial year of 
registration and the no-neck-injury rate of drivers in 
struck vehicles was analyzed using the integrated 
accident database. Each passenger car class was 
analyzed separately because the differing shapes and 
weights of different vehicle classes would affect the 
no-neck-injury rate. The definitions of the passenger 
car classes used by ITARDA are shown in Table 2. 
The analysis focused on rear-end collisions in 2004 
that met the following conditions: 

• Struck vehicle: secondary party and struck in the 
entire rear-end area  

• Striking vehicle: passenger car or truck, ordinary 
or light , and primary party  

• Multiple collision: excluded 
 

Results - The results in Figure 7 show that 
there was no tendency for the no-neck-injury rate of 
struck-vehicle drivers to decrease with a later initial 
year of registration of the struck vehicle. On the 
contrary, for the Sedan-B class (engine displacement 
of 1500-2000 cc) and the Sedan-C class (engine 
displacement of over 2000 cc), the no-neck-injury 
rate tended to increase with a later initial year of 
registration of the struck vehicle. 

 
Table 2. 

Definitions of passenger car classes 

Passenger car class

  Family-Light

  Sedan-A (engine displacement of under 1500 cc) 

  Sedan-B (engine displacement of 1500-2000 cc) 

  Sedan-C (engine displacement of over 2000 cc) 

  Sports & Speciality

  Wagon

  1-Box & Minivan

  SUV (Sport-utility vehicle)  
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Figure 7.  Relationship between no-neck-injury 
rate and initial year of registration of struck 
vehicles in rear-end collisions (ordinary passenger 
cars, secondary parties, 2004). 

 

Effect of an Anti-whiplash Device: Analysis Based 
on No-neck-injury Rate 

Method and Data - To examine the effect of 
an anti-whiplash device, which has been spreading in 
recent years, vehicle models meeting the following 
requirements were selected, and the difference in the 
no-neck-injury rate between drivers of vehicles with 
and without such a device was analyzed.  

• Ordinary passenger car with and without an 
anti-whiplash device (To exclude body 
influences such as the crash characteristics of the 
rear end) 

• The device is not an option. (To eliminate driver 
consciousness of whiplash) 

• Presence of the device can be clearly 
distinguished according to the model code. (To 
calculate the no-neck-injury rate in the presence 
of the device) 

• Vehicle models with and without the device 
were put on the market by 1999. (To secure a 
sufficient volume of accident data) 

 
Only one vehicle model meeting these requirements 
was found. This vehicle was Sedan-C put on the 
market in 1996. The anti-whiplash device fitted on 
this vehicle was an active head restraint (AHR) 
system [9]. An AHR system was not provided 
initially and became standard equipment on all 
models of this vehicle in the latter half of 1998.  

The analysis focused on rear-end collisions occurring 
over five years from 2000 to 2004 and meeting the 
following conditions: 
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• Struck vehicle: the above-mentioned vehicle 
model, struck in the entire rear-end area, and 
secondary party 

• Striking vehicle: passenger car or truck, ordinary 
or light, and primary party 

• Multiple collision: excluded 
 

Results - Under the conditions above, the 
numbers of drivers incurring mainly neck injuries or 
no injuries in this vehicle are shown in Table 3. Of 
760 drivers, 105 suffered neck injuries with the AHR 
and 21 reported no injuries, whereas 587 incurred 
injuries without the AHR and 47 reported no injuries. 
The no-neck-injury rate with the AHR (16.7%) was 
higher than that without the AHR (7.4%) as shown in 
Table 3 and Figure 8. 

A two-sample test for equality of proportions was 
conducted between these no-neck-injury rates. The 
test statistic Z is given by: 

 

where, 

p = (n1p1 + n2p2) / (n1 + n2)   

According to these formulas, Z was 3.324, which 
means that the P-value in the two-sided test was 
0.0009. These figures show that the no-neck-injury 
rate with the AHR was higher than that without the 
AHR at the 1% significance level. 

 
Table 3. 

Incidence of casualties and no injuries 
with/without AHR and results of statistical 

analysis 

with AHR w/o AHR
Fatal neck injuries 0 0
Serious neck injuries
(sprains, dislocations, fractures)

1 4

Slight neck injuries
(sprains, dislocations, fractures)

104 583

No injuries/ Overall 21 47
  Total 126 634
No-neck-injury rate 16.7% 7.4%
　Z-statistic
  P-value

3.324
0.0009 (<0.01)  
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Figure 8.  Influence of AHR on no-neck-injury 
rate. 

 

Results of Additional Analysis Following 
Classification of Factors - In the preceding 
discussion, it was statistically confirmed that the 
presence of an AHR influences the no-neck-injury 
rate. However, other factors that might influence the 
incidence of neck injuries in rear-end collisions, such 
as impact severity, gender and age, were not 
considered. For that reason, an investigation was 
made of whether there was a large difference in the 
composition of the factors in relation to the presence 
of an AHR. The results are shown in Figures 9 to 11. 
Pseudo-∆V [10] is used as an index in Figure 9 to 
indicate the impact severity in a rear-end collision. 
Pseudo-∆V of a struck vehicle can be calculated with 
the following equation, based on the struck-vehicle 
impact speed V1, struck-vehicle weight M1, 
striking-vehicle impact speed V2 and striking-vehicle 
weight M2 as shown in Figure 12.  

Pseudo-∆V = V - V1 

= (M1V1 + M2V2) / (M1 + M2) - V1 

= (V2 - V1) M2 / (M1 + M2) 

Here, V means the speed of both vehicles after a 
rear-end collision and is assumed as follows: 

• The coefficient of rebound is 0 (e = 0). 
• The impact speed is equal to the speed reported 

by the driver.  
• The vehicle weight is equal to the unladen 

vehicle weight.  
 
The results in Figures 9 to 11 indicate that there was 
no large difference in the composition of these 
factors due to the presence of an AHR, so it can be 
concluded that the factors did not influence the 

Z= | p1 - p2 | /  p(1 - p)(1/n1 + 1/n2) 
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no-neck-injury rate. Moreover, after classifying the 
760 persons in Table 3 separately according to each 
factor, additional analyses were conducted for the 
sake of reference.  

0% 20% 40% 60% 80% 100%

with AHR

w/o AHR

 -10 km/h  -20 km/h  -30 km/h 30 km/h- Unknown

 

Figure 9.  Distribution of pseudo-∆V 
with/without AHR. 
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Figure 10.  Distribution of gender with/without 
AHR. 
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Figure 11.  Distribution of age with/without 
AHR. 
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M1V1 + M2V2

M1 + M2
V = 

M1V1 + M2V2

M1 + M2

Pseudo-∆V = V - V1  
Figure 12.  Definition of pseudo-∆V. 

 

The results of a comparison of the no-neck-injury 
rate according to the presence of an AHR in each 

group into which the 760 persons were divided on the 
basis of pseudo-∆V are shown in Figure 13. It is seen 
that the no-neck-injury rate with an AHR was 
statistically higher than that without an AHR for the 
0–10 km/h group and the 11–20 km/h group that 
accounted for the majority of the 760 persons. It was 
significantly higher at the 5% significance level for 
the 0–10 km/h group. For the 11–20 km/h group, it 
was significantly higher at the 1% significance level. 
As for the 21–30 km/h group, it is observed that the 
no-neck-injury rate with an AHR was higher than 
that without an AHR, but no statistically significant 
difference can be confirmed because of the limited 
data. As a whole, it can be concluded that the 
no-neck-injury rate with an AHR was higher than 
that without an AHR even when the influence of the 
impact severity in the collision was eliminated. 

Figure 14 presents the results for the no-neck-injury 
rate when a comparison was made by gender in 
relation to the presence of an AHR, after the 760 
persons were distinguished by gender. For males, it 
was confirmed that the no-neck-injury rate with an 
AHR was higher than that without an AHR at the 1% 
significance level. As for females, the no-neck-injury 
rate with an AHR was higher than that without an 
AHR, though no statistically significant difference 
can be confirmed because of the limited data. 
Overall, it can be inferred that the no-neck-injury rate 
with an AHR was higher than that without an AHR 
even after excluding the influence of gender. 

Figure 15 shows that the no-neck-injury rate with an 
AHR was higher than that without an AHR for each 
age group into which the 760 persons were divided 
according to age (Figure 11). A statistically 
significant difference was confirmed only for the 
24-or-younger group at the 1% significance level, 
because of the limited data for the other groups. 
Considering the group from 25 to 64 years old, the 
no-neck-injury rate with an AHR was also higher 
than that without an AHR at the 5% significance 
level as shown in Figure 16. On the whole, it would 
appear that the no-neck-injury rate with an AHR was 
higher than that without an AHR even when the 
influence of age was removed. 
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Figure 13.  Influence of AHR on no-neck-injury 
rate by pseudo-∆V. 
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Figure 14.  Influence of AHR on no-neck-injury 
rate by gender. 
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Figure 15.  Influence of AHR on no-neck-injury 
rate by age (divided into six age groups). 
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Figure 16.  Influence of AHR on no-neck-injury 
rate by age (divided into three age groups). 

 

Effect of an Anti-whiplash Device: Regression 
Analysis 

Method and Data - In the preceding analysis, 
the influence of each factor was separately excluded 
when the no-neck-injury rate was calculated in order 
to analyze the effect of an AHR. A regression 
analysis was then conducted in which all of the 
factors, including the presence/absence of an AHR, 
were treated at the same time. As the neck injury 
severity is a qualitative variable and also a ranked 
variable, an ordered response model was used in the 
analysis [11]. It was decided to treat the neck injury 
severity as a binary response of neck injuries 
(fatalities, serious or slight injuries principally to the 
neck) or no injuries. An explanation is given here of 
the method for conducting a regression analysis using 
an ordered response model. With an ordered response 
model, it is assumed that there is a latent factor Y*

i 
which is a continuous variable that determines 
whether the neck injury severity Yi is 1 (neck injury) 
or 0 (no injury). In this analysis, it is assumed that 
there is a linear relation between the continuous 
latent factor Y*

i indicating the neck injury severity 
and the explanatory variables, including Xk,i (k=1,2,3, 
…), pseudo-∆V, which are considered as independent 
variables. Then, Y*

i can be expressed with the 
following equations. 

Y*
i = zi + εi 

zi = β0+β1 X1,i + β2 X2,i+ β3 X3,i+…+ βkPseudo∆V 

where,

 

zi is a value which can be explained by X1,i, X2,i, X3,i, 
…, Xk,i and pseudo-∆V. εi is a residual value. X1,i, 
X2,i, X3,i, …, Xk,i are explanatory variables and have a 
value of either 0 or 1 if they are dummy variables. β0, 
β1, β2, β3, …, βk are constant values which express 
the degree of influence of each explanatory variable 
on Y*

i. The cumulative distribution function F of -εi 
is assumed to be the logistic distribution given in the 
following equation. 

F = e z / (1 + e z)  

1 (neck injury): in the case of Y*
i > 0 

0 (no injury): in the case of Y*
i ≤ 0 

Yi = 



Watanabe 8  

Here, the explanatory factors are with/without an 
AHR, gender (male, female), age (24 years or 
younger, 25-34 years, 35-44 years, 45-54 years, 
55-64 years, 65 years or older) and pseudo-∆V. 
These factors, except pseudo-∆V, are treated as 
dummy variables which have a value of either 0 or 1. 
A combination of without an AHR, male and 24 
years or younger is assumed to be the standard 
combination, and the analysis is conducted. 
Concretely, k is set from 0 to 8, and X1,i = X2,i = … = 
X7,i = 0 in the standard combination. X1,i = 1 with an 
AHR. X2,i = 1 in the case the gender is female. X3,i = 
1 when the age is 25-34 years, X4,i = 1 when 35-44 
years, X5,i = 1 when 45-54 years, X6,i = 1 when 55-64 
years, and X7,i = 1 when the age is 65 years or older. 

The data for 21 of the 760 persons extracted in the 
preceding analysis were omitted in this analysis 
because of uncertain pseudo-∆V. The data of the 
remaining 739 persons were used in the regression 
analysis conducted with the ordered response model. 
The constant values of β0, β1, β2, β3, ..., β8 were 
estimated by the maximum likelihood method, using 
the TSP 5.0 statistical analysis software [12]. 

Results - The results of the analysis are 
presented in Table 4 and Figure 17. The estimated 
values are the results of an estimation of the 
coefficient βk. A likelihood ratio test was carried out 
to evaluate the null hypothesis, assuming that all the 
estimated values were equal to 0. The 2LL result of 
this test was 22.85, which was statistically significant 
because it was larger than 20.1 of the 1% chi-square 
of 8 degrees of freedom. The fraction of correct 
predictions was 0.912. Therefore, it can be concluded 
that the regression equation consisting of the 
explanatory variables such as with/without an AHR, 
gender, age and pseudo-∆V is significant. 

As for the effect of an AHR, the estimated coefficient 
with an AHR was negative at -0.871, and the 
t-statistic was -2.97, which satisfied the 1% 
significance level in the two-sided test. This indicates 
that Y*

i becomes smaller and that the possibility of 
no injury increases when an AHR is installed.  

 

 

 

Table 4. 
Estimated results of regression analysis using an 

ordered response model (Standard=without AHR, 
male, 24 years or younger) 

Estimated Std. Error t-statistic P-value
β0 2.417 0.472 5.115 0
β1 -0.871 0.293 -2.970 0.003 **
β2 0.800 0.539 1.483 0.138

25-34 yrs β3 0.108 0.537 0.202 0.840
35-44 yrs β4 -0.514 0.542 -0.949 0.342
45-54 yrs β5 -0.785 0.497 -1.579 0.114
55-64 yrs β6 -0.564 0.504 -1.119 0.263
65 yrs or older β7 -0.018 0.678 -0.026 0.979

β8 0.036 0.019 1.834 0.067
Number of observations = 739 Fraction of correct predictions = 0.912
Log likelihood L = -208.639 Log likelihood L0 = -220.063

2LL= 22.85 ** : p<0.01

Pseudo-∆V(km/h)

A
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with AHR
Female

 

Pseudo-∆V
65 yrs or older
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Figure 17.  Estimated coefficients and 95% 
confidence intervals. 
 

INFLUENCE OF HUMAN ATTRIBUTES OF 
STRUCK-VEHICLE DRIVERS 

Regression Analysis 

Method and Data - A regression analysis was 
conducted to examine the influence of human 
attributes, such as gender, age and trip purpose, on 
the incidence of neck injuries suffered by the drivers 
of the struck vehicles in rear-end collisions. The 
vehicles considered in the analysis were ordinary 
passenger cars of the Sedan-A class (engine 
displacement of under 1500 cc) in the passenger car 
classes (Table 2). The accidents analyzed were 
limited to rear-end collisions in 2004 between 
vehicles that met the following conditions: 

• Struck vehicle: secondary party and struck in the 
entire rear-end area 

• Striking vehicle: passenger car or truck, ordinary 
or light , and primary party  
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• Multiple collision: excluded 
• Pseudo-∆V of the struck vehicle: 30 km/h or 

less. 
 
The Sedan-A class was selected as the target vehicle 
category for analysis because it accounted for the 
largest number of accidents of the above-mentioned 
type among the seven classes of ordinary passenger 
cars (excluding Family-Light) in Table 2. It was also 
confirmed that the pseudo-∆V of the Sedan-A class 
was 30 km/h or less in more than 90% of the cases. 

Among the rear-end collisions analyzed, there were a 
total of 18,718 cases in which the driver of the struck 
vehicle mainly suffered a neck injury or was not 
injured. In order to restrict neck injuries to those 
presumed to be whiplash or an extension thereof, as 
was done in the analysis of vehicle properties, the 
types of serious and slight injuries treated here were 
limited to sprains, dislocations or fractures.  

Similar to the analysis of vehicle properties, an 
ordered response model was used to conduct a 
regression analysis of the data for the 18,718 
struck-vehicle drivers. The objective variable used in 
the analysis was neck injury severity, which was 
treated in terms of a binary response of neck injuries 
or no injuries. 

The explanatory variables used were gender (male or 
female), age group (six age groups of 24 years or 
younger, 25-34 years, 35-44 years, 45-54 years, 
55-64 years, 65 years or older), trip purpose (private 
trip, business trip, commuting to work, commuting to 
school) and pseudo-∆V. Twelve combinations of 
gender and age (2x6=12) were considered: male/24 
years or younger, male/25-34 years, male/35-44 
years, …, female/55-64 years, and female/65 years or 
older. These twelve combinations and trip purpose 
were treated as dummy variables having a value of 
either 0 or 1. A combination of male/24 years or 
younger and a private trip was regarded as the 
standard combination in conducting the analysis. 
Specifically, in the regression equation formulated 
for the analysis of vehicle properties, k was set at 
values from 0 to 15, and X1,i = X2,i = … = X13, i = 
X14,i = 0 was set in the standard combination. For the 
combination of male/25-34 years, X1,i = 1, for 
male/35-44 years, X2,i = 1, …, for female/55-64 
years, X10,i = 1 and for female/65 years or older, X11,i 
= 1. With respect to the trip purpose, X12,i = 1 for a 

business trip, X13,i = 1 for commuting to work and 
X14,i = 1 for commuting to school. 

Results - The results of the regression analysis 
are shown in Table 5 and Figure 18. A likelihood 
ratio test of the regression equation produced a 2LL 
result of 613.4, which satisfied the 30.6 value of the 
1% chi-square for 15 degrees of freedom. It can be 
concluded therefore that the regression equation 
consisting of the explanatory variables of gender, age 
group, trip purpose and pseudo-∆V was significant. 
The fraction of correct predictions was 0.936. 

 
Table 5. 

Estimated results of regression analysis using an 
ordered response model (Standard=male/24 years 

or younger, private trip) 

Estimated Std. Error t-statistic P-value
β0 2.031 0.137 14.806 0.000 **

Male, 25-34 yrs β1 0.133 0.149 0.893 0.372
Male, 35-44 yrs β2 -0.058 0.154 -0.373 0.709
Male, 45-54 yrs β3 -0.221 0.155 -1.426 0.154
Male, 55-64 yrs β4 -0.482 0.146 -3.293 0.001 **
Male, 65 yrs or older β5 -0.704 0.147 -4.799 0.000 **
Female, 24 yrs or younger β6 0.457 0.188 2.424 0.015 *
Female, 25-34 yrs β7 1.191 0.183 6.503 0.000 **
Female, 35-44 yrs β8 0.665 0.172 3.865 0.000 **
Female, 45-54 yrs β9 0.629 0.163 3.858 0.000 **
Female, 55-64 yrs β10 0.825 0.182 4.531 0.000 **
Female, 65 yrs or older β11 1.037 0.290 3.573 0.000 **
Business trips β12 0.954 0.132 7.250 0.000 **
Commuting to work β13 1.665 0.151 11.013 0.000 **
Commuting to school β14 1.536 1.013 1.516 0.129

β15 0.019 0.004 4.324 0.000 **

Number of observations = 18,718 Fraction of correct predictions = 0.939
Log likelihood L = -4142.53 Log likelihood L0 = -4449.24

2LL= 613.41 * p<0.05      ** p<0.01
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Figure 18.  Estimated coefficients and 95% 
confidence intervals. 
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Comparisons were then made with the standard 
combination (male/24 years or younger) with respect 
to gender and age group. The estimated regression 
coefficients for male/55-64 years and male/65 years 
or older were negative at -0.482 and -0.704, 
respectively, and both values satisfied the 1% 
significance level in a two-sided test. This indicates 
that for males aged 55 years or older, Y*i becomes 
smaller, which means the possibility of no neck 
injury increases. The estimated regression 
coefficients for all the female age groups were 
positive, and all the values satisfied the 1% 
significance level in a two-sided test. Looking at the 
results for males and females in general, female 
drivers showed much larger, positive regression 
coefficients than their male counterparts, which 
suggests that female drivers of struck vehicles have a 
higher likelihood of suffering a neck injury in a 
rear-end collision. Focusing on differences 
attributable to the age group among females, no 
pronounced tendencies are seen. It can be inferred 
that age did not have any appreciable influence on 
the overall results.  

Trip purposes were compared with the standard of 
private trips. Business trips and commuting to work 
showed positive estimated regression coefficients of 
0.954 and 1.665 respectively. Both values satisfied 
the 1% confidence level in a two-sided test. These 
values indicate that Y*i becomes larger for business 
trips and commuting to work, compared with private 
trips, which means there is a greater possibility of 
suffering a neck injury. No significant difference was 
observed for commuting to school. 

The foregoing analysis results can be summed up as 
follows: 

a. Females are more likely to be injured than 
males. 

b. Younger males are more likely to be injured 
than older ones. 

c. Age does not have any influence in the case of 
females. 

d. Drivers are more likely to be injured on 
business trips or when commuting to work than 
on private trips. 

 

 

Cohort Analysis 

Method and Data - It is known that when 
occupants are injured in a traffic accident, their 
likelihood of suffering a fatal or serious injury 
increases with age. The reason for that is attributed to 
an aging-related decline in the body's tolerance of the 
shock or force resulting from an impact [13-15]. 
Among the results of the regression analysis 
described above, the finding noted in (b) "younger 
males are more likely to be injured than older ones" 
would seem to run counter to that general trend. 
Nearly all of the accident cases analyzed involved 
slight neck injuries, which need not be viewed in the 
same light as fatal or serious injuries. Nonetheless, 
this contrary tendency aroused interest because of its 
seeming peculiarity. It was presumed that some other 
latent factor besides age was at work here. In order to 
examine that hypothesis, a cohort analysis was 
conducted separately for males and females. 

The struck vehicles considered in the analysis were 
ordinary passenger cars of the Sedan-A class in the 
passenger car classes. The accidents analyzed were 
limited to rear-end collisions in 2004 between 
vehicles that satisfied the following conditions: 

• Struck vehicle: secondary party and struck in the 
entire rear-end area 

• Striking vehicle: passenger car or truck, ordinary 
or light , and primary party  

• Multiple collision: excluded 
 
The birth year of the struck-vehicle drivers was 
defined as the year obtained by subtracting the 
person's age at the time of the accident from the year 
in which the accident occurred. On the basis of their 
birth year, struck-vehicle drivers were divided into 
age groups in four-year increments. A time history of 
the no-neck-injury rate in rear-end collisions was 
found for each age group at four-year intervals of 
1992, 1996, 2000 and 2004. 

Results - The cohort analysis results are shown 
separately for males and females in Figures 19 and 
20, respectively. A comparison of the results for the 
two genders shows that the no-neck-injury rate was 
lower for females in general. This provides additional 
confirmation of the regression analysis finding noted 
above in (a) "females are more likely to be injured 
than males". 
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For males with a birth year of 1951 or earlier 
(referred to here as the older generation), the time 
histories of their no-neck-injury rate did not show 
much change or revealed a rising trend. The histories 
nearly overlapped one another and showed continuity 
(circle A in Figure 19). Accordingly, it was 
concluded that, within this older generation, the time 
history patterns of the no-neck-injury rate did not 
differ appreciably from one age group to another. 

On the other hand, for males having a birth year of 
1952 or after (referred to here as the younger 
generation), the time histories of their no-neck-injury 
rate revealed a downward trend. The histories did not 
overlap and discontinuities were seen (circle B in 
Figure 19). The patterns differed from those of the 
older generation. In other words, the time histories of 
the no-neck-injury rate showed different patterns 
between the generations. 

This suggests that one cannot make a simple 
assertion based only on age that "younger males are 
more likely to be injured than older ones", as 
mentioned in (b) in the summary above. It can be 
inferred that generational and time period 
differences, including related traffic and societal 
circumstances, also probably exert an influence on 
neck injuries in rear-end collisions. It is presumed 
that such influence gave rise to the tendencies seen in 
the cohort analysis results for the younger generation 
to have a lower no-neck-injury rate than the older 
generation and for that trend to become more 
pronounced with increasing age. 

For females, the no-neck-injury rates in Figure 20 are 
nearly constant regardless of age or generation, 
excluding the results for those aged 69 years or older, 
for which large scatter is seen because of the small 
number of data. These results provide additional 
confirmation of the regression analysis finding 
mentioned above in (c) "age does not have any 
influence in the case of females". Moreover, the 
results also show virtually no influence of generation, 
a tendency that differs from the results seen for 
males. 
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Figure 19.  No-neck-injury rate by age and birth 
year for males (Sedan-A class, secondary parties). 
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Figure 20.  No-neck-injury rate by age and birth 
year for females (Sedan-A class, secondary 
parties). 

 

For the sake of reference, nearly the same tendencies 
were found when the same analysis was performed 
for the other passenger car classes, with the exception 
of large scatter that was observed for a small number 
of cases. 

Discussion of the Influence of Human Attributes 
of Struck-vehicle Drivers 

Human attributes such as gender, age, generation and 
trip purpose were shown to influence the incidence of 
neck injuries in rear-end collisions. From a 
biomechanics perspective, it is easy to understand 
that gender or age might influence the incidence of 
neck injuries inasmuch as the body's tolerance of the 
resultant impact severity or force of a collision can 
vary depending on differences in these attributes. On 
the other hand, an attempt to discuss the influence of 
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generation from a biomechanics standpoint lacks 
persuasiveness, although one can consider, for 
example, that the body's tolerance may change 
depending on variation in such factors as the living 
environment or diet. Moreover, the influence of the 
trip purpose can no longer be discussed from a 
biomechanics perspective. It might be more 
appropriate to assume that the influence of generation 
or trip purpose is due to some reason other than 
biomechanics considerations. 

This investigation focused on whether neck injuries 
occurred or not in rear-end collisions. Injuries 
requiring long-term care and those involving simply 
an examination by a doctor just to be on the safe side 
were both treated in the same manner. Consequently, 
the findings may have been influenced by the health 
consciousness of the parties involved. If that led to 
the results seen concerning the influence of 
generation or trip purpose on the incidence of neck 
injuries, it would make such tendencies easier to 
understand. Earlier studies [16-18] pointed out the 
possibility of results being influenced by the health 
consciousness of the parties involved, and such a 
possibility certainly cannot be ruled out in this study 
that looked at whether injuries occurred or not. 
However, it is a fact that many people incur neck 
injuries in rear-end collisions or suffer from 
subsequent complications. It is strongly felt that all of 
neck injuries should not be ascribed simply to the 
health consciousness of the parties involved in the 
accidents. 

If the no-neck-injury rate tendency seen here for 
males of the younger generation continues in the 
future, it will cause the rate to decline for males in 
general. Unless measures are taken to prevent neck 
injuries in rear-end collisions, there is concern that 
the incidence of such injuries may increase in the 
coming years. 

 

CONCLUSION 

The following results were obtained in this analysis 
of neck injuries in rear-end collisions in Japan using 
the integrated accident database developed by 
ITARDA.  

Regarding Struck-vehicle Properties 

• It was shown that the no-neck-injury rate of 
struck-vehicle drivers did not tend to decrease 
with a later initial year of registration of the 
struck vehicles. On the contrary, in some 
passenger car classes, the no-neck-injury rate 
tended to increase with a later initial year of 
registration of the struck vehicles. 

• After eliminating various factors which were 
thought to influence the incidence of neck 
injuries, it was found that an active head restraint 
(AHR) system, which is one type of 
anti-whiplash device, was effective in 
suppressing the incidence of neck injuries in 
struck-vehicle drivers, though the verification 
was based on just one vehicle model. The 
various factors eliminated were the crash 
characteristics of the struck vehicle, impact 
severity estimated from the weight and impact 
speed of the striking and struck vehicles, and 
drivers' gender, age and consciousness of 
whiplash. 

 
Regarding the Human Attributes of Struck-vehicle 
Drivers 

• Females were more likely to be injured than 
males. 

• For males, age and generation influenced the 
incidence of neck injuries. The younger 
generation (those having a birth year of 1952 or 
later) were more likely to be injured than the 
older generation (having a birth year before 
1952), and that tendency became even stronger 
as they grow older. 

• For females, age and generation did not show 
any influence. 

• The trip purpose exerted an influence in that 
drivers were more likely to be injured on 
business trips or while commuting to work than 
on private trips. 

• Among these findings, the influence of 
generation and trip purpose was difficult to 
explain from a biomechanics perspective. There 
was a possibility that the health consciousness of 
the parties involved influenced whether some 
injuries were reported or not. However, it is 
indisputable that many people incur neck injuries 
in rear-end collisions or suffer from subsequent 
complications. There is a strong feeling that all 
of neck injuries should not be ascribable merely 
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to the health consciousness of the parties 
involved. 

• If the tendency seen for the no-neck-injury rate 
of males continues in the future, there is concern 
that the incidence of neck injuries may increase 
in the coming years. 

 
The incidence of no injuries in property damage 
accidents are not reflected in the no-neck-injury rate 
used in this study because of limitations of the 
integrated accident database. The accuracy of 
analyses based on the no-neck-injury rate could be 
further improved by using a database that included 
the incidence of no injuries in property damage 
accidents such as the database of the automobile 
insurance industry. 

There is also a need to undertake studies based on 
data for more narrowly defined injury severity 
categories, such as investigations that focus on the 
number of days required for treatment, for example. 
Such an approach might yield insights that reduce the 
possible influence of the health consciousness of the 
parties involved. 

ACKNOWLEDGMENTS 

The authors wish to thank Dr. Munemasa Shimamura 
of the Chiba Institute of Science for his useful advice 
about conducting a regression analysis using an 
ordered response model. 

REFERENCES 

1. T Suzuki and K Hagita, Analysis of the reason 
the number of traffic fatalities decreased to 7,358 
persons (in Japanese), Proceedings of 8th 
ITARDA Annual Seminar, p3-20, 2005 

2. K Mashiko, H Matsumoto, Y Hara, Y Sakamoto, 
K Takei, Y Ueno and Y Tomita, Present status 
and future perspectives of emergency medical 
service system for traffic accident (in Japanese), 
Proceedings of Society of Automotive Engineers 
of Japan “Challenges for making traffic fatalities 
and casualties zero” in GIA dialogue 2005, 
p39-44, 20054653, 2005 

3. Cabinet Office, WHITE PAPER on traffic safety 
in Japan 2005, 2005 

4. H J Mertz and L M Patrick, Strength and 
Response of the Human Neck, SAE 710855, 
1971 

5. T Matsushita, T B Sato and K Hirabayashi, 
X-Ray Study of the Human Neck Motion Due to 
Head Inertia Loading, SAE 942208, 1994 

6. K Ono, K Kaneoka, A Wittek and J Kajzer, 
Cervical injury mechanism based on the analysis 
of human cervical vertebral motion and 
head-neck-torso kinematics during low speed 
rear impacts, SAE 973340, 1997 

7. O Bostrom, M Y Svensson, B Aldman, H A 
Hansson, Y Haland, P Lovsund, T Seeman, A 
Suneson, A Saljo and T Ortengren,  A new 
neck injury criterion candidate - based on injury 
findings in the cervical spinal ganglia after 
experimental neck extension trauma, 
Proceedings of 1996 International IRCOBI 
conference on the Biomechanics of impact, 
p123-136, 1996 

8. M Y Svensson, B Aldman, H A Hansson, P 
Lovsund, T Seeman, A Suneson and T 
Ortengren, Pressure effects in the spinal canal 
during whiplash extension motion; A possible 
cause of injury to the cervical spinal ganglia, 
Proceedings of 1993 International IRCOBI 
conference on the Biomechanics of impact, 
p189-200, 1993 

9. Japan Automobile Manufacturers Association, 
Inc. (JAMA), Anti-whiplash head restraint (in 
Japanese), 
http://www.jama.or.jp/safe/technique/technique_
6b.html 

10. M Shimamura, M Yamazaki and G Fujita, 
Method to evaluate the effect of safety belt use 
by rear seat passengers on the injury severity of 
front seat occupants, Accident Analysis and 
Prevention Vol.37, issue1, p5-17, 2005 

11. K Nawata, Probit Logit Tobit, A Maki, et al., 
Applied econometrics II (in Japanese), Section 4, 
p237-270, Taga-Shuppan, 1997 

12. TSP Japan, Guide for TSP 5.0, 2005 



Watanabe 14  

13. Institute for Traffic Accident Research and Data 
Analysis (ITARDA), Injury situation of elderly 
drivers (in Japanese), ITARDA 
INFORMATION No.41, 2003 

14. M Shimamura, H Ohhashi and M Yamazaki ,The 
effects of occupant age on patterns of rib 
fractures to belt-restrained drivers and front 
passengers in frontal crashes in Japan, Stapp Car 
Crash Journal, Vol. 47, p349-365, 2003-22-0016, 
2003 

15. E Bergeron, A Lavoie, D Clas, L Moore, S 
Ratte, S Tetreault, J Lemaire and M Martin, 
Elderly trauma patients with rib fractures are at 
greater risk of death and pneumonia, The journal 
of TRAUMA: injury, infection, and critical care, 
Vol.54, No.3, p478-485, 2003 

16. S Nakagama, Y Kondoh and K Mori, Analysis 
of injuries with sequelae in Japanese traffic 
accidents (in Japanese), Proceedings of Society 
of Automotive Engineers of Japan, No.117-01, 
p17-20, 20015407, 2001 

17. N Ichihara, Y kondoh and K Okamura, Analysis 
of insurance payment data by type of accident 
and kind of vehicle in Japan (in Japanese), 
Proceedings of Society of Automotive Engineers 
of Japan, No.7-03, p1-4, 20035094, 2003 

18. T Ohori, Study of increase of slight injury 
accidents because of cervical sprains (in 
Japanese), Research report of Sagawa Traffic 
Society Foundation, Vol.21, p103-113, 2006 

 



                                                                                                                                      Boyraz  1

MULTI-SENSOR DRIVER MONITORING AND ASSISTANCE SYSTEM USING 
STATE-OF-THE-ART SIGNAL MODELLING  
 
Pinar Boyraz 
Memis Acar 
David Kerr 
Wolfson Mechanical & Manufacturing Engineering Department, Loughborough University, Ashby Road, LE11 
3TULoughborough, Leicester, UK 
Paper Number: 07-0165 
 
ABSTRACT 
 
Driver assistance and performance monitoring 
systems are currently being applied in modern cars 
in order to enhance safety. However, these systems 
have to answer certain concerns raised by 
manufacturers, legislators and users. These include, 
degree of intrusiveness (warning messages, tactile 
feedback, taking control of the car), ability to 
respond to different driving contexts and system 
reliability under varying road and environmental 
conditions and driver reliability. By combining 
inexpensive and non-intrusive sensors with state-of-
the-art signal processing, probabilistic theory and 
artificial intelligence for signal analysis and 
modelling, it is possible to present a solution to all 
the above concerns to a certain extent. To 
investigate this extent, highway scenario simulator 
experiments have been conducted including 30 
drivers in normal physical condition and impaired 
conditions due to lack of sleep. A simulator 
equipped with a near-infrared eye-gaze tracker, 
strain gauges to measure force on the steering 
wheel column (SWC), and potentiometers to 
measure steering wheel and throttle angle has been 
used. In addition to these core sensors, two 
webcams have been implemented to view the driver 
and to track lane-keeping. Raw data have been 
obtained comprising eye movement, force on SWC, 
vehicle speed, lane deviation, and human activity 
from the webcam. The data are first processed up to 
a level where all signals are one dimensional and 
continuous. Secondly, metrics have been derived 
using derivatives, histograms and entropies of the 
signals. These metrics are then tested against a 
ground truth risk level obtained from a driver 
survey and from independent observers. After 
selecting the best metrics for driver performance 
indication, different time windows for metric 
derivation are compared and the driver sessions are 
classified by a Fuzzy Inference System The system 
works well on the simulator data, with a 98% 
correct classification rate and is now being 
implemented in real conditions on real roads.  
 
INTRODUCTION 
Active safety depends on how well the vehicle is 
equipped for accident avoidance and prevention. 
However, a well-equipped car can still be involved 
in a severe accident if the driver of the car is not 

monitored. Detection of low performance of the 
driver due to fatigue, sleepiness and inattentiveness 
is crucial for active safety systems to operate on 
time considering the condition of the driver. Any 
solution to this problem could significantly in 
reduce the number of the accidents because 
thousands of car accidents are caused by low driver 
performance and condition [1] Therefore, 
experimental studies in search of indicator signals 
and studies to define the best way of using these 
signals to obtain a high correct classification rate 
and low number of false alarms are conducted. Eye 
tracker systems become centre of attention in 
computer vision domain. Different eye tracking 
systems together with head tracking algorithm are 
suggested based on near infra-red or visible light 
using different hardware architectures. Eye closure 
metric PERCLOS is identified as a good 
psychomotor indicator and validated against EEG 
[2]. In [3] the steering wheel angle is considered as 
an indicator signal and Artificial Neural Networks 
(ANN) are used as decision mechanisms. There are 
studies to use statistics, regression analysis [4] and 
fuzzy systems [5] for decision making using the 
indicators.  In addition to mainstream approach 
alternative signal modelling approaches are also 
suggested such as system identification (SI). [6] 
Despite the vast amount of research on the issue, 
the questions including degree of intrusiveness, the 
cost and feasibility of the system, and the final 
output form have not been satisfactorily addressed. 
In order to answer these questions, the best 
indicator signals which can be measured non-
intrusively using a low-cost sensor system are 
investigated. The first section defines the proposed 
multi-sensor system from this point of view. Next, 
derivation of best metrics representing signal 
characteristics and extraction of high-level 
information from raw signals is discussed. These 
metrics are grouped under different combinations in 
search for an optimal feature space. In some feature 
spaces, some of the metrics are not included on 
purpose to observe the effect of missing sensor data 
on performance of decision making system. The 
effect of time window size during which the feature 
vectors are calculated, on the prediction 
performance is investigated and optimum window 
size is determined. Finally, the decision systems are 
investigated and the results of training and testing 
of decision systems are reported.  
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Multi-Sensor System Structure 
 
Detection of driver vigilance and quantitative 
measurement of states are difficult problems due to 
three system design requirements: 
 
* Non-intrusiveness: The measurement systems 
must be non-intrusive to driver. 
* Robustness and Reliability: System should be as 
reliable as possible to represent the real vigilance 
state and robust to compensate sensor failures.  
*Low-cost and Feasibility: The sensors selected for 
measurement system should be low-cost and should 
be connected in a feasible way. 
 
Low cost, non-intrusive sensors and measurement 
methods that can be connected to CAN system of 
the cars are selected. Robustness and reliability are 
addressed under decision selection fusing the 
information from different information channels 
using a multi-sensor system.  
 
The metrics derived from eye movements are the 
most reliable indicators .Therefore, in the core of 
the multi-sensor system, a near infrared computer 
vision system is placed for eye tracking. Because in 
certain cases (e.g. bright sun light, tinned glasses, 
driver out of field of view) eye tracking system 
cannot give reliable results or any results at all, it 
should be supported by peripheral sensor systems. 
This consists of strain gauges to measure the force 
applied by driver on the steering wheel and two 
encoders for measuring the steering wheel angle 
and the throttle angle. In addition to this system, 
there are two webcams viewing driver and the road 
for human movement analysis and for lane tracking 
performance measurement respectively. In brief, 
the peripheral system supports the computer vision 
system for eye tracking and also adds extra 
information about the attentiveness level of the 
driver in terms of vehicle dynamics (e.g. speed via 
throttle angle, steering wheel angle, lane deviation 
via webcam) and human-car interface related 
measures (e.g. force on steering wheel). Multi-
sensor monitoring system arrangement and 
experiment geometry can be seen in Figure 1. 
 
 
 

 
 
Figure 1. Multi-sensor system structure and 
experiment geometry 
 
Experiment Design and Conditions 
 
Thirty drivers with different level of driving skills 
and driving behaviour took place in the experiment 
and they drive the STISIM car simulator for about 
1.5 hours. Each subject drove the same route twice 
under normal conditions and sleep-induced 
conditions. In the normal driving sessions drivers 
had their normal daily sleep need before taking part 
in the experiment, whereas in the ‘sleep deprived’ 
session they were requested to sleep at least 3 hours 
less than their usual sleep need. In order to induce 
sleepiness, this session took place between 2-4 pm 
in which the circadian rhythm of the body is known 
to decrease. Driving scenario is a monotonous 
highway scenario with no curvatures on the road, 
helping to induce sleepiness as well. 
In order to separate the driving task into 
longitudinal and lateral control actions and to 
observe the distribution of the attention during the 
driving, drivers were given special instructions. 
Firstly, they were requested to keep their speed at 
55 kmph during the session; therefore they needed 
to adjust their longitudinal control commands by 
changing throttle angle. Second instruction was to 
choose a lane and keep the lateral position of the 
car as stable as possible minimising lane deviation. 
In fact, these two requirements represent two rules 
that drivers should obey in a highway not to have 
any risk. The speedometer is arranged in front of 
the screen as a slide bar just underneath the road 
view. The drivers needed to look at different 
heights to check for the speed (speedometer) and 
for the lateral position (road view) changing their 
eye gaze. By this way the distribution of their 
attention during the experiment is expected to be 
measured from the gaze vector output of the 
computer vision unit.  
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Figure 2.  Data reduction and database preparation procedure 
 
 
Data structure and analysis  
 
The raw data obtained from the controlled 
experiment comprises the following list: 

• Video stream containing near infrared frontal 
face images of the driver. 

• Strain data from strain gauges on the steering 
wheel. 

• Speed and steering wheel angle from the 
potentiomers in the simulator on steering wheel 
and on throttle respectively. 

All the data should be reduced into one dimension 
first and then to some metrics/features 
characterising the signal. This data reduction 
procedure can be seen in Figure 2.  
 
Metric Development- In order to derive the 
metrics all the information are reduced to one 
dimensional signals changing versus time and are 
synchronised. Development of good metrics 
depends on how well the nature of the signal is 
understood.  Different metrics developed for this 
study are explained here briefly without giving 
details of low-level processing algorithms for the 
sake of brevity and focus.  
*Visual Metrics: The first metric group is derived 
using the raw signals from computer vision system. 
The near infrared video stream of driver faces is 
processed to segment the eye image containing 
pupil and glint features. An example of segmented 
pupil area and glint can be seen in Figure 3. The 
vector between the centres of the pupil and glint 
can be mapped to the real coordinate of where the 
eye gaze is directed. The gaze is the direction of the 
eyes when the fovea is centred on the scene being 
seen, thus at the time when the frame is captured 
the attention is focused on that point. The one 
dimensional visual signals are constructed 

measuring pupil area, x and y component of the 
gaze vectors and x and y components of the pupil 
centre to measure the head coordinates. 
 

 
 
Figure 3. Segmented pupil area showing the 
pupil area, glint (corneal reflection) and defined 
gaze vector 
 
Samples of gaze vector y component, pupil area 
and head x and y component measurements are 
given in Figure 4. In order to derive the metrics 
from one dimensional signal, an exploratory 
analysis is conducted. In this analysis, standard 
deviations, mean values and entropies of the signals 
are taken. In addition to these three variables, the 
histograms of the signals are taken over a 
predefined time window in order to follow signal 
value distribution over time. Each driving session is 
divided into 12-minute long sub-sections taken 
from start, middle and finish parts of the session. 
By constructing histograms of gaze x, gaze y and 
pupil area some characteristics that are not visible 
from signal-time diagrams are obtained. Three 
visual metrics are defined based on histograms: Eye 
closure metric 1(ECM1), Eye closure metric 2 
(ECM2) and Attention division ratio (ADR).  
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Figure 4. Samples of pupil area head position x and y and gazey 
 
The histograms of gaze x, gaze y and pupil area are 
shown in Figure 5 for a normal/alert and 
impaired/drowsy driver. There are two clear 
observations that can be drawn from histograms: 
1. Gaze y values between [-1 and -0.5] represents 

road scene changing eye gaze, thus the attention 
is on the road scene. For the values between [-
0.5 and 0] the attention is focused on 
speedometer. Gaze y histogram has an equal 
distribution of attention to these two defined 
intervals at the start of the simulation for both 
alert and drowsy drivers. However, as the time 
proceeds the distribution of gaze y concentrates 
in speed checking region. Both alert and drowsy 
driver follows the same trend, however, the 
distribution change towards the speed checking 
interval is more rapid and dramatic in drowsy 
driver. 

2. The number of closed eyes [0] and open eyes   
[1] and intermediate states if any can be seen in 
pupil area column of the histogram. As the time 
proceeds the proportion of number of closed 
eyes to the number of open eyes increases. Both 
alert and drowsy drivers follow the same trend 
however the proportion increases dramatically 
in drowsy state. 

 
 

 

 
 
Figure 5. Histograms of alert (top) and drowsy 
(bottom) drivers 
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In the light of these observations ECM1 and ECM2 
are derived from pupil area histograms of three sub-
sessions of the whole driving session. These eye 
closure metrics are similar to PERCLOS measured 
by [7], however defined over a longer time period. 
The attention division ratio (ADR) is derived from 
the gaze y column of the histograms by dividing the 
number of gaze measurements in speed checking 
interval to the number of gaze measurements in 
road checking interval.(1) 
 Eye Closure Metric (ECM1) emphasizes the 
number of blinks by taking the proportion of fully 
closed to fully open eye cases, whilst ignoring the 
cases in between. The second metric of eye closure 
(ECM2) represents partially closed cases as well as 
fully closed eye cases in the denominator of the 
ratio. (2 and 3) 
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In addition to these newly defined metrics, the 
entropies and standard deviations of the signals are 
also used. The entropy of the signals is calculated 
as in information theory given in (4). 

i

n

i
i xxentropy log

1
∑

−

=    (4) 

To sum up, the visual metrics are the standard 
deviation, entropy and mean value of gaze x, 
standard deviation and entropies of head motion x 
and y components, ECM1, ECM2 and ADR.  
*Non-visual Metrics: These are the metrics 
obtained from vehicle dynamics (speed and steering 
wheel angle) and human-car interface (force on 
steering wheel) signals. A sample of these signals 
can be seen in Figure 6.  
As in the visual metric development the standard 
deviation and entropy is used to measure the scatter 
and complexity in the signal. In addition to this 
general approach, two control metrics are derived 
from the speed indicating longitudinal control 
performance. As can be noticed from Figure 6, the 
speed graph resembles the response of a PID 
controller. In fact, drivers are told to keep their 
speed at 55 kmph; therefore, driver acts like a PID 
controller to keep this reference value with some 
small deviations. These small deviations can be 

added up to give total steady state error of the 
driver after settlement. Integral of the standard error 
and integral of the average error is taken as 
performance indicators of longitudinal control as 
given by (5 and 6). 
 

dtteISE
T

)(
0

2
∫=     (5) 

dtteIAE
T

|)(|
0∫=    (6) 

 

 
 
Figure 6. Sample data from non-visual information 
channel: speed (km/h), lane deviation (m), steering 
wheel angle (degree) and force (normalized to [-1, +1] 
N interval), time (simulator time unit is seconds) 
 
Feature Spaces and Feature Selection 
In order to find the best feature space to represent 
the signals, three different feature space has been 
constructed. The first feature space (F1) contains 
only the visual metrics, the second (F2) contains 
entropy and control values and finally the third 
feature space (F3) has visual metrics and standard 
deviations. The first feature space is constructed to 
observe how well the visual metrics can predict the 
drowsiness level of the driver. The second feature 
space leaves out the visual metrics so that it 
becomes observable how well the control and 
entropy related metrics can predict without using 
visual cues. Finally, the third space represents a 
visual metric space backed up by standard values of 
other metrics. The member of these three spaces 
can be seen in Table 1.  
Apart from these three feature spaces a ‘best feature 
space’ is constructed after considering the results 
from correlation analysis. The ground truth risk 
level obtained from independent assessment and  
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Table 1.  Different feature vectors are designed to investigate the best representation of the phenomena 

Visual Cues (F1) Entropy and Control (F2) Visual Cues  and Standard Deviations(F3) 

 
Eye Closure Metric 1 
Eye Closure Metric 2 
Attention Division Ratio 
Gaze x Mean 
Gaze x Standard Deviation 
Head Motion in x Standard Deviation 
Head Motion in y Standard Deviation 
 

 
IAE 
ISE  
SWA Entropy 
Gaze x Entropy 
Force on SWC Entropy 
Head Motion x Entropy 
Head Motion y Entropy 

 
SWA STD 
Force on SWC STD 
Eye Closure Metric 1 
Eye Closure Metric 2 
Attention Division Ratio 
Gaze x Mean 
Gazex Standard Deviation 
Head Motion Standard Deviation 
Head Motion y Standard Deviation 

 

Table 2.  Best feature space members selected by p<0.05 criterion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
surveys and  metrics are taken into correlation 
analysis  as in (metric, ground truth drowsiness 
level)pair for each metric separately  . The metrics 
having high correlation coefficient ,r, and small 
values of signifance ,p, with ground truth 
drowsiness level as a result are selected as best 
metrics to construct best feature space. Best feature 
space members are given in Table 2 together with 
their p values. The members are selected by taking 
their p and r values into account. The metrics 
having  p<0.05 and r>0.2 is considered as having 
high enough correlation to actual drowsiness level 
expressed by ground truth. 
Decision Systems and Results 
After constructing the feature spaces from 
calculated metrics, a decision system should be  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

trained to detect impaired and normal states of the 
drivers. In order to train the decision systems, 
database containing the feature spaces are divided 
into train and test data groups.  Supervised learning 
method is used and ground truth acted as teacher to 
shape the artificial intelligence system to produce 
rules using available metrics. Because the 
drowsiness level can be judged by people and the 
available information is fuzzy nature, the Fuzzy 
Inference system is chosen as a good candidate to 
mimic this decision making process. Thus the 
system is expected to behave like a co-pilot 
detecting the impaired driver and the level of the 
risk involved. Finally, the effect of the time window 
selection in calculating the metrics are analysed 
using different time windows and training separate 
FIS for each time window selection.  

FV Members P (signf.) 

ECM1 0.000 

ECM2 0.000 

AttDivRatio 0.002 

Head motion-x Std 0.001 

Head motion-y Std 0.000 

IAE 

ISE 

SWA Entropy 

Force Entropy 

Force Std 

0.019 

0.042 

0.007 

0.036 

0.022 
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Fuzzy Inference Systems- FIS can be of mainly 
two types: Mamdani [8] and Sugeno-Takagi [9]. 
The first System constructs the rule base of the 
system from expert knowledge and is transparent to 
the designer of the system. Any rule can be added 
to or removed from a Mamdani FIS. On the other 
hand, Sugeno-Takagi system uses data to extract 
the rules in terms of linear relationships between 
the inputs to yield the output, thus it is data driven. 
If how the measured metrics were connected to the 
drowsiness level was known, the choice should be a 
Mamdani system. However, in our problem the 
rules expressing the relationship between the 
metrics and level of impairment and involved risk is 
not clear. Therefore, this investigation asks a two 
way question to find the best feature spaces and 
best decision system. For this reason, Sugeno-
Takagi system is used to reveal the relationships 
mathematically to construct a rule base. A sub-
clustering method is used in deriving the Sugeno-
Takagi (S-T) based FIS. 
The fuzzy C-means algorithm is an iterative 
optimization algorithm minimizing the cost 
function in (5). 
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where        
n : number of data points, c : number of clusters 

kx : kth data point 

iv : ith cluster center 

µik: degree of membership of kth data in ith cluster, 
m : constant  
When the input precisely matches with the centre of 
the cluster, this definition guarantees that the input 
will have zero membership coefficients for other 
clusters. It guarantees that the separate clusters are 
formed allowing the rules based on them to be 
defined. The mapping from the input space to 
output space is then performed using the rule base 
extracted by this method.  
A Sugeno-Tkagi  (S-T) FIS system is trained using 
150 sessions of database collected from 30 subjects 
and tested using 18 sessions that are completely 
new to the trained system. The result of the S-T FIS 
trained for F1 feature space is given in Figure 
7showing that the decision system was able to 
predict most of the cases.  
 
 
 

 
Figure 7. Output of S-T FIS vs Risk function 
over F1 space 
The performances of F2 and F3 feature spaces are 
given in Figure 8 and 9 respectively. F2 feature 
space containing the control and entropy metrics 
and lacking the visual metrics is not successful in 
predicting the test data precisely. 

 
Figure 8. Output of FIS-S-T system vs Risk 
function over F2 space 

 
Figure 9. Output of FIS-S-T system vs Risk function 
over F3 space 
Adding standard deviation values of non-visual 
metrics to visual metrics caused a drop in 
performance when compared to F1. However, F3 is 
still advantageous to F1 because it does not solely 
depend on the visual metric. When the visual 
metrics become completely unavailable F3 can still 
judge the drowsiness level based on non-visual 
metrics it contains. On the other hand F2 feature 
space shows that it is not enough to include only 
control and entropy related metrics, the visual 
metrics are of crucial role in the system. 
The performances of these three feature spaces are 
summarised in Table 3.  
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Table 3. Performances of three feature spaces using S-T FIS for decision making
 
After observing the feature space performances 
from F1, F2 and F3, it is decided that the best 
feature space,F4, should  be put under test to obtain 
an optimum performance form the available 
metrics. This feature spaces includes only the 
metrics having high correlations with ground truth 
as explained before. The test results from F4 space 
is shown in Figure 10. 

 
Figure 10. Test results of S-T FIS using F4 space 
 
Feature space F4 was able to correctly identify 98% 
of the sessions; therefore, proving to be the best 
feature space. For the rest of the analysis including 
time windows, therefore, F4 will be used and 
tested.  
The next step in our investigation is to analyse the 
effect of the time window on the performance of 
the decision system. For this reason, the time 
window is successively halved to obtain 6 min, 3 
min and 1.5 min intervals corresponding to 1000, 
500 and 250 frames of the video segments of the 
NIR computer vision system. The results of 6-min 
time window is given in Figure 11. 

 

Figure 11. Output from S-T FIS using 6-min 
time window in calculating feature space 
 

 

 
Figure 12. Output from S-T FIS using 3 and 1.5 
min time window in calculating feature space 
 
As the time window for the calculation of the 
feature vectors narrows down the system is able to 
track the general trend efficiently however after 3 
min it begins to fluctuate. The fluctuation occurs 
because of the quantization and re-sampling 
between the data points. However, the system is 
able to give reasonable response for each time 
window. Preferably the 3 min time window is a 
good compromise between fast response and 
generalization capability or tracking capability of 
the general trend. These observations can be 
tracked from Figure 12.  

F1 F2 F3 PERFORMANCE 

COMPARISON Success 

(%) 

False 

Alarm (%) 

Success 

(%) 

False 

Alarm (%) 

Success 

(%) 

False 

Alarm (%) 

Mamdani  90 10 80 20 85 15 

Sugeno-Takagi 98 none 90 10 95 5 
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CONCLUSIONS 
 
In this study, a multi-sensor driver vigilance 
monitoring system is designed using the-state-of-
the-art signal modeling techniques and Fuzzy 
Inference Systems. This study investigates three 
important aspects of monitoring system design 
problem: reliability, availability and robustness. In 
order to find an answer these three requirements, 
best feature space, the time window used in 
calculations and an optimum decision system are 
sought after.  As can be seen from the results, the 
visual channels of information are proven to be the 
most powerful signals to detect the drowsiness and 
associated risk. In addition to conventional eye 
closure metrics, a new metric developed to measure 
the distribution of the attention of the driver. It has 
been found highly correlated to the involved risk 
level due to drowsiness. The best feature space is 
defined according to correlations with the perceived 
risk level. Finally, it is concluded that a Fuzzy 
Inference System using a feature space containing 
visual metrics of eye closure, attention distribution, 
head movement and non visual metrics of entropies 
of the steering wheel angle and the force on the 
steering wheel supported by control performances 
(IAE and ISE) of the longitudinal speed is the best. 
The best time window for calculating the metrics is 
identified as 3 minutes.  
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ABSTRACT 
 
Automobile crashes are the largest single cause of 
death for pregnant females and the leading cause of 
traumatic fetal injury mortality in the United States.  
A previously validated MADYMO computer model 
of a 30-week pregnant occupant was used in this 
study to investigate the pregnant occupant response 
in a New Car Assessment Program (NCAP) frontal 
barrier motor vehicle crash.  The effect of the 
restraints, all tests had a 3 point seatbelt and an 
airbag, and the vehicle performance in the crash are 
incorporated by applying the measured pelvic 
acceleration in the front seat passenger dummy to the 
pregnant occupant model.  Included in the study are 
nine vehicle models that represent the compact, 
medium, and sport utility vehicle classes during the 
years 1996 to 2006 for a total of 26 NCAP tests with 
corresponding simulations.  Uterine strain from the 
computational model, a good predictive measure of 
the risk of fetal injury due to placental abruption, 
indicates the average risk of adverse fetal outcome 
associated with these NCAP tests is 85 ± 13% with a 
minimum risk of 55% and a maximum risk of 100%.  
NCAP star rating correlates with the risk of adverse 
fetal outcome (p=0.001) with 3 stars having an 
average risk of 99 ± 3% (n=3), 4 stars having an 
average risk of 89 ± 11% (n=14), and 5 stars having 
an average risk of 75 ± 13% (n=9).  However, even 
the best NCAP rating, 5 stars, is still indicative of a 
high risk of fetal injury.  This high risk is consistent 
with published pregnant occupant case studies that 
have an equivalent change in velocity of slightly 
more than 56.3 kph (35 mph).  Although this study is 
limited to computational modeling, it suggests more 
research in protecting the pregnant occupant is 
needed. 
 
INTRODUCTION  
 
Automobile crashes are the largest cause of death for 
pregnant females (Attico, 1986) and the leading 

cause of traumatic fetal injury mortality in the United 
States (US) (Weiss, 2002).  Each year in the US, 160 
pregnant women are killed in motor-vehicle crashes 
and an additional 800 to 3200 fetuses are killed when 
the mother survives (Klinich, 1999a, 1999b).  The 
best way to protect the fetus is to protect the mother 
considering that maternal death has a near 100% fetal 
loss rate (Pearlman, 1990b).  If the mother survives, 
protection of the fetus may best be accomplished by 
preventing placental abruption.  Placental abruption, 
which is the premature separation of the placenta 
from the uterus, has been shown to account for 50% 
to 70% of fetal losses in motor vehicle crashes 
(Pearlman, 1990a).  Information gathered from crash 
investigations shows that placental abruption can 
occur without other, more severe injuries, such as 
uterine rupture or direct fetal injury.  However, when 
these more severe injuries do occur they are often 
accompanied by placental abruption (Rupp, 2001).   
 
Since real world crash data is limited and cadaver 
studies are not feasible, a previously validated 
Mathematical Dynamic Modeler (MADYMO) 
computer model of a 30-week pregnant occupant has 
been a useful tool in researching risk of adverse fetal 
outcome for motor vehicle crashes involving a 
pregnant occupant (Moorcroft, 2003a).  Adverse fetal 
outcome is defined as placental abruption, uterine 
laceration, direct fetal injury, premature delivery due 
to the crash, and fetal loss (Klinich, 1999b).  Previous 
studies have utilized the pregnant occupant 
computational model to assess the risk of fetal loss 
based on occupant position, belt placement, impact 
direction, and advanced restraint systems (Moorcroft, 
2004; Duma, 2006).  Data for dynamic failure testing 
of maternal tissues are available for the uterus and 
placenta (Manoogian, 2007a, 2007b).  Currently, the 
only alternative pregnant surrogate is a 30-week 
gestation 5th percentile female crash test dummy 
called the Maternal Anthropomorphic Measurement 
Apparatus version 2B (MAMA-2B) (Rupp, 2001).  
Validation tests have related the peak pressure of the 
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simulated uterus in the MAMA-2B with real world 
fetal loss risk data.  The pregnant surrogate has been 
used in further analysis to determine the risk of fetal 
loss for different restraint conditions in a frontal 
impact.  However, the crash test dummy is limited in 
its ability to model several crash scenarios in a timely 
and cost effective manner.  For this study, the 
validated computational model was selected.  
 
One type of vehicle safety rating is reported based on 
the National Highway Traffic Safety Administration 
(NHTSA) New Car Assessment Program (NCAP).  
The NCAP tests include front, side, and rollover star 
ratings.  The large available data set from these tests 
proved a valuable resource of occupant response to 
the same impact condition for several vehicle models.  
In an analysis of data from the National Automobile 
Sampling System Crashworthiness Data System 
(NASS CDS), it was found that 53% of pregnant 
occupant motor vehicle crashes are frontal impacts 
(Duma, 2006).  Therefore, data from NCAP frontal 
barrier impacts are chosen for this study.  The 
purpose of this study is to use the pregnant occupant 
model to assess the risk of adverse fetal outcome in a 
NCAP frontal barrier motor vehicle crash. 
 
METHODS 
 
VT Pregnant Model 
 
A previously validated MADYMO computer model 
of a 30-week pregnant occupant has been created to 
investigate pregnant occupant biomechanics in motor 
vehicle crashes.  The details of model development 
and validation are available in Moorcroft, et al. 
(2003a, 2003b, 2003c), but are briefly summarized 
here.  In order to create the model of the pregnant 
occupant, the finite element model of a pregnant 
uterus was inserted into the abdomen of a multibody 
human model.  The finite element model 
anthropometry was designed to represent an occupant 
in her 30th week of gestation based on data from 
Klinich (1999a) for the second-generation pregnant 
dummy.  The abdomen consists of the uterus, 
placenta, and amniotic fluid.  A fetus was not 
included because the injury mechanism that 
predominantly contributes to fetal loss is placental 
abruption, as described by Rupp (2001). The human 
model is a 5th percentile female (1.52 m tall, 50 kg) 
and the weight of the pregnant occupant model is 
61.2 kg (135 lbs).  This multibody human model 
provides biofidelic response of an occupant in a 
motor vehicle crash, while reducing the 
computational time compared to a more complex full 
finite element human model.   
 

Four techniques were used to validate the pregnant 
model.  First, a global biofidelity response was 
evaluated by using a seatbelt to compress 
dynamically the pregnant abdomen (Moorcroft, 
2003b).  The force versus compression results were 
within the published corridors from scaled cadaver 
tests (Hardy, 2001).  Second, a similar validation 
procedure was performed with a 2.54 cm diameter 
rigid bar (48 kg) at an impact speed of 6 m/s and 
these results were also consistent with previous data 
(Rupp, 2001; Hardy, 2001).  The third technique 
involved validating the model against real-world 
crashes in order to investigate the model’s ability to 
predict injury.  Using fatal crashes involving 
pregnant occupants, the model showed strong 
correlation (R2 = 0.85) between peak strain at the 
utero-placental interface (UPI) as measured in the 
model compared to risk of fetal demise as reported in 
the real-world crashes over a range of impact 
velocities and restraint conditions (Klinich, 1999b).  
The forth method compared the physiological failure 
strain from placental tissue tests to the failure strain 
measured in the model.  Rupp presented a summary 
of pregnant uterine and placental tests which suggest 
approximately a 60% failure strain for the UPI 
(Rupp, 2001).  This is in agreement with the model’s 
prediction of 80% risk of fetal loss at a 60% strain in 
the UPI (Moorcroft, 2003).  In summary, the global, 
injury, and tissue level validation techniques all 
indicate the model is good at predicting injurious 
events for the pregnant occupant.   
 
The model calculates the risk of adverse fetal 
outcome, or fetal loss, on the basis of statistical 
analyses of case report data performed by Klinich, et 
al. (1999b).  A two variable linear regression of the 
entire data shows that the uterine strain from the 
computational model is a good predictive measure of 
the risk of fetal injury due to placental abruption (R2 
= 0.85).  The regression shows that uterine strain 
increases linearly to tissue failure as the risk 
approaches 100%.   
 
NCAP Frontal Barrier Test 
 
NHTSA uses NCAP to rate vehicles based on their 
safety performance.  The NCAP frontal test is a 
standardized test to crash a vehicle with an initial 
velocity of 56.3 kph (35 mph) into a fixed barrier 
with the full width of the front of the vehicle.  This 
yields an equivalent change in velocity of 59.5-64.4 
kph (37-40 mph) when the vehicle rebounds.  During 
this test, the driver and front seat passenger of the 
vehicle are 50th percentile Hybrid III male crash test 
dummies.  Although there are several instrumentation 
devices on board the vehicle and the dummies, only 
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head and chest acceleration measurements are used 
for the injury criteria which determine the NCAP star 
rating.  The highest NCAP rating is five stars and 
indicates a 10% or less chance of a serious injury.  
The lowest NCAP star rating, one star, is associated 
with 46% or greater chance of serious injury.  The 
NHTSA definition of a serious injury is one requiring 
immediate hospitalization and may be life 
threatening.   
 
In order to use the data from the NCAP test in the 
pregnant occupant model, a few methodological 
assumptions were made.  First, since the data 
collected is for the 50th percentile male, it was 
assumed that the 50th percentile male response was 
similar to what the 5th percentile female would 
experience in the motor vehicle crash.  Second, it was 
assumed that the effect of the vehicle structure and 
restraints on the passenger kinematics is incorporated 
in the pelvic acceleration response.  Moreover, only 
the linear acceleration of the pelvis was known, so 
the simulation assumes there was negligible pelvic 
rotation.  Because there is no method to validate the 
interaction with the restraints and vehicle interior, the 
only cause of uterine strain in the simulations was 
due to inertial loading from pelvic acceleration.  As a 
result, this study used the three linear acceleration 
components of the pelvis as inputs to the simulations.  
These limitations are discussed further in the 
discussion.  
 
Simulations 
 
The MADYMO simulations in this study modeled a 
total of twenty-six NCAP tests from the years 1996 to 
2006.  Three vehicle models were selected from each 
of the three vehicle classes: passenger car compact 
(PC/C), passenger car medium (PC/Me), and sport 
utility vehicle (SUV).  All of the tests chosen had a 
three point seatbelt and at least a front airbag for the 
passenger.  Previous research shows the pregnant 
occupant is the driver in 75% of pregnant occupant 
related motor vehicle crashes (Duma, 2006).  
However, the pregnant occupant in the driver seat 
also has more interaction with the vehicle interior in a 
motor vehicle crash (Moorcroft, 2004).  Because the 
goal of this study is only modeling the inertial 
loading and not the contact loading to the abdomen, 
the simplified case of the pregnant occupant 
passenger was chosen.  Data were collected from the 
front seat passenger pelvis accelerometer in each of 
the NCAP tests evaluated. 
 
The MADYMO pregnant occupant model was locked 
in a standard sitting position as measured by Klinich 
et al. for the small female group at 30-weeks 

gestation (Klinich, 1999a).  By locking the 
occupant’s joints, she moved as a rigid body in 
inertial space.  Internally the uterus, placenta, and 
amniotic fluid were allowed to translate and rotate in 
the abdomen (Figure 1).  Since no vehicle interior or 
restraints were added to the model, only the inertial 
response of the uterus is measured without external 
contact forces or compression due to thoracic 
movement.  The pelvic linear acceleration data 
extracted from the NCAP tests was filtered to 
CFC600 per SAE J211.  Applying the x, y, and z 
components of the pelvic acceleration pulse to the 
model for 0.125 seconds provided a simulation of the 
inertial effect pelvic acceleration would have on a 
pregnant abdomen.  As a result, the uterus strained 
and rotated from the inertial loading.  Since the 
assumed injury mechanism is placental abruption, the 
simulations output uterine strain at the fundus of the 
uterus for the duration of the impact.  The peak von 
mises uterine strain corresponds to a risk of fetal 
demise using the linear relationship from the previous 
validation of this model.  It is anticipated that this 
loading presents a best case scenario for the pregnant 
occupant in an NCAP style crash given no abdominal 
intrusion from the steering wheel or belt. 
 

t=0.000 st=0.000 s t=0.025 st=0.025 s

t=0.050 st=0.050 s t=0.075 st=0.075 s  
Figure 1:  The simulation emulates the response of 
the uterus from pelvic acceleration due to a motor 
vehicle crash.   
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RESULTS  
 
The results for this study include the risk of fetal loss 
for 26 different NCAP frontal barrier tests (Table 1).  
The average risk associated with these tests is 85 ± 
13% with a minimum risk of 55% and a maximum 
risk of 100%.  This information provides insight into 
how the vehicle type and pelvis acceleration 
determine the inertial loading of a 30-week pregnant 
uterus in a motor vehicle crash.   

Table 1:  A total of 26 simulations included nine 
vehicles in three vehicle size groups. 

Vehicle 
Type 

Model 
Year 

NCAP 
Star 

Rating 

Peak Pelvis 
X 

Acceleration 
(g) 

Risk of 
Adverse 

Fetal 
Outcome (%)

1996 5 49.4 87 
1999 4 48.5 74 PC/C 1 
2006 5 44.0 55 

1998 4 55.6 82 
2003 5 42.4 77 PC/C 2 
2005 5 46.3 97 
2000 4 73.0 100 

PC/C 3 
2002 4 92.8 100 

1998 4 53.1 77 
2000 4 51.5 72 PC/Me 1 
2003 5 46.5 65 
1996 4 42.2 88 
2000 5 59.6 75 PC/Me 2 
2004 5 39.3 72 

1997 4 53.1 93 
2000 5 51.9 67 PC/Me 3 
2004 4 79.7 78 
1998 3 74.2 100 
2001 4 84.3 100 SUV 1 
2004 5 59.7 80 

1998 4 66.8 99 
2002 3 80.1 100 SUV 2 
2005 4 69.6 100 
1996 3 66.4 95 
2001 4 67.5 100 SUV 3 
2004 4 58.1 83 

 
Vehicle Type 
 
When the risk of adverse fetal outcome is considered 
for each vehicle type, the medium size passenger car 
group had the lowest risk associated to it with an 
average of 76 ± 9%.  The sport utility vehicle group 

had the highest average risk of 95±8%.  The 
passenger compact car group was in between these 
two with an average risk of 84 ± 16%.  The former 
group had the largest standard deviation with the 
minimum risk being 55% and the maximum risk 
being 100%.  The only statistically significant 
difference was between the medium passenger car 
and the sport utility vehicle groups (Figure 2).  
Within each vehicle group, the risk was evaluated for 
a vehicle model as the model year progressed.  In the 
17 comparisons made between the same model car 
and an increase in model year, the risk of injury did 
not always decrease over time (Figure 3).  The peak 
uterine strain increased in five of these cases with the 
associated risk either increasing or remaining the 
same at 100% (Figure 4).  The remaining 12 cases 
showed a decrease in uterine strain and risk with an 
increase in model year.  Because some vehicles had 
poor performance in recent years, there is not a 
significant trend associated with an increase in model 
year.   
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Figure 2:  The medium passenger car class had a 
significantly lower risk associated with it than the 
sport utility vehicle class (p<0.001). 
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Figure 3:  The risk of fetal loss versus vehicle 
model year indicates a decrease in risk for the 
medium passenger car class. 
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Figure 4:  Peak uterine strain decreases in 12 of 
the 15 vehicle model year comparisons in this 
study. 

 
Peak Pelvic Acceleration 
 
The risk of placental abruption and peak pelvic 
acceleration in the x direction had a statistically 
significant relationship (p<0.001).  The peak pelvic x 
acceleration is used rather than the resultant pelvic 
acceleration because in the frontal crash this value is 
dominant.  Due to inertial loading only, 7 out of 8 
vehicles with a peak pelvic acceleration above 67 g 
had a 100% risk of fetal loss (Figure 5).  The 
relationship between peak pelvic acceleration and 
peak uterine strain is also shown, although a strain of 
above 74% corresponds to a 100% risk of fetal 
demise (Figure 6).  Since all of these vehicles 
experience approximately the same change in 
velocity, the acceleration curves differ mainly in their 
peak acceleration and duration.  This difference is 
seen best between the acceleration pulses that 
resulted in the least and greatest uterine strain (Figure 
7).  The acceleration curve with a peak pelvis x 
acceleration of 74.2 g maintains above a 5 g load for 
0.0493 seconds and corresponds to the highest value 
of peak uterine strain, 90%.  However, the 
acceleration curve with the lowest resulting peak 
uterine strain of 41% holds an acceleration above 5 g 
for 0.0889 seconds with a peak of 44.0 g.  The longer 
duration, lower peak g acceleration curve results in a 
lower peak uterine strain and an analogous reduction 
in risk of fetal loss for the pregnant occupant.   
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Figure 5:  Overall, the SUV class had higher peak 
accelerations which correspond to higher risks of 
fetal demise. 
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Figure 6:  The linear relationship between peak 
pelvis x acceleration and peak uterine strain is 
significant but not strongly correlated due to 
differences in the acceleration profiles.  
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Figure 7:  The acceleration pulses that resulted in 
the least and greatest uterine strain are plotted for 
comparison.   
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Although there was an increase in risk with an 
increase in pelvic acceleration, it was not strongly 
correlated.  Some vehicles had similar peak pelvis x 
acceleration values and very different associated peak 
uterine strains.  A closer evaluation of the 
acceleration profiles and their matching strain outputs 
addresses the weak correlation.  When the pelvic 
acceleration and uterine strain profiles are plotted 
together, a time delay between the input and the 
response is present for the inertial loading.  Due to 
the delay, a rapid change in pelvic acceleration does 
not have time to load the uterus.  For example, an 
acceleration curve which has a peak duration of less 
than 5 milliseconds does not have a parallel large 
peak in the uterine strain (Figure 8).  On the other 
hand, a curve with a steady increasing acceleration 
causes a similar steady increase in uterine strain 
(Figure 9).  Therefore, two acceleration profiles with 
similar peak values can have different fetal injury 
risks associated with them.   
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Figure 8:  The large peak in the pelvis x 
acceleration does not have an equivalent large 
peak in the uterine strain measure.   
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Figure 9:  The steady increase in pelvis x 
acceleration has a corresponding increase in the 
peak uterine strain.   

NCAP Score 
 
The NCAP star rating for each vehicle indicates the 
risk of injury for the occupant based on head and 
chest criteria.  The NCAP data used in this study was 
the pelvic acceleration.  It was found that with an 
increase in the frontal NCAP star rating there was a 
decrease in peak pelvic acceleration for the x 
direction.  The five star rating corresponds to a 
48.8±7.2 g peak pelvic acceleration for the tests 
evaluated in this study.  This value increased to 
73.6±6.9 g for a low rating of three stars.  
Additionally, it was found that the star rating had a 
statistically significant relationship to the risk of fetal 
loss (p=0.001).  The NCAP tests with 3 stars have an 
average risk of 99 ± 3% (n=3), 4 stars have an 
average risk of 89 ± 11% (n=14), and 5 stars have an 
average risk of 75 ± 13% (n=9) (Figure 10).  These 
three groups are statistically different from each other 
and show that risk of adverse fetal outcome from 
placental abruption increases to almost 100% in a 
vehicle that passes the NCAP frontal barrier test with 
3 stars.  While the best NCAP rating of 5 stars 
indicates less than 10% risk of injury to the front 
passenger, it corresponds to a 75% risk of injury to 
the fetus.   
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Figure 10:  The best NCAP rating of 5 stars is 
indicative of a 75% risk of fetal loss in a 56.3 kph 
frontal barrier crash. 
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DISCUSSION  
 
Real world pregnant occupant motor vehicle crash 
data and pregnant crash dummy data confirms the 
results from this study.  In an analysis of case data for 
pregnant occupants, the estimated risk of fetal loss 
for a crash severity of 56.3 kph (35 mph) is 93% 
when the occupant has the proper restraint (Klinich, 
1999b) (Figure 11).  This risk is the minimum value 
associated with an NCAP test since the actual change 
in velocity with the rebound is generally 59.5-64.4 
kph (37-40 mph).  A crash severity of 64.4 kph (40 
mph) is associated with 97% risk of fetal loss.  
Previous research using the pregnant crash test 
dummy MAMA-2B evaluated the uterine pressure 
during a sled impact with a 52.6 kph (32.7 mph) 
change in velocity.  The result of this impact with the 
dummy as the passenger and wearing a 3 point belt 
was a risk of adverse fetal outcome equal to 87.5%.  
The average risk calculated in the current study for 
the inertial loading condition during a front impact is 
85 ± 13%.  All three of these methods of evaluating 
the pregnant occupant with the proper restraint 
indicate a high risk of fetal loss for a crash severity 
equivalent to that of an NCAP test.   
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Figure 11:  Risk of adverse fetal outcome as a 
function of crash severity for the properly 
restrained pregnant occupant indicates a 92% 
risk with a 56.3 kph impact (Klinich, 1999b). 

Limitations of this study arise from the information 
available from a frontal NCAP barrier test.  A 
pregnant surrogate is not used in the NCAP frontal 
barrier test so it is assumed that the kinematic 
response of the 50th percentile male is similar to that 
of a 30-week gestation 5th percentile female.  
Anthropometric differences would cause variations in 
the loading by the restraint system and ultimately the 
kinematics of the dummy.  Since this cannot be 
accounted for, it is assumed that the pelvis of the 
small female has the same acceleration profile as that 
of the large male.  As a result of a smaller mass and 
equivalent acceleration, a lesser force would be 
required by the restraints to stop the pelvis. 

 
The data is not adequate to recreate the full body 
kinematics such as torso rotation and contact loading 
from the restraints or vehicle interior that contribute 
to uterine strain.  Therefore, the model predicts the 
fetal outcome for an ideal loading scenario of a 
pregnant occupant in a 56.3 kph (35 mph) frontal 
impact.  The assumption of a 3-point seatbelt 
positioned correctly minimizes the risk because 
placing the seatbelt too high on the abdomen can 
increase the risk of fetal loss by contributing 
unfavorably to uterine compression (Moorcroft, 
2004).  Additionally, using the shoulder belt and 
airbag decreases the risk of injury (Klinich, 1999b).  
These simulations do not consider contact loads from 
the seatbelt and vehicle interior to the abdomen since 
they could not be validated.  Contact loads can 
increase the risk of fetal complications because of 
abdominal compression.  Early research on the 
pregnant occupant indicated that bending of the torso 
also increased uterine pressure (King, 1971).  These 
effects are not modeled since the body is locked in a 
seated position.   
 
Moreover, this model does not predict the additional 
complications for the fetus due to maternal injury.  A 
3 star NCAP rating for the front passenger indicates a 
21% to 35% risk of serious injury to the mother.  
Serious injury to the mother further increases risk of 
adverse outcome to the fetus.  Because the model 
simulations are evaluating an ideal scenario, the 
associated risk is expected to be greater in a real 
world crash for a 56.3 kph (35 mph) impact.  Overall, 
the attachment of the placenta is very delicate, and 
the data from this study and previous studies indicate 
that prevention of placental abruption with such a 
severe impact may not be plausible.  
 
CONCLUSIONS 
 
Using a validated pregnant occupant computer 
model, this study assessed the risk of fetal loss for the 
pregnant front seat passenger in 26 different NCAP 
frontal barrier tests.  Nine vehicles were selected that 
ranged 10 model years and three vehicle weight 
classes.  The results from this study show that in an 
ideal loading condition the average risk of adverse 
fetal outcome is 85% due to inertial loading only.  
Moreover, all vehicle models for all years showed a 
greater than 50% risk of fetal loss.  When compared 
to previous research, the results from this study are 
confirmed.  Although this study is limited to 
computational modeling, it suggests even with the 
best case restraint system scenario the risk of fetal 
death is highly probable in severe crashes like those 
that the NCAP standard emulates. 
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ABSTRACT 

The traffic accident has been one of the first ten 
death factors in Taiwan for past years. The published 
statistical data showed that the number of casualties 
has gradually increased, and indicated that the main 
cause of traffic accident was the negligence by 
drivers, nearly twenty percent of the total amount of 
accidents every year in Taiwan. Many published 
researches about driving safety pointed out that the 
negligence is usually caused by driver’s distraction 
and low level of alertness. In recent year, the 
Collision Warning System (CWS) providing visual, 
tactile and various audio signals to stimulate the 
driver’s sense of hearing for warning purpose has 
been developed to assist drivers for a safe driving. 
Therefore, this study investigated the effect of 
various audio signals in the collision warning system 
on driving performance using a driving simulator. 
The driving performances in perception-reaction time, 
speed and lane-departure amount were recorded. In 
this study the driver encountered a sudden cut-in of 
an event vehicle from an adjacent lane, braking in 
front and speeding up. The design levels were no 
alert, speech and beep sound in the collision warning 
system. Thirty male participants ranging from 20 to 
30 years of age were recruited. The experimental 
results showed that a car with warning system could 
make the driver be on alert earlier and thus reduce 
the perception-reaction time. In addition, the beep 
sound induced a shorter perception-reaction time 
than the speech did. The driver would reduce speed 
when the vehicle equipped with warning system. 
With respect to the amount of lane-departure, the 
data showed that the position deviation was small as 

the driver did not change lane when the emergence 
happened in front.  

INTRODUCTION 

The traffic accident has been one of the first ten 
death factors in Taiwan for past years and the number 
of casualties has gradually increased. The statistical 
data of traffic accident published by National Police 
Agency, Taiwan, indicated the urban, straight road 
was the location inducing the highest accident rate, 
and the main cause of traffic accident was the 
negligence by drivers, nearly twenty percent of the 
total amount of accidents every year. The negligence 
is usually caused by driver’s distraction and low level 
of alertness. Therefore, the vehicle manufacturers 
have developed related safety devices to assist 
drivers for a safe driving. The Collision Warning 
System (CWS) is one of the devices warning the 
driver to take notice of traffic condition for avoiding 
accidents. 
The collision warning systems provides various 
functions to prevent the crashes such as head-on 
collision, side collision, intersection collision and 
side-swipe collision. With various sensors equipped 
around the vehicle the collision warning system 
detects obstacles and gives various signals including 
voice or image at different levels to stimulate the 
driver’s sense of hearing and vision for warning 
purpose. A product of collision warning system 
developed by General Motors Corporation and 
Delphi-Delco Electronics Systems incorporated the 
functionality of both Forward Collision Warning 
(FCW) and Adaptive Cruise Control (ACC). The 
system offered audio and visual warning to the driver 
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and displayed the visual warning signal for various 
levels of the alert on a head-up display [1]. 
Driving simulator (DS) is a very useful tool for pilot 
research and it has been applied in automobile 
industries and related projects for past years. With 
techniques of virtual reality, the DS creates a driving 
environment without threat for drivers. Some 
dangerous, abrupt traffic conditions that used to be 
simulated by real cars are now replaced by the 
driving simulator. The driving simulator has shown 
its great potential to study the influence of collision 
warning system on driving performance. Lee et al. [2] 
examined driver’s response to evaluate the efficacy 
of a Rear-End Collision Avoidance System (RECAS) 
using the Iowa Driving Simulator. The experimental 
results showed that early warnings helped drivers 
react more quickly and reduce more time for drivers 
to release the accelerator than did late warnings or no 
warnings. Suetomi and Niibe [3] conducted the 
experiments to examine how beep sound 
characteristics influenced the driver reaction with a 
moving-base driving simulator, and the results 
validated that driver reaction time became faster 
against the beep sound, which has more than two 
frequency components and has higher repetition 
speed. The influence of the quality of the warning 
sound on the response time was analyzed by Cheng 
et al. [4]. It was indicated that there were statistically 
significant effects of the characteristics of warning 
sound on the brake response time, and that the 
characteristics of warning sound influenced the time 
of situation judgment of the subject was possible. 
Yamada and Wakasugi [5-6] used a driving simulator 
to evaluate the effectiveness of forward obstacles 
collision avoidance support system informing the 
driver of the traffic through the in-vehicle display 
and the roadside message board. To clarify the 
difference of effectiveness of each information type 
the vehicle speed at 100 m ahead the obstacle was 
examined, and the results indicated that the driver 
tended to reduce the vehicle speed to less speed when 
the combined information with in-vehicle and 
roadside information was offered than when the 
single information was offered. 
Because a failure to notice a car in front is the most 
frequent cause of traffic accidents in Taiwan, the 
development of a collision warning system has been 
paid more attention. In this study, a driving simulator 
is applied to investigate the influence of various 
audio signals in the collision warning system on 
driving performance on urban roads in Taiwan.  

EXPERIMENTAL METHODS 

The study employed a driving simulator to access the 
effect of collision warning system in various sound 
contents on driver’s performance. The driving 
equipment, driving scenario, warning system, 
experimental procedure, and data analysis are 
described as follows. 

IOT Driving Simulator 

The driving simulator, developed by the Institute of 
Transportation (IOT) in Taiwan, integrates a physical 
driving cabin, a six degree-of-freedom Stewart 
motion platform, a virtual reality-based visual and 
audio system, a vehicle motion simulation software, 
and a host computer system to simulate a virtual 
environment of urban area road. The driving cabin is 
a real car body mounted on hydraulic Stewart motion 
platform that supplies motion experienced in normal 
acceleration, braking and steering. The visual system 

consists of three screens providing 135° horizontal × 

36.87° vertical field of view and the scene is updated 
at rates between 25 and 35 Hz. The audio system 
provides simulated noises from the engine, road tyres 
and street. Figure 1 shows the configuration of IOT 
driving simulator. 
 

 
Figure 1.  The configuration of IOT driving 
simulator. 

Driving Scenario  

A straight road with intersections in urban area was 
simulated. It was a two-way two-lane road, 3.5 
meters wide in each lane, with 1 meter wide 
pedestrian sidewalks. This road consisted of an 
accelerating section (300 m), an experimental section 
(5100 m), and a braking section (900 m). Eleven 
intersections were located every 400 to 600 meters in 
the experimental section. Event vehicles were 
distributed randomly along the road to avoid 
anticipation of the vehicle by participants. The event 
vehicle was defined as the vehicle which would 
overtake the host vehicle from either right side, cut 
into the lane that used by the host vehicle, brake, and 
then speed up.  

Warning System 

The host vehicle (i.e., driving simulator) was 
equipped with a collision avoidance warning system. 
In case of urgent conditions, such as a driver 
tailgating, cutting in, or violating a traffic signal on 
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the other road at an intersection, the system would 
automatically send out a short voice message, ‘bi-bi’ 
or ‘watch your front’. The participants were told that 
the CWS system would malfunction sometimes; thus, 
the system might not be able to sense emergent 
situations. The warning signal worked when the 
event vehicle cut into the lane that used by the host 
vehicle. The signal tone was a pure tone of 2 KHz 
with 70 dB of sound pressure level. 

Experimental Procedure  

The subjects were first asked to fill in the personal 
information including gender, age, driving 
experience etc. Then, the experimental instructions of 
driving task and operation skill of driving simulator 
were introduced to participants by an assistant. After 
a 10~15 min practice at driving the simulator, the 
formal experiment was conducted. Each participant 
was asked to do his best in keeping a steady speed of 
50 km/h in his own lane. At the end of the 
experiment the participants were de-briefed, paid $10 
(US) and thanked for participation. The period of 
experiment was about 45 minute. 

Data Analysis 

The output of experimental data included system 
time, driving speed, steering wheel angle, normalized 
accelerator and brake position (i.e., scale of pedal 
depression ranging from 0-100 %), driving position, 
status of event vehicle, status of warning system and 
crash information. The data were collected at 30 Hz 
for the analysis of driving performance. Driver 
performance refers to the driver’s perceptual and 
motor skills, or what the driver can do. The ability to 
judge the speed, control the vehicle at that speed, and 
react to hazards are all in the realm of driver 
performance [7]. The measures of driving 
performance were perception-reaction time, 
lane-departure amount and crash. The 
perception-reaction time was measured from the time 
when traffic event was happened to the time when 
driver released the accelerator. The lane-departure 
amount was measured from the time when traffic 
event was happened to the time when the event 
vehicle got away. All statistical analysis was 
conducted using SPSS for Windows (Ver 11.0), with 
significance accepted at p<0.05. 

EXPERIMENTAL RESULTS 

Subjects 

Thirty-three male participants ranging from 20 to 30 
years of age, average age of 23.1, were recruited in 
this study. All participants held a valid driving 
license and had at least one years of driving 
experience. The data from two participants with 
improper driving behavior were deleted as the 

participants simultaneously pedaled accelerator and 
brake while driving. 

Perception-reaction time 

Figure 2 shows the perception-reaction time for 
various audio signals in CWS. The results showed 
that the longest perception-reaction time of 0.99 
second was happened at the condition when the event 
vehicle braked in front without audio signal, i.e. 
CWS out of working. The perception-reaction time at 
the condition of beep sound was 0.79 second, while it 
was 0.82 second at the condition of voice message. 
The perception-reaction time decreased with the 
warning signals, there was a statistical difference 
(F=3.911, df=2, p=0.024) among the three conditions. 
Significant differences were found between null 
signal and beep sound. However, there were no 
significant differences between null signal and 
speech message, and between the two audio signals. 
This indicated that the driver could respond more 
quickly to the emergency in front because of the 
working of CWS.  
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Figure 2.  The perception-reaction time for 
various audio signals in CWS. 

Lane-departure amount  

Figure 3 and 4 show the mean values and standard 
deviations of lane-departure amount for various 
audio signals in CWS. The results indicated that the 
drivers with beep sound CWS showed better 
performance because of less fluctuation in deviation 
value. However, the driving performance with speech 
message in lane-departure amount was not better 
than the performance without warning signal. The 
driving performances in standard deviation of 
lane-departure amount reached statistically 
significant difference among the three CWS 
conditions (F=3.783, df=2, p=0.026), but the 
performances in mean value of lane-departure 
amount did not (F=1.706, df=2, p=0.186). 
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Figure 3.  The mean value of lane-departure 
amount for various audio signals in CWS. 
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Figure 4.  The standard deviation of 
lane-departure amount for various audio signals 
in CWS. 

 

Crash 

Only one collision happened in this study. It was 
because the driver wheeled too much when null 
warning signal, such that the car crashed into the 
vehicles in the next lane.  

DISCUSSION 

With various sensors equipped around the vehicle the 
collision warning system detects obstacles and 
provides various levels and signals to simulate the 
driver’s sense of hearing and vision and attract his 
attention. The driver would quickly respond to a 
dangerous traffic condition from surrounding 
vehicles after he receives the warning signal, and the 
driver’s response is reflected in his driving 
performances. Driving performances, such as 
perception-reaction time and lane-departure amount, 
are the driver’s abilities of controlling an automobile. 
The driving safety is usually indicated by the level of 
driving performance. For example, the low level of 
performance such as large lane-departure amount 
indicates great danger to the driver because it would 
increase the possibility of crashing into the vehicle 

near by. The driving performance including 
perception-reaction time, average amount of 
lane-departure, standard deviation of lane-departure 
amount, and crash were recorded in this study. 
A straight road with intersections in Taiwan urban 
area was simulated in the study. To understand 
driver’s reaction from the event vehicle braking in 
front. The perception-reaction time was measured 
from the time when the traffic event is happened to 
the time when driver releases the accelerator. The 
experimental results showed that the 
perception-reaction time taken by the driver in the 
condition of CWS with null signal was much longer 
than those in the conditions of CWS with audio 
signals, beep sound and speech message. It indicated 
that the driver could respond more quickly to the 
emergency in front because of the working of CWS 
with audio signals. In addition, the difference in the 
perception-reaction time between with and without 
audio signals was at least 0.2 second. It showed the 
CWS with audio signals could make the driver being 
on alert earlier and thus reduce the reaction time. The 
driving safety would be enhanced in such a condition. 
The perception-reaction time at the condition of beep 
sound was less than that at the condition of voice 
message. It indicated that the driver make a quicker 
response in the condition of beep sound and it can be 
inferred that the beep sound might be the directest 
stimulus to drivers and the speech message might 
take drivers more time to catch the message meaning. 
Besides, it did not reach a statistical difference in the 
perception-reaction time between the conditions of 
null signal and speech message while the difference 
was statistically significant between the conditions of 
null signal and beep sound. The previous published 
literature also showed positive view on CWS. 
Suetomi et al. [8] pointed out the driver’s reaction 
with warning systems was at least 0.5 second less 
than that without warning systems. Lee et al. [2] 
showed the drivers who received a warning released 
the accelerator in only 1.03 seconds, compared with 
1.73 seconds for the condition without collision 
warning device. The result shows that CWS can 
rapidly release accelerator, reduce accident rate and 
impact speed. This study indicated the driving 
performance was improved by CWS with audio 
signals and drivers have the shortest 
perception-reaction time with beep sound warning. 
According to results of lane-departure amount, the 
CWS with beep sound made drivers perform better, 
showing less mean value and deviation. However, the 
CWS with speech message showed a poorer 
performance as compared to drivers’ response with 
CWS out of working. Although no crashing into 
traffic flow in the next lane, it still showed that the 
CWS with speech message made drivers perform 
worse in the control of steering. It might be inferred 
that the speech message interferes with drivers while 
driving. Moreover, this study showed that beep sound 
made drivers perform better in lane-departure amount 
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and perception-reaction time, and the differences 
were statistically significant. 
Published research unanimously pointed out that a 
collision warning system could effectively reduce 
accidents. According to Suetomi’s [8] research, 
around 18.6% of the participants in his study will 
encounter a vehicular accident without a collision 
warning system, while this figure will fall to 2.3% 
with a warning system. However, the accident 
resulting from the braking of the car in front, which 
is designed in this study, can be classified as a less 
emergent accident. Therefore, only one case crashing 
into traffic flow in the next lane.  

CONCLUSIONS 

The influence of various audio signals in the collision 
warning system on driving performance is 
investigated in this study. A beep sound warning 
signal gives the directest stimulus to drivers focusing 
on the vehicle in front of them, and makes drivers 
perform better in steering control. However, a speech 
message does not bring any benefit when the car 
brakes in front, indicating that the beep sound is 
more effective in assisting a driver facing the car 
braking in front and does not give too much 
interference. This study focuses on the age group of 
20 to 30, and thus further studies regarding this topic 
could be conducted in other age groups. 
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ABSTRACT 
 
The development of occupant restraint systems 
continues to evolve in response to new government 
regulations and consumer demand. Traditional 
seatbelt and airbag designs are giving way to more 
complex and intelligent systems that respond to crash 
and occupant conditions. In regulated vehicle 
compliance safety tests, restraint performance is 
usually judged against injury criteria that differ with 
respect to occupant size. On the basis of NASS/CDS 
accident data investigations, it can be observed that 
vehicle occupants on the passenger side sit 
predominantly on neutral to most-rear seat position. 
This paper discusses the approach of a multi-surface 
passenger airbag devised to enhance the protection of 
passenger occupants under different frontal collision 
scenarios in a range of varying occupant seating 
positions and occupant sizes. A wide range of 
experiments was carried out that adjusted parameters 
of the restraint system including seatbelt load limits, 
inflator outputs and various airbag shapes. This paper 
documents a new approach to a restraint system 
component as it looks behind specific test 
requirements to real world accident scenario 
comparisons. 
 
Keywords: Airbag, Seating position, Adaptive 
 
 
INTRODUCTION 
 
Modern restraint systems for passenger cars are 
developed to protect occupants in the vehicle that is 
involved in an accident. A frontal protection system 
mainly consists of the seatbelt, the belt pretensioner, 

the load limiter and the airbag. This system is 
developed to address low loads to the occupants 
under different accident conditions. Corresponding to 
the different occupant sizes, the restraint system is 
designed to AF05 seated in frontal position, AM50 
seated in neutral position and finally rear position of 
AM95 dummies. But do these regulated seating 
positions reflect actual passenger seating positions in 
the real world?  
 
NASS/CDS (National Automotive Sampling System 
/ Crashworthiness Data System) accident data 
supplies information about the seating position of 
passengers during accidents. Based on the size of the 
occupant which has been defined by the body weight, 
the seating position can be allocated. A classification 
of occupant sizes has been made as follows: small-
size occupants of 31 to 60 kg representing AF05 
dummies, mid-size occupants with a body mass of 61 
to 90 kg representing AM50 dummies and finally 
those occupants with a weight above 90 kg 
representing AM95 dummies. The seating positions 
were defined by the possible seat notches on the 
passenger seat: front-most, neutral and rear-most as 
well as both front-most/neutral and neutral/rear-most 
positions. 
 
From the data evaluated it can be seen that many 
occupants on the passenger side do not sit in the 
position for which the restraint system was designed. 
More than 80 % of small passengers sit in the neutral 
to rear-most position, while more than 60 % of large 
occupants do not sit in the rear-most position for 
which the seatbelt and passenger airbag were 
designed. In the following Figure 1, the seating 
positions of the different occupant sizes are shown as 
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derived from NASS/CDS data. The investigation is 
based on 12,733 accidents in which passengers were 
injured between 1995 and 2004. Accidents involving 
busses, medium and heavy trucks have not been 
considered for this evaluation. 
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More than 80 % of the occupants sit in the 
neutral to rear-most seating positions.

 
Figure 1. Seating position of occupants on the 
passenger side in real world 
 
When evaluating NASS/CDS [1] accident data 
according to the injury area and injury levels on the 
passenger side, the following Figure 2 can be derived. 
The chart is based on 1,316 accident cases between 
1995 and 2005 in which belted passengers were 
injured. Chest, head, lower and upper extremities are 
the most frequently injured body parts when 
evaluating the accident data according to AIS2+ 
injury level. The data also demonstrates that chest, 
head and abdomen injuries are most severe. Injuries 
of AIS4+ level occur.  
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Figure 2. Injured body parts of front-seat 
passengers and their injury levels according to the 
abbreviated injury system ASI 
 
When evaluating the same accident data, the cause of 
abdomen injuries of front-seat passengers can be 
derived. The data clearly shows that the lap belt 

affects AIS2+ injuries disproportionately highly 
compared to armrest, instrument panel or passenger 
airbag. Figure 3 presents the derived accident data. 
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Figure 3. Cause of abdomen injuries of front-seat 
passengers and their injury levels according to the 
abbreviated injury system ASI 
 
 
DESIGN CONCEPT 
 
Nowadays, most passenger airbag cushion designs 
are of a simple 3-D triangular shape. In interaction 
with the seatbelt, they represent state-of-the-art 
technology for protecting passengers in both 
regulation and consumer test scenarios. Head and 
neck loads of AF05 and AM50 hybrid dummies are 
the scales used to determine the performance of such 
a restraint system, whereby the contact area between 
the dummy and the airbag front is characterised by 
the nose and chin as well as the concentrated contact 
load on the chest. 
 
Based on the above information, it was decided that 
the development process for the multi-surface 
passenger airbag (MSA) would first be designed to 
address a low injury level of the AM50 dummy. If 
the injury levels in the head and neck area were too 
high, the loads would then be partly distributed to the 
chest area by a suitable change to the airbag design. It 
was recognised that in some cases, this change in 
airbag cushion design might lead to an increase of the 
head and neck injury level of AM50 dummies. To 
prevent these phenomena, a compromise between 
AM50 dummy head restraint performance and AF05 
dummy neck injury level would have to be made. 
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Passenger head cross section 
- simple 3D passenger airbag 

Passenger chest cross section 
- simple 3D passenger airbag 

 

Passenger head cross section 
- multi-surface passenger airbag 

Passenger chest cross section 
- multi-surface passenger airbag 

 

 
Figure 4. Comparison between  simple 3-D 
passenger airbag and multi-surface airbag 
concept concerning contact force areas 
 
Fortunately, multi-surface passenger airbags can be 
used to avoid the necessity of such a compromise and 
to counteract increased AF05 head and neck loads. In 
contrast to the simpler 3-D triangular cushion shape, 
this new airbag design technology provides 
distributed contact loads in the head and chest areas 
during the restraint phase. By causing the cushion to 
bulge out in two separate and specific contact zones 
to support the left and right areas of the chest, the 
resulting dent between the zones provides lateral 
contact of the head with the bag and supports 
longitudinal head movement during intrusion into the 
airbag, while also preventing the head from making 
direct contact with other hard points of the car, such 
as the A-pillar. The above Figure 4 shows the main 
differences in airbag cushion design between simple 
3-D triangular shape and multi-surface airbags. 
 
In a previous study [2], the occupant injury levels in 
frontal crashes with simple 3-D triangular and multi-
surface passenger airbags were investigated. By using 
multi-body simulations with Madymo and 
performing sled tests, the effect on restraint 
performance of the different airbag design concepts 
was evaluated. In addition, simulations with the 
human simulation model THUMS were performed to 
analyse more deeply the protection effect of this 
safety device on loads experienced by the fifty 
percentile male. The study demonstrates that both 
airbag concepts, simple 3-D and multi-surface airbag, 
have an overall similar restraint performance which 
was confirmed by performing validated numerical 
simulations and conducting sled tests. Furthermore, 
the study of the multi-surface passenger airbag 

showed that there is a potential increase in restraint 
performance for the AF05 dummy under unbelted 
conditions. Neck loads described by the normalised 
neck injury value can be reduced significantly. 
Reasons for this potential restraint improvement are, 
on one hand, the wide support of the upper torso and 
head during intrusion of the dummy into the airbag 
cushion and, on the other hand, the lateral 
stabilisation of the dummy head by the two dents of 
the cushion. 
 
In the future, vehicle innovations will lead to an 
increase in information available both before and 
during collision, for instance the size and velocity of 
the obstacle, the direction of the crash, the 
characteristics and size of the passenger-side 
occupant and more details about the occupant’s 
seating position. Based on this information, the 
restraint performance for real-life scenarios could be 
advanced if the restraint device can be controlled. 
This new information would in the future allow 
adaptation of restraint performance of safety devices 
to whichever occupant might be seated inside the car 
at any given moment. 
 
Nowadays, it is possible to detect the position in 
which the occupant is sitting. Thus, it would be 
possible to adapt the performance of the passenger 
airbag to offer the best protection to the occupant in 
any seating position. 
 
A bag shape optimised for one seating position would 
not be the best option for all possible positions. If 
information about where the occupant is sitting were 
available, it would be possible to adapt the shape of 
the multi-surface airbag – using variable bag 
technology – to offer the best protection to the 
occupant in a wider range of incidents [3]. 
 
The concept to adapt the multi-surface passenger 
airbag (adaptive multi-surface airbag – AMSA) is 
based on the ability to adjust the length of the airbag 
tethers during bag deployment, maintaining the 
concave frontal surface. By adjusting the length of 
the airbag tethers initially, three shapes of the airbag, 
i.e. A-shape, B-shape and C-shape, can be generated. 
The shapes correspond to the passenger seat 
positions. Respectively for the front-most seat 
position, the airbag will deploy in A-shape, for the 
neutral seat position in B-shape and for the rear-most 
seat position in C-shape. The superimposition of the 
three different airbag deployment shapes of the 
adaptive multi-surface airbag is indicated in Figure 5 
as outlines. 
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Figure 5. Superimposition of three different 
deployment shapes in cross-section of the adaptive 
multi-surface airbag for different seating positions 
on the passenger side; top – top view; bottom – 
side view 
 
Selectable inflator gas output and variable vents 
complement the advanced airbag concept to supply 
the optimum airbag inner pressure for any occupant 
seating position. 
 
 
NUMERICAL SIMULATION 
 
The aim of the investigation was to assess the 
potential passenger restraint improvement by the 
application of an adaptive multi-surface airbag under 
the belt conditions of US-NCAP test procedure.  
 
During the study, several multi-body simulations 
with Madymo [4] and tests, based on frontal crash 
scenarios with seatbelts and using an adaptive multi-
surface passenger airbag, allowed us to evaluate the 
kinematics and injury level of the occupant sitting on 
the passenger side of the car. In addition, three 
different seating positions, front-most, neutral and 
rear-most for AF05, AM50 and AM95 dummies were 
investigated. To compare the restraint performance, a 
multi-surface passenger airbag with a volume of 
130 litres and two constant vent holes each of 60 mm 
in diameter was selected as baseline technology. 
Also, a constant seatbelt force limit of 4 kN was 
applied. One of the variable parameters of the AMSA 
concept was the bag volume, which varies between 

120 and 150 litres. Another parameter was the 
variable venting corresponding to the dummy size 
and seating position. The effectiveness of this airbag 
system was complemented by a seatbelt system that 
is able to adjust a belt force of 3, 4 and 5 kN. The 
varied parameters of the adaptive multi-surface 
passenger airbag are shown in Tables 1 and 2. 

B-shape A-shape
C-shape 

 
Table 1. AMSA parameters 

 
 MSA AMSA 

Bag volume 130 litres 120 to150 
litres 

Inflator dual stage dual stage 
Vent size Constant Variable 

Belt force limiter 4 kN 3, 4 and 5 kN 
 

Table 2. Seat position versus AMSA shape 
 

Front-most 
position 

Neutral 
position 

Rear-most 
position 

A-shape B-shape C-shape 
 
When evaluating the simulation results of the AF05 
dummy, presented in the following Figure 6 as a 
normalised value, it is obvious that the adaptive 
multi-surface airbag is able to enhance the head loads 
compared to the MSA passenger airbag in its 
regulated seating position. In fact, a reduction of the 
head injury criteria (HIC36) by 31 % was achieved. 
Even under the same crash scenario but seated in the 
neutral or rear-most position, the protection of the 
head through the adaptable bag technology with its 
variable vent was significant, improving the HIC 
value by 34 to 41 %. The advancement of chest 
acceleration a3 ms by 11 to 19 % and chest deflection 
by 17 to 26 % can be ascribed to the concurrence of 
the AMSA and the adapted belt force limit. 
 
The results of the study indicate that the 
optimisations of passenger airbag shape and seatbelt 
force limiters are viable measures for injury reduction 
of the occupant. Among them, the AF05 dummy 
representing small adults showed significant injury 
mitigation on its chest. 
 
 
 
 
 
 
 
 
 
 

Hoffmann 4 



AF05 on front-most seating position 
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AF05 on neutral seating position 
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AF05 on rear-most seating position  
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   ■ Current Airbag    ■ AMSA Airbag 

 
Figure 6. Simulation results – comparison of 
injury levels of AF05 dummy standard versus 
AMSA in different seating positions 
 
The results of head and chest loads, obtained from 
multi-body simulations with the three different 
dummy sizes and three different seating positions, are 
indicated in Table 3. It can be clearly seen that the 
loads were reduced for AM50 and AM95 dummies as 
well. It should be noted that the injury level of 
seating positions for which the MSA passenger 
airbag is not designed was substantially reduced. 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Simulation results – comparison of all 
injury levels of AF05, AM50 and AM95 dummies 

with MSA airbag versus AMSA in different 
seating positions 

 
 Improvement [%] 
 Front-

most 
Neutral Rear-

most 
HIC36 31* 34 41 
Chest 
a3ms 

18* 11 19 

A
F0

5 

Chest 
def. 18* 17 26 

HIC36 39 29* 37 
Chest 
a3ms 

8   9* 8 

A
M

50
 

Chest 
def. 12   5* 19 

HIC36 31 32 34* 
Chest 
a3ms 

6 7 4* 

A
M

95
 

Chest 
def. 4 9 5* 

   *: Dummy in regulated seating position 
 
The superimposition of the three AMSA shapes and 
the AF05 dummy in front-most and neutral and rear-
most seating positions is shown in Figure 7. 

 
 

 
igure 7. Superimposition of AF05 front-

epending on the seating position, the response of 

F
most/neutral/rear-most simulation model 
 
D
the head acceleration under MSA and adaptive multi-
surface airbag is presented in the following Figure 8 
as normalised value plots for the AF05 dummy. In 
the design case for the small female dummy, which 
represents a tough requirement for the restraint 
system, the head acceleration response in front-most 
seating position is well pronounced. By applying the 
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AMSA, the limited forward displacement space of 
the occupant can be utilised to lower the head 
acceleration peak value under the same conditions. 
Airbag and seatbelt can be adjusted more gently. The 
effect of the adaptive multi-surface airbag under the 
remaining two seating positions is similar. By means 
of early contact between the head and the cushion 
during the restraint phase, the load level of the head 
can be kept much lower compared to the level 
experienced with the base airbag. 
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Figure 8. Head acceleration plot of AF05 in front-

hree different effects mitigating the injury criteria 

s already demonstrated in a previous study [1], the 

uring the restraint phase of the dummy, its kinetic 

he third effect attributed to the AMSA is the 

most, neutral and rear-most seating position with 
MSA and AMSA technology 
 
T
can be derived from these simulation results. 
 
A
specific shaped passenger airbag is able to reduce 
dummy loads in the head and chest area due to the 
distributed contact forces between the dummy and 
the airbag. When this multi-surface airbag adapts to 
the seating position occupied by the dummy, earlier 
restraint is achieved. The loads on the human body 
can be reduced. – First effect. 
 
D
energy will be absorbed mainly by belt elongation, by 
the force limiter of the seatbelt system and the 
venting of the airbag. Variable vent holes are able to 
adjust the damping behaviour by changing the inner 
pressure of the cushion, shaped according to the 
dummy size and its seating position and thus, forward 
displacement can be optimised. – Second effect. 
 
T
possibility to introduce a variable seatbelt force 
limiter to manage the different dummy sizes in their 
various seating positions and thus to optimise the 
load acting on the occupant’s chest.  
 
 

THE EFFECT ON ABDOMEN INJURY 
MITIGATION 
 
As confirmed by the multi-body simulation, the 
AMSA for the passenger side could reduce the loads 
on head and chest, accounting for the early restraint 
of the dummy during the crash and for the ability to 
adapt energy absorption. But when reviewing the 
results of the evaluation in Figure 8, the protection 
potential for the abdomen using AMSA also needs to 
be validated. 
 
Dummies like Hybrid III are not the appropriate 
measures for valuing and judging the injuries of the 
abdomen which often turn into higher AIS injury 
levels subsequently.  
 
A dummy’s dimensions are based on statistical and 
biomechanical values and are used to evaluate the 
performance of a restraint system according to 
defined injury limits. These measurements are an 
essential tool for the development process of a 
restraint system. However, numerical simulation with 
the human simulation model THUMS can be 
performed in order to assess the restraint performance 
concerning local loads on the human body. 
 
The THUMS is a family of human models created by 
Toyota Central R&D Labs that represent a fifty 
percentile male. The THUMS LS-Dyna model has 
been validated by four different test scenarios [5] and 
[6]: thoracic frontal impact [7] and [8], thoracic side 
impact [9], pelvic side impact [9] and abdominal 
frontal impact [10]. 
 
Using the fifty percentile male human model 
THUMS, a sled test simulation model was created in 
LS-Dyna based on the same vehicle environment 
parameters as in Madymo. The restraint components 
are the same as the validated components used in the 
multi-body simulations. The analysis was based on 
the same crash scenario: 56 km/h US-NCAP crash 
specification under belted conditions.  
 
By applying the human body simulation model 
THUMS, the effect on abdomen injuries of the 
adaptive multi-surface airbag and the corresponding 
belt force limit was investigated 
 
Four scenarios were set up and investigated. The 
basic set up involves the fifty percentile male human 
body seated in neutral position with MSA passenger 
airbag and a backrest inclination regulated per the 
US-NCAP specification. A second simulation model 
was set up with the same airbag and seating position 
but with a flattened backrest. The third scenario 
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featured a flattened backrest and the adaptive multi-
surface airbag. The fourth scenario was the sled 
model with AMSA and knee airbag. 
 

 
MSA passenger airbag under US-NCAP conditions 

 

 
MSA passenger airbag with flattened backrest 

 

 
AMSA with flattened backrest 

 

 
AMSA and KAB with flattened backrest 

 
Figure 9. Comparison of belt loads on the 
abdomen under different restraint conditions and 
backrest inclinations 
 

The analysis of the results in Figure 9 with the MSA 
passenger airbag showed moderate loads on the 
abdomen. The results with the same airbag but with 
the flattened backrest showed an increase of the 
abdominal loads which can be attributed to the 
changed occupant kinematics. During the restraint 
phase of the occupant, the lap belt in the seat belt 
system slips from the pelvis to the abdomen. This 
results in a strong forward movement of the 
occupant’s pelvis and results in increased abdomen 
loads. 
 
The AMSA allows to set the seat belt load limiter at a 
lover force level. Thanks to early restraint of the 
occupant during the restraint phase, there is a slight 
reduction in pelvis displacement as well as lap belt 
slippage. Hence, local forces on abdomen can be 
attenuated. However, slippage of the lap belt off the 
pelvis sill occurs. The analysis of the results with 
AMSA airbag in combination with a knee airbag 
under the same crash conditions indicates an 
improvement in the occupant kinematics. By 
introducing the knee airbag, the effect on the 
occupant’s pelvis displacement is further enforced. 
Thus, the abdominal loads on the occupants under 
flattened backrest conditions could be further 
mitigated. In the following Figure 9, the loads on the 
abdominal area are presented as normalised contour 
plots. 
 
 
CONCLUSION 
 
Simple 3-D passenger airbags are able to prevent the 
passenger-side occupant from experiencing high 
injury loads during a head-on collision. This study 
demonstrates that the adaptive multi-surface 
passenger airbag concept has an overall improved 
restraint performance under advantage of seating 
positions, which was confirmed by performing 
validated numerical simulations. This study confirms 
that the adaptive multi-surface airbag is a viable 
means of reducing occupant injuries in the 
conditions. 
 
Furthermore, the multi-body simulation of the 
adaptive multi-surface passenger airbag showed that 
there is a potential increase in restraint performance 
for the AF05 dummy under belted conditions seated 
in different positions. Head loads described by the 
head injury criteria can be reduced significantly. The 
reasons for this potential restraint improvement are 
the early and wide support of the upper torso and 
head by the shape adaptation to the occupant’s 
seating position in combination with seatbelt force 
limits and variable vents.  
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In addition to numerical development tools with 
dedicated software, and empirical development tools 
such as crash and sled tests, simulation with human 
models complements the development process by 
allowing a better understanding of the protection 
mechanism of a restraint device. It also complements 
the information that is derived from a frontal dummy, 
making it possible to obtain data about loads on 
bones and organs. The numerical simulations with 
the human body model THUMS were also useful for 
gaining a better understanding of the detailed 
protection mechanism of the adaptive multi-surface 
airbag. It was observed that local stress acting on the 
abdomen could be reduced by a adaptive multi-
surface design in combination with the variable force 
limiter of the seatbelt system. In addition, it was 
found that the restraint of knees by a knee airbag can 
add to the reduction of pelvis forward displacement 
and thus to reduce abdomen loads under backrest 
flattened conditions. 
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ABSTRACT 
 
Up to now quite a few electronic safety functions 
have been developed in order to successfully 
increase the safety of passenger in vehicles. Among 
them are electronic stability control (ESC), brake 
assists (BAS), lane departure warning systems 
(LDW) and so on. There exists a short literature on 
the quantification of the effectiveness of such 
safety systems on injury outcome or crash severity. 
As an example the ESC in several studies 
impressively has been shown to be efficient in 
avoiding a considerable amount of loss of control 
or skidding accidents. Nowadays many recently 
registered vehicles are equipped not only with one 
but instead with a number of safety functions (so-
called safety equipment). The present paper 
proposes sound statistical methodology in order to 
investigate the safety benefit of such composite 
safety equipments (in contrast to a single safety 
function) in passenger vehicles. It seems obvious 
that the effectiveness of a specific safety equipment 
not simply is the additive superposition of the 
effectiveness of the safety functions of which it 
consists. For example one may be interested in the 
additional or incremental effect of an electronic 
stability control when a brake assist is already on 
board. 
 
As well we consider secondary safety functions 
which do not aim at accident avoiding but at injury 
avoiding or mitigating. Therefore, methodology 
will be presented to evaluate injury mitigating 
effectiveness. On this basis it is possible to deal 
simultaneously with any combination of primary 
and secondary safety functions. 
 
The developed methodology will be demonstrated 
on data examples. But the main focus lies on the 
presentation of methodology. 
 

EFFECTIVENESS OF SINGLE SAFETY 
FUNCTIONS 
 
For measuring the effectiveness of a safety function 
it is of critical importance to distinguish between 
different possible types of effects. In general there 
are at least four different types of safety function 
effects existent. These are: 
 

• injury accident avoiding effectiveness 
• injury avoiding effectiveness 
• injury mitigating effectiveness 
• effects of tertiary safety functions 

 
Some safety functions aim at avoiding the accident 
at all, if this still is not possible anymore, it is tried 
to prevent any injuries of the involved persons. If 
this is not possible anymore as well it is tried to 
reduce the injury outcome as far as possible. 
 
A typical primary safety function aims at all of 
these first three types of effectiveness, whereas the 
effectiveness of a typical secondary safety function 
only consists of the types injury avoiding and 
injury mitigating effectiveness. In some sense the 
first three mentioned types of safety function 
effects are hierarchically ordered. A safety function 
which aimed at accident avoiding may have some 
measurable effect on injury avoiding and injury 
mitigating in cases in which the accident could not 
be avoided but for example the crash severity has 
been reduced. A secondary safety function aiming 
for injury avoiding typically will have some 
effectiveness on injury mitigating but not on 
accident avoiding. Thus it becomes clear that a 
combined evaluation of different safety functions 
must be able to evaluate injury avoiding and 
mitigating effectiveness as well as the accident 
avoiding effectiveness separately. 
 
Afterwards, i.e. after the accident has happened and 
the injuries are inflicted tertiary safety functions 
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may come into action by calling the ambulance and 
doing other things to reduce the consequences of 
the injuries. In this paper we will focus on the first 
three types of effectiveness. 
 
Even though, we will focus on the accident 
avoiding effectiveness for the next section. 
 
RELATIVE RISK – ODDS-RATIOS 
 
A reasonable way of measuring the effectiveness of 
a single safety function “SF” within a certain group 
of accidental situations “A” is to compute relative 
risks. For example an easy to interpret relative risk 
is the ratio of the probability that a vehicle with SF 
on board and active has to suffer an accident that 
belongs to A and the probability of suffering an 
accident belonging to A with SF not active. (cf. 
Equation 1). 
 

 (suffering | SF active)
RR

(suffering | SF not active)

P A

P A
=  (1) 

 
As the relative risk is the ratio of two probabilities 
it can take any value in the interval [0, ∞ ). If it 
equals one, the probability of suffering an accident 
of type A is independent of the safety function SF 
being active or not. If it is less than one, the safety 
function has some positive effect, if it is larger than 
one the effectiveness of SF is in the negative. 
 
With simple algebra and Bayes law for conditional 
probabilities the equivalence between this relative 
risk and the following odds-ratio can be shown 
(Equation 2) 
 

 

( )
( )

( )
( )

SF active |

SF not active |
RR OR

SF active |

SF not active |

P A

P A

P N

P N

= =  (2) 

 
where N stands for a category of neutral accidental 
situations or for an internal control group of 
vehicle-related accidental situations. It is necessary 
that the relative risk of suffering an accident 
classified as N depending on SF active or not, must 
be equal or very close to one. This means that SF 
more or less has no influence on the probability of 
suffering an accident within the group N. For more 
detailed information on odds-ratios see Evans 
(1998), Kullgren et al. (1994), Hautzinger (2003), 
Kreiss et al. (2005). 
 
It is important to point out the difference between 
accidents and vehicle-related accidental situations. 
There may be several vehicles involved in a single 
accident and the different drivers were most 
probably confronted with different situations that 

led to the accident. So safety functions on board of 
vehicles involved in one and the same accident also 
are confronted with different situations. Therefore 
the effectiveness of a safety function on a specific 
accident highly depends on which of the involved 
vehicles is considered for the evaluation. 
 
Thus, from now on when referring to a certain type 
of accident we are always talking about a vehicle-
related classification of accidents. 
 
For computing the term in equation (2) the two 
odds have to be estimated with the equipment-rates 
within the accident type of interest as it is shown in 
(Equation 3). 
 

 

( )
( )

SF active |

SF not active |

No. of cars with SF active within 

No. of cars with SF not active within 

P A

P A

A

A

≈
 (3) 

 
With this transformation we end up with a term that 
easily can be computed and is equivalent to the 
relative risk that easily may be interpreted, so that 
the effectiveness of SF within A can be computed 
as (Equation 4) 
 
 1 OReff = −  (4) 
 
The effectiveness then describes the percentage of 
avoidable accidents within the category A. To 
describe it more precisely:  
 
Given that some vehicles are involved in critical 
accidental situations that in case SF is not active 
would lead to accidents of type A, then in eff·100% 
of the cases the accident could be avoided if SF 
would have been active.  
 
Most safety functions do not have an influence on 
every accidental situation. In order to quantify the 
overall effectiveness of a safety function there are 
two possible approaches. Either the effectiveness 
within the subgroup of accidental situations which 
are sensitive to the safety function of interest has to 
be calculated and extrapolated to the complete set 
of accidents. Choosing A to be the category of “all 
accidents within the data-base” also leads to such 
an overall effectiveness. This second approach has 
the advantage that additional effects of the safety 
function on other than the selected sensitive 
accidents are not ignored. On the other hand it may 
be possible to include unwanted external variables 
in the overall effectiveness calculation. So for 
example if drivers of vehicles equipped with ESC 
typically have a parking assistant on board as well, 
then the calculated overall effectiveness of ESC 
would include some effectiveness on parking 
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accidents due to the correlation between ESC and 
parking assistants. 
 
However the category N of neutral accidents for the 
second proposal will then be a subset of A. This 
does not lead to any problems within the 
calculation. 
 
Classically type A is meant to be the type of 
accident which is influenced most by SF. But as for 
some studies a general effectiveness of a certain 
safety function is of greater interest we would like 
to point out this possibility of calculating the 
overall effectiveness of some safety function SF. 
Even though one has to keep in mind, that this 
effectiveness will be way less significant than some 
effectiveness concerning only a certain single 
accident type. 
 
DATA EXAMPLE (1) 
 
For a better understanding a short data example is 
presented in this section. Let us assume that our 
aim is to evaluate the overall effectiveness of each 
of two safety functions SF1 and SF2. So in both 
cases the accident type of interest A is any accident 
within a fictional data-base, where the information 
of the equipment with the safety function of interest 
is at hand. 
 
As it is explained in the section above the first step 
is to characterize a type of neutral accidental 
situations for each safety function. The group of 
neutral accidental situations concerning safety 
function SF1 is labelled N1 and the other one 
accordingly N2. 
 
Within our fictive data-base we find for 4632 
vehicles the information whether or not they are 
equipped with SF1 and for 3354 vehicles whether 
or not they are equipped with SF2. For the 
calculation of the odds-ratio we simply need to 
count the number of cases within the following 
2x2-contingency-table. 
 

Table 1 
Cross-tabular for calculating the odds-ratio 

type of accident all vehicles where SF1 
equipment is known N1 A 

Yes 56 641 
SF1 

No 328 3991 
Sum 384 4632 

 
With this data the overall effectiveness of SF1 may 
be calculated with the formulas from equation (2), 
(3) and (4) which are combined in (Equation 5): 
 

 
No. of cars with SF1 within 

No. of cars without SF1 within ( ) 1
No. of cars with SF1 within 

No. of cars without SF1 within 

A

Aeff A
N

N

= −  (5) 

 
So we obtain the effectiveness of SF1 within A, that 
is the overall effectiveness by (Equation 6) 
 

 641 56
( ) 1 5.93%

3991 328
eff A = − ≈  (6) 

 
Remember at this point, that we calculated the 
effectiveness of SF1 to any given accident and not 
only within the types of accidents, where SF1 is 
supposed to have the largest effectiveness which 
typically is much higher than this calculated 6%. 
 
Similarly we calculate the effectiveness of SF2 by 
counting the number of cases from the following 
2x2-table. 
 

Table 2 
Cross-tabular for calculating the odds-ratio 

type of accident all vehicles where SF2 
equipment is known N2 A 

Yes 30 300 
SF2 

no 279 3054 
sum 309 3354 

 
Using a similar formula as in equation (5) we 
obtain the overall effectiveness of SF2 in (Equation 
7): 
 

 300 30
( ) 1 8.64%

3054 279
eff A = − ≈  (7) 

 
So far we did not take into account any external 
variables that may have an influence, such as 
driver’s age, surrounding conditions etc. See 
subsection “logistic regression and […]” for more 
information on that. 
 
EVALUATING MULTIPLE SAFETY 
FUNCTIONS 
 
Of course it is of major interest to be not only able 
to evaluate a single safety function but as well a 
whole package of multiple safety functions. Odds-
ratios offer a well interpretable way of comparing 
any two (or even more) different safety 
equipments. In the above formula (Equation 2) the 
odds-ratio is calculated by somehow comparing the 
probabilities of suffering a certain accident given a 
safety function SF is active or not active. The very 
same approach may be applied if not looking at a 
single active or not active safety function but 
instead at some safety configurations. A safety 
configuration is considered to be a set of different 
safety functions such as “any car that is equipped 
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with anti-lock braking system, airbags and 
emergency brake assistant but does not contain 
ESC”. So in our understanding a safety 
configuration means that certain safety functions 
are always included, certain safety functions may 
be excluded and no information on other safety 
functions are of interest. Let us assume that we 
intend to compare the effectiveness of some safety 
configuration SC I with the effectiveness of some 
safety configuration SC II. 
 
The effectiveness calculated via the odds-ratio then 
describes the additional gain of safety of SC I 
compared to equipment SC II. Described in the 
words as above: Given that some vehicles equipped 
with SC I are involved in critical accidental 
situations that would lead to accidents of type A, 
then the question is, how many of these accidents 
could have been avoided if instead of SC I the 
safety configuration SC II would have been on 
board. 
 
Of course SC I and SC II do not have to be a single 
specific safety configuration but as well may each 
describe classes of safety configurations. For 
example SC II may stand for “any safety-
configuration that includes the safety function SF1 
but excludes SF2” and SC I could be “any safety 
configuration that includes SF1 as well as SF2”. 
For the sake of an easier interpretation of the 
results SC I should always include every single 
safety function that is included in SC II plus some 
additional safety function(s).  
 
Let us come back to the example above. The 
corresponding effectiveness (Equation 8) 
 

 

( )
( )
( )
( )

SC I |

SC II |
1 OR 1

SC I |

SC II |

P A

P A
eff

P N

P N

= − = −  (8) 

 
then describes the additional gain of SF2 within 
accident type A, given that SF1 is already existent. 
 
Crucial at this point is the neutral accident type N. 
This type of accident has to be independent on 
every safety function that distinguishes SC I from 
SC II on its own! 
 
For more detailed information on what we call 
multi-dimensional odds-ratios see Kreiss et al. 
(2006). Especially we want to stress the fact that it 
is not possible in general to calculate confidence 
intervals for odds-ratios of multiple safety 
functions. 
 
 
 

DATA EXAMPLE (2) 
 
Staying at the evaluation of SF1 and SF2 within 
our fictive data sample, we now want to investigate 
the interactions of the two safety functions. Recall 
that the effectiveness of SF1 was 5.93% and the 
effectiveness of SF2 was 8.64%. When analysing 
the interactions of the two safety functions we 
again need a group of neutral types of accidental 
situations. As we already identified some neutral 
types of accidents for each safety function, e.g. we 
obtain one possible group of neutral types of 
accidents concerning both safety functions by using 
the intersection of N1 and N2. Let us assume we 
obtain the following 2x2-table. 
 

Table 3 
Cross-tabular for calculating the odds-ratio 

type of accident all vehicles within data-
base, where SF1 and SF2 

equipment is known N1 ∩ N2 A 

Both 18 176 
SF1 & SF2 

None 239 2612 
Sum 257 2788 

 
This leads to the effectiveness of having both SF1 
and SF2 instead of none of these as it is calculated 
in (Equation 9): 
 

 176 18
( ) 1 10.53%

2612 239
eff A = − ≈  (9) 

 
So the effectiveness of both safety functions is less 
than the sum of the two single safety function’s 
effectiveness. Obviously there exists some 
interaction of the two safety functions. 
 
Now we want to find out more details about these 
interactions. Table (4) helps us to evaluate the 
effectiveness of SF1, given that SF2 is already 
present. As the group of neutral types of accidental 
situations we may take the whole group N1 and not 
only the intersection of N1 and N2 because all 
vehicles of interest are equipped with SF2. 
 

Table 4 
Cross-tabular for calculating the odds-ratio 

type of accident all vehicles, equipped with 
SF2, where SF1 equipment 

is known N1 A 

yes 18 176 
SF1 

no 11 108 
sum 29 284 

 
So the effectiveness of SF1, given that SF2 is 
already on board of the vehicle is: (Equation 10) 
 

 176 18
( ) 1 0.41%

108 11
eff A = − ≈  (10) 



Zangmeister 5 

This result may very well be interpreted as given 
that the vehicle of interest is already equipped with 
SF2, there is more or less no additional gain of 
SF1. 
 
Remember again, that we calculated the overall 
effectiveness for all the accidents within the data-
base. So there may exist a small group of accidents, 
where the effectiveness of SF1 given SF2 is much 
larger. But then necessarily this group of accidents 
has to be comparatively small as the overall 
effectiveness is so close to zero. As well we want 
to point out, that the number of cases considerably 
decreased in comparison to Table (1) and (2). This 
is due to the fact we not only need the knowledge 
whether a vehicle is equipped with SF2 or not but 
rather we need cases where the vehicle indeed is 
equipped with SF2. This effect typically occurs 
when working with real world accident data. 
 
The other way around we now want to calculate the 
effectiveness of SF2, given that SF1 is already 
existent. Accordingly to Table (4) as all vehicles of 
interest are equipped with SF1, N2 may be 
considered to be a group of neutral accidental 
situations. Let us assume that we obtain from our 
data-base the following table. 
 

Table 5 
Cross-tabular for calculating the odds-ratio 

type of accident all vehicles, equipped with 
SF1, where SF2 equipment 

is known N2 A 

Yes 18 176 
SF2 

No 29 328 
Sum 47 504 

 
Again the same calculation leads to (Equation 11): 
 

 176 18
( ) 1 13.55%

328 29
eff A = − ≈  (11) 

 
Now the situation is completely different. We 
obtain a rather high overall effectiveness of SF2, 
given that SF1 already is existent. 
 
To sum it up: With an effectiveness of 5.9% and 
8.6% we observe a moderate effectiveness of SF1 
and SF2, considered as single safety functions. The 
combination of both safety functions shows with an 
effectiveness of 10.5% that this effectiveness is less 
than the sum of the single ones, but still larger than 
the effectiveness of only one of them. By 
evaluating the interactions we found out that: SF2 
is even more effective if SF1 is already existent 
(13.6%), whereas if SF2 is already existent it does 
not change much if SF1 is existent as well (0.4%). 
 
Again it is important to point out that for all 
calculations any external influences were ignored. 

We may not exclude the possibility that some of 
the computed results may be explained by some 
external variable(s). See subsection “logistic 
regression and […]” for more information on this. 
 
EVALUATING INJURY MITIGATING AND 
INJURY AVOIDING EFFECTIVENESS 
 
So far odds-ratios have only been used for 
evaluating the accident avoiding effectiveness, but 
as pointed out in the beginning of the paper the 
other types of effectiveness (e.g. injury avoiding 
and in jury mitigating) are of major interest as well. 
Typically these types of effectiveness can be 
quantified on the basis of in-depth accident studies 
and simulations based on accident-reconstructions. 
But as we intended to propose a general approach 
that as far as possible is independent on the type of 
safety function of interest, we will present such an 
approach in the following. This approach will only 
lead to lower and upper bounds of the wanted 
quantities. 
 
As seen in the section above, odds-ratios are able to 
evaluate the accident avoiding effectiveness of 
some safety configurations within a certain type of 
accident situations called A. To evaluate the 
effectiveness of a safety function on different 
severity levels of injuries, A has to be split up in n 
different subgroups, enumerated according to an 
increasing severity of the accident. Thus A1 stands 
for all accidents within category A with material 
damage only, A2 may stand for all accidents within 
category A with slightly injured passengers only, up 
to An which stands for accidents of category A and 
with fatally injured passengers. As the described 
classification of the accidents is vehicle-related, 
only the occupants of the vehicle of interest are 
relevant for the classification Ax, x=1,…,n, and not 
for example the most severely injured person 
involved in an accident. 
 
Assume a crash of type A would lead for a vehicle 
not equipped with a certain safety function to a 
classification of Ax. If the vehicle would have been 
equipped with this safety function the accident 
outcome would only be of type Ay with some y < x. 
This is a typical case of injury mitigation. Thus, 
every injury mitigation will appear somehow as 
accident avoidance within a certain subgroup. 
Therefore the so far developed methodology can be 
applied in principle. 
 
If in the above situation y = 1 it is not only injury 
mitigation but injury avoidance, so injury 
avoidance may be handled similar to injury 
mitigation. As well it may be possible that an 
accident without injured persons involved is not 
reported in the data-base at hand anymore. In this 
case injury avoidance appears as accident 
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avoidance. This means that if we are able to 
properly deal with accident avoiding and injury 
mitigating effectiveness, then we implicitly have 
covered injury avoiding effectiveness. 
 
We would like to point out that injury mitigating in 
general does not change the total number of 
accidents within the data-base. It just leads to a 
different distribution over the considered categories 
of accident severity. Those injury mitigations that 
lead to fact that the accident is not reported to the 
data-base anymore are interpreted as accident 
avoidances for this paper. 
 
It is rather clear that from real world accident data 
one typically cannot decide for a given accident of 
category A to what extend the severity would be 
reduced by the safety function of interest. This 
implies that an accident of category Ax may be 
mitigated with some probability to Ay for any y < 
x. It seems unrealistic to assume that we can obtain 
reliable information on these probabilities. 
 
The described mitigating effectiveness of a safety 
function leads to the following situation. For all 
accidents with a certain severity that belong to 
group Ay we have on one hand a reduction of the 
number of cases because of injury mitigation (due 
to the safety function) to accident categories with 
lower severity. On the other hand we have, again 
due to the injury mitigating effectiveness of the 
safety function, that accidents from category Ax 
with x > y are mitigated to category Ay. This leads 
to an increase of the number of accidents within 
category Ay. The reduction on one hand and the 
increase on the other hand are only observable as a 
superposition and this makes the quantification of 
the injury mitigating effectiveness of a safety 
function rather delicate. Just for the most severe 
accidents which belong to category An we observe 
a possible reduction of the number of cases, only. 
This is because we assume that the safety function 
of interest does never increase the severity of an 
accident. So when looking at the effectiveness 
within a certain group Ax one always has to keep 
this in mind. Ignoring these facts may lead to 
completely misleading results. 
 
Let us discuss the following two ways to handle 
this dilemma of quantification of injury mitigating 
effectiveness. 
 
One idea could be not to calculate the effectiveness 
within each group Ax but instead within the 
aggregated groups Ax+ which are defined as 

+ :Ax Ax An= ∪ ∪K . I.e. Ax+ contains all 
accidents of type A and with accident severity 
larger or equal to x. Then every injury mitigation 
from a group Ax to a group Ay will be observed 
within each effectiveness of the groups Ax+ to 

A(y+1)+. The idea would be to look at the 
distribution of the observed crude effectiveness 
over the different groups Ax+ for x=1,…n. The 
effectiveness within such an Ax+ can be computed 
from equation (8) with A replaced by Ax+. For 
every calculation of an effectiveness for a subgroup 
of A such as Ax or Ax+ also the type of neutral 
accident has to be classified accordingly and is 
denoted by Nx or Nx+. 
 
Using this approach we are able to circumvent the 
dilemma of quantification of injury mitigating 
effectiveness by only considering the groups Ax+ 
for some x. Recall that it then is not possible to 
have downshifts to this group from more severe 
accidents by injury mitigating. Even though 
following this proposal we are not able to calculate 
the effectiveness within a group Ax instead of Ax+. 
 
The other approach to be described quantifies 
lower and upper bounds for the effectiveness 
within the group of interest, taking into account 
possible shiftings from groups of more severe 
accidents to the accident group of interest. Let us 
assume that we are interested in comparing the 
effectiveness of two safety functions SC I and SC 
II on accidents of type A with a specific severity 
Ax.  
 
In doing so at first completely ignore possible 
injury mitigation from more severe accident 
categories and compute the effectiveness within the 
group Ax just using the observed number of cases. 
We have argued above that one has to subtract 
from the observed number of accidents within 
category Ax the number of mitigated accidents 
from more severe accidents to that category in 
order to obtain the pure effectiveness of the safety 
configuration on accidents of severity Ax. Ignoring 
this subtraction would lead to an underestimation 
of the effectiveness of the safety configuration on 
Ax and therefore yields a lower bound effmin(Ax) of 
the effectiveness on Ax. In a second step we will 
obtain an upper bound effmax(Ax) for this 
effectiveness. The exact procedure will be 
described below. Having done this we end up with 
an interval [effmin(Ax) , effmax(Ax)] which contains 
the true but unknown effectiveness of the safety 
configuration on Ax. 
 
The main idea is to estimate how many accidents at 
most may have been downshifted from more severe 
accidents to the category Ax, then to subtract this 
number from the observed number of cases within 
category Ax and finally calculate on this basis the 
upper bound effmax(Ax). For the estimation of the 
number of accidents which at most may have been 
downshifted, we first need the following 
abbreviations (Equations 12): 
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Then the corrected amount of vehicles equipped 
with SC I in Ax which is needed to calculate the 
upper bound of the effectiveness reads as follows. 
(Equation 13) 
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 (13) 

 
If now calculating effmax(Ax) using the value |AxI,corr| 
instead of |AxI| then one assumes that all accidents 
that have been avoided due to SC I out of A(x+1)+ 
have been downshifted to group Ax.  
 
It is worth mentioning that the interval 
[effmin(Ax),effmax(Ax)], which contains the wanted 
effectiveness of the safety function is by no means 
a statistical confidence interval which contains the 
wanted value only up to some probability. 
 
DATA EXAMPLE (3) 
 
To explain the described procedure let us assume 
we want to evaluate a secondary safety function 
SF3 within our fictive data-base. We suppose SF3 
to be only relevant to frontal impacts. There have 
been 4940 vehicles identified, where the equipment 
with SF3 is known. For an evaluation of the 
effectiveness of this safety function, a class of 
neutral accidental situation is needed. We chose 
those vehicles that were hit from behind since our 
safety function of interest addresses frontal impacts 
only. 
 
We again want to evaluate the overall 
effectiveness, so the accident type of interest A is 
interpreted as any accident within the database. 
 
As the safety function of interest is a secondary 
one, we need to evaluate the injury mitigation 
effectiveness and the injury avoiding effectiveness. 
According to the section above a more detailed 
classification of A has to be created. 
 
The existing data (that is accident type A) is 
divided in only two subgroups. A2 contains every 
vehicle, where at least one occupant is fatally or 

severely injured, A1 contains the remaining 
accident-involved vehicles. 
 

Table 6. 
Cross-tabulars for calculating odds-ratios 

type of accident all vehicles within data-
base  N A 

no 178 1384 
SF3 

yes 449 3383 
sum 627 4767 

 
type of accident vehicles without any 

severely injured occupant N1 A1 
no 162 1097 

SF3 
yes 408 2796 

sum 570 3893 
 

type of accident vehicles with at least one 
severely injured occupant N2 A2 

no 16 287 
SF3 

yes 41 587 
sum 57 874 

 
With this data the effectiveness of each group may 
be calculated similar to equation (5) as it is shown 
in (Equation 14): 
 

 
No. of cars with SF1 within 

No. of cars without SF1 within ( ) 1 ,
No. of cars with SF1 within 

No. of cars without SF1 within 

Ax

Axeff Ax
Nx

Nx

= − (14) 

 
for x equal to 1 or 2. 
 
So we obtain the effectiveness within each group as 
follows (Equation 15). 
 

 
min

3383 449
( ) 1 3.10%

1384 178
2796 408

( 1) 1 1.20%
1097 162

587 41
( 2) 1 20.18%

287 16

eff A

eff A

eff A

= − ≈

= − ≈ −

= − ≈

 (15) 

 
As it is explained in the previous section we so far 
only obtain a lower bound of the effectiveness 
within group A1. 
 
For calculating the upper bound of the 
effectiveness within group A1 we need to apply 
formula (14) and we get (Equation 16) 
 

 

1, 1 1

( 2 )
1 1 2

1 ( 2 )

20.18%
2796 587

1 20.18%
2647.6 ,

new

eff A
A A A

eff A

+
+

+= − ⋅
−

= − ⋅
−

≈

 (16) 
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which leads to the upper bound of the effectiveness 
within group A1 of (Equation 17) 
 

 ( )max

2647.6 408
1 1 4.17% .

1097 162
eff A = − ≈  (17) 

 
We end up with (Equations 18) 
 

 [ ]
( ) 3.10%

( 1) 1.20% ;  4.17%

( 2) 20.18%

eff A

eff A

eff A

≈
∈ −

≈

 (18) 

 
How can these results be interpreted? 
 
At the first glance a non-zero overall effectiveness 
seems strange as we are investigating a secondary 
safety functions which is supposed not to have an 
accident avoiding effectiveness. On the other hand 
it is likely that some cases where injuries were 
avoided entirely due to the safety function have not 
been reported in the data base. This is equivalent to 
an accident avoiding effectiveness. 
 
The effectiveness within the group of vehicles with 
slightly or not injured occupants (A1) lies within 
the interval [-1.20% ; 4.17%] (cf. equation (19)). 
We therefore can not exclude a zero-effectiveness 
within this group. This would mean a similar 
behaviour of SC I compared to SC II on vehicles 
involved in accidents with slightly or not injured 
occupants. 
 
The effectiveness of SC I compared to SC II within 
the group of accident-involved vehicles with at 
least severely injured occupants is rather high. Just 
recall that the calculated effectiveness is the 
effectiveness within the entire group A2 and not 
only within a subpopulation of “sensitive” cases. 
 
To put it all into a nutshell we can state that the 
main difference of these two safety equipments 
seems to be an injury mitigating effectiveness that 
is by far most effective for avoiding severe 
accidents. So obviously odds-ratios may be used to 
estimate the injury mitigating effectiveness of a 
safety equipment. 
 
A last word of caution: It is advisable to compare 
the different equipment-rates within the various 
types of neutral accidental situations. It may occur 
that the calculated effectiveness within some 
groups of accidental situations results from an 
increased equipment-rate within the neutral 
subgroup of accidents instead of a reduction of the 
equipment-rate within the entire group only. In this 
case the selection of neutral accidental situations 
needs to be crosschecked or at least explained. 
 

In our example the equipment-rates within the 
group of neutral accidental situations differ only 
slightly (Equation 19) 
 

 
1

2

449 178 2.522

408 162 2.519

41 16 2.563 ,

N

N

N

eqr

eqr

eqr

= ≈
= ≈
= ≈

 (19) 

 
which seems to be quite reasonable. 
 
If we just do a small modification of Table 6 in 
order to obtain the following Table 7, 
 

Table 7. 
Cross-tabulars for calculating odds-ratios 

Type of accident vehicles with at least one 
severely injured occupant N2 A2 

no 20 287 
SF3 

yes 41 587 
sum 57 874 

 
we end up with a more or less vanishing 
effectiveness of eff(A2) ≈ 0.23%. But this is only 
due to the change of the equipment-rate within the 
group N2, which is eqrN2 ≈ 2.050 and significantly 
less than the rates eqrN and eqrN1. 
 
The other way around is possible as well: A not 
reliable classification of the group of neutral 
accidents may also lead to an observed 
effectiveness even though only the equipment-rates 
within the group of neutral accidents differ (so-
called pseudo effectiveness). As an example, 
consider Table 8 which again is obtained by 
applying only slight modifications compared to 
Table 6. 
 

Table 8. 
Cross-tabulars for calculating odds-ratios 

type of accident all vehicles within data-
base  N A 

no 178 1384 
SF3 

yes 459 3527 
sum 637 4911 

 
type of accident vehicles without any 

severely injured occupant N1 A1 
no 162 1097 

SF3 
yes 408 2796 

sum 570 3893 
 

type of accident vehicles with at least one 
severely injured occupant N2 A2 

no 16 287 
SF3 

yes 51 731 
sum 67 1018 
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In this case we end up with the effectiveness within 
each group as it is shown in (Equation 20) 
 

 [ ]
( ) 1.17%

( 1) 1.20% ;  5.45%

( 2) 20.09%

eff A

eff A

eff A

≈
∈ −
≈

 (20) 

 
So the results seem to be comparable to the results 
obtained from the original example shown in Table 
(6). But a closer look on the equipment-rates within 
the group of neutral accidental situations shows 
clearly a problem concerning the classification of 
this group (Equation 21): 
 

 
1

2

459 178 2.579

408 162 2.519

51 16 3.188

N

N

N

eqr

eqr

eqr

= ≈
= ≈
= ≈

 (21) 

 
So the observed effectiveness may be due to the 
high equipment-rate within the group of neutral 
accidents. When looking at the equipment-rates 
within the groups A, A1 and A2 we get (Equation 
22) 
 

 1

2

3527 1384 2.548

2796 1097 2.549

731 287 2.547

A

A

A

eqr

eqr

eqr

= ≈
= ≈
= ≈

 (22) 

 
Summarizing, it seems to be clear that the observed 
effectiveness of 20% within the group A2 is due to 
the high equipment-rate within the group N2 and 
nothing else. As a result we may state that if and 
only if this high equipment-rate is reliable the 
observed effectiveness is reliable as well. 
 
LOGISTIC REGRESSION AND THE 
QUANTIFICATION OF THE INFLUENCE OF 
ADDITIONAL EXTERNAL FACTORS 
 
In drawing conclusions from a statistical analysis 
one always has to be careful. A causal relationship 
between two variables always leads to some kind of 
statistical dependence between these two quantities. 
The opposite assertion, namely that an existing 
statistical dependence between two quantities leads 
to a causal relationship between the corresponding 
variables, not necessarily is true. The easiest 
example one may think of is as follows. Assume 
that one variable Z has a causal relationship to the 
variables X and Y which are of interest to the 
investigator. If one consider or observe the 
variables X and Y only, then there typically will 
show up some kind of dependence between them. 
But the true story is that both variables depend on 
the third one Z. In the context of this paper this 
could mean that if the driver populations of 

vehicles equipped and not-equipped with a specific 
safety equipment are completely different or even 
disjoint then the observed effectiveness of this 
safety equipment completely may be due to the 
difference in the driver population. One easily can 
think of other examples which in some and even in 
relevant cases may lead to a significant 
misinterpretation of the results. In pure statistical 
theory one therefore usually assumes that the test 
conditions of the two experiments are completely 
equal except for the variable of interest. In our 
context this means that we e.g. assume that all loss 
of control accidents are almost similar except the 
equipment with an electronic stability program. 
Having such an ideal situation at hand, all observed 
differences in accident outcome between equipped 
and non-equipped vehicles is due to the electronic 
stability program for sure. But the above mentioned 
theoretical assumption is far from being realistic 
when investigating real world accident data. In 
reality the equipment of vehicles not only differs up 
to a single safety function and the driver population 
rarely is the same for different vehicles. Therefore 
methodology is needed to deal with this situation.  
 
One simple idea is to create different categories of 
accidents in which all relevant external variables 
like driver’s age and gender, size of the vehicle, 
weather conditions at the accident spot, accidental 
situation etc are as similar as possible. Within 
every group of such categorized accidents one may 
compute an odds-ratio as described above for 
example. The variation of the odds-ratio over the 
different categories easily may be interpreted as a 
quantification of the influence of the accident 
characteristics within a single category. This 
approach perfectly works if one has sufficient 
accident data at hand and not too many external 
variables in mind. If only one of these two 
hypotheses is not true one ends up with very few 
cases in each category which leads to non reliable 
statistical quantities within each category. Even if 
we only have five external variables in mind for 
which each of them may take five different values 
we at least need hundred thousand and more 
accidents in order to obtain reliable and 
interpretable results. Thus, even for a rather low 
number of external variables we are confronted 
with the so-called curse of dimensionality.   
 
Another possibility in order to quantify the 
influence of external variables to the accident 
outcome is given by the statistical concept of 
logistic regression. A detailed explanation of the 
concept of logistic regression models may be found 
in any textbook of categorical data (cf. for example 
Agresti (1996)). A condensed explanation of the 
logistic regression approach in the context of 
accident research can be found for example in 
Kreiss et al. (2006). Before we start explaining a 
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brief word of caution is in order. Logistic 
regression is not able to circumvent the above 
mentioned curse of dimensionality. The truth is that 
logistic regression is a statistical tool which is able 
to deal with a moderate and sometimes even high 
number of external variables by the price of 
assuming that the influence of the external 
variables is to some extend easily structured. From 
a principle point of view logistic regression 
assumes that the influence of the external variables 
to a slightly transformed output quantity is just as 
simple as a linear influence.  
 
Let us describe the essentials of logistic modelling 
and assume that we have external variables 

1 2, ,..., dx x x  which could take values 0 or 1, in case 
of gender as an example, or could take numbers 
(like the age of the driver of the vehicle) and so on. 
One or more of the variables denotes the coding 
whether a specific safety function in the vehicle is 
on or off. Then logistic modelling for the 
probability 1 2( | , ,..., )dP A x x x  of having an accident 
of type A given that the external variables take the 
specific values 1 2, ,..., dx x x  reads as follows 
(Equation 23) 
 

 0 1 1
1

0 1 1

exp( ... )
( ,..., ) .

1 exp( ... )
d d

d
d d

x x
P A x x

x x

β β β
β β β

+ + +
=

+ + + +
 (23) 

 
For the so-called odds this means (Equation 24) 
 

 
1

1
1

0 1 1

( ,..., )
logit ( ,..., ) ln

1 ( ,..., )

... ,

d
d

d

d d

P A x x
P A x x

P A x x

x xβ β β

=
−

= + + +

 (24) 

 
which just indicates the above mentioned linearity 
assumption of logistic modelling. Routine 
statistical theory immediately leads us to estimates 
of the parameters 1 2, ,..., dβ β β . The value kβ  or 

equivalently exp( )kβ , which is nothing else but an 
odds-ratio, represents the influence of the external 
variable number k having all other variables 

, ,ix i k≠  under control, i.e. having them similar for 
all accidents. It should be stressed again that a 
specific linear model for the influence of the 
external variables on the odds is assumed. In 
various situations this in fact may occur as a strong 
restriction. For example the logistic approach is not 
able to describe the behaviour of an external 
variable for which we have for low and high values 
a strong influence to the accident outcome and only 
a moderate influence for moderately large values of 
the external variable. One external variable for 
which this in fact is true is belt usage and height of 
the driver. The safety belt is designed for medium 
sized people and we indeed observe that rather 
small and rather tall drivers are less well protected 
by the safety belt than medium sized drivers. 

Moreover it should be mentioned again that we 
really need a class of accidents neutral to the 
specific external variable we have in mind in order 
to be able to compute the above mentioned odds-
ratio, namely the quantity exp( )kβ , since we only 
observe specific realizations of the external 
variables only given that an accident what type ever 
has happened. In case that A stands for an arbitrary 
accident then the mentioned odds-ratio just 
quantifies the influence of the specific external 
variable to the overall accident outcome (overall 
influence of the specific variable). In case that A 
stands for a specific type of accidents (e.g. loss of 
control accidents or rear-end accidents) then the 
above described odds-ratio measures the influence 
of the specific external variable to accidents of the 
prescribed type only. Of course such an accident 
type specific influence can be extrapolated to an 
overall influence just by renormalizing, i.e. 
multiplying, the accident specific influence 
coefficient, i.e. the odds-ratio, by the percentage of 
accidents of type A. To be specific: 
 
If the overall effectiveness of a safety equipment 
SF1 compared to safety equipment SF2 is wanted, 
specify a neutral type of accident N first. Define A 
as “not N” and then apply a logistic regression to 
gain the effectiveness of the safety function within 
A. It has to be kept in mind that cases that do not 
have either SF1 or SF2 equipment are not to be 
involved in the calculation for the logistic 
regression. The overall effectiveness then is 
(Equation 25) 
 

 No. of cases within 
( )

No. of cases within  or 

A
OR OR A

A N
= ⋅ (25) 

 
If instead of the odds-ratio one minus the odds-ratio 
(this is called the effectiveness of the specific 
external variable) is considered all stated arguments 
remain valid. 
 
CONCLUSIONS 
 
This paper shows, that the well researched and 
statistically sound method of odds-ratios is not only 
able to evaluate the accident avoiding effectiveness 
of a single safety function but as well may be used 
to evaluate the interactions of multiple safety 
functions as well. It even enables us to evaluate the 
injury avoiding and injury mitigating effectiveness 
with some limitations. 
 
The crucial point within this kind of evaluation is 
the classification of a group of neutral types of 
accidental situations. The whole algorithm stands 
and falls with the reliability of this group! 
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ABSTRACT 

This study is concerned with the analysis of 
pedestrian accidents and the corresponding analysis, 
which injuries are caused by what type of vehicle 
impact in different accident scenarios. The question 
is: to what extent can innovative driver assistance 
systems and measures in traffic environment help to 
avoid or completely prevent injuries of pedestrians. 
For this purpose, a total of n=1107 accidents 
documented in surveys in Hannover and Dresden 
involving passenger cars and pedestrians were 
examined and the injury situations shown. To this 
end, characteristic values such as driving and 
collision speed, injury severity MAIS and AIS of the 
individual injuries for different accident scenarios 
were regarded. For the identification of the relevant 
accident scenarios, classifications of the accident 
types were used and many of those represented in 
statistically representative accident material GIDAS 
(German in-Depth-Accident Study - 1) for the years 
1995 to 2004 were filtered out. The study should be 
of assistance and support decision-making in the 
evaluation of future technical innovative measures 
for accident avoidance and thus injury reduction 

INTRODUCTION AND TARGETS 

Pedestrian safety has been significantly improved 
over the past 30 years. Where in 1975 in a country 
like the Federal Republic of Germany (STBA - 2) 
still n = 3973 fatalities and n = 60033 casualties 
among pedestrians were registered, the number of 
fatalities at n = 686 and casualties at n = 33803 in 
the year 2005 clearly seems like an improved 
situation. Nevertheless it cannot be overlooked that 
in today's Europe of 27 different countries, there are 
still far more than 40 000 pedestrians killed in traffic 
annually. This requires manifold efforts of scientific 
research, which can no longer be limited exclusively 
to passive security like injury reduction, but must 
also aim at measures of active security for the 
avoidance of accidents as well. Also, the 
requirements postulated by the European Union 
commission in the year 2000 for all member states to 
halve the number of deaths within the next 10 years, 
constitutes a difficult target to reach until 2010 

The aim had been to increase the protection of 
pedestrians by implementing different phases. All 
new vehicles have had to pass phase 1 of EEVC 
pedestrian tests after October 1st, 2005 and all new 
registrations of existing models by 2012. As part of 
this Directive, a feasibility test was also conducted 
to evaluate to what extent manufacturers would be 
able to comply with the full test criteria defined by 
the EEVC (EU commission - 3). If strong arguments 
were put forward, proving that manufacturers would 
not be able to design vehicles to comply, then active 
safety systems would be evaluated to assess whether 
they would be able to make up the difference in 
estimated casualty reductions as a result of relaxing 
the tests recommended by EEVC. After negotiation 
with the industry, the EU proposed a regulation, 
which would incorporate all the present 
requirements of phase 1 and revised requirements 
for phase II based on a feasibility study. A first 
phase set of test requirements (phase I) was applied 
to all new types of vehicles as from October 1st, 
2005 and to all new vehicles placed on the market 
after December 31st, 2012. A second phase of tests 
(phase II), based on the results of a comprehensive 
study into the feasibility of the original requirements, 
will apply to all new types of vehicles from 
September 1st, 2010 and to all new vehicles by 2015. 
Additionally, the active safety system, brake assist, 
will be required in all new vehicles from July 1st, 
2008. The use of new systems, such as collision 
avoidance, will be recognised as alternatives. The 
two ways to encourage manufacturers to dedicate 
more resources towards protection issues are 
through consumer demand and setting high crash 
test standards that are relevant to the real world. 
 
This study deals with the analysis of traffic accidents 
involving pedestrians and filtering the accident 
scenarios frequently occurring during such 
accidents. It is to be determined, whether collisions 
between passenger cars and pedestrians cause less 
severe injuries at pedestrian crosswalks than, for 
instance, in case of collisions on free stretches of the 
road or at junctions and/or intersections, and, for 
example, if other sources of injury at the vehicle are 
responsible for the injuries. Particular attention is 
paid to the severely injured pedestrians. 
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Such questions require a differentiating 
methodology for multi-phase analysis and 
comprehensively documented accident data, such as 
they are available due to collections at the sites of 
accidents, GIDAS. These records contain 
information concerning injuries and vehicle 
deformations besides data referring to places and 
types of accidents. Beyond that, there are detailed 
descriptions concerning the origins of accidents and 
the sequence of the accidents based on questioning 
the persons involved and documentation of the 
environment of the scene of the accident. These 
supply information in connection with the technical 
accident reconstruction regarding the speed the 
vehicles were traveling at and the collision speed on 
the basis of recorded skid marks and final positions 
of the vehicles. 

CASE BASE AND METHODOLOGY 

Since 1999 compilations have been conducted at the 
site of accidents, GIDAS (German in-Depth-
Accident Studies, Otte - 4), at the medical university 
Hanover and the technical University of Dresden on 
behalf of the Federal Institution for roads, BAST, 
and the German Automotive industry FAT. The 
methodology is described by Brühning (1) and Otte 
(4). Based on a random sample, representative data 
processing can be done in connection with a statistic 
weighing of the data (Pfeiffer - 5). From a 
population of traffic accidents with personal injury 
documented by scientific teams in the years 1999 to 
2005, accidents in which passenger cars and 
pedestrians were involved, were selected and for this 
sub-group the different accident scenarios were 
filtered. For this purpose, the classification 
according to accident types (FGSV - 6) and the 
recording of the environment of the accidents 
according to categories such as urban/rural, straight 
road/junction, with/without traffic lights, 
with/without line-of-sight obstructions was used. 
The analysis of the location and severity of the 
injuries was conducted based on the AIS- injury 
classification (American Association for Automotive 
Medicine - 7). The record of every accident contains 
a comprehensive reconstruction of the motion 
sequences of the vehicle and the pedestrian on the 
basis of a true-to-scale drawing based on an image 
created using 3-D-Laser technology showing the site 
of the accident and measured skid marks as well as 
the final positions of the vehicles (Otte -8). 
1107 accidents with pedestrians constitute the basis 
of the analysis, of these 182 suffered an injury 
severity grade of MAIS higher than 2 (MAIS 3+). 
This corresponds to a portion of severely injured 
person of 16.4%. 
For the identification of the relevant accident 
configurations, the accidents were now 
differentiated according to the origins of the 
accidents and the accident characteristics. For this 
purpose, the accident incidences for all pedestrians 

(table 1) and for severely injured /killed pedestrians 
(table 2) in a collision with a passenger car were 
illustrated. Tables 1 and 2 show that accidents on 
straight roads without safety features are the most 
frequent more than 50 % and accidents at 
intersections with traffic lights at around 10% and 
without traffic lights at 14.4% of all and at 19% of 
severely injured pedestrians are the second most 
frequent, in each case for passenger cars traveling 
straight ahead and pedestrians traversing the road. 
Taken together, these constitute already about 70% 
of all collisions resulting in severely injured 
pedestrians. Almost 90% of all accidents with 
pedestrians occur in principle at 3 different 
locations: 
1 -  straight roads without safety feature 
2 -  intersections without traffic lights with 

passenger car traveling straight ahead 
3 -  intersections with traffic lights with passenger 

car traveling straight ahead 

Table 1. 
Pedestrian accident situation and locations 

(n=1107) 

 
 
Particularly significant are these groups: pedestrians 
approaching from the right with line-of-sight 
obstructions (15.1%), intersections with traffic lights 
and "pedestrians approaching from the right without 
line-of-sight obstructions" (4.2%) and intersections 
without traffic lights and "pedestrians approaching 
from the right without line-of-sight obstructions" 
(3.7%). If also considers the special lower level 
conflict situations (about 1 %), then all the marked 
boxes of the table offer the frequent accident 
situations involving pedestrians. 
 
If only accidents resulting in severely and fatal 
injured pedestrians are regarded, a near analogy with 
all accidents can be noticed, nearly the same 
incidences apply (table 2). 
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Table 2. 
Accident situation and locations of pedestrians 

MAIS 3+ (n=182) 

 
 
A striking number of accidents happened to 
pedestrians approaching from the right of a driver 
with line-of-sight obstructions (proportion 15.1% of 
all, 10.7% of the severely injured/killed pedestrians). 
20% of accidents were observed on straight line 
without any crosswalk when pedestrian was moving 
from left (9.5%) or from right with obstructions 
(10.7%) 

ACCIDENTS OF PEDESTRIANS AT 
INTERSECTIONS/JUNCTIONS WITH 
TRAFFIC LIGHTS FOR PASSENGER CARS 
CONTINUING STRAIGHT AHEAD 

80% of all collision velocities of the passenger cars 
were found at these locations (figure 1) up to 32 
km/h, the corresponding driving speeds at the point 
of the reaction of the driver were determined up to 
49 km/h (figure 2). 58.5 % of the pedestrians were 
lightly injured, with degree of severity MAIS 1, 14.3 
% suffered from injures of a severity above MAIS 2 
(MAIS 3+). 

 
Figure 1.  exemplary accident situation of this 
category 

 
Figure 2.  cumulative frequency distribution of 
the accidents as a function of collision speed and 
driving speed 

Pedestrians under these collision conditions were 
injured at the head in 62.4% of the cases (figure 3). 
These injuries were particularly severe in 37.5 % of 
the cases (AIS 2+). A quarter of the injuries to the 
head (23.0%) originated from the impact of the head 
on the windshield, 10,3% from the impact of the 
head on the hood. At 49.8 % approximately half of 
all head injuries were caused by hitting the road 
surface.  

 
Figure 3.  Frequency of injury of different areas 
of the body (100% all persons) with the 
corresponding proportions of the parts of the 
cars that have caused the injuries (100% all 
injured body regions). 

In 55.5 % the legs were injured, in 56 % of the cases 
due to impact of the bumper. Injuries of the pelvis 
occurred in 12.2 % of the pedestrians, in 25.9 % of 
the cases they had been caused by the front edge of 
the hood, in 32.1% they were due to the secondary 
impact on the road surface. The windshield was the 
source of injury in 26.4% of all cases on these 
frequently seen accident situation category. 

ACCIDENTS OF PEDESTRIANS AT 
INTERSECTIONS/JUNCTIONS WITHOUT 
TRAFFIC LIGHTS FOR PASSENGER CARS 
CONTINUING STRAIGHT AHEAD 

These are accidents where pedestrians step into the 
road in the area of a junction or intersection, which 
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has not been equipped with traffic lights or crossing 
aids (pedestrian crossing) (example figure 4). 
 

 
Figure 4.  exemplary accident situation of this 
category  

12.2% of the pedestrians involved in this situation 
suffered from severe injuries MAIS 3+ and 63.1 % 
were slightly injured (MAIS 1). 80% of all impact 
speeds could be registered with values of up to 32 
km/h (figure 5). 
 

 
Figure 5.  cumulative frequency distribution of 
the accidents with collision speeds and driving 
speed  

52.8 % suffered from injuries to the head, of these 
approximately one third were severe, AIS 2+ (35 
%). Injuries to the pelvis were recorded in 12.8 % of 
the cases and injuries to the legs in 63.8%, at 36% 
(AIS 2+) the latter were more frequently severe 
(figure 6). 
 

 
Figure 6.  Incidence of injuries to the different 
parts of the body (100% all persons) with 
corresponding proportions of the parts of the 
cars causing these injuries (100% all injured 
parts of the body) 

22.8% of the injuries to the head were caused by an 
impact on the windshield, which was responsible for 
the injuries of pedestrians in 19.1 % of the cases. A 
collision of the head with the hood turned out to be 
the cause of injuries in only 8.2 % of the cases, 
whereas 52.9 % of the injuries to the head could be 
attributed to an impact on the road surface. One third 
of the injuries to the pelvis (31 %) were caused by 
impacts with the front edge of the hood, another 
third (32.9%) by a secondary impact on the road 
surface. 

ACCIDENTS OF PEDESTRIANS ON 
STRAIGHT ROADS WITHOUT SAFETY 
ELEMENTS 

These are accidents, where pedestrians without line-
of-sight obstructions step onto the road not equipped 
with crosswalks of lighting signs coming from the 
right (example figure 7) 

 
Figure 7.  exemplary accident situation of this 
category  

The 80-percent value of the collision speeds in these 
cases was situated up to 40 km/h (figure 8). 
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 Figure 8.  cumulative frequency distribution of 
the accidents with collision speeds and driving 
speed  

11.1 % of the pedestrians were severely injured 
(MAIS 3+), 64.3 % were only slightly injured 
(MAIS 1). In 51.5 % of the cases the head was 
injured, in 70.1 % the legs and in 13.3 % the pelvis 
(figure 9). 39 % of the injuries to the head were 
severe (AIS 2+). Injuries to the legs were severe in 
only 24.6% of the cases and the injuries to the pelvis 
in 20.3%. 
 

 
Figure 9.  Incidence of injuries to the different 
parts of the body (100% all persons) with 
corresponding proportions of the parts of the 
cars causing these injuries (100% all injured 
parts of the body) 

25.6 % of the injuries to the head resulted from an 
impact on the windshield, 20.2 % on the hood. An 
impact on the road surface was regarded as causal in 
only 39.8 % of the cases of an injury to the head. 
27.9 % of the injuries to the pelvis were attributed to 
the front edge of the hood.  

RELEVANCY OF THE SOURCES OF 
INJURIES ON VEHICLES FOR DIFFERENT 
ACCIDENT SCENARIOS 

No significant differences of the injury situations 
could be seen for different places in the traffic 
environment. For all accidents, whether on straight 
roads or at intersections/junctions, nearly the same 
frequency distributions concerning injury severity, 
the injured body parts and the car parts causing the 

injuries apply. In all cases approximately 60 % of 
the pedestrians having collided with a car were 
slightly injured (MAIS 1), the proportion of severely 
injured pedestrians (MAIS 3 +) was always 11 or 12 
%, always about one fourth of the pedestrians 
suffering from head injuries had hit the windshield. 
These, however, were at 40 % more frequently 
severe (MAIS 2+) on straight roads without special 
crosswalks than at intersections/junctions (34% 
MAIS 3+). The proportion of head injuries caused 
by an impact with the windshield was highest - at 
25,6 % - for this accident location as well. Injuries to 
the pelvis also occur more frequently for this 
accident location (18.8 % as opposed to 12%), but 
they are not more severe. 
In order to determine, if the injury situation differs 
in those locations, where an increased measure of 
caution towards pedestrians is required, only 
accidents on crosswalks or places equipped with 
traffic lights were evaluated and compared to the 
accidents of places without crosswalks (figure 10). 
It turned out that in these cases 80 % of the collision 
speeds up to 33 km/h and of the driving speeds at 47 
km/h were slightly lower than in comparison with 
other accident locations. Thus the resulting injuries 
were also significantly less severe. 

 

 
Figure10.  Comparison of the frequency 
distributions of the severity of the injuries, MAIS, 
for accidents with pedestrians along straight 
stretches with and without crossings. 

For accidents at crosswalks a lower injury severity 
for nearly all parts of the body is discernible (figure 
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11), for the head (23.2 %, AIS 2+) as opposed to 39 
% at locations without crossing, for the pelvis (7.0% 
as opposed to 20.3%, AIS2+) and for the legs 
(10.9% as opposed to 24.6%, AIS 2+). At crossings, 
33 % of the injuries to the head have been caused by 
an impact on the windshield and 51 % of the injuries 
to the pelvis have been caused be the front edge of 
the hood. However, figure 11 shows no reduced 
potential for injuries for legs and pelvis resulted for 
accident situations with crosswalks. 
 

 

 
Figure 11.  Frequencies of injured body parts and 
degrees of the severity of injuries MAIS at 
accident locations with and without crossing 

Thus it seems that the measures on passenger cars 
undertaken lately for an optimized safety of 
pedestrians have been realized sufficiently 
extensively, as they are not influenced by the 
different accident scenarios and their differing 
incidences. As a rule, this is due to the fact that the 
pedestrian collides with the front of the car, which 
submits the person to pre-determined body 
kinematics of impact. Locally differing accident 
situations only result in differing impact velocities, 
if at all, and thus reduced severities of injuries, but 
as the study shows, these concern nearly exclusively 
the head, which mainly collides with the windshield, 
the defusing of which as a source of injury seems 
more than urgently required. 

POTENTIAL OF PREVENTING ACCIDENTS 
BY TECHNICAL DESIGN OF THE SITE OF 
ACCIDENTS AND INNOVATIVE 
AUTOMOTIVE ENGINEERING ASSISTANT 

On closer inspection of accident locations frequently 
involving pedestrians it was proven that a special, 
design-engineered crossing for pedestrians, by 
markings on the road or traffic lights, significantly 
lower the resulting severity of injuries. Thus it seems 
that local conditions, which draw the attention of the 
driver, do constitute a safety-increasing effect for 
pedestrians. Still, other solutions and developments 
of automotive engineering are possible, which can 
transmit a risk signal of a possibly occurring 
collision to the driver at an early stage. 
If the time elapsed between the response and the 
collision itself is regarded - it was possible to 
determine these from the accident data provided - a 
significant difference between accidents with traffic 
lights or crossings and without such devices was 
noticeable (figure 12). Thus the maximum time that 
had elapsed between response and collision was 2.4 
seconds for traffic lights and 2.1 seconds for 
crossings, whereas for accidents without traffic 
lights or crossings maximum values of up to 4 
seconds occurred. This seems to leave sufficient 
space for a reduction of the response time and the 
braking distance. 
 

 

 
Figure 12.  time duration from response to 
collision and corresponding reduction in velocity 
determined at the sites of accidents 
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90 % of all accidents at the sites of accidents 
investigated contained a reduction of the velocity of 
up to 25 km/h. The cumulative frequency 
distributions for the different sites of accidents show 
that this applies to all in nearly the same way. 
Approximately 40 % of the accidents do not contain 
a reduction in velocity before the impact. 
It could be shown that an increasing reduction of the 
velocity and a reduced [response] time were linked 
to a reduction of the resulting severity of injury, 
MAIS (figure 13). 
 

 
Figure 13.  Correlation of severity of injury, 
MAIS, and time from response to collision as well 
as the resulting reduction in speed 

If it would be possible to implement measures 
resulting in a reduction of the response time by 0.3 
seconds for instance, an extension of the braking 
distance and an impact velocity reduced by 
approximately 9 km/h would follow. This can be 
seen in figure 14, referring to the accident 
population investigated here, and based on the 
correlation of MAIS and collision speed, the injury 
severity could be reduced by nearly half a degree. 
For instance at 50 km/h with an expected degree of 
severity of injury MAIS 2 to then 41 km/h with a 
MAIS of 1,8 (0.2 MAIS – points). 
 

 
Figure 14.  Correlation of the injury severity of 
all pedestrian-car collisions with the collision 
speed of the car with exponential regression line 
and representation of the expected reduction 
potential with a response time shortened by 0.3 
seconds 

CONCLUSIONS 

For this study, 1107 statistically representative 
accidents between cars and pedestrians collected in 
GIDAS (German-In-Depth-Accident-Study) were 
evaluated. From this population the most frequent 
accident situations for pedestrians involved in 
accidents with passenger cars were extracted. It 
turned out that 90 % of all collisions between cars 
and pedestrians occur in three major accident 
situations, at straight roads without safety features 
like crosswalks or special lighting systems, at 
intersections/junctions without traffic lights und at 
intersections/junctions with traffic lights. 20 % of all 
accidents occur at straight roads without any safety 
features for the pedestrian crossing the street from 
the left (9.5%) as well as with a line-of-sight 
obstruction for the driver of the passenger car when 
crossing the street from the right (10.7%).  
No clear difference could be shown in the injury 
situation of pedestrians having been hit by a car in 
different locations of the traffic environment; always 
approximately 60 % were slightly injured, MAIS 1, 
the proportion of MAIS 3+ was always between 11 
and 12 %. This is following from the kinematics of 
the course of the collision is dominated by the 
position of the pedestrian in front of the car and the 
resulting bodily movement across the hood with 
subsequent sliding or flying phase. As these are 
largely collisions of the front end of the car with a 
pedestrian, the resulting injury based on the classical 
configuration of pedestrian and car consists or injury 
severity MAIS and injury frequency percentages 
nearly in the same manner, the differences are partly 
margin. The influence of accident locations is 
mainly focused to the speed level of the collision. 
Thus this study was able to show that for accidents 
occurring at locations with safety features for 
pedestrians, such as crossings or traffic lights, the 
distribution of injury severity occurring here resulted 
more frequently in slightly injured persons than for 
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locations without any safety features. The study also 
showed that at locations with crossing features, 
injuries to the head occur less frequently, and also 
legs and pelvis are less severely injured. In the 
course of the study it was shown that the time that 
elapsed from the moment of reaction until the 
collision lasted up to 2 seconds in 80 % of the cases, 
the speed reduction to the point of collision was up 
to 25 km/h in 80% of the cases; up to approximately 
40% of the cars did not reduce speed until the 
collision. Thus a significant potential for further 
reductions of the collision speed can be made out. 
The study postulated that a reduction of the response 
time by 0.3 seconds, for instance, would result in a 
collision speed reduced by about 9 km/h for the car 
and that the expected injury severity for the accident 
population regarded could be reduced by about 10 % 
by using the AIS Scale as linear and carried out an 
exponential regression analysis on injury vs. speed 
relation. The study was thus able to confirm the 
expected potential of a brake assist system based on 
an analysis of accidents. In addition, the result of 
this study can support the evaluation of different 
accident scenarios involving pedestrians regarding 
the different technical assisting systems applicable. 
For instance, assistance systems that are constantly 
monitoring the driving situation ahead would be able 
to reduce response time in accidents involving 
pedestrians walking in the same or opposite 
direction facing the vehicle. This would cover 12% 
of all accidents involving pedestrians and 18% of all 
pedestrians injured MAIS 3+ as a target group. Also, 
for pedestrians crossing the road from the left, 
technical information systems seem sensible in order 
to reduce response times, as these constitute one 
third of all accidents involving pedestrians (31% of 
all and 33% of all MAIS 3+). 
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Abstract: 
The EU FP 6 Integrated Project on Advanced 
Protection Systems (APROSYS) is exploring the 
relevance of vehicle pedestrian protection 
systems in the real world. A pedestrian injury 
database was compiled of in-depth information 
to permit reconstructions of the pedestrian/ 
cyclist/ vehicle/ground interactions. 
The database consisted of 63 pedestrians cases 
and 7 cyclist cases. Results were obtained on: 
injury risk as related to impact speed; the 
locations of primary head impacts with vehicles; 
the proportion and frequency of ground impacts; 
and the over representation of elderly fatals with 
MAIS3. It is concluded that (i) the head impact 
locations for pedestrian protection need to be 
reviewed to include the windscreen, A pillars 
and scuttle areas, and (ii) a calibration of MAIS 
and ISS against fatality/non fatality for a large 
sample of pedestrians is necessary, with children 
/ adults/elderly (>60 years of age) ranked 
separately.  
 
INTRODUCTION 
 
In order to compile a number of detailed 
Vulnerable Road User (VRU) pedestrian and 
cyclist accident cases from around Europe 
containing sufficient detail for computer 
reconstruction work, an in-depth database (IDD) 
was developed in MS Access. The cases were 
compiled from five different sources from four 
different countries (the UK, Spain, Germany and 
Sweden). 
 
ANALYSIS 
 
The database contents are summarised here and 
some of the variables are compared with the UK 
pedestrian accident epidemiology (1997 – 2001) 
[1] to gauge how well the reconstruction cases 
represented that population, since 90% of in-
depth cases were pedestrian and 70% of the 
cases came from the UK. Some German In 
Depth Accident Study (GIDAS) data is also used 
for comparison for some variables not available 

in the UK epidemiology. Despite the relatively 
small sample size, the database yielded some 
interesting observations on variables not 
available from the epidemiological studies – 
particularly concerning injury body region, 
severity and head impact location on the vehicle, 
and age versus injury outcome. Statistical tests 
were carried out where applicable to determine 
significance.  
 

Table 1 – Road user type 
Vulnerable 
Road User 
type 

No. of 
in-

depth 
cases 

% of 
in-

depth 
cases 

% of total 
UK VRU 
accidents 

Pedestrians 63 90% 66.5% 
Cyclists 7 10% 33.5% 

 
Table 2 - Gender 

Gender No. of 
in-depth 

cases 

% of in-
depth 
cases 

% of total UK 
pedestrian 
accidents 

Male 39 56% 58% 
Female 28 40% 42% 
Unknown 3 4% 0% 

Pedestrian Orientation 
In the in-depth sample, 89% of the pedestrians 
were hit on either the right (41%) or left side 
(48%). The observation that most of the 
pedestrians in the sample were struck side-on is 
in agreement with the literature [2]  

Age 
The age of the victim was known for 64 out of 
the 70 cases. Since the BASC cases were all 
fatal, they had a higher proportion of older 
pedestrians than the population (which includes 
all severity pedestrian accidents), but this was 
balanced by the other data sources which mostly 
provided serious but non-fatal cases. The 
frequency analysis of the in-depth sample 
resulted in the same mode [1] but found that it 
was over-represented in the older age categories 
(mainly due to the UK fatal contribution). 
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Age vs. Severity 
According to several studies and the UK 
pedestrian epidemiology, the chances that a 
pedestrian will receive fatal injuries from an 
accident increases with age. This pattern is less 
obvious but still apparent in the in-depth sample, 
Figure 2 for which fatal accidents were over-
represented as explained previously. 
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Figure 2- In-depth sample: Age vs. severity 

(proportion) 
 

Table 3 – Age vs. severity (comparison with 
epidemiology) 

 
Mode  (all 
severities) 

Mode 
(fatal) 

Mode 
(serious) 

In-depth 
sample 11 – 15 81 - 90 11 – 20 
UK ped. 
accidents 11 – 15 71 - 80 11 - 20 

 
This comparison Table 3 shows the in-depth 
database to be a reasonably good representation 
of the epidemiology with respect to age vs. 
severity. 
 

Table 4 – Age vs. severity (in-depth cases) 
 Age (years) 
 Mean Median Min Max SD 

Fatal (n=27) 56.2 61.0 10 94 27.6 

Serious (n=37) 34.5 28.0 5 75 22.1 

 
In Table 4 the difference in mean age between 
serious and fatal accidents is 22.6 years. This 
difference is highly significant (p<0.01). 

Vehicle details 
The year-of-manufacture frequency Figure 3 
shows the distribution of ages of the vehicles 
involved. Although the average age is relatively 
low (1995), which is mainly a reflection of the 
age of the European fleet, half of the in-depth 
cases involve vehicles manufactured in 1997 or 
later, but with a large range. 
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Figure 3 – In-depth sample: Vehicle year of 

manufacture 

Impact speed  
Figure 4 below compares the in-depth sample 
impact speeds with those found in the GIDAS 
sample. The in-depth sample (mean impact speed 
of 40km/h) tended to have higher impact speeds 
then the GIDAS sample (approximate mean 
impact speed of 28 km/h). This is a consequence 
of having a disproportionate number of fatal and 
serious accidents, which are more likely to be the 
result of higher speed impacts. 
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Figure 4 – Comparison with GIDAS data 

Impact speed vs. injury severity  
 
Previous work [3] has established the significant 
relationship between impact speed and 
pedestrian injury severity. This relationship is 
presented for the current study using 3 different 
definitions of injury severity: fatal / non-fatal, 
MAIS (Maximum AIS) and ISS (Injury Severity 
Score). 
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Table 5 – Impact speed vs. severity 
Impact speed (km/h) 

 
Mea

n 
Medi

an 
Mi
n 

Ma
x SD 

% of 
accid. 
at ≤ 

40km
/h 

Serious 
(n=39) 32.6 30.0 8.0 

64.
4 

12.
1 

79% 

Fatal 
(n=26) 49.3 49.1 

25.
0 

75.
6 

13.
3 

31% 

 
The difference between the mean impact speeds 
for serious and fatal accidents is 15.9km/h. This 
difference is highly significant (p<0.01). 
 
The approximate proportion of serious accidents 
occurring at impact speeds of less than 40km/h is 
0.79 ± 0.13 at a 95% confidence level (p<0.05). 
The approximate proportion of fatal accidents 
occurring at impact speeds of less than 40km/h is 
0.31 ± 0.13 at a 95% confidence level (p<0.05). 
The difference between these proportions is 
highly significant (p<0.01). 

 
Table 6 – Impact speed vs. MAIS (n=66) 

Impact speed (km/h) 

MAIS Mean Median Min Max SD 

Accidents 
at   ≤ 

40km/h 
(%) 

2 
(n=24) 30.3 28.0 20.0 56.3 9.0 88 
3 
(n=23) 44.8 49.0 8.0 70.8 16.8 39 
4 
(n=7) 46.3 40.2 22.5 75.6 17.1 57 
5 
(n=11) 42.8 41.0 27.4 62.8 10.3 46 

 
2-3 
(n=47) 37.4 32.2 8.0 70.8 15.1 64 
4-5 
(n=18) 44.1 40.6 22.5 75.6 13.4 50 

 
The difference between the mean impact speeds 
for MAIS 2-3 accidents and MAIS 4-5 accidents 
is 6.6km/h. This difference is not significant 
(p>0.05). 
88% of MAIS 2 accidents occurred at speeds of 
less than or equal to 40 km/h. To extend this to 
the population with a 95% confidence level, the 
proportion of MAIS 2 accidents occurring at 
speeds ≤ 40km/h would be approximately 
between 75% and 100% (p<0.05). It can also be 
estimated that approximately 51% - 77% of 
MAIS 2-3 accidents would occur at speeds of ≤ 
40km/h (p<0.05). 
 
Due to the very low number of MAIS 4 
accidents, both MAIS 4 and MAIS 5 accidents 
are presented together in Figure 6. The majority 

(63%) of MAIS 2 cases were at impact speeds of 
between 21 and 30km/h. Less conclusively, the 
speed range mode for MAIS 3 cases was 31 – 40 
km/h and for MAIS 4 – 5 cases, 62% were 
within a broader range of 31 – 50 km/h. The 
MAIS 2 distribution is more ‘normal’ and has a 
relatively low Standard Deviation (SD) of 9  
whereas the MAIS 3 and MAIS 4-5 do not 
demonstrate a good normal distribution curve 
and have significantly spread (as shown in Table 
6 above). 
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Figure 6 – Impact speed vs. MAIS 

 
ISS vs. impact speed 
 
The Injury Severity Score (ISS) was presented in 
1974 [4] as a method of numerically describing 
the overall injury severity of patients with 
injuries to more than one area of the body. It 
could be argued that since pedestrian fatalities in 
particular are often caused by multiple injuries as 
opposed to one single injury, ISS would be a 
more meaningful representation of the severity 
of such accidents. In order to test this hypothesis 
with respect to the current study, the relationship 
between ranges of ISS scores and their 
corresponding impact speed was observed 
(Figure 7). Looking at each ISS range in Figure 
7, a tendency to more normal distributions can 
indeed be seen than those for MAIS vs. impact 
speed.  
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Probability of injury vs. impact speed 
Figure 8 shows a comparison between injury 
severity and impact speeds for pedestrian injuries 
from studies spanning 26 years, from Ashton and 
Mackay [5] Anderson,[6] Hannover [7] and now 
the current study (APROSYS 2005).  The curves 
drawn are for the relationship: 
  

  3Injury ofy Probabilit V∝
 
From Neal-Sturgess [8] where it is shown that 
pedestrian injuries can be correlated with impact 
speed using the concept of Peak Virtual Power. 
 
The trends in the data show that the APROSYS 
results correlate well with the previous results for 
serious injuries.  For fatal injuries, the 
APROSYS results are closer to the Hannover 
results for 2001, indicating that the impact speed 
for fatalities may be increasing slightly 
compared to that for the data from 1979 and 
1995. 
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Figure 8 - Probability of injury vs. impact 

speed 

Vehicle braking 
 

Table 7 – In-depth sample: vehicle braking 
(n=62) 

 No. of cases (%) 
Hard braking 10 (16) 
Some braking 26 (42) 
No braking 26 (42) 

 
The braking behaviour of vehicles in the sample 
as presented in Table 7 is comparable with the 

braking deceleration found in the GIDAS 
database.  

Injury severity 
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Figure 9 - No. of injuries at each level of 

severity 
 
 

Table 8 – Gender vs. severity 

Gender 

Minor 
injuries 
(AIS 1, 2) 

Serious 
injuries       
(AIS 3+) 

All 
injuries 

Male (n=39) 198 (78%) 49 (19%) 254 

Female (n=28) 137 (71%) 50 (26%) 193 

Unknown (n=3) 17 (94%) 1 (6%) 18 

Total (n=70) 352 (76%) 100 (22%) 465 
 
The number of injuries of a given severity are 
shown in Figure 9, and the Gender breakdown in 
Table 8. Males had a mean of 6.5 injuries and 
females a mean of 6.7 injuries. The females in 
the sample tended to have more serious injuries, 
but this could have more to do with the fact that 
a higher proportion of VRU’s over the age of 60 
were female. 

 
Table 9 – VRU type vs. severity 

 

VRU type 

Minor 
injuries  
(AIS 1, 2) 

Serious 
injuries       
(AIS 3+) 

All 
injuries 

Pedestrian (n=63) 316 (75%) 94 (22%) 423 

Cyclist (n=7) 36 (86%) 6 (14%) 42 
 
Cyclists had a mean of 5.8 injuries and 
pedestrians a mean of 6.6 injuries. Also, cyclist 
injuries tended to be less serious, although the 
sample size is too small to make inferences about 
the population. 
 
An analysis of the IDD for ISS gave Figure 10 as 
shown below.  It is to be expected that the injury 
severity will increase towards the upper right 
hand quadrant, but the clear demarcation shown 
here is probably an artifact of the small sample 
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size.  Nonetheless there are only 1-3 (1-3/23) 
fatalities below an impact velocity of 32 km/h, 
which equates to 20 miles/h, and is in accord 
with Figure 8.  Also it can be seen that there are 
no fatalities below an ISS of around 10.  The 
threshold of an ISS of 16, which is supposed to 
equate to a 10% risk of fatality Robertson & 
Redmond, 1991[9] ; Seow and Lau, 1996 [10] is 
also shown, but here it coincides with a risk of 
8/23 = 35% risk of fatality.  There already is 
some concern in the literature that even for large 
sample studies ISS shows some sample bias 
Henary et.al [11], and here it seems that the 
normal large vehicle occupant sample ISS limit 
does not accord with these results. 
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Figure 10. 

 
The statistics are: 
Fatals ISS: mean = 21.6 N=23 
Standard deviation = 9.5 
Serious ISS: mean = 8.1  N=19 
Standard deviation = 4.6 
These results are statistically significantly 
different p < 0.0014. 
 
Examining the ISS scores for all types of case in 
the database child (<12 years old), adult fatal and 
serious, and elderly fatal and serious gives 
Figure 11. From Figure 11 it can be seen that the 
ratio of elderly fatalities below ISS = 16 is 5/12 
= 42%, whereas the ratio of adult fatalities below 
ISS = 16 is 1/9 = 11%, which are in the same 
rank order as Henary et.al. [11] with 5/27 seniors 
and 0/28 adults respectively.  Again the results 
are skewed here due to the nature of the sample. 
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Figure 11. 

 
Injury severity by body region 
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Figure 12– Injuries per body region (In-depth 

database 1997 - 2004) 
 
The most frequently injured body regions are the 
head and lower limbs. However, a higher 
proportion of the head injuries are AIS 3+ 
compared with the lower limb injuries. In AIS 
and consequently in the current study, the face is 
treated as a separate body region. In a similar 
earlier study done at Hannover (Figure 20) [12] 
on accidents from 1985 - 1995, facial injuries are 
considered together with head injuries and 
consequently head injuries outnumber lower 
limb injuries. Accounting for this difference in 
methodology, the results are in agreement with 
the exception of the different relative proportion 
of injuries to the thorax and upper limbs in the 
two studies. This could be explained by the 
influence of the changing shape of vehicles on 
injured body regions since the earlier study.   
 
The injury severity is also plotted against the 
contact zone on the vehicle in Figures 13 to 19 
below.  When reading these Figures, the table on 
the left hand side is the relative frequency of all 
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the injuries recorded in the database, whereas the 
numbers in the boxes on the arrows are the 
relative frequencies of injuries where the contact 
location was identified.  There are a significant 
number of injuries recorded in the database for 
which no contact location was identified, hence 
the percentages are generally different. 
 

 
Figure 13. 

 

 
Figure 14. 

 

 
Figure 15. 

 

 
Figure 16. 

 
 
 

 
Figure 17. 

 

 
Figure 18 

 

 
Figure 19. 

 
The results from this study are compared to Otte 
and Pohlemann [13] Figure 20 below. 

 

 
Figure. 20. 

 
From Figs. 13 to 19, and a comparison with 
Figure 20, it can be seen that the frequencies of 
the injuries to the body regions are broadly 
comparable in the two studies.  The head and 
lower extremities are the most frequently injured 
regions, and the frequencies of the secondary 
impacts decrease as the severity of the injuries 
increase.  
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Head impact location 
The locations of head impacts for all the cases 
were plotted schematically on one standard 
vehicle – similar to the representation of Otte’s 
1999 IRCOBI paper [7]. Head impact locations 
have been plotted in their relative positions as 
opposed to absolute positions for the sake of 
comparing accidents involving different shaped 
vehicles (i.e. a head impact occurring on the top 
left corner of the windscreen will be shown on 
the top left corner of the windscreen in the 
diagram regardless of what the WAD is).             
       
As shown in Figure 21, the fatal head impacts 
occurred predominantly on and around the 
windscreen frame (A-Pillars and scuttle). The 
only impacts occurring in the centre of the 
windscreen were non-fatal. Of the 3 head 
impacts occurring on the bonnet away from the 
scuttle, all were non-fatal and 2 were children. 
 

                     

 
 

Figure 21 – Head impact locations by severity 
and country. 

 
The head impact positions were also plotted and 
coloured according to which country the accident 
occurred in the see if impacts occurred on a 
certain side for left–hand and right-hand drive 
countries respectively - i.e. right-hand drive for 
UK, left-hand drive for Mainland Europe (Spain 
and Sweden) (Figure 21). There is a broad trend 
for more serious head strikes to occur on the side 
of the vehicle nearest the kerb.  

Secondary Impact 
Of interest in this project is the significance of 
the secondary ground impact.  This is a difficult 
parameter to assess, as the vast majority of 
pedestrian and cyclist collisions ultimately result 
in the victim lying on the ground.  An analysis of 

the database was conducted to see what evidence 
it contained, the results are shown below. 
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Figure 22. Percentages of injury sources 

 
It is obvious from the Figure 22 that in 18 cases 
no information was recorded, and so there is a 
large margin of uncertainty.  In this sample the 
percentage of the most serious injuries arising 
from the secondary ground impact are around 
43% of the injuries ascribable to the vehicles.  
This is slightly lower, but of the same order as 
GIDAS, who give a percentage of around 
463/933 = 49% of injuries caused by the 
secondary impact [13].   
 
A summary table of the results displayed in Figs 
13 to 19, is shown below: 
 
Pedestrians 
Injury 
Severity 

Primary 
Impact 
% 

Secondary 
Impact % 

Ratio 
Pri./Sec. 

All 68 16 4.25 
AIS1 68 24 2.8 
AIS2+ 79 9 8.8 
Serious 
ALL 

62 22 2.8 

Fatal All 80 9 8.9 
Child All 45 21 2.1 
Elderly 
All 

78 12 6.5 

Elderly 
AIS1 

34 11 3.1 

Elderly 
AIS2+ 

79 3 26.3 

Cyclists 
 All 48 42 1.1 

Table 10. 
 
From table 10 it can be seen that in general for 
all categories of cases the secondary impacts are 
a larger proportion of the injuries for categories 
of lower injury severity.  The primary impact 

Neal-Sturgess  7 



appears particularly important for the elderly 
victims. Secondary impacts appear more 
significant for children than adults, and 
particularly important for cyclists; although the 
sample for the cyclists is very small.  However, 
caution is necessary when interpreting the 
frequency tables.  A case by case analysis here 
(Table 11 below) shows that often the severity of 
the secondary impact is equal to the primary 
impact. 
 
Relative severity of primary and secondary 
impacts 
Case No 
in IDD 

Severity MAIS in 
Impact 

AIS 
Secondary 
Impact 

BC001 fatal 3 3 
BP001 fatal 3 3 
BP002 fatal 5 5 
GC001 serious 2 2 
GC002 serious 2 2 
IP007 serious 3 3 
GP002 serious 3 3 
OC002 serious 2 2 

Table 11. 

Elderly Fatal Pedestrians 
The elderly cases were extracted to give Figure 
23 shown below.  From Figure 23 it is obvious 
that there are a large proportion of elderly 
casualties dying at low ISS scores (5/12).  This 
should be compared to the study by Henary et.al 
[11] who reported 5/27 elderly deaths with ISS < 
16.  Following through on this possible anomaly 
it is necessary to consider the injury severities 
and frequencies in the various parts of the IDD, 
such as comparing the frequencies of adult and 
elderly of injury severity.  The mortality rate for 
the elderly was almost three times that for the 
adults (100% cf. 37.5%), which again is similar 
to Henary et.al. [11], but here this was obviously 
influenced by the nature of the sample. 

APROSYS IDAD
ISS vs Velocity

Elderly (60+) Fatal
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Figure 23. 

 
From the IDD the Adult Fatal cases are as shown 
in the table below; 
 
Adult Fatal  

Vel. km/h 
Body 

Region MAIS ISS 
53 H 3 27 
48 H 5 30 
49 H 3 17 
62 H 3 14 
63 H 5 29 
41 H 5 54 
32 T 4 17 
49 H 5 26 
32 H 5 26 

Table 12. 
 
Key for body region:  H = Head, T = Thorax, S = 
Spine, P = Pelvis, E = Extremity. 
 
From Table 12 it is evident that the proportions 
of the various injury severities are MAIS3 = 3/9 
= 33%, MAIS4 = 1/9 = 11%, and MAIS5 = 5/9 = 
66%.  The body regions are Head 8/9 = 88%, and 
Thorax 1/9 = 11%. The table of Elderly Fatals is 
shown below: 
 

Elderly Fatal 
Velocity  
km/h 

Body  
Region MAIS ISS 

54 S/H 3 22 
55 P 3 10 
37 E 2 12 
57 S/H 5 30 
72 H 3 22 
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28 H 4 29 
63 H 3 14 
41 H 5 26 
59 E 3 14 
46 S/H 3 17 
50 H 3 10 
44 H 5 26 

Table 13. 
 

From Table 13 it is evident that the proportions 
of the various injury severities are MAIS2 = 1/12 
= 8%, MAIS3 = 7/12 = 58%, MAIS4 = 1/12 = 
8%, and MAIS5 = 3/12 = 25%.  Whereas the 
body regions are head (including cervical spine) 
9/12 = 75%, extremities 2/12 = 16% and Pelvis 
1/12 = 8%.  A body region analysis for the 
elderly fatals gives Figure 28 shown below. 
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Figure 24. 

 
From both Tables 12 and 13 and Figure 24 the 
body region overwhelming associated with the 
primary cause of death is the head. It is often 
thought that one of the confounding factors in 
elderly deaths after road traffic accidents 
(RTA’s) is the length of stay in hospital, and 
hence the increased risk of secondary infection.  
To examine this the time-to-die was investigated, 
this is not necessarily the time in hospital, but it 
is believed to be an acceptable surrogate.  Of the 
data in the database there were 15 instances of 
fatal injuries where the time to die was not 
recorded, which heavily reduced the number of 
valid entries; the valid entries are shown in 
Tables 14 and 15. Note that the numbers in these 
tables are not necessarily the same as in other 
categories of analysis, because the missing data 
may be either, gender, age, time to die, or ISS 
value. Two cases where the time-to-die was 100 
and 150 days respectively were omitted from the 
analysis as they do not conform to the definition 
of death (<= 30 days) used for the rest of the 
analyses. 
 
 
 

Time to Die – Elderly (>60) 
Days 0 2 13 14 
N 6 1 1 1 
MAIS 
(ISS) 

2  
(12) 

3 
(10) 

2 
(12) 

5  
(26) 

3xMAIS3  
(22,14,17) 

    

3xMAIS4 
(29,21,24) 

   

Table 14. 
 
 
Time to Die - Adult (12<Y<60) 
Days 0 30 
N 5 1 
MAIS (ISS) 3  (27) 4 (NC) 

4   
3xMAIS5  
(30,54,26) 

 

Table 15. 
 

There are too few entries to form significant 
conclusions, but it appears that, in this sample, 
the majority of the casualties were declared 
either dead at the scene or on arrival in the 
hospital.  The elderly do show a number of 
intermediate stays in hospital, however the 
sample is small, whereas the adults show just 
one outlier at 30 days. 
   
To compare the incidence of the injury severities 
in the IDD it is necessary to consider the 
frequencies of injury severities in a large 
population study.  No large sample studies of 
pedestrians for the calibration of MAIS yet exist, 
therefore a study of CCIS Phase 6 & 7 1999 -
2005 (Neal-Sturgess and Hassan, BASC Report 
2006 [14]) for vehicle occupants is taken as 
representative of large sample calibration of 
MAIS, as an example for comparison.  It should 
be remembered that the injury data taken for the 
calibration of HIC i.e. Prasad-Mertz [15] is taken 
from vehicle occupant studies.  In the study 
conducted here the cases were selected on the 
basis of belted passenger car occupants with a 
valid Estimated Test Speed (ETS) [a measure of 
impact speed], to maximize the sample size. The 
frequency table is as shown below: 
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Belted drivers in passenger cars – known ETS 
(kph) 

CCIS 1999 – 2005 
MAIS Fatal Total 

Injured 
% Fatal 

1 0 745 0.0 
2 1 202 0.5 
3 7 112 6.2 
4 17 25 68.0 
5 19 23 82.6 
6 4 4 100.0 

Totals 48 1111  
Table 16. 

 
Further considering fatals at a given MAIS value 
as a ratio of total fatals, to account for frequency 
effects in a sample of fatals, gives: 
 

Belted drivers in passenger cars – known ETS 
(kph) 

CCIS Fatals 
MAIS Ratio Percentage of Total 

1 0 0.0 
2 1/48 2.1 
3 7/48 14.6 
4 17/48 35.4 
5 19/48 39.6 
6 4/48 8.3 

Total  100.0 
Table 17. 

 
Comparing the significance of the frequency of 
the injury severities between the IDD and CCIS 
gives the following table: 
 

Significance levels CCIS vs IDD 
MAIS Fatals Adult Fatals Elderly 
1 0 0 
2 0 Chi-square = 

1.051 not 
significant. 

3 Chi-square = 
1.168 not 
significant. 

Chi-square = 
5.353  
p <= 0.025.  
The distribution is 
significant. 

4 Chi-square = 
1.240 not 
significant. 

Chi-square = 2.08 
not significant. 

5 Chi-square = 
0.300 not 
significant. 

Chi-square = 
0.436 not 
significant. 

6 0 0 
Table 18. 

 
From Table 18 it can be seen that for the 
categories of Elderly Fatals the incidence of 
MAIS3 is very significant compared to the CCIS 
sample i.e. p < 0.025%. 
 
 
DISCUSSION 
 
The in-depth database of pedestrian and cyclist 
developed for the reconstruction activity was 
analysed to assess whether or not it was 
representative of the European epidemiology. 
Data for which a reasonably direct comparison 
was possible included type, age and gender of 
the vulnerable road user, and also the 
relationship between age and severity. Cyclists 
were not well represented – only 7 cases were 
available which allowed few conclusions to be 
drawn about the characteristics of cycling 
accidents or injured cyclists. The younger age 
ranges (under 30) were represented in proportion 
with the epidemiology but the older age ranges 
were slightly over-represented (explained by the 
BASC contribution of all-fatal accidents and the 
higher proportion of older people in this 
category), male and female were well 
represented. When comparing age and severity, 
the general trend of increased age leading to 
increased risk of fatality could be seen to some 
degree in Figures 1 and 2. The difference in 
mean age of those seriously injured and those 
fatally injured was found to be statistically 
significant (Table 4). An assessment of the 
vehicles represented by the sample was more 
reflective of the fleet than any prevalence for a 
particular age or make of vehicle to be involved 
in a VRU collision. The average year of 
manufacture was 1995 but half the vehicles were 
1997 or later.  
 
The standing orientation of the pedestrian prior 
to impact was 89% stuck side-on – which agreed 
with the literature.[16] The in-depth sample 
impact speeds were presented and compared 
with those found in the GIDAS sample (Figure 
4). The former tended to have higher impact 
speeds than the latter (mean of 40km/h and 
28km/h respectively) - a consequence of having 
a disproportionate number of fatal and serious 
accidents which are more likely to be the result 
of higher speed impacts. The relationship 
between impact speed and injury severity was 
presented using 3 different definitions of injury 
severity: fatal / non-fatal, MAIS (Maximum 
AIS) and ISS (Injury Severity Score). The 
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difference between the mean impact speeds for 
serious and fatal accidents was highly 
significant. The MAIS vs. impact speed 
relationship, presented and discussed in detail in 
the main section, was found to be quite non-
linear with an anomaly at MAIS 4. As expected, 
a better relationship was found between ISS and 
impact speed due to better suitability of this 
description of injury severity to the multiple 
injury nature of VRU accidents. There is a good 
correlation between the injury risk curves for 
serious injuries vs. impact speed derived from 
the current study and those from similar studies. 
For fatal injuries, the APROSYS results are 
closer to the 2001 study,[13] indicating that the 
impact speed for fatalities may be increasing 
slightly compared to that for the data from 1979 
[5] and 1995 [6]. The mean impact speed of 
vehicles which braked before impact and those 
which did not was compared but no significant 
difference was found.  
 
For each case, detailed injuries were recorded 
(total n=458). Lower limb injuries were most 
common followed closely by head injuries. 
Facial injuries were considered separately 
according to AIS protocol – if considered as one 
body region, the most common injury region 
would be the head as found by an earlier study 
[7]. Also interesting to note is that out of 458 
injuries, only 1 was to the neck, AIS 1. Looking 
at AIS 4- 5 injuries only, the thorax is the next 
most significant region after the head, but 
including AIS 3 injuries, the upper limbs become 
the next most significant region after the head, 
followed by the thorax. 
 
The head impact locations for all impacts were 
plotted schematically on one generic vehicle 
diagram, showing the positions of primary head 
impact relative to the windscreen, scuttle and A-
Pillars for fatal and non-fatal impacts (Figure 
21). The fatal head impacts occurred 
predominantly on and around the windscreen 
frame (A-Pillars and scuttle). The only impacts 
occurring in the centre of the windscreen were 
non-fatal. Of the 3 head impacts occurring on the 
bonnet away from the scuttle, all were non-fatal 
and 2 were children. The head impact positions 
were also plotted according to which country the 
accident occurred in the see if impacts occurred 
on a certain side for left–hand and right-hand 
drive countries respectively - i.e. right-hand 
drive for UK, left-hand drive for Spain and 
Sweden (Figure 21). All 13 non-fatal head 
impacts in Spain and Sweden were located on or 

to the right of the windscreen centre-line, but the 
3 remaining Spanish fatal head impacts did occur 
on the left side. The UK head impacts had only a 
slight skew towards the left side of the 
windscreen centre-line. Together, this does 
suggest that head impacts are slightly more 
common on the nearside of the vehicle. 
 
The analysis of ground impact in this study, 
although subject to uncertainty due to the 
variables not being recorded in a number of 
cases, it was found that the injury severity from 
the ground impact was generally less frequent 
than the injury severity attributed to the vehicle, 
which is similar to recent analyses in the 
literature. However, a case by case study showed 
that the injury severity in the secondary impact 
can be similar to that in the primary impact. A 
recent study was conducted by Hannover 
University to address this specific issue [13]. 
Secondary injuries were found to be less severe - 
for example, 36% of the pedestrians received a 
head injury due to secondary impact compared 
with 43% due to primary impact, a greater 
proportion of which were AIS 2+. However, 
secondary impacts were still significant with 
over 2/3 (65%) of the pedestrians in the study 
received some kind of injury from the road.  
Both the Pedestrian Crash Data Study (PCDS) 
and the Pedestrian Injury Crash Study (PICS) 
conducted in the US [17-19] and Australia [20] 
found that most injuries caused by the 
environment (i.e. the road and roadside objects) 
were minor and that the more recent accidents 
involving newer cars had a much lower 
proportion of injuries caused by the road. A 
review of the literature by McLean et al [21] 
concluded that pedestrian injuries caused by 
impact with the environment were less severe 
than those caused by direct contact with the 
vehicle  and in a later in-depth study of 77 cases 
by the same authors [22], analysis showed that 
while the environment was the most common 
cause of head injuries in general, it was not the 
cause of any serious head injuries (AIS 3+). 
Although this contradicts Otte’s findings for all-
severity head injuries (i.e. that the vehicle was 
the more common cause of head injuries in 
general), they are in agreement on the point that 
the vehicle was usually the cause of the serious 
head injuries. This agrees with earlier work by 
Ashton et al [23] that found that a head impact 
with the car is more likely to be the cause of 
significant brain injury to a pedestrian than 
contact with the road surface, although this does 
involve much older vehicle designs.  This topic 
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is complex and requires further study, as the 
proportion of pedestrian/cyclist injuries from the 
ground (environment) represents the injuries that 
cannot be influenced by vehicle design, and so 
the base-line of injuries that cannot be reduced. 
 
It is now generally acknowledged that the energy 
required to cause an injury reduces as a person 
ages Augenstein, 2001 [24] , and older drivers 
are more vulnerable to injury in a crash. Their 
skeletal structures are more easily damaged, and 
the consequences of any assault are likely to be 
more serious compared with younger drivers 
(Dejeammes and Ramet, 1996 [25] ; Evans, 1991 
[26] ; Mackay, 1989 [27] ; Viano et al, 1989 [28] 
). The influence of osteoporosis particularly on 
females is now well established (Berthel, 1980 
[29] ). Dejammes and Ramet, 1996 [25] ) 
concluded that the most elderly population could 
withstand a chest load of 5,000N, whilst the 
younger population could withstand a chest load 
of 8,000N. The implications of this are that older 
occupants may be several times more likely to 
sustain a life threatening chest injury 
(Padmanaban, 2001 [30] ), and this can occur in 
a relatively moderate crash [24]. A study by 
Morris et.al AAAM 2002 [31] and Welsh et.al. 
2006 [32]. found that skeletal injuries to the 
elderly were the major difference compared to a 
younger population, and that the major contact 
injuries were seat belt induced multiple rib 
fractures.  This indicates the need for intelligent 
restraints and the BOSCOS project (Watson and 
Hardy 2006 [33]) aims to mitigate these age 
related injuries by bone scanning and automatic 
adjustment of restraints to compensate for 
increased fragility. 
Pedestrian-motor vehicle trauma affects all age 
groups, and the results from several 
epidemiological studies have indicated that the 
annual pedestrian mortality is substantially 
higher among seniors than any other age group 
(Aronson et al., 1984 [17] ; Ashton et al., 1979 
[23] ; Harruff et al., 1998 [18] ; Hoxie et al., 
1994 [34] ; Knoblauch et al., 1995 [19] ; 
NHTSA, 2001 [35] ; Oxley & Fildes, 1996 [36] 
). In addition to the increased exposure, a 
number of epidemiological studies have 
indicated that senior pedestrians also are more 
likely to get killed or severely injured once 
involved in a crash [37]. Kong et al. 1996 [38] 
conducted a retrospective review of 273 
pedestrian victims from 1991 to 1994. They 
reported significantly (p < 0.05) higher average 
ISS (11.6 vs. 8.8) and mortality (13 percent vs. 5 
percent) for the senior (age ≥60 years), than for 

the adult (age 16–59 years) victims. Kong’s 
results were confirmed by Peng and Bongard 
1999 [39]. The most recent statistics from 
NHTSA on the morbidity and mortality of 
various age groups of pedestrians indicate that 
the mortality for the senior (age ≥ 60 years) 
pedestrian victims in the United States during 
2003 was approximately 12.9 percent, which was 
twice as high as for the corresponding adult (age 
19–50 years) group (NHTSA, 2005 [40]).  A 
recent study by Henary, Ivarsson, and Crandall 
[11] compares the morbidity and mortality of 
senior (age ≥60 years) and adult (age 19–59 
years) pedestrian victims while controlling for 
other confounding factors that may influence this 
relationship. They used the NASS  Pedestrian 
Crash Data Study (PCDS) database for a cross-
sectional study to compare the outcome of senior 
(age ≥60 years) and adult (age 19 to 59 years) 
pedestrian victims. There were 352 pedestrian 
victims included in the study, of which 262 (74 
percent) were adults and 90 (26 percent) were 
seniors. Compared to the adult victims, the 
seniors had a higher average ISS (23 vs. 16, p = 
0.018) and higher mortality (30 percent vs. 11 
percent, p ≤ 0.001). The seniors were also more 
likely to have an ISS ≥9 (odds ratio = 2.72; 95 
percent CI: 1.31–5.68) and to die (odds ratio = 
6.68; 95 percent CI: 2.37–19.88). The results 
showed that mortality rate among subjects with 
an ISS ≥16 was 61 percent for the seniors 
compared to only 37 percent for the adults. Also, 
five out of the 27 seniors who died had ISS <16 
while none of the 28 adults who died had ISS 
<16. This finding is in agreement with what was 
previously reported, that ISS has a relatively low 
correlation with mortality in trauma victims over 
age 70 (Oreskovich et al., 1984 [41] ). It was 
concluded that the adjusted age-dependent risks 
should be considered when calculating or 
projecting pedestrian morbidity and mortality. 
 
In the study conducted here the “expectation” of 
cases with a MAIS3 in a random sample of fatals 
in the CCIS analysis was 12%.  Therefore, 
adjusting for frequency, in a random sample of 
12 cases, only 17% of 12 = 2 cases should be 
evident with MAIS <= 3.  In the In-Depth 
APROSYS Database sample of elderly fatals 
there are 8/12 = 75%, and so the MAIS <= 3 are 
very seriously over represented.  Although this is 
a small sample, this highly significant degree of 
over representation is considered indicative that 
there are probably significant differences 
between the proportion of elderly pedestrian 
casualties who have died with only a MAIS3 
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injury, and a general vehicle occupant 
population.  These statistics are broadly in 
agreement with the findings of Henary et.al. 
2006.  The consequences of this could be very 
significant, because IF MAIS3 or ISS = 9 is the 
relevant injury threshold level for fatals in 
elderly pedestrian casualties, and a 15%tile is 
taken as reasonable (cf. HIC 1000 = 15%tile of 
MAIS4), then a level of HIC = 600 is more 
suitable for the elderly vulnerable road users 
(Prasad-Mertz [15]).  Which casts doubt on the 
HIC levels chosen for the upcoming European 
Legislation (Phase 1: HIC = 1000 for 50% of 
bonnet area, and HIC = 2000 for 50% of the 
bonnet area, and Phase 2 possibly HIC = 1000 
over the whole bonnet), which have been read-
across from large sample vehicle occupant 
studies conducted by NHTSA, in terms of the 
possible relevance to elderly vulnerable road 
users in pedestrian impacts. Therefore a 
calibration of MAIS and ISS for a much larger 
sample of pedestrians is necessary, with the 
elderly (>60 years of age) ranked separately to 
the under 60’s population, and the appropriate 
injury risk functions derived to see what are 
deemed to be the relevant HIC values for elderly 
vulnerable road users in pedestrian impacts. 
 
CONCLUSIONS 
 
1. Cyclists were under-represented in the 

database, making it impossible to draw 
definitive conclusions on the 
characteristics of cyclist accidents or 
injured cyclists.  

2. A better relationship was found between 
ISS (Injury Severity Score) and impact 
speed than between MAIS and impact 
speed, due to better suitability of this 
description of injury severity to the 
multiple injury nature of VRU accidents.  

3. There was a good correlation of injury 
risk as related to impact speed between 
the cases in the In-depth database and 
previously published studies. 

4. The locations of primary head impacts 
with vehicles lay principally on the 
windscreen, scuttle and A-pillar. Child 
head impacts were also identified in these 
regions. 

5. Head impacts were identified as being 
slightly more common on the nearside of 
the vehicle (that is, nearest to the 
kerbside) regardless of which side of the 
road vehicles drive on. 

6. The proportion of ground impacts found 
in this study were broadly comparable 
with the literature, the secondary impacts 
being generally associated with lower 
injury severity than injuries attributed to 
the vehicles. However, a case by case 
analysis showed that the severity of the 
secondary impact can be comparable to 
that of the primary impact. 

7. There was a considerable over 
representation of elderly fatals at MAIS3 
than would be expected from population 
studies conducted on vehicle occupants, 
which again are similar to recent findings 
in the US. 

8. It is concluded that a calibration of MAIS 
and ISS against fatality/non fatality for a 
much larger sample of pedestrians is 
necessary, with the elderly (>60 years of 
age) ranked separately to the under 60’s 
population, and the appropriate injury risk 
functions derived to see what are deemed 
to be the relevant threshold injury values 
for elderly vulnerable road users in 
pedestrian impacts. 
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ABSTRACT 
 
The Japan Automobile Research Institute and the 
Japan Automobile Manufacturers Association, Inc., 
have been developing a biofidelic flexible pedestrian 
legform impactor (Flex-PLI) since 2002, and its the 
latest version is called Flex-GT, and its prototype 
(Flex-GT-prototype) is developed in 2006. However, 
the Flex-GT-prototype is required further evaluation 
study on its biofidelity.  
 
This study evaluated a biofidelity of 
Flex-GT-prototype, relationship to the human one 
using an FE Flex-GT-prototype model which has high 
fidelity to the actual one and a FE human model 
which has high biofidelity. This study result shows a 
good relationship between the Flex-GT-prototype 
model and the FE human model, especially under the 
50 mm or 75 mm lift upped impact conditions. 
 
INTRODUCTION 
 
A study designed to decrease the level of pedestrian 
injuries when crashing into a car (“study on 
pedestrian protection”) was initiated in the 1960s 1), 2), 
and subsequently, test methods to evaluate the 
pedestrian protection performance of cars 
(“pedestrian protection test methods”) have been 
frequently discussed. 
 
As a results, several pedestrian protection test 
methods are developed; the EEVC (European 
Enhanced Vehicle-safety Committee / European 
Experimental Vehicles Committee (former name)) 
Pedestrian Protection Test Method 3), 4), ISO 
(International Organization for Standardization) 
Pedestrian Protection Test Method 5)-7), and the IHRA 
(International Harmonized Research Activity) 
Pedestrian Protection Test Method 8). In addition, thus 
far, regulations and technical standards based on 
these test methods (“technical standards for 
pedestrian protection”) have been examined by each 
organization, and the Japanese Technical Standards 
for Pedestrian Protection 9), the European Technical 
Standards for Pedestrian Protection 10), 11) and the 
Global Technical Standards (proposal) for Pedestrian 
Protection 12) have been developed. 
 
Moreover, in these pedestrian test methods and 
technical standards for pedestrian protection, 

impactors imitating major human parts injured when 
impacting a car (e.g. head impactor and pedestrian 
legform impactor) are crashed into by a car (see 
Figure 1) and the pedestrian protection performance 
of the car is evaluated in terms of the degree of 
impact/loading levels on the impactors.  
 
Basically, these impactors require a high level of 
biofidelity (equivalent deformation property under 
the load of a human body) and high injury evaluation 
ability (ability to properly evaluate injuries occurring 
in pedestrians). While the pedestrian legform 
impactor produced by TRL 13) which was developed 
in the 1990s has been used in the EEVC Pedestrian 
Protection Test Method, European Technical 
Standards for Pedestrian Protection, and Global 
Technical Standards (proposal) for Pedestrian 
Protection, bone parts are made as a rigid body, and 
moreover, it is considered to be difficult to properly 
evaluate leg injuries due to the lack of biofidelity and 
insufficiencies in the measuring instruments 
incorporated.14)  
 
Thus, currently, ECE/WP29/GRSP (“GRSP”) of the 
United Nations has focused its attention on “flexible 
pedestrian legform impactor” 15)-19) which have a 
higher level of biofidelity than conventional 
impactors, enabling more accurate injury evaluation. 
As a results, GRSP established the Flexible 
Pedestrian Legform Impactor Technical Evaluation 
Subgroup 20) under GRSP/INF-GR-PS (Informal 
Group on Pedestrian Safety) to conduct technical 
evaluation activities on these impactors. 
 
In this article, we report on the status of the 
development of type GT (Flex-GT), which is the 
latest model of flexible pedestrian legform impactor.  
 

legform 
Impactor

Headform Impactors

 
Figure 1.  Concept of the pedestrian protection 
test methods. 
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DEVELOPMENT OF FLEXIBLE PEDESTRIAN 
LEGFORM IMPACTOR TYPE GT 
 
Development of a prototype 
 
The flexible pedestrian legform impactor type GT 
prototype (Type GT prototype) was developed in 
2006 (February) (see Figure 2) 21), 22). In this version, 
a) the range of motion of the knee region, b) the light 
weight of the bone parts, as well as c) the biofidelity 
are improved. However, a validation of the biofidelity 
was not completely conducted, so it still needs to be 
validated.  
 
Thus, to conduct additional validation for the 
biofidelity of this impactor, analysis with computer 
simulation was performed in this study. 
 

a) Inner structure b) Outer structure

Knee region
(ligament constrain 

system) Leg region 
bone part
(bending 
structure)

Thigh region 
bone part
(bending 
structure)

Ligament
parts

(combined 
of cables 
and metal
springs)

Leg flesh part
(compression 

structure) 

Thigh flesh 
part

(compression 
structure) 

 
Figure 2.  Flexible pedestrian legform impactor 
type GT prototype (Flex-GT-prototype). 
 
 
Methods 
 
Computer models 
 
The computer models used in this study are shown in 
Figure 3. The computer models are broadly divided 
into three, including one imitating a human body 
(“human model”), one imitating the flexible 
pedestrian legform impactor type GT prototype 
(“Flex-GT-prototype model”) and one simply 
imitating a car (“simplified car model”). 

Flex-GT-
prototype 

model

Human model

Simplified 
car model

 
Figure 3.  Computer models used in this study 
(overview). 
 

Human model - The human model is structured 
based on the MRI (magnetic resonance imaging) scan 
data of a human body 23), 24) with fidelic modeling of 
the inner cross-section structure of the bone part and 
the ligament structure of the knee region. The bone 
part of the knee region for this model was validated 
in detail using various donated body experiment data. 
 

Flex-GT-prototype model - The Flex-GT 
-prototype model is structured based on the drawing 
of this impactor with detailed modeling of the 
structure of the bone part and knee region.25) This 
model was validated per part during the assembly 
stage, and has high fidelity to the actual impactor. 
 

Simplified car model - The overview shape of 
the simplified car model is shown in Figure 4. The 
simplified car model is comprised of three parts 
including the bonnet leading edge part (“BLE”), the 
bumper part (“BP”) and the spoiler part (“SP”).  

 
The structure of the simplified car is shown in 

Figure 5 - 7. BLE is made of deformable shell 
elements which can deform upon impact. In addition, 
the material properties of these elements are provided 
with the properties of automotive cold-rolled steel 
plate JSC270C (cold-rolled steel plate, tensile 
strength: 270 N/mm2 and over, steel grade: C class). 

 
On the other hand, BP and SP are made of rigid 

body elements, and the movable property is defined 
by the properties of the joint bond to each element 
(see Figure 6 and Figure 7). 
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BP elements

BLE elements

SP elements

BLE: Bonnet leading edge
BP: Bumper
SP: Spoiler

 
Figure 4.  Simplified car model (overview - 
oblique front projection drawing). 
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Figure 5.  Simplified car model structure (frontal 
view of the car). 
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Figure 6.  Simplified car model structure (side 
view of the car). 
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Figure 7.  BP and/or SP joint properties of the 
simplified car model (JC 0.6 – JC 1.0). 
 
 
Setting conditions 
 
In this analysis, several simplified car models made 
with varying stiffness and shapes were crashed into 
the human model and the Flex-GT-prototype model 
to compare the loading level of each model. 
 

Setting of the human model - As for the human 
model, to find the correlation with the Flex-GT 
-prototype model, the model was set to output the 
load on the tibial part of the leg region and the knee 
medial collateral ligament (MCL) which are mainly 
taken as the subject of pedestrian lower limb 
protection (see Figure 8).  
 

To simply compare the maximum output value 
on the tibia of the leg region and the knee collateral 
ligament, the setting of the bone parts fracture 
(except the fibula) and the setting of the breaking 
knee ligament parts in the human model are 
excluded.  

 
As for the legs position of the human model, the 

initial crash side of the leg was set vertical to the 
ground, with the other leg casting out at 20 degrees in 
front of the pedestrian (see Figure 9). This setting is 
intended to simulate the pedestrian legform impactor 
impact condition (vertical to the ground, initial crash 
side of leg) and to prevent interfering with each other 
of leg.  

 
In crash simulations with the simplified car 

model, as shown in Figure 10, BP and SP were placed 
on the leg for the initial crash and the other leg 
respectively. This is intended to prevent the entire BP 
and SP from moving backwards from the car due to 
the impact of the initial crash side of the leg, because 
it is difficult to imagine that the entire BP and SP 
backwards movement due to the impact of the initial 
crash side of the leg under an actual car crash 
condition. 
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Leg 
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(Tibia bending

moment)

Knee
measurement 

(MCL Elongation)

Flex-GT-prototype
model

Human model

 
Figure 8.  Measurement points of the human 
model and the Flex-GT-prototype model. 
 

20°

Human model

Simplified 
car model

a) Back view of HM b) Side view of HM
HM: Human Model  

Figure 9.  Posture of the human model. 
 

BP, SP for initial 
impact side of leg

BP, SP for opposite 
side of leg
(non-initial impact 
side of leg)

 
Figure 10.  Setting of the simplified car model for 
the human model. 
 
 

Setting of the Flex-GT-prototype model - As 
for the Flex-GT-prototype model, the output setting is 
same of the human model case as mentioned above 
(see Figure 8). The front placement position of the 
Flex-GT-prototype model to the simplified car was 
set as the center of the car (Figure 11).  

 
In this study, the tibia bending moment values 

were estimated from the strain values which were 
occurred in the bone part core part. However, this 
study did not using the conventional strain to bending 
moment conversion method (a method using the 
dynamic three-point leg bending test results) but 
simply used the three-point bending of the bone part 
core of leg. This is because the conventional method 
includes the effects of the inertial force of the bone 
parts and also includes the effect of the fixed 
conditions of the bone parts to the three-point 
bending equipments, which makes it difficult to 
obtain correct conversion values. 

 
The bending moment conversion method is 

changed; “RCAL” is indicated in the graph title 
section to show the differences. 
 

Flex-GT-
prototype model

Simplified 
car model

a) Side view of SCM b) Frontal view of SCM
SCM: Simplified car model  

Figure 11.  Front placement position of the 
Flex-GT-prototype model to the simplified car 
model. 
 

Setting of the simplified car model - The 
setting parameters of the simplified car model are 
shown in Table 1. The setting parameters are broadly 
divided into car stiffness and car shapes (see Figure 
12 for the definition of car shapes). 

 
As for car stiffness, BLE stiffness can be 

changed by altering the plate thickness of the shell 
elements comprising the car. BP and SP stiffness can 
be changed by altering the joint properties set for 
each element. As for car shapes, the shape of the car 
can be changed by altering the placement of each 
element.  

 
If simplified car models are created by 

combining all the setting parameters of car stiffness 
and car shapes described in Table 1, 4,374 patterns of 
simplified cars can be created. However, because it 
takes tremendous time to create 4,374 patterns of 
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simplified cars and perform simulation analyses. In 
this study, therefore, using a design of experiment 
method (assignment of setting parameters using L18 
orthogonal table), simulations for a total of 18 types 
of simplified cars representing all setting parameters 
were conducted (see Table 2). 
 
Table 1.  Setting parameters of the simplified car 
model. 
Parameter Unit Level 1 Level 2 Level 3
K1 (BLE stiffness*) mm 0.4 0.6
K2 (BP stiffness**) JC*** 0.7 0.8 1.0
K3 (SP stiffness**) JC*** 0.6 0.8 1.0
H1 (BLE height) mm 650 700 750
H2 (BP height) mm 450 490 530
H3 (SP height) mm 250 270 350
L1 (BLE lead) mm 125 200 275
L2 (SP lead) mm -20 0 30
* Stiffness is changed by steel plate thickness.

** Stiffness is changed by joint characteristics.

*** JC: Joint characteristics

# BLE: Bonnet leading edge, BP: Bumper, SP: Spoiler  
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Figure 12.  Definition of the car shapes of 
simplified car models. 

Table 2.  Specifications of the simplified car models (total 18 types). 

K1 K2 K3 H1 H2 H3 L1 L2
(BLE stiffness*) (BP stiffness**) (SP stiffness**) (BLE height) (BP height) (SP height) (BLE lead) (SP lead)

mm JC*** JC*** mm mm mm mm mm
S1 0.4 0.7 0.6 650 450 250 125 -20
S2 0.4 0.7 0.8 700 490 270 200 0
S3 0.4 0.7 1.0 750 530 350 275 30
S4 0.4 0.8 0.6 650 490 270 275 30
S5 0.4 0.8 0.8 700 530 350 125 -20
S6 0.4 0.8 1.0 750 450 250 200 0
S7 0.4 1.0 0.6 700 450 350 200 30
S8 0.4 1.0 0.8 750 490 250 275 -20
S9 0.4 1.0 1.0 650 530 270 125 0

S10 0.6 0.7 0.6 750 530 270 200 -20
S11 0.6 0.7 0.8 650 450 350 275 0
S12 0.6 0.7 1.0 700 490 250 125 30
S13 0.6 0.8 0.6 700 530 250 275 0
S14 0.6 0.8 0.8 750 450 270 125 30
S15 0.6 0.8 1.0 650 490 350 200 -20
S16 0.6 1.0 0.6 750 490 350 125 0
S17 0.6 1.0 0.8 650 530 250 200 30
S18 0.6 1.0 1.0 700 450 270 275 -20

* Stiffness is changed by steel plate thickness.

** Stiffness is changed by joint characteristics.

*** JC: Joint characteristics

# BLE: Bonnet leading edge, BP: Bumper, SP: Spoiler

Simplified
Car Model

ID
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Impact conditions  - A total of 18 types 
simplified car model were selected as mentioned 
above, and crashed into the human model and the 
flexible pedestrian leg impactor type GT prototype 
model (see Figure 13). The impact speed was set at 
11.1 m/s defined in the current GTR proposal.  

 
As for the impact height (HI) of the human 

model and the flexible pedestrian leg impactor type 
GT prototype model against the simplified cars, 25 
mm above the ground as defined in the current GTR 
proposal. 

 
In this study, as for the impact height for the 

flexible pedestrian leg impactor type GT prototype 
model, in addition to the base height of 25 mm 
(“base”), base + 50 mm, and base + 75 mm were also 
conducted. 
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Figure 13.  Analysis conditions (image, impact 
height: 25 mm). 
 
 
Simulation results 
 
The results of the simulation are shown in Figure 14. 
This figure shows the relationship between the 
maximum bending moment occurring in the tibial 
part of the human model and the flexible pedestrian 
leg impactor type GT prototype model, as well as the 
maximum elongation occurring in the knee collateral 
ligament. 
 
This figure indicates that the Flex-GT-prototype 
model output and Human model output has generally 
good relationship. Especially for the maximum 
bending moment occurring in the tibial part, the 
results for the impact height of the flexible pedestrian 
leg impactor type GT prototype model 50 mm higher 
than the base height best correlate with the output of 
the human model. As for the maximum elongation of 

the knee medial collateral ligament, it was found that 
the results of impact height of the flexible pedestrian 
leg impactor type GT prototype model which was 
higher than 75 mm than the base height best correlate 
with the output of the human model. 
 
Based on correlation coefficient obtained from each 
result, the tibial fracture evaluation point (Rtibia), knee 
medial collateral ligament breaking evaluation point 
(RMCL) and total evaluation point ((Rtibia + RMCL)/2) 
were calculated and the results are shown in the radar 
charts in Figure 15. As for total evaluation point, the 
results of the impact height of the flexible pedestrian 
leg impactor type GT prototype model 50 mm and 75 
mm higher evaluation point (about 0.8) than the base 
height obtained equivalent evaluation points (about 
0.6). 
 

a) Flex-GT-prototype model, H I: base ⇔ Human model, H I: base
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b) Flex-GT-prototype Model, HI: base + 50 mm ⇔ Human model, HI: base 

y = 0.9913x - 13.673

0

100

200

300

400

500

600

0 100 200 300 400 500 600

Human Model, Tibia Bending Moment, Max.-abs.- (Nm)

F
le

x-
G

T
-p

ro
to

ty
pe

 M
od

el
T

ib
ia

 B
en

di
ng

 M
om

en
t (

R
C

A
L)

M
ax

.-
ab

s.
- 

(N
m

)

(R = 0.82)
y = 0.9119x + 2.0157

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20 25 30 35 40 45 50

Human Model, Knee MCL Elongation, Max. (mm)

F
le

x-
G

T
-p

ro
to

ty
pe

 M
od

el
K

ne
e 

M
C

L 
E

lo
ng

at
io

n
M

ax
. (

m
m

)

(R = 0.83)

Tibia MCL

c) Flex-GT-prototype Model, HI: base + 75 mm ⇔ Human model, HI: base  
Figure 14.  Simulation results (output values and 
correlation coefficients). 
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Figure 15.  Injury evaluation point. 
 
 
DISCUSSION 
 
From the results of this analysis, an impact height 
50-75 mm higher than the base (25 mm) more 
correlated with the human model. One of the reasons 
for this is seemed as to be the effect of the presence 
or absence of the human upper body. 
 
The human upper body has great inertia force 
because of its size in mass relative to the leg, which 
tends to stay relatively at the initial position even 
after the leg crashes into a car. Therefore, during 
impact with a car, the upper body tends to lift up the 

leg overall (see Figure 16).  
 
Figure 17 shows the difference in the knee joint 
position of the human model and the flexible 
pedestrian leg impactor type GT prototype (impact 
height: base) when the maximum bending moment 
occurs in the tibia in the leg region and when 
maximum elongation occurs in the knee medial 
collateral ligament. While in the human model, the 
knee joint position already rises approximately 20 
mm on average when the maximum bending moment 
occurs in the tibia in the leg region, it only rises less 
than 5 mm on average in the flexible pedestrian leg 
impactor type GT prototype. In addition, while in the 
human model, the knee joint position rises 
approximately 60 mm on average when maximum 
elongation occurs in the knee collateral ligament, it 
rises only about 20 mm on average in the flexible 
pedestrian leg impactor type GT prototype.  
 
It is highly possible that these differences cause the 
difference in the loading condition on the tibia and 
the knee medial collateral ligament, and it is 
suggested that changing the impact height of the 
pedestrian legform impactor have effects to correct 
these differences.  
 
Moreover, the human upper body has the effect of 
inhibiting thigh movement due to its great inertia 
force (see Figure 18).  
 
As mentioned above, the human upper body has great 
inertia force because of its size in mass relative to the 
leg, which tends to stay relatively at the initial 
position even after the leg crashes into a car. 
Therefore, during impact into a car, it inhibits thigh 
behavior to prevent the thigh from falling against the 
car. On the other hand, in the pedestrian impactor 
without an upper body, thigh behavior is not inhibited 
and the thigh easily falls against the car. These 
differences become factors which cause significant 
differences, particularly in the load on the knee 
collateral ligament.  
 
As shown in Figure 19 and Figure 20, it is considered 
that shifting the impact position of the pedestrian 
legform impactor upwards especially facilitates 
rotation of the leg region of the pedestrian legform 
impactor, and as a result, the load occurring on the 
knee part has the same effect as in the human body.  
 
Additionally, it has a chance that the difference in 
distribution of mass between the human body and the 
pedestrian legform impactor, while in the human 
body the bone part is very light in weight and a flesh 
part covers most of the mass, affects to the human 
and impactor differences. However, in the pedestrian 
legform impactor, it is difficult to reduce the mass of 
the bone part to be equivalent to that of the human 
body because of various limitations such as 
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incorporation of measuring censors, endurance, and 
testability. Additionally, the presence or absence of 
the ankle joint may cause differences in load status.  
 
However, to change the impactor specifications of the 
pedestrian legform impactor while meeting the basic 
specifications required for the pedestrian legform 
impactor (e.g. incorporation of measuring censor, 
endurance, and testability) is very difficult. Moreover, 
to change the impactor specification has a high risk 
for the developments itself (unexpected issue will be 
happened). To keep the current specification of the 
impactor and to select best impact heights is therefore 
one of a good practical method. 
 

Upper body tend to stay 
at the initial position 
because of its high inertia, 
as a result, upper body  
tend to lift up the knee 
joint and leg positions 
vertically. Impactor lift up motions of 

knee joint and leg position  
are relatively small .

b) Flex-GT-prototype model, HI: basea) Human model, H I: base  
Figure 16.  Upper body effect (1) - Lifting up the 
lower limb. 
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S11 (30 ms) S11 (30 ms)

The thigh can move easily 
compare to the human one, 
as a results, tend to generate 
large bending angle at the 
knee joint position.

b) Flex-GT-prototype model, HI: basea) Human model, H I: base

Upper body tend to stay 
at the initial position 
because of its high inertia, 
as a result, the thigh 
behavior is disturbed.

 
Figure 18.  Upper body effect (2) – Inhibition of 
thigh behavior.
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Figure 20.  Timely curves for the angle of the thigh, leg and knee (S18), example. 
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CONCLUSION 
 
In this study, the biofidelity (correlation with the 
human body) of the flexible pedestrian legform 
impactor type GT prototype was verified using the 
Flex-GT-prototype model and the human model. 
 
It was found that correlation with the human body 
becomes greater by increasing the impact height of 
the Flex-GT-prototype model by 50-75 mm.  
 
As the main reason for this, it is believed that the 
human model has an upper body having great mass 
relative to the leg, affecting the rising of the knee 
position and the leg region position, and inhibiting 
thigh behavior, and the lack of these effects is simply 
corrected by raising the impact height.  
 
Further analysis is required, however, to keep the 
current impactor specification with selecting a best 
impact height is one of a good practical method.  
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ABSTRACT 
 
The Japan Automobile Research Institute and the 
Japan Automobile Manufacturers Association, Inc., 
have been developing a biofidelic flexible pedestrian 
legform impactor (Flex-PLI) since 2002, and its latest 
version is called Flex-GT-prototype. 
Flex-GT-prototype has flexible construction like 
human lower limb and is equipped with many sensors 
to evaluate the severity of pedestrian lower limb 
injuries in multiple locations. In this study, an FE 
Flex-GT-prototype model was developed, and its 
fidelity to an actual Flex-GT-prototype was verified 
at various evaluation conditions. 
 
INTRODUCTION 
 
Test methods for assessing the pedestrian protection 
performances of motor vehicles in pedestrian-vehicle 
collisions (hereafter simply "pedestrian protection 
test methods ") were developed by EEVC (European 
Enhanced Vehicle-safety Committee), ISO 
(International Organization for Standardization) and 
IHRA (International Harmonized Research Activity) 
in the past. At the present, the Pedestrian Protection 
Informal Group belonging to the United Nations 
ECE/WP29/GRSP plays the central role in the 
development of international pedestrian protection 
test methods.  
 
In these test methods, the pedestrian lower limb 
protection test method is designed to collide a 
leg-form impactor, simulating a human lower limb, 
against a car, and measure the intensity of impact on 
a leg-form impactor. Therefore leg-form impactors 
are required to be highly biofidelic (i.e. having a 
response-to-impact characteristic equivalent to that of 
the human leg) and to be highly injury-assessable (i.e. 
enabling to accurately estimate the severity of leg 
injury to realworld pedestrians). However, the 
conventional leg-form impactor "TRL-LFI" which 
was developed by Transport Research Laboratory 
(TRL) 1) cannot reproduce the bending deformation 
characteristics of the human long bones due to the 
rigid structure of long bones, and the bending 
characteristics of the TRL-LFI knee is more stiffer 
than the one of human knee. For these reasons the 

appropriateness of TRL-LFI as an assessment tool 
has been in question 2), 3).  
 
From such a background, the Japan Automobile 
Research Institute and the Japan Automobile 
Manufacturers Association, Inc., started to develop a 
biofidelic flexible pedestrian legform impactor 
(Flex-PLI) in 2002 3), 4), and its latest version is called 
Flex-GT-prototype. In this study, a computer 
simulation model which has high capability on 
reproducing the Flex-GT-prototype responses was 
developed. The model can be used for finalizing the 
Flex-GT leg-form impactor specifications and 
improving various car front technologies for 
pedestrian lower limb protection.  
 
FE FLEX-GT-PROTOTYPE MODEL 
 
Model Construction 
 
Figure 1 shows the overall construction of 
Flex-GT-prototype and its computer simulation finite 
element model ("FE Flex-GT-prototype model"). FE 
Flex-GT-prototype model is based on the Flex-PLI 
2004 model developed by Honda R&D Co., Ltd. 5). 
The body construction of the FE Flex-GT-prototype 
model consists of the thigh, leg, and knee parts.  
 
As shown in Figure 2(a), the FE Flex-GT-prototype 
model has similar constructions of the actual thigh 
and leg of the Flex-GT-prototype. Regarding the knee, 
the FE Flex-GT-prototype model also has similar 
construction of the actual knee of the 
Flex-GT-prototype, then employs bar elements to 
simulate the knee ligaments while Flex-GT-prototype 
employs cables and springs to serve as the knee 
ligaments, as shown in Figure 2(b). 
 
As shown in Figure 3, the FE Flex-GT-prototype 
model has the similar construction of the flesh of 
Flex-GT-prototype, so as to add the deformation 
characteristics of flesh. 
 
Measurement Items 
 
Figure 4 shows the measurement items of 
Flex-GT-prototype. The strain which is generated at 
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various points on the surface of each bone core under 
an impact is measured by strain gages to determine 
the bending moment applied to the thigh and leg. The 
elongation which is generated in the knee ligaments 
due to the bending and shear deformation of the knee 
is measured by potentiometers installed along the 
ligaments. The FE Flex-GT-prototype model was 
designed to produce strain of the bone core (convert 
to bending moments using dynamic 3-point bending 
simulation results) and elongation of the knee 
ligaments, then can compare the actual 
Flex-GT-prototype measurement values. 
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(Ligament
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system)
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Knee
(Ligament
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system)

Leg
(Flexible)

Flex-GT-prototype FE Model

Body Flesh Body Flesh
Impact
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Figure 1.  Overview of Flex-GT-prototype and 
FE Flex-GT-prototype model. 
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Figure 2.  Body construction of 
Flex-GT-prototype and FE Flex-GT-prototype 
model. 

- Top view (Thigh) -
Flex-GT-prototype FE Model

Rubber30 Neoprene Rubber30 Neoprene

Impact
side

Impact
side

 
 
Figure 3.  Flesh construction of 
Flex-GT-prototype and FE Flex-GT-prototype 
model. 
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Figure 4.  Measurement items of 
Flex-GT-prototype. 
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EVALUATION OF THE FE 
FLEX-GT-PROTOTYPE MODEL 
 
The FE Flex-GT-prototype model was evaluated to 
verify its ability to simulate Flex-GT-prototype. The 
evaluation was conducted on the segmental models 
(Thigh, Leg, and Knee models), and the assembled 
model.  
 
Evaluation of Segmental Models 
 
Thigh and leg models 
Figure 5 shows the dynamic 3-point bending 
simulation setup for evaluating the bending 
characteristics of the thigh and leg models. In this 
simulation, a solid ram was made to collide with the 
thigh or leg by free fall (Figures 6 and 7 shows the 
kinematics of thigh and leg 3-point bending), and the 
response characteristics of the thigh and leg models  
were compared with the experimental results of the 
Flex-GT-prototype thigh and leg.  
 
Figures 8 and 9 compare the moment-deflection 
responses of the thigh and leg models with the 
experimental results of the Flex-GT-prototype thigh 
and leg in 3-point bending. The comparison indicates 
that, although the deformation characteristics of the 
thigh and leg models slightly vibrated in the early 
stage of deflection, the thigh and leg models both 
exhibited an overall deformation characteristic that is 
equivalent to the experimental results of the 
Flex-GT-prototype thigh and leg, respectively.  
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Figure 5.  Dynamic 3-point bending simulation 
set up for thigh and leg of FE Flex-GT-prototype 
model. 
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Figure 6.  Thigh 3-point bending (Kinematics). 
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Figure 7.  Leg 3-point bending (Kinematics). 
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Figure 8.  Comparison of moment-deflection 
response in dynamic thigh 3-point bending 
between experiment and simulation. 
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Figure 9.  Comparison of moment-deflection 
response in dynamic leg 3-point bending between 
experiment and simulation. 
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Knee model 
Figure 10 shows the dynamic 3-point bending 
simulation setup for evaluating the bending 
characteristics of the knee model. In this simulation, a 
solid ram was made to collide with the knee by free 
fall (Figures 11 shows the kinematics of knee 3-point 
bending), and the response characteristics of the knee 
model were compared with the experimental results 
of the Flex-GT-prototype knee.  
 
Figure 12(a) compares the bending moment of the 
knee model with the experimental results of the 
Flex-GT-prototype knee in relation to the passage of 
time from the impact. Though containing some 
vibrations, the waveform of the knee model indicated 
an overall similarity to the experimental results of the 
Flex-GT-prototype knee.  
 
Figure 12(b) compares the ligament elongation of the 
knee model with the experimental results of the 
Flex-GT-prototype knee in relation to the passage of 
time from the impact. The waveforms of the knee 
model indicated an overall similarity to the 
experimental results of the Flex-GT-prototype knee. 
Thus, the results reported in Figures 12(a) and 12(b) 
verify the equivalence of the knee model to the 
Flex-GT-prototype knee. 
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Figure 10.  Dynamic 3-point bending simulation 
set up for knee of FE Flex-GT-prototype model. 
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Figure 11.  Knee 3-point bending (Kinematics). 
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Figure 12.  Comparison of time history curve in 
dynamic knee 3-point bending between 
experiment and simulation. 
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Evaluation of Assembly Model 
 
Assembly dynamic bending simulation 
Figure 13 shows the dynamic bending simulation 
setup of the assembly model. In this simulation, the 
assembly model was made to collide with a rigid 
stopper by free fall from a revolutional joint with a 
one degree of freedom. Then, the response 
characteristics of the assembly model were compared 
with the experimental results of Flex-GT-prototype.  
 
Figure 14 reports the waveforms and maximum 
values recorded by the assembly model at its various 
measurement points, together with the experimental 
results of Flex-GT-prototype. Although the 
waveforms of the assembly model slightly vibrated, 
they proved to be similar to the measured waveforms 
of Flex-GT-prototype. There was also a high degree 
of congruence between the simulation results and 
experimental results relating to the maximum value 
and the time at which the maximum value was 
generated.  
 
The above comparative results verify that the FE 
Flex-GT-prototype model in the dynamic bending 
simulation gives responses equivalent to the 
responses of Flex-GT-prototype in its real calibration 
test.  
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Figure 13.  Dynamic bending simulation set up 
for FE Flex-GT-prototype model. 
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Figure 14.  Results of dynamic bending 
simulation for FE Flex-GT-prototype model. 
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Simplified car collision simulation 
Figure 15 shows the setup of a simplified car 
collision simulation. The FE Flex-GT-prototype 
model was made to collide with a simplified car 
model at an initial impact speed of 11.1 m/s. The 
simplified car model was composed of a BLE (bonnet 
leading edge) model, BP (bumper) model, and SP 
(spoiler) model each having shell elements for 
simulating the characteristics of automotive steel 
sheets. The responses of the FE Flex-GT-prototype 
model were compared with the experimental results 
of Flex-GT-prototype. 
 
Figure 16 shows the behavior of the FE 
Flex-GT-prototype model in the simplified car 
collision test and the behavior of Flex-GT-prototype 
in an actual car collision test. It is evident that the FE 
Flex-GT-prototype model closely simulates the 
flexible behavior of Flex-GT-prototype when 
colliding with a car.  
 
Figure 17 compares the response waveforms and 
maximum values of the FE Flex-GT-prototype model 
with the experimental results of Flex-GT-prototype. 
Both indicated a high similarity in waveform shape, 
maximum value and the time at which the maximum 
value was generated. 
 
The above comparative results verify that the FE 
Flex-GT-prototype model in a simulated car collision 
test generates responses equivalent to the responses 
of Flex-GT-prototype in its real collision test with a 
car.  
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Figure 15.  Collision simulation setup with 
Flex-GT-prototype and simplified car model. 
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Figure 16.  Collision simulation with Flex-GT-prototype and simplified car model (Kinematics).  
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Figure 17.  Results of collision simulation with 
Flex-GT-prototype and simplified car model. 
 
 
 
 
 
 
 

CONCLUSION 
 
In the present study, a computer simulation model of  
the latest version pedestrian leg-form impactor, FE 
Flex-GT-prototype model, was developed, and its 
fidelity to an actual Flex-GT-prototype was 
evaluated.  
 
Based on the evaluation results under the segmental 
level (thigh, leg, and knee parts) and assembly level 
loading conditions, it was verified the equivalence of 
the FE Flex-GT-prototype model to an actual one. 
 
It is planned that this computer simulation model will 
be used in finalizing the Flex-GT leg-form impactor 
specifications and improving various car front 
technologies for pedestrian lower limb protection.  
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ABSTRACT 
 

The aim of this study is to identify how 
vehicle safety during side impacts may be enhanced 
by changes to the structures of bullet vehicles. Side 
impact tests being conducted around the world are 
focusing on the improvement of self-protection 
performance of target vehicles, based on existing 
vehicle fleets. However, the protection of occupants 
in the target vehicle is influenced both by the 
characteristics of the target vehicle and the 
characteristics of the bullet vehicle. Since test 
procedures for frontal impact compatibility are 
currently being planned, those that encourage 
homogeneity and good structural interaction among 
vehicles may also be beneficial for side impacts. 
Thus, it is necessary to investigate the design 
factors of the bullet vehicle in terms of side impact 
compatibility. 

First, a study using FE simulation was carried 
out to develop an understanding of the major 
influencing factors relating to side impact 
compatibility. From this understanding, concept 
ideas for enhancing vehicle side impact 
compatibility were proposed. Second, FE 
simulation of a Full Width Deformable Barrier test 
was conducted with unmodified and modified 
vehicles to check that the test and assessment 
technique could correctly distinguish the improved 
performance of the modified vehicle. Finally, 
vehicle-to-vehicle tests using modified bullet 
vehicles were performed to demonstrate the 
principles identified in the FE simulation. 

The results showed that the matching of 
geometry and stiffness in vehicle front-end structure 
contributes significantly to vehicle safety during 
side and frontal impacts. 
 
INTRODUCTION 
 

In recent years, front-to-front impact 
compatibility has been discussed by a wide variety 
of governments, researcher organizations and 
automakers. In the United States, the Enhancing 
Vehicle-to-Vehicle Crash Compatibility Technical 
Working Group (EVC TWG) has developed 
performance criteria to further enhance occupant 
protection in both front-to-front and front-to-side 
crashes. In front-to-front TWG, Phase 1 

commitment was announced on December 3, 2003 
as a first step towards improving geometrical 
compatibility 

(1)
. By production year 2006, 

approximately 75 % of applicable vehicle have been 
designed in accordance with the front-to-front 
criteria. In the recent Insurance Institute for 
Highway Safety (IIHS) study which measured the 
benefit from front-to-front compatibility as 
determined through the EVC Phase 1 Commitment, 
the simple geometric alignment prescribed in this 
Commitment has resulted in an impressive real 
world improvement in front-to-side compatibility

(2)
.  

Side impact tests being conducted around the 
world are focusing on improving the self-protection 
performance of target vehicles, based on existing 
vehicle fleets. However, the protection of occupants 
in the target vehicle is influenced both by the 
characteristics of the target vehicle and of the bullet 
vehicle. There appears to be few published literature 
on the reduction of bullet vehicle aggressivity as a 
factor in side impact. Side impact compatibility can 
be considered the next subject to examine, to further 
reduce harm in side impacts. The National Highway 
Traffic Safety Administration (NHTSA) reported 
the issue of aggressivity in sport utility vehicles 
(SUV) and light trucks and vans (LTV) in their U.S. 
fleet. In side impacts, the drivers of the struck 
vehicles are much more likely to be killed than 
those in frontal impacts. In the U.S., the emphasis is 
on LTV-to-car impact compatibility, whereas 
car-to-car impact appears to take on significance in 
Europe and Japan. According to the NHTSA report, 
the driver in the struck passenger car is 8.2 times 
more likely to be killed as the driver in the striking 
passenger car 

(3)
. Since test procedures for frontal 

impact compatibility are currently being developed, 
not only in the U.S., but in Europe and Japan as 
well, procedures that encourage good structural 
interaction and homogeneity among vehicles may 
also provide an opportunity to enhance side impact 
compatibility. Thus, investigation into the design 
factors of the bullet vehicle would be beneficial for 
both side impact and frontal impact compatibility. 

In general, three different factors are relevant 
to impact compatibility; namely mass, stiffness and 
geometry. According to Hobbs et al., increased 
striking vehicle mass had little effect on struck 
vehicle driver injuries and front structure 
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homogeneity, rather than simple stiffness 
dominating the injury risk in side impacts 

(4), (5)
. 

IIHS reported that that front-end geometry was the 
most consistent factor influencing vehicle 
aggressivity 

(6)
.  Regarding modification of vehicle 

front-end structures, several studies have been made 
on reducing the aggressivity of striking vehicles 
based on the basic understanding of relevant factors 
to side impact compatibility 

(7), (8)
. Better 

understanding of these design factors may present 
opportunities to reduce side impact harm, by 
modifying side structure and restraint systems, and 
by modifying front-end structures. 

This paper reports on a study that was 
conducted to examine side impact compatibility and 
the factors influencing occupant injuries in side 
impact. Computer simulation was utilized to 
understand the factors influencing side impact 
compatibility. In addition, physical crash testing 
was performed to demonstrate the effect of a 
modification, obtained from the computer 
simulation, for the bullet vehicle. This paper 
attempts to contribute to a better understanding of 
side impact compatibility by means of observations 
gained through computer simulation and physical 
crash testing. 
 
COMPARISON OF MDB-TO-CAR TEST AND 
CAR-TO-CAR TEST 
 

New Car Assessment Program (NCAP) tests 
are currently being carried out to assess side impact 
occupant protection performance in various 
countries. In the NCAP testing, a Moving 
Deformable Barrier (MDB), which has an 
aluminum honeycomb component mimicking the 
front-end stiffness of vehicles, collides into the 
stationary target vehicle to assess dummy injury 
measures and target vehicle body deformation. 
However, the stiffness distribution of the MDB is 
generally more homogeneous than that of actual 
vehicles. Therefore, a MDB-to-Car test and a 
Car-to-Car test were carried out to identify the 
difference by comparing the body deformation and 
dummy injury measures. A small 5-door hatchback 
car, which performs well in ECE R95-type tests 
without side airbags, was selected as the target 
vehicle. A car with no side air bag was specified, as 
a side airbag is considered a supplemental restraint 
that could hinder improvement on what could be 
achieved with the structure of the bullet vehicle, 
likely complicating the interpretation of the research 
results. 

Figure 1 shows the side impact test 
configuration in this study. The test configuration of 
the Euro-NCAP, where a bullet vehicle collides into 
the stationary target vehicle at a collision velocity of 
50km/h, was chosen as the basis from which to 
compare the test results. In the MDB-to-Car test, the 
MDB, as specified by ECE -R95, collided into the 
small 5-door car, and in the Car-to-Car test, an 
identical small 5-door car was used as the bullet 
vehicle to compare to the MDB-to-Car test. The 

EuroSID-2 dummy was used to measure the injury 
criteria. Body deformation and the dummy injury 
measures of the target vehicle were compared 
between the MDB-to-Car and Car-to-Car tests. 
 
 
 
 
 
 
 
 
 
Figure 1.  Side impact test configuration 
 
Body Deformation 
 

Body deformation of the target vehicle in the 
MDB-to-Car test and in the Car-to-Car test is shown 
in Figure 2. The stiffness distribution in the 
front-end of the bullet vehicle actually affects the 
deformation mode of the target car. There was 
localized deformation on the target vehicle that was 
aligned with the position of the bullet car’s front 
side member in the Car-to-Car test, whereas 
relatively flat deformation was seen in the 
MDB-to-Car test. 
 
 
 
 
 
 
 
(a) MDB-to-Car        (b) Car-to-Car 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Rear door intrusion    (d) B-pillar intrusion 
 
Figure 2.  Comparison of body deformation 
 
Dummy Response 
 

Injury measures were normalized by the 
injury values of the MDB-to-Car test, and shown in 
Figure 3. Comparison of the driver dummy results 
from the MDB-to-Car and Car-to-Car tests showed 
that the injury values on the upper torso were 
almost similar between the two tests, whereas 
significant differences were seen for the pubic 
symphysis force, the driver’s right femur load and 
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femur bending moment. The intrusion into the 
passenger compartment resulted in some higher 
driver dummy injury values, especially for the 
femur, which was aligned with the main bullet 
vehicle structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Comparison of injury measures 
 

The overall levels of deformation indicated 
that the bullet vehicle’s front structure was stiffer, 
relative to the target vehicle’s side structure. The 
lack of deformation of the bullet vehicle’s frontal 
structure showed that little energy was absorbed by 
the bullet vehicle in the impact, resulting in high 
levels of deformation of the target vehicle, as shown 
in Figure 4. 
 
 
 
 
 
 
 
 
Figure 4.  Comparison of bullet vehicle and 
MDB deformation 
 
COMPUTER SIMULATION 
 
     The capability of improvements to side 
impact compatibility was investigated using an FE 
model. A parametric study was carried out using 
full-car finite element models that corresponded to 
the Car-to-Car test. The aim of this work was to aid 
our understanding of the effects of the bullet 
vehicle’s structural characteristics that will enhance 
compatibility. To enhance side impact compatibility, 
the front-end of the bullet vehicle should effectively 
absorb impact energy to reduce the intrusion into 
the target vehicle. In this study, main energy- 
absorbing structures, e.g., front side members, 
bumper crossbeams, and sub-frames etc., were 
modified to enhance the side impact compatibility 
of the bullet vehicle. Originally, the baseline model, 
which is the same vehicle as that  used in the 
Car-to-Car tests, did not have a sub-frame. In this 
study, a simple sub-frame extended to the vehicle 
front-end for the purpose of creating good structural 
interaction between the side sill of the target vehicle 
and front-end structure of the bullet vehicle has 
been designed for the FE analysis. The FE model of 

the small 5-door car and EuroSID-2 dummy model 
used for this study are shown in Figure 5. The 
models were validated for a European side impact 
test and shown to give reasonable agreement 
(Figure 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Full vehicle FE simulation model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Comparison of FE simulation and 
crash test injury values 
 
SIMULATION RESULTS 
 

Orthogonal arrays were utilized for the matrix 
experiments in the design of experiments (DOE).  
Since there were five design variables and three 
levels, L18 (2

1 
x 3

7
) standard orthogonal arrays were 

selected for the frontal structures (Table 1). 
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Orthogonal arrays of L18 
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Table 2. 
FE simulation results 

 
 
 
 
 
 
 
 
 
 
 
 
After the row experiments were performed, design 
parameters were analyzed using analysis of variance 
(ANOVA) techniques. Effective design factors for 
the characteristic values, obtained from the ANOVA 
analysis, are summarized in Table 2. The 
significance level was set at 5 %, although lower 
levels are sometimes specified. Red arrows show 
significant factors, while also indicating a dummy 
injury response. The upward direction of the arrow 
means that the dummy injury value increases when 
the magnitude of each design factor enlarges, and 
vice versa. It was found from ANOVA that the 
radiator strength, side member thickness and height, 
sub-frame thickness and height, and bumper 
crossbeam thickness were dominant for each 
characteristic value, as shown in Table 2. It is seen 
that stiffening and raising the height of the front 
side member increases almost all of the injury 
parameters and stiffening the bumper crossbeam 
causes an even larger increase in the chest injury 
values. In contrast, stiffening the sub-frame reduces 
the injury value. These results can be explained by 
the load share between the load path into the door 
and the path into the floor. Stiffening the front side 
member directly increases the load through the door 
into the occupant and hence increases injury. In 
contrast, stiffening the sub-frame increases the load 
into the floor and decreases the load through the 
door into the occupant. Thus, it is reasonable to 
suppose that reducing the direct load into the 
occupant resulted in reducing the injury value. 
Hence, the load share between the two major load 
paths should be considered so as to enhance side 
impact compatibility. 
 
Observation of Body Deformation 
 
Influence on Front Side Member Strength and 
Height 
 
Figure 7 shows the deformation modes of the side 
of the target vehicle and the front end structure of 
the bullet vehicle. In the stiffer side member model, 
little front side member deformation was identified. 
However, the weaker side member was more 
deformed and absorbed more impact energy, along 
with a reduction in the localized intrusion of the 
door. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Deformation of side panel and 
front-end structure 
 
Influence on Bumper Crossbeam Strength 
 

In Car-to-Car frontal impact, stiff front 
structures, such as front side members, are more 
likely to penetrate into the weak structures of the 
struck vehicle (fork effect). It is said that the 
homogeneity of a crash force is an important factor 
in preventing the fork effect. The same thing may 
be said of side impact. Therefore, the horizontal 
homogeneity of front-end structures was 
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investigated by changing the stiffness of the bumper 
crossbeam of the vehicle equipped with a weaker 
bumper crossbeam (less homogeneous), which was 
then compared to the vehicle with a stiffer bumper 
crossbeam (more homogeneous). 

Figure 8 shows the deformation modes of the 
side of the target vehicle and the front-end structure 
of the bullet vehicle. In the model equipped with the 
weaker bumper crossbeam, since the bumper 
crossbeam deformed greatly and pulled the front 
side member, a bending load was applied to the 
front-end of the front side member in addition to the 
compression load from the side structure of the 
target vehicle. Therefore, the front side member 
deformed inward. In the model equipped with the 
stiffer bumper crossbeam, the deformation of the 
bumper crossbeam was smaller than that of a 
weaker crossbeam. In such case, the load input from 
the B-pillar is transmitted to the front side member 
of the target vehicle as a compression load. The 
front side member crushed axially in response to the 
compression load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Deformation of side panel and 
front-end structure 
 
 

The critical issue was that the deformation of 
the B-pillar increased as the stiffness of the bumper 
crossbeam became higher. Namely, although the 
deformation mode of the target car’s body side 
structure became uniform and prevented localized 
intrusion by the increased stiffness of the bumper 
crossbeam, the average deformation of the target 
vehicle increased due to a larger intrusion into the 
B-pillar of the target vehicle. Generally speaking, 
vehicles with a more homogeneous frontal stiffness 
will appear to avoid concentrated loading. A 
vehicle with a stiff homogeneous front may bridge 
the gap between the door and pillars. If the stiffness 
is lower, the bridging effect is lowered and loading 
through the door to the occupant increases. 
However, a stiffer bumper crossbeam would likely 
overload the B-pillar. Therefore, stiffness matching, 
in addition to structural interaction, is important in 
side impact compatibility.  
 
Influence on Sub-frame Strength and Height 
 

It is appropriate to consider the two load 
paths for side impact compatibility, which are the 
load path through the door into the occupant and 
through the vehicle’s side sill. A sub-frame achieves 
this by giving better structural engagement with the 
sill. When structural interaction between the side 
sill of the target vehicle and sub-frame of the bullet 
vehicle is possible, impact energy is absorbed 
further by these structures, which would thus 
enhance side impact compatibility.  

Figure 9 shows the deformation of the body 
side structure of the target vehicle and of the 
front-end structure of the bullet vehicle. The weaker 
sub-frame was able to decrease the localized door 
intrusion because the crash force was directly 
transmitted from a sub-frame to a side sill with the 
side sill absorbing the impact energy. Equipping the 
model with a stiffer sub-frame further reduced 
dummy injury values. However, the larger intrusion 
into the bottom of the B-pillar was seen in the case 
of the stiffer sub-frame, which produced little 
deformation; deformation of the front side member 
was also minimal, compared to the weaker 
sub-frame. That is, less energy was absorbed by the 
target vehicle than by the model equipped with the 
weaker sub-frame. Since a stiffer sub-frame would 
likely overload to the side sill, which was the same 
effect produced in the stiffer bumper cross beam 
simulation, stiffness matching is an important factor 
in both side impact compatibility and structural 
interaction. 
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Figure 9.  Deformation of side panel and 
front-end structure 
 

From these simulation results, it is thought 
that in a Car-to-Car side impact, the structural 
interaction between vehicles has a big effect on the 
reduction of the body deformation. However, it is 
possible that if the stiffness of the sub-frame is 
greater than that of the floor of the target vehicle, 
the floor of the target vehicle deforms to a large 
extent and subsequently, the sub-frame may not 
effectively help protect the occupants. That is, the 
stiffness of the side sill and of the floor of the target 
vehicle should match with the stiffness of the 
sub-frame of the bullet vehicle for side impact 
compatibility. 
 
OPTIMIZATION OF THE FRONT-END 
STRUCTURES 
 

This study involves; modeling the Car-to-Car 
side impact using the finite element method and 
validating the modeling results with a Euro-SID2 
dummy model, identifying influential parametric 
effects using DOE and ANOVA analysis and 
optimizing the identified influential parameters to 

achieve better vehicle side impact compatibility 
performance. An optimized vehicle frontal structure 
was created by choosing the dominant factors of 
vehicle design obtained from ANOVA as is shown 
in Table 3. 
 

Table 3. 
Comparison of baseline model and optimal 

model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 shows the deformation mode of the 
side of the target vehicle and front-end structure of 
the bullet vehicle. The Optimal Model was 
equipped with the stiffer sub-frame that was 
positioned -75 mm lower than that on the Baseline 
Model. Therefore, the Vertical Frame impacted the 
side sill, enabling the localized deformation in the 
sill to be identified. In this study, this sub-frame 
gave the better dummy injury values compared to 
the Baseline Model. However, generally the height 
of the sub-frame in alignment with the sill would 
provide better performance in terms of energy 
absorption 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Baseline target car        
 
 
 
 
 
 
 
 
 
 
 
 
(b) Optimal target car 

Baseline Optimal

Radiator Strength 0.34 Mpa 0.34 Mpa

Thickness 2.0mm 1.0mm

Height Baseline Baseline

Thickness 1.6mm

Height -75mm

Bumper Crossbeam Thickness 1.0mm 1.0mm

Lower Crossbeam Thickness
Without

Crossbeam
1.2mm

Vertcal Frame Thickness
Without

V-Frame
1.2mm

Front Side Member

Sub-frame
Without

Sub-frame
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(c) Baseline bullet car       
 
 
 
 
 
 
 
 
 
 
(d)Optimal bullet car 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e) Front door intrusion  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(f) B-pillar intrusion 
 
Figure 10.  Comparison of modified Car-to-Car 
test and Baseline Car-to-Car test in FE 
simulation 

Figure 11 compares injury values between the 
optimized and original target car. The modification 
of the front-end depicted in Fig. 10 was meant to 
improve the structural interaction and as such 
reduce intrusions. The results indicate that almost 
all of the injury values were reduced significantly. 
The reduction of intrusion can be clearly seen in Fig. 
10, which shows deformed configurations for the 
target vehicle.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 11.  Comparison of injury values 
 
OPTIMIZED STRUCTURE IN FRONTAL 
IMPACT 
 
FE Analysis 
 

The effect of optimized structure in FE 
analysis, which was found to enhance compatibility 
in side impact, was studied in terms of frontal 
impact compatibility. The Full Width Deformable 
Barrier (FWDB) test, proposed by Transport 
Research Laboratory (TRL), was used to compare 
the compatibility metric in frontal impact at an 
impact velocity of 56 km/h. The compatibility 
metrics used for FWDB test simulation were 
Relative Homogeneity Criteria (RHC) and Average 
Height of Force (AHOF), which are calculated from 
load cell wall data 

(9), (10)
. RHC and AHOF were 

compared between the Optimized Model and 
Baseline Model (Figure 12). The RHC for the 
Optimized Model indicated a lower RHC value than 
that of the Baseline Model, which means that the 
Optimized Model has more homogeneous force 
distribution in its front-end structure. As for AHOF, 
the Optimized structure lowered the AHOF400 by 
87.8 mm, compared to the Baseline Model. These 
simulation results indicate that the metrics for 
frontal impact compatibility can discriminate the 
difference between the Optimal and Baseline 
models. 
 
 
 
 
 
 
 
 
(a) Full Width Deformable Barrier test 
simulation 
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(b) Relative Homogeneity Criteria 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Average Height Of Force 
 
Figure 12.  Comparison of frontal compatibility 
metrics in FWDB test simulation 
 
MODIFIED VEHICLE-TO-VEHICLE CRASH 
TEST 
 

In the Baseline Car-to-Car test, the intrusion 
into the passenger compartment resulted in some 
higher pelvis and femur injury values, which were 
similar to those in the main bullet vehicle structure. 
In the FE analysis, the influence on those main 
structures was investigated in an effort to reduce 
injury values for the pelvis and femur. Figure 13 
shows the variation in injury values between the 
pelvis and femur. These graphs indicate that the 
stiffness of the front side member was the most 
significant factor. 
 
 
 
 
 
 
 
 
 
 
 
(a) Structural factors 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Influence on pubic symphysis force 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Influence on femur moment 
 
Figure 13.  Influence on each design factor 
 

Since modification of the front side member 
significantly reduced the pelvis and femur injury 
values in FE analysis, a physical Car-to-Car test was 
performed. The modified Car-to-Car test aims to 
demonstrate the principles behind improved side 
impact compatibility, as identified in the FE 
simulation of this study, by modifying existing 
structures on the bullet vehicle. The results from 
tests with the modified bullet vehicle were 
compared to the results from the Baseline 
Car-to-Car test to demonstrate how the 
modifications affected the target vehicle’s 
performance. A reduction in the crush strength of 
the front side member to prevent localized loading 
of the target vehicle was implemented to increase 
the amount of energy absorbed by the bullet vehicle 
in the impact. The modifications to the front section 
of the front side members were designed as the 
result of computer simulations, which indicated the 
optimum target vehicle performance could be 
achieved by reducing the thickness of the steel in 
the front side member from 2 to 1 mm. The 
modified section was approximately 250 mm in 
length, 100 mm high, excluding flanges, and 50 mm 
wide. The addition of a strengthened bumper cross 
beam was not implemented as the simulation work 
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indicated that this would likely overload the B-pillar. 
The modified section of the front of the lower rails 
is shown in Fig. 14. The reparability issue 
associated with low speed impacts is not our present 
concern. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Modification of front side member  
for Car-to-Car test 
 
Dummy Injury Measures 
 
Comparison of the driver dummy’s results from 
Modified Car-to-Car test with the Baseline 
Car-to-Car test showed that there were only slight 
differences in the chest injury levels. However, the 
most significant difference between the two tests 
was the force of impact on the pubic symphysis, 
which was approximately 60 % lower in the 
modified car. Comparison of the additional dummy 
injury parameters showed that there was a 
significant reduction in femur load and bending 
moment in the modified car, compared to those in 
the Baseline Car-to-Car test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Comparison of injury measures 
 
Body Deformation 
 

A comparison of the deformation of the target 
cars from the Modified Car-to-Car test and Baseline 
Car-to-Car test is shown in Fig. 16. It can be seen 
that there was a significant difference in the 
deformation between the two test cars. The 
localized intrusion of the target car in alignment 
with the bullet vehicle’s front side member was 
significantly reduced in the test with the modified 
bullet car. The B-pillar intrusion of the target car in 

the Modified Car-to-Car test was also reduced, 
compared to the Baseline Car-to-Car test.  
 
 
 
 
 
 
 
 
(a)Baseline Car-to-Car    (b)Modified Car-to-Car 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

(c) Front door intrusion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(d) B-pillar intrusion 
 
Figure 16.     Comparison of body deformation 
between two Car-to-Car tests 
 
Comparison of the left-side front side member for 
the modified and unmodified vehicles showed a 
similar pattern (Fig. 17). The modified front side 
member section exhibited approximately 150 mm of 
axial crush, whilst the unmodified front side 
member had bent slightly inward. The deformation 
patterns indicated that there had been more energy 
absorbed by the modified bullet car’s front side 
member in impact than there had been in the 
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Baseline Car-to-Car test. In addition, the overall 
deformation of the bullet vehicle’s front side 
member and bumper cross beam was more 
homogeneous, as compared to the unmodified 
vehicle. These appeared to be significant factors in 
the reduction of localized deformation and target car 
intrusion. This reduction in intrusion appears to 
have most likely been the main contributory factor 
in the reduction of the driver’s femur load and 
bending moment observed in the Modified 
Car-to-Car test. 
 
 
 
 
 
 
 
 
 
Modified car’s front side members (post-test) 
 
 
 
 
 
 
 
 
Unmodified car’s front side members (post-test) 
 
Figure 17.     Comparison of front side member 
deformation mode between two Car-to-Car tests 
 
     The optimized structure by FE simulation 
calls for further investigation into the stiffness and 
geometric properties of the sub-frame in order to 
achieve good structural interaction and stiffness 
matching. A further direction of this study will be to 
perform physical Car-to-Car testing with a modified 
sub-frame.  
 
DISCUSSION 
 

According to the International Harmonized 
Research Activity (IHRA) report, relevant aspects 
for compatibility in a frontal impact are 

(11)
 

� Good structural interaction 
� Frontal stiffness matching 
� Occupant compartment strength 
� Control of the deceleration time histories of 

impacting vehicles  
Since these four factors had been proposed for an 
improvement of frontal impact compatibility, other 
impact configurations were not taken into account. 
However, it was found from this study that these 
factors could be considered for side impact 
compatibility as well as for frontal impact 
compatibility. From the results of a numerical 
simulation, side impact compatibility was able to be 
achieved when the front-end structures of the bullet 
vehicle interacted well with the body side structure 
of the target vehicle with stiffness matching 

between those structures. This is in agreement with 
items 1 and 2, in relation to compatibility 
improvement in frontal impact, as reported in the 
IHRA report. In the real world, there are vehicles 
with various structures and stiffnesses. As such, 
how structural interaction and stiffness matching are 
realized to enhance side impact compatibility 
should be further examined. Currently, test 
procedures for frontal impact are being studied in 
various countries. The role of side compatibility, 
however, has yet to be examined as a contributing 
factor. Therefore, development of the test procedure 
and assessment criteria for side impact 
compatibility is needed.  

Note that in addition to the various crash 
directions, such as in the frontal and side directions, 
the benefits for/detriment to pedestrian protection 
and damageability ultimately need to be addressed 
as well. The future may require some portion of the 
vehicle front structure be developed to 
accommodate pedestrian protection, damageability, 
side impact and frontal impact, with corresponding 
crush displacement. To achieve this, controlling 
force-displacement characteristics by load cell wall 
data within the common interaction zone in the 
FWDB test may be one way of managing crash 
energy (Fig. 18) 

(12)
. 

 
 
 
 
 
 
 
 
 
 
(a) Full Width Deformable Barrier test 
 
 
 
 
 
 
 
 
 
 
(b) 125 mm x 125 mm barrier load cell wall 
 
 
 
 
 
 
 
 
 
(c) Barrier force corridor for each load cell 
 
Figure 18.     Common interaction zone and 
interaction force 
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The structural geometry and stiffness 
characteristics of the front of a bullet vehicle play a 
role in  influencing the risk of injury. For good 
occupant protection, it is desirable for the main 
impact loads to be transferred to the target vehicle 
through the side sill and door pillars. To be fully 
effective, strengthening the target vehicle’s side 
structures will also be necessary for stiffness 
matching. 
 
CONCLUSION 
 

In this research, to clarify the factors that 
influence side impact compatibility, actual-vehicle 
crash tests and computer simulations were 
performed. Moreover, computer simulations were 
utilized to investigate the influence on vehicle 
deformation and injury values of the target vehicle 
when the stiffness of the front side member, bumper 
crossbeam and sub-frame of the bullet vehicle were 
altered.   
 
In summary,  
� Localized deformation was observed in the 

Car-to-Car test due to a concentrated loading 
effect imparted from the front side member, 
whereas the B-pillar deformed uniformly in 
the MDB-to-Car test. It was found from the 
results that the localized intrusion into the door 
produced higher pelvis and femur injury 
values. 

� In order to enhance side impact compatibility, 
structural interaction between the target 
vehicle body side structure and bullet vehicle 
front-end structure as well as stiffness 
matching of those structures are important, and 
are the same contributing factors for frontal 
impact. 

� When the front side member was modified by 
the FE analysis, there was a significant 
reduction in the localized intrusion of the 
target vehicle in alignment with the bullet 
vehicle’s front side members, as compared to 
the Baseline Car-to-Car test. The performance 
of the driver dummy was significantly 
improved in the Modified Car-to-Car test for 
the body regions in alignment with the bullet 
vehicle’s structure, as compared to the 
Baseline Car-to-Car test. 

 
The results of this study indicate that to 

improve compatibility for side impact, the bullet 
vehicle should be designed in such a way that it 
engages the structure of the target vehicle more 
effectively, through improved geometrical 
interaction. The results also showed that matching 
the geometry and stiffness between front-end 
structures of the bullet vehicle and body side 
structures of the target vehicle contributed 
significantly during side and frontal impacts. 
 
REFERENCES 
 

[1] Barbat, S., “Status of Enhanced Front-to-Front 
Vehicle Compatibility Technical Working Group 
Research and Commitment”, 19th International 
Conference on the Enhanced Safety of Vehicles 
Paper No. 05-463, Washington DC, USA, June 
2005 
 
[2] Insurance Institute for Highway Safety, 
“Incompatibility between cars and light trucks are 
being lessened by steps automakers are taking to 
improve geometric matchups of vehicles’ front 
ends”, Status Report Vol. 41, No. 1, Jan. 28, 2006  
 
[3] Summers, S., et al., “NHTSA’s Research 
Program for Vehicle Compatibility”, 18th 
International Conference on the Enhanced Safety of 
Vehicles Paper No. 307, Nagoya, Japan, May 2003 
 
[4] Hobbs, C.A., “The Influence of Car Structures 
and Padding on Side Impact Injuries”, 12th 
International Conference on the Enhanced Safety of 
Vehicles, 954-62, Washington DC, USA, June 2005 
  
[5] Hobbs, C.A., et al., “Compatibility of Cars in 
Front and Side Impact”, 15th International 
Conference on the Enhanced Safety of Vehicles, 
617-24, Melbourne, Australia, May 1996 
 
[6] Nolan, M.J., et al., “Factors Contributing to 
Front-Side Compatibility: A Comparison of Crash 
Test Results”, Society of Automotive Engineers 
Paper No. 99sc02, Detroit, USA, March 1999 
  
[7] Abe, A., et al., “Aggressivity-Reducing Structure 
of Large Vehicles in Side Vehicle-to-Vehicle Crash”, 
Society of Automotive Engineers Paper No. 
2005-01-1355, Detroit, USA, April 2005 
 
[8] Emura, M., et al., “Research on Compatibility in 
Car-to-Car Side Impacts”, J-SAE Paper No. 
20065648, Sapporo, Japan, September 2006 
 
[9] Summers, S., et al, “Design Consideration for a 
Compatibility Test Procedure”, Society of 
Automotive Engineers Paper No. 2002-01-1022, 
Detroit, USA, March 2003 
 
[10] Edwards, M., et al., “Development of Test 
Procedures and Performance Criteria to Improve 
Compatibility in Frontal Collisions”, 18th 
International Conference on the Enhanced Safety of 
Vehicles Paper No. 86, Nagoya, Japan, May 2003 
 
[11] O’Reilly, P., “Status Report of IHRA Vehicle 
Compatibility Working Group” 17th International 
Conference on the Enhanced Safety of Vehicles 
Paper No. 337, Amsterdam, the Nether lands, June 
2001 
 
[12] Takizawa, S., et al., “Experimental Evaluation 
of Test procedures for Frontal Collision 
compatibility”, Society of Automotive Engineers 
Paper No. 2004-01-1162, Detroit, USA, April 2004 



 

Tsutsumi 1 
 

LONG LIGHTING SYSTEM FOR ENHANCED CONSPICUITY OF MOTORCYCLES 
 
Yojiro Tsutsumi 
Kazuyuki Maruyama 
Honda R&D Co., Ltd. 
Japan 
Paper Number 07-0182 

 
ABSTRACT 
 

The LONG (Longitudinal Oriented Normative 
time Gap compensation) concept describes a lighting 
system that enhances the conspicuity of motorcycles 
by enhancing the ability of oncoming drivers to 
evaluate the distance and speed of a motorcycle 
equipped with lighting in the LONG configuration. It 
is based on the hypothesis that a motorcycle observed 
at the same distance and speed as an automobile may 
be perceived farther away and traveling more slowly 
than the automobile, because of the motorcycle’s 
higher lamp location and narrower lighting layout 
compared with that of an automobile. To address this 
the LONG configured are spread farther apart along a 
vertical axis compared to the relatively tightly 
grouped lighting layout found on a typical 
motorcycle. Knowledge of cognitive psychology is 
applied to the LONG system. To test the hypotheses 
behind the LONG concept, it has been evaluated by 
measuring critical time gap in right-turn across path 
scenario (in left traffic right-of-way countries). It is 
shown that motorcycles with the system have 
conspicuity on a level comparable to automobiles by 
measuring critical time gaps of about 20 
experimental subjects. The effects of both the layout 
of the lighting and luminous intensity dependence are 
also reported. 
 
INTRODUCTION 
 

It was reported that accident studies provided 
evidence that motorcycles were not perceived easily 
by road-users [1].In order to enhance detectability of 
motorcycles in during daylight hours, the daytime 
use of headlamps on motorcycles began to spread in 
the late 1960s in the United States. It became 
mandatory in Japan in 1998. Daytime motorcycle 
lighting requirements spread widely, even in Europe, 
later on. This measure aimed at enhancing 
“detectability” among elements of conspicuity and 
did not aim at enhancing “evaluation of distance and 
speed” by oncoming traffic that is another element of 
conspicuity. As a matter of course, this measure does 
not show any benefits of reducing collisions during 
nighttime hours. Sugawara et al. reported that the 
analysis of the fatal motorcycle accidents (in which 
car drivers are responsible) from the Annual Traffic 
Accident Statistical Database of 1998, showed that 

misperception of distance or speed of motorcycles 
was, together with failure of the car driver to be 
aware of motorcycles, a primary factor in accidents 
[2]. (Figure 1) Donne pointed out that this represents 
many collisions resulting from misperception of the 
distance or speed of the motorcycle involved in the 
crash in England [1]. In order to reduce these 
misperceptions of distance and speed, the LONG 
lighting system is being proposed to enhance the 
conspicuity of motorcycles by enhancing the ability 
of oncoming drivers to judge both the distance and 
speed of a motorcycle. 

 

 
Figure 1.  Analysis of motorcycle traffic 
accidents in Japan (T. Sugawara et al., 2006) 
 
LONG LIGHTING SYSTEM 
 
Fundamental Concept 
 

We reported that there was the possibility that a 
lighting system can help to equalize conspicuity of 
various types of vehicles [3]. If some vehicles have 
higher conspicuity than other vehicles, the 
conspicuity of other vehicles may fall on a relative 
basis. The previous study aimed at reducing this 
effect. It may be desirable for motorcycles in mixed 
traffic to have conspicuity that is equivalent to that of 
automobiles. However the narrow frontal area and 
irregular outline of a motorcycle make it more 
difficult to recognize the whole body of a motorcycle 
than that of an automobile. Especially when viewed 
from the front a motorcycle headlamp and front 
position lamps are conspicuous (even if these lamps 
are turned off) and these lamps are considered as the 
keys to perception of motorcycle distance and speed. 
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If the separation between a subject and the horizon 
line in a visual field becomes longer, the subject is 
perceived as nearer. This describes a type of 
“perspective effect” [4] [5] [6]. Support for this 
hypothesis that human’s visual recognition uses the 
angular declination below the horizon for distance 
judgment has been provided [7]. Ordinary 
motorcycles have a comparatively high layout 
position of headlamps and front position lamps, and 
don’t have conspicuous lighting in the vicinity of a 
road surface. Therefore the distance to the 
motorcycle may be perceived as being further away 
than actual distance. In order to draw attention to the 
lower portion of motorcycles, lamps are located low 
and nearer to the road surface, for example in the 
lower part of the front fork. This is expected to allow 
an observer to more accurately judge the relative 
distance of a motorcycle. (Figure 2) 

 

Figure 2.  Principle of enhancing a sense of 
distance 
 

Considering the approaching motorcycle as it 
relates to the optics of the observer, if the visual size 
of an approaching subject is small, the expanding 
size of the image on the retina of the observer would 
be smaller and the image on the retina would grow 
less quickly than a larger object, making it more 
difficult to accurately judge the speed of the 
approaching motorcycle. We reported that if the 
visual size of an approaching vehicle is large, the 
approaching speed could be recognized from a 
greater distance [8]. Since the headlamp and the front 
position lamp of ordinary motorcycles are located 
within a narrow area, the images on the retinas of the 
observer are small. Therefore it may be difficult to 
perceive the speed of the approaching motorcycle. In 
the case of ordinary motorcycles, vehicle height is 
comparatively tall, although the motorcycle’s width 
is narrow. In order to emphasize the longitudinal size 
of the body, lamps are distributed longitudinally, 
spanning from a low position on the front fork to a 
high position on the body. This prevents the observer 

from recognizing the size of the body as being small, 
and aids the observer in more accurately judging the 
speed of an oncoming motorcycle. (Figure 3) It was 
reported that if the visual size of the subject is large, 
the sense of distance is also affected and the subject 
is perceived being closer to the observer [9]. (Figure 
2) 

 

 
Figure 3.  Principle of enhancing a sense of speed 
 
 

 
Figure 4.  LONG lighting system 

 

Using these concepts, the LONG lighting system is 
proposed as a method to enhance motorcycles’ 
conspicuity. Specifically, the LONG concept aids an 
observer’s ability to more correctly judge both the 
distance and speed of an oncoming motorcycle, and 
allowing the observer to perceive approaching 
motorcycles more equally to an automobile. Figure 4 
shows an example of a LONG frontal lighting 
configuration applied to a motorcycle. The name 
LONG comes from the emphasis on the longitudinal 
size of the motorcycle body and distribution of the 
lamps, as well as how the concept aids in 
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compensating the critical time gap of motorcycles to 
become longer and more equivalent to that of 
automobiles. 

 

Evaluation Methodology 
 

The evaluation method is based on the belief that a 
driver synthetically judges the speed, distance of 
approaching vehicles and one's own speed, width of 
the road, etc., then uses this information to make a 
decision whether or not to turn to the right (in 
left-hand traffic right-of-way countries). This 
behavior is called the gap acceptance behavior in 
right-turn across path scenarios. If a vehicle 
approaches more quickly from the opposite direction, 
a driver chooses not to make a right-turn at a crossing. 
The passage time from the moment a driver chooses 
to give up until the approaching vehicle passes the 
driver’s side is called the critical time gap (CTG) in 
right-turn across path scenario [10]. If CTG of various 
vehicles is compared, a quantitative measure of those 
vehicles’ conspicuity relative to the observer’s 
judgment of distance and speed can be made. The 
LONG lighting system has been quantitatively 
evaluated by measuring CTG in a right-turn across 
path scenario. 

Figure 5 shows a schematic plan of a right-turn 
across path scenario of the type used in CTG 
measurements. The instruction to experimental 
subjects is that “you are waiting to make a right-turn 
at the crossing. If you judge that you must give up 
making the right-turn if a vehicle coming from the 
opposite direction approaches before you can safely 
make the right turn, please step on the brake pedal 
immediately”. The velocity of the stimulus vehicle 
was set at 60 [km/h]. In order to control the stimulus 
to the experimental subject, the experimental subject 
starts the observation of the stimulus vehicle at the 
moment when the stimulus vehicle passes through 
the position of 150 [m] from the experimental subject. 
First, the experimental subject turns his eyes 
downward so that the experimental subject cannot 
see the stimulus vehicle. Next, the experimental 
subject begins observation of the stimulus vehicle at 
the moment when a signal sound from a sensor that 
senses a passing vehicle is heard. In order to 
minimize the learning effect on subjects, observation 
was stopped at the moment of stepping on the brake 
pedal by turning the subject’s eyes downward again. 
The front grille of the subject’s vehicle is equipped 
with a millimeter wave radar system. The speed and 
distance of the stimulus vehicle are simultaneously 
measured in a period of 0.1[sec] by the radar. The 
CTG is calculated from the speed and distance of the 
stimulus vehicle at the moment of stepping on the 
brake pedal. Five CTG measurements are 

continuously performed to the same stimulus vehicle, 
and the mean of five values is used as the value of 
the stimulus vehicle.  

 
 

Figure 5.  Schematic plan of right-turn across 
path scenario, as used in the study 
 

 

 
Figure 6.  CTG of an ordinary motorcycle in 
nighttime  
 

 

Figure 7.  CTG ratio of an ordinary motorcycle 
compared to an automobile 

 

Figure 6 depicts an example of the CTG 
measurement of an ordinary motorcycle in nighttime. 
It contains the results of three experimental subjects 
containing three data of the same motorcycle 
measured on different days. The standard deviation 
of the CTG for experimental subject A, B and C 
divided by the corresponding mean is 0.25, 0.30 and 
0.21, respectively. There is considerable variation by 
measurement date in spite of the use of the same 
stimulus vehicle. Also in the past study, the variation 
in CTG [11] is referenced. Based on these results, it 
seems that CTG is not stable enough to 
independently represent conspicuity. We noted that 

0.0 
1.0 

2.0 

3.0 

4.0 

1-Jun 27-Jul 3-Aug 20-Jun 25-Jul 3-Aug 20-Jun 25-Jul 1-Aug 

 
C

ri
ti

ca
l t

im
e 

ga
p 

[s
ec

] 

Subject A Subject B Subject C 

60km/h 

Observation 
starting position  

150m 

Approaching vehicle 

Subject's vehicle 

0 

20 

40 

60 

80 

1-Jun 27-Jul 1-Aug 20-Jun 25-Jul 3-Aug 20-Jun 25-Jul 1-Aug 

Subject A Subject B Subject C 

100 

 C
T

G
/(

C
T

G
 o

f 
A

ut
om

ob
il

e)
[%

] 



 

Tsutsumi 4 
 

the CTG of the automobile measured on the same 
day had the same variation as that of the motorcycle. 
The CTG ratios of the motorcycle to the automobile 
are shown in Figure 7. The standard deviation of 
CTG ratio of the experimental subjects A, B and C 
divided by the corresponding mean is 0.06, 0.02 and 
0.10, respectively. The variation of the value by 
measurement date clearly becomes small. Therefore, 
it is possible to isolate conspicuity from the variation 
of each evaluation day by normalizing with the CTG 
of the automobile measured on the same day. The 
fundamental conceptual goal of the system is to make 
the conspicuity of motorcycles equivalent to that of 
automobiles. A comparison with automobiles 
supports this fundamental concept. We chose to 
utilize the CTG ratio of the motorcycle to the 
automobile when both are measured on the same day 
as the variable that evaluates the conspicuity based 
on distance and speed. 

 

Enhanced Motorcycle Conspicuity 

 
The enhanced conspicuity of motorcycles with a 

LONG lighting system is evaluated by CTG 
measurement. The photograph of the motorcycle 
used for a stimulus in the measurement is shown in 
Figure 8. This Honda XR250 Motard motorcycle is 
an on-road type with 250 [cc] engine displacement, 
with a LONG lighting system adapted to the front of 
the motorcycle. The large-sized amber-colored lamps 
(from a Honda CB1300SF) are used for the upper 
lamps of the system, and the small-sized lamps (from 
a Honda XR250) are used for the lower lamps. In 
order to change the luminous color to white, the 
original amber lenses were replaced with clear lenses. 
The height of two lower lamps (H) is set at 225 [mm], 
and the horizontal space between them is set at 300 
[mm]. The upper lamps were set at a height of 950 
[mm] above the lower lamps, and were horizontally 
spaced at 750 [mm] apart. In addition, a PWM circuit 
was added to allow the lamp luminous intensity of 
the LONG lighting system to be adjusted freely, is 
equipped. This motorcycle has special structural 
stays for headlamps so that many types of 
motorcycles can be simulated. This motorcycle is 
equipped with a single multi-reflector headlamp 
(55/60W for CB1300SF) at a height of 825 [mm]. 
The photograph of the automobile used for a stimulus 
in the testing is shown in Figure 9. The automobile is 
Japanese market minivan-type passenger car (Honda 
STEPWGN) of 2000 [cc] displacement volume, and 
the body color is white. The vehicle height is 1770 
[mm] and the vehicle width is 1695 [mm]. The height 
of the headlamps is 800 [mm]. The space between 
them is 1350 [mm].  
 

 

Figure 8.  The motorcycle used for the study 
 

 

Figure 9.  The automobile used for the study 
 
The mean of the CTG ratios of the motorcycle 

with conventional lighting (MC) and the motorcycle 
equipped with a LONG lighting system (LONG MC) 
to an automobile in nighttime is shown in Figure 10. 
The experimental subjects were 21 people (18 males, 
3 females, from 23 years of age to 52 years old) who 
drive an automobile every day. The range bar on the 
chart shows the maximum and the minimum 
measurements for each data set. The luminous 
intensity of the four lamps of the LONG lighting 
system was adjusted to 16 [cd], respectively. This 
intensity is equal to the luminous intensity of the 
ordinary position lamps for motorcycles. The 
low-beam headlamps of all the measured stimulus 
vehicles were switched on. The velocity of the 
stimulus vehicles was 60 [km/h]. The course used for 
the evaluation was illuminated by normal overhead 
road illumination. The illumination was about 6 [lx]. 
The CTG ratio of the MC to the automobile is 81.9%, 
and it turns out that the CTG of MC is about 18% 
smaller than of the automobile. The mean of the 
automobile’s CTG is 4.0 [sec], and the reduction of 
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the CTG is equivalent to 0.72 [sec]. The minimum of 
the CTG ratio of MC is about 65%, and the reduction 
of the CTG is equivalent to about 1.4 [sec]. It is 
shown quantitatively that motorcycles at the same 
distance and speed as automobiles are perceived 
being farther away and as traveling at a lower speed 
than automobiles. On the other hand, the CTG ratio 
of a LONG MC to the automobile is 98.5%, and it 
turns out that LONG MC has a sense of speed and 
distance almost equivalent to an automobile.  

 

Figure10. Enhanced conspicuity in nighttime 
 

The mean of the CTG ratios of the MC and the 
LONG MC compared to the automobile in daytime is 
shown in Figure 11. The experimental subjects were 
14 people (12 males, 2 females, from 23 to 52 years 
old) who drive an automobile every day. The range 
bar shows the maximum and the minimum 
measurements for each data set. The MC was 
measured on the two conditions that the headlamp 
was turned off (H/L OFF) and the low-beam 
headlamp was turned on (H/L ON). The headlamp of 
the LONG MC was turned off. The luminous 
intensity of the four lamps of the LONG lighting 
system was adjusted to 121 [cd], respectively. This 
intensity is the luminous intensity of the ordinary 
winker lamps for motorcycles. The velocity of all of 
the measured stimulus vehicles was the same 60 
[km/h] as the measurement in nighttime. The sky 
illumination on the course is from 4410 [lx] to 33500 
[lx]. Since this measurement was performed over 
seven days, the variation of the sky illumination is 
large. The headlamps of the automobile were 
switched off. The CTG ratio of MC (H/L OFF) to the 
automobile was 86.5% and it turns out that the CTG 
is 13.5% smaller than that of the automobile. It was 
shown quantitatively that motorcycles at the same 
distance and speed as automobiles are perceived as 
being farther away and traveling at a lower speed 
than the automobiles in the same daytime conditions. 
The CTG ratio of MC (H/L ON) to the automobile is 
93% and it turns out that the CTG of MC (H/L ON) 

is 7% larger than the CTG of MC (H/L OFF). This 
shows that turning on the motorcycle’s headlamp in 
daytime enhances the ability to sense both the 
distance and speed of an approaching motorcycle. 
But the CTG was 7% smaller than the automobile. 
Under these conditions it was not possible to 
compare the results for the motorcycle to an 
equivalent automobile by only switching on a 
headlamp. On the other hand, the CTG ratio of the 
LONG MC to the automobile is 99%, and it turns out 
that it is almost equivalent to the CTG of the 
automobile. This shows that the LONG lighting 
system makes the motorcycle’s conspicuity of 
distance and speed judgment equivalent to an 
automobile. As reference information, the mean of 
the automobile’s CTG in daytime is 4.0 [sec], and the 
same subjects’ mean of it in nighttime is 4.1 [sec], 
and these values are almost same. 

 

Figure 11.  Enhanced conspicuity in daytime 

 

Lamp Layout Dependence 
 

The dependence on the layout of the lamps to 
enhance conspicuity was measured in nighttime. The 
longitudinal space between the upper lamps and the 
lower lamps (S) as well as the height from the ground 
of the lower lamps (H) were identified as the 
parameters of the lamps layout. The horizontal space 
between the two upper lamps was fixed at 750 [mm], 
and the horizontal space between the two lower 
lamps was fixed at 300 [mm] (refer to Figure 8). The 
luminous intensity of four additional lamps of the 
LONG lighting system were adjusted to 16 [cd], 
respectively. The low-beam headlamps of all the 
measured stimulus vehicles were switched on. The 
velocity of all the measured stimulus vehicles was 60 
[km/h]. The course used in the measurements was 
illuminated by road illumination. The illumination is 
about 6 [lx]. Figure 12 shows the dependence of the 
CTG ratio on parameter H. The CTG ratios were 
measured with the lighting affixed to the motorcycle 
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at three different levels: (125 [mm], 225 [mm], 325 
[mm]) of the parameter H. The parameter S is fixed 
at 950 [mm]. Experimental subjects included 16 
people (14 males, 2 females, from 23 to 52 years old) 
who drive an automobile every day. The error bar 
shows the full range from maximum to minimum. In 
the range of parameter H was set in the measurement, 
it seems that CTG ratio is not dependent on the 
parameter H. It is expected that the observer’s ability 
to accurately judge distance is enhanced and the CTG 
ratio increases as parameter H decreases. It seems 
that additional studies using a range of larger H than 
325 [mm] needs to be completed in order to observe 
the relationship between parameter H and CTG. The 
mean of CTG of the automobile measured on the 
same day was 4.0 [sec], and the means of CTG of the 
motorcycle with LONG lighting system were 3.92 
[sec] (H=125 [mm]), 3.94 [sec] (H=225 [mm]) and 
3.90 [sec] (H=325 [mm]). 

 
Figure 12.  CTG ratio dependence on height (H) 
of lower lamps in nighttime 

 

Next, the dependence on parameter S of the CTG 
ratios is shown in Figure13. The CTG ratios were 
measured at 4 levels (750 [mm], 850 [mm], 950 
[mm] and 1050 [mm]) of the parameter S. The 
parameter H is fixed to 225 [mm]. This experiment 
included 19 subjects (17 males, 2 females, from 23 to 
52 years old) who drive an automobile every day. 
The error bar shows the maximum and the minimum 
ranges. It turned out that the CTG ratio increases as 
parameter S increases when the range of parameter S 
is between 750 [mm] and 950 [mm]. It is expected 
that the observer’s ability to judge the accuracy of the 
oncoming motorcycle’s distance and speed is 
enhanced and the CTG ratio increases as parameter S 
increase. The data from this experiment agrees with 
this expectation. 

 

 

Figure 13.  CTG ratio dependence on space (S) 
between upper lamps and lower lamps in 
nighttime 

 
As a result of this data, we believe that drivers 

mainly use the size of the motorcycle’s conspicuous 
parts for to estimate the distance and speed of the 
approaching vehicle independently in a right-turn 
across path scenario. 
 
Lamp Luminous Intensity Dependence 

 
The effect of lamp luminous intensity on 

conspicuity was measured in nighttime. The layout 
parameters of the lamps are H=225 [mm] and S=950 
[mm]. The CTG ratios were measured at three 
different lamp luminous intensity levels: 16 [cd], 34 
[cd] and 50 [cd]. The low-beam headlamps of all the 
measured stimulus vehicles were switched on. The 
velocity of each of the measured stimulus vehicles 
was 60 [km/h]. The course used in the measurements 
was illuminated by normal road illumination of about 
6 [lx]. Experimental subjects included 19 people (17 
males, 2 females, from 23 to 52 years old) who drive 
an automobile every day.  

The preliminary experiment showed that stimulus 
order effect influences the results. In order to 
minimize the influence of this effect, the ascending 
series (order of 16 [cd], 34 [cd] and 50 [cd]) and the 
descending series (order of 50 [cd], 34 [cd] and 16 
[cd]) were measured for each experimental subject, 
and the mean of the values at the same level was 
adopted as the measure of central tendency at the 
level. The CTG ratio dependence on lamp luminous 
intensity in nighttime is shown in Figure 14. It turned 
out that the CTG ratio increases as the lamp luminous 
intensity increases. Since a lamp luminous intensity 
of zero describes a motorcycle without a LONG 
lighting system, the CTG ratio at zero is estimated at 
about 81.9 [%], as shown in Figure 10. We expect 
that the CTG ratio decreases rapidly as the lamp 
luminous intensity approaches zero in the range 
smaller than 16 [cd].  
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Figure 14.  CTG ratio dependence on lamp 
luminous intensity in nighttime 

 

CONCLUSIONS 
 

The LONG lighting system is proposed as a 
method of enhancing the conspicuity of motorcycles, 
specifically to enhance the ability of the driver of an 
oncoming vehicle to judge distance and speed of a 
motorcycle to a degree of accuracy equivalent to an 
automobile. 

The enhancement effect of LONG on the judgment 
of the distance and speed of a motorcycle equipped 
with the LONG lighting system is evaluated by the 
CTG ratio measurement, compared to an automobile 
in similar nighttime and daytime conditions. 

In nighttime, it is shown that ordinary motorcycles 
at the same distance and speed as automobiles may 
be perceived as being farther away and seem to be 
traveling at a lower speed than an automobile. The 
LONG lighting system with the same lamp luminous 
intensity as conventional motorcycle position lamps 
makes the motorcycles’ conspicuity for an oncoming 
driver’s ability to judge the motorcycle’s distance 
and speed equivalent to that of an automobile. 

In daytime, it is shown that motorcycles with unlit 
headlamps traveling at the same distance and speed 
as an automobile are perceived as being farther away 
and traveling at a lower speed than an automobile. 
The motorcycle’s conspicuity related to an oncoming 
driver’s ability to accurately judge the motorcycle’s 
distance and speed does not become equivalent to an 
automobile, even if the low-beam headlamp is turned 
on. By adding the LONG lighting system with the 
same lamp luminous intensity as winkers improves 
the motorcycle’s conspicuity related to the oncoming 
driver’s ability to judge the motorcycle’s distance 
and speed equivalent to that of an automobile. 

The effect of the layout of the lamps on 
conspicuity was measured at night. The results show 
that the lamp layout has a greater effect on 
conspicuity as the longitudinal space between the 

lower lamps and the upper lamps increases within the 
range of 750 [mm] to 950 [mm].  

The effect of lamp luminous intensity on 
conspicuity was measured at night. This showed that 
conspicuity was enhanced as the lamp luminous 
intensity increased. 

In order to avoid mad dirt and the breakage by a 
stone etc., we suppose that the lower lamps of the 
system are located near the axle of a front wheel. The 
lamps located in this position vibrate greatly during a 
run. The problem at the time of applying this 
technology to a mass-production model is the 
durability of the lamps to this vibration. 
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ABSTRACT 

This paper presents a set of crash-imminent test 
scenarios to objectively verify the performance of 
integrated vehicle-based safety systems designed to 
address rear-end, lane change, and run-off-road 
crashes for light vehicles and heavy trucks. National 
crash databases are analyzed to identify applicable 
pre-crash scenarios and guide development of track-
based test procedures that can be safely and 
efficiently carried out. Requirements for an 
independent measurement system to verify the crash 
warning system performance are also discussed.  

 
INTRODUCTION 

In November 2005, the U.S. Department of 
Transportation (U.S. DOT) entered into a cooperative 
research agreement with a private consortium led by 
the University of Michigan Transportation Research 
Institute (UMTRI) to build and field test an 
integrated vehicle-based safety system designed to 
prevent rear-end, lane change and run-off-road 
crashes [1]. This four-year, two-phase program being 
carried out under this agreement is known as the 
Integrated Vehicle-Based Safety Systems (IVBSS) 
program within the U.S. DOT. 

The IVBSS prototypes being developed will 
provide forward collision warning (FCW), lane 
departure warning (LDW), lane change warning 
(LCW), and curve speed warning (CSW) functions.   

 
FCW alerts drivers when they are in danger of 

striking the rear of the vehicle in front of them 
traveling in the same direction. The LDW function 
provides alerts to drivers when a lateral drift toward 
or over lane edges is sensed without a turn signal 
indication.  

 
LCW will increase a driver’s situational awareness 

of vehicles in close proximity traveling in adjacent 
lanes in the same direction. The CSW function warns 
drivers when they are traveling too fast for an 
upcoming curve.  

The integrated safety system for the light vehicle 
platform will include the FCW, LDW, LCW and 
CSW functions; the heavy commercial truck platform 
will include the FCW, LDW, and LCW functions 
only. 

During the first two years of the IVBSS program, 
the industry team will design, build, and verify 
integrated safety system prototypes for use on 
passenger cars and heavy trucks. The prototype 
vehicles will undergo a series of closed-course track 
tests aimed at ensuring that the integrated system 
meets the performance requirements and is safe for 
use by unescorted volunteer drivers during a planned 
field operational test. 

Following successful prototype vehicle testing, the 
industry team will develop field test concepts and 
build a vehicle fleet of 16 passenger cars and 10 
heavy trucks for use in the field test.  

Approximately 108 subjects will be recruited to 
participate in the light vehicle field operational test. 
Test participants will drive an IVBSS-equipped 2007 
Honda Accord sedan as their own personal vehicle 
for six weeks. A trucking company will be selected to 
participate in the heavy truck field operational test. A 
fleet of ten equipped trucks will be driven by a pool 
of 15-20 professional drivers over a ten-month 
period. The field tests will begin in July 2008 and 
continue for about one year.  

The procedures used to verify the crash warning 
system performance will consist of representative 
crash-imminent driving scenarios in which a crash 
warning should be issued, as well as driving 
scenarios in which a warning should not be issued 
[2]. Driving scenarios in which a warning should not 
be issued are also known as nuisance tests or “do not 
warn” scenarios.  

The crash-imminent scenarios will be based on the 
most frequently occurring rear-end, lane change and 
run-off-road crash types being addressed by the 
IVBSS program. The nuisance tests or “do not warn” 
scenarios, on the other hand, will be developed from 
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a variety of real-world driving conditions to test the 
capability and known limitations of state-of-the-art 
technologies in recognizing and classifying targets.  

The remainder of this paper describes development 
of crash-imminent test scenarios that will be used in 
the IVBSS program to verify the prototype vehicle 
crash warning system performance. These tests are a 
subset of tests proposed in earlier research on crash 
warning systems [2, 5], as well as new scenarios that 
assess system operation when near-simultaneous 
warning conditions exist (called multiple-threat 
scenarios).  

 
OVERVIEW OF TARGET CRASH PROBLEM 

The most common pre-crash scenarios addressed 
by the IVBSS program appear in crash statistics 
reported in the 2000-2003 General Estimates System 
(GES) crash databases [3]. The following section 
contains a summary of the dynamically distinct 
vehicle movements and critical events occurring 
immediately prior to the crash that will form the basis 
for test scenario development. 

Rear-End Pre-Crash Scenarios 

Based on 2003 GES crash statistics, a light vehicle 
struck a lead vehicle in 1,677,000 police-reported 
(PR) rear-end crashes. A heavy truck was the striking 
vehicle in 46,000 PR rear-end crashes annually, 
based on 2000-2003 GES crash statistics.  

Table 1 lists the most common pre-crash scenarios 
in rear-end crashes for striking light vehicles and 
heavy trucks in descending order based on their 
relative frequency of occurrence. The lead-vehicle-
decelerating scenario encompasses crashes where the 
lead vehicle is struck while decelerating, and crashes 
where the lead vehicle has just decelerated to a stop 
and then is struck before turning at a junction or in 
the presence of a traffic control device. 

Table 1. Target Rear-End Pre-Crash Scenarios 

Rear-End Pre-Crash Scenarios Light Truck
Lead vehicle is decelerating 52% 35%
Lead vehicle is stopped 26% 32%
Lead vehicle is moving at constant speed 14% 22%
Following vehicle is making a maneuver* 5% 7%
Other scenarios where vehicle is striking 3% 4%

Total 100% 100%  
* Passing, leaving a parked position, entering a parked position, 
turning right, turning left, making a U-turn, backing up, changing 
lanes, merging, corrective action, or other. 
 
Lane Change Pre-Crash Scenarios 

The lane change family of crashes typically 
consists of a situation in which a vehicle attempts to 

change lanes, merge, pass, leave or enter a parking 
position, drifts and strikes, or is struck by another 
vehicle in the adjacent lane while both are traveling 
in the same direction. Light vehicle and heavy trucks 
were changing lanes, passing, merging, turning, 
parking, or drifting in respectively 461,000 (2003 
GES) and 48,000 (2000-2003 GES annually) PR lane 
change crashes.  

Table 2 lists the most common pre-crash scenarios 
in lane change crashes for encroaching light vehicles 
and heavy trucks in descending order based on their 
relative frequency of occurrence. In the first scenario 
listed in the Table 2, the lane change maneuver refers 
to a vehicle changing lanes while maintaining 
constant longitudinal speed. The passing maneuver 
indicates that the vehicle is accelerating while 
changing lanes. 

 
Table 2. Target Lane Change Pre-Crash Scenarios 

Lane Change Pre-Crash Scenarios Light Truck
Vehicle changes lanes or passes 60% 48%
Vehicle turns 17% 29%
Vehicle drifts 14% 18%
Vehicle merges 5% 4%
Other scenarios where vehicle is encroaching 4% 1%

Total 100% 100%  
 
Run-Off-Road Pre-Crash Scenarios 

Run-off-road scenarios include crashes resulting 
from an unintentional road edge departure, as well as 
crashes where the driver loses control due to 
excessive speed on curves. The IVBSS program will 
target 549,000 PR run-off-road crashes involving 
light vehicles and 55,000 heavy truck PR run-off-
road crashes annually.  

Table 3 identifies target run-off-road pre-crash 
scenarios and their relative frequency. It should be 
noted that the heavy truck integrated safety system 
will not include the curve speed warning function and 
will not address loss of control due to excessive 
speed. 

Table 3. Target Run-Off-Road Scenarios 
Run-Off-Road Pre-Crash Scenarios Light Truck

Vehicle is going straight & departs road edge 47% 73%
Vehicle is negotiating a curve & departs road edge 21% 27%
Vehicle is negotiating a curve & loses control 31%

Total 100% 100%  
CRASH-IMMINENT TEST SCENARIOS 

The crash-imminent test scenarios described in this 
section are based on the most common pre-crash 
scenarios previously identified in Tables 1-3. These 
scenarios represent the majority of driving conflicts 
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that IVBSS functions will address on public 
roadways.   

The test scenario figures that follow conceptualize 
each proposed test, but are not drawn to scale. The 
term subject vehicle (SV) and principal other vehicle 
(POV) refer respectively to the IVBSS-equipped 
vehicle (either light vehicle or heavy truck) and 
principal other vehicle involved in the crash scenario.  

The subject vehicle’s trajectory includes a red “x” 
that indicates the start of the abort path if no warning 
occurs by this point.  

Rear-End Crash-Imminent Test Scenarios 

Table 4 lists nine recommended scenarios to test 
the system’s ability to sense and produce alerts for 
rear-end crash-imminent threats. The first four test 
scenarios follow directly from the most common 
rear-end pre-crash scenarios given in Table 1. The 
remaining five scenarios verify the system’s ability to 
detect cars on curves, distinguish motorcycles in 
traffic, and recognize lead vehicles cutting in or out 
of traffic ahead. 

Table 4. Rear-End Crash Threat Test Scenarios 

No Description
1 SV encounters slower* POV
2 SV encounters decelerating POV
3 SV encounters stopped POV on straight road
4 SV changes lanes & encounters slower POV
5 SV encounters stopped POV on curve
6 SV encounters slower motorcycle behind truck
7 SV encounters slower POV after cut-in
8 SV encounters decelerating POV1 after POV2 cut-out
9 SV encounters slower motorcycle  

* Slower refers to a vehicle moving at slower constant speed 
SV≡ Subject Vehicle, POV≡ Principal Other Vehicle 
 

The first scenario, as shown in Figure 1, tests the 
ability of the system to recognize the dynamic state 
of a slower lead vehicle (constant speed) and issue an 
alert accordingly. This scenario should be conducted 
at a closing speed greater than 32 km/h (20 mi/h).  
 

POVSV

 
Figure 1. Slower Lead Vehicle 

Figure 2 illustrates the second test scenario where 
the SV is initially following the POV at a constant 
time gap and then the POV suddenly decelerates. The 
objective of this scenario is to test whether a 
decelerating lead vehicle will be recognized and an 
alert is issued in a timely manner. This scenario 

should be performed under two different sets of 
initial conditions: 

• Time gap ≤ 2 seconds and POV deceleration ≤ 2 
m/s2 (highway), and 

• Time gap > 2 seconds and POV deceleration > 3 
m/s2 (arterial road). 

 

POVSV

 
Figure 2. Decelerating Lead Vehicle 

Figure 3 shows the third scenario that tests the 
ability of the FCW function to detect a stopped lead 
vehicle. This scenario should be conducted at a 
moderate speed (72 km/h (45 mi/h)) and a high speed 
(97 km/h (60 mi/h)). 
 

POVSV

 
Figure 3. Stopped Lead Vehicle 

The fourth test scenario involves the SV making a 
signaled lane change and then encountering a slower 
POV at a constant speed as indicated in Figure 4. 
This test verifies the ability to detect a slower vehicle 
and issue an alert in a timely manner following a lane 
change maneuver. The SV should complete its lane 
change just before entering the system’s forward 
warning zone, and approach the POV at a closing 
speed below 16 km/h (10 mi/h). 
 

POVSV

 
Figure 4. Slower Lead Vehicle after Lane Change 

Figure 5 shows the schematic of the fifth test 
scenario dealing with a lead vehicle stopped on a 
curve. This test assesses the system’s ability to detect 
stopped vehicles not in the direct line of sight and to 
issue a timely alert. It is recommended that a 
minimum radius curve (< 500 m), corresponding to a 
low vehicle speed and rural road setting, be used. 
This scenario should be conducted under two 
conditions: 

• SV in transition from straight to curved road 
encounters POV at curve entry, and 

• SV in the curve encounters POV at curve exit. 



 4

 

PO
V

SV

 
Figure 5. Lead Vehicle Stopped on Curve 

The sixth test scenario will demonstrate the ability 
of the integrated system to discriminate between 
small and large targets closely following each other 
in the same lane ahead, and issue an alert based on 
proximity to the closer, small target. Figure 6 shows 
an SV closing on a slower motorcycle following a 
truck at the same speed. 
 

POVSV

 
Figure 6. Slower Lead Motorcycle behind Truck 

Figure 7 illustrates a slower lead vehicle cutting in 
ahead of the SV, testing the ability of the system to 
recognize a quickly emerging threat from adjacent 
lanes and to issue a timely FCW alert. The cut-in by 
the POV should be completed within the warning 
range of the system. 
 

POV

SV

 
Figure 7. Slower Lead Vehicle Cut-in 

The eighth scenario tests the system’s ability to 
switch between targets in the same lane ahead, and to 
issue a timely FCW alert to the threatening target. 
Figure 8 shows one POV cutting out ahead of the SV 
while revealing another POV decelerating in front. 
 

POV1

POV2

SV

 
Figure 8. Lead Vehicle Cutting out Revealing 
another Lead Vehicle Decelerating 

The final rear-end crash-imminent test scenario 
deals with a slower motorcycle ahead as shown in 
Figure 9. This test checks the ability to detect a small 
target and issue a timely FCW alert to prevent the 
host vehicle from striking the motorcycle. 

 

SV

 
Figure 9. Slower Lead Motorcycle 

 
Lane Change Crash-Imminent Test Scenarios 

Table 5 lists five scenarios addressing the most 
common lane change crash-imminent threats 
previously described in Table 2.  

Table 5. Lane Change Crash Threat Test 
Scenarios 

No Description
1 SV changes lanes & encounters adjacent POV on straight road
2 SV changes lanes & encounters adjacent POV on curve
3 SV changes lanes & encounters adjacent POV during merge
4 SV changes lanes & encounters adjacent POV after passing
5 SV changes lanes & encounters approaching POV  

 
The first lane change scenario, shown in Figure 10, 

tests the ability to detect a vehicle in the adjacent 
lane, on both sides alongside the host vehicle, and to 
issue an LCW alert accordingly. It is recommended 
that lane change be performed at a lateral speed less 
than or equal to 0.5 m/s. This test should be 
conducted under two conditions: 

• POV in the blind spot to the right of the SV; 
POV front bumper behind SV driver position 

• POV in forward position to the left of the SV; 
POV rear bumper ahead of SV driver position. 

 

POV

SV

 
Figure 10. Lane Change on Straight Road 

 
Figure 11 illustrates the second test scenario where 

the SV changes lanes to the left adjacent lane on a 
curve. The POV is in the blind spot of the SV. This 
test emulates a turning maneuver. A large radius 
curve is recommended for this test. 
 

POV

SV
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Figure 11. Lane Change on Curve 

The third lane change test scenario depicts a 
merging scenario by the SV, as shown in Figure 12. 
This scenario tests whether a side collision threat 
during a merge maneuver where the lane markers 
disappear can be detected by the system. The SV may 
use the turn signal to indicate an intentional lane 
change. 

 

POV

Entrance ramp on highway

Two lanes converge into one

SV

 
Figure 12. Lane Change/Merging 

Figure 13 illustrates a passing maneuver with a 
side collision threat. The lane change maneuver 
should be performed with a lateral speed greater than 
0.5 m/s and less than or equal to 0.8 m/s. 

POV

SV

 
Figure 13. Lane Change after Passing 

The fifth lane change test scenario given in Figure 
14 deals with a POV moving at a speed faster than 
the SV in the adjacent lane. The SV initiates a lane 
change toward the POV at a low lateral speed (≤ 0.5 
m/s), where the POV is inside a proximity zone 
extending 9 m back from the rear of the SV [4]. 

POV

SV

 
Figure 14. Lane Change onto Approaching Car 

Run-Off-Road Test Scenarios 

Table 6 lists five scenarios to test the system’s 
ability to recognize the most common run-off-road 
pre-crash scenarios identified in Table 3. The first 
four scenarios address the LDW function for both 
light vehicles and heavy trucks. The fifth test 
scenario focuses on the CSW function for light 
vehicles only. 

Table 6. Run-Off-Road Threat Test Scenarios 
No Description
1 SV departs road toward opposing traffic lane
2 SV departs straight road onto clear shoulder
3 SV departs curve onto clear shoulder below excessive speed
4 SV departs road (no lane marker) toward Jersey barrier
5 SV approaches curve at excessive speed  

 
Figure 15 illustrates a run-off-road test scenario 

where the LDW function must recognize a crossing 
of the double solid line boundary into opposing 
traffic lanes. Crash statistics show that light vehicles 
and heavy trucks depart the left edge of the road 
respectively in 31 and 21 percent of road edge 
departure crashes on straight roads. This test should 
be conducted twice with two different lateral speeds: 

• Low lateral speed below 0.5 m/s, and 
• High lateral speed between 0.5 and 0.8 m/s. 

SV

 
Figure 15. Lane Departure toward Opposing 
Traffic Lane 

The second run-off-road test scenario addresses 
lane departure on to the shoulder of the right side of 
the road as shown in Figure 16. This test should be 
performed twice, with low and high lateral speeds as 
indicated above. 

shoulder

SV

 
Figure 16. Right Road Edge Departure 

Figure 17 depicts a road edge departure scenario on 
a curve to test the ability of the system to recognize 
curved roadways and issue timely LDW alerts. This 
test should implement a low lateral speed departure 
below 0.5 m/s. Moreover, this test should be 
performed for the following set of conditions: 

• Small radius curve and low travel speed, and 
• Large radius curve and high travel speed. 
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SV

 
Figure 17. Road Edge Departure on Curve 

Figure 18 illustrates the SV departing the left edge 
of a straight road bounded by a Jersey barrier instead 
of lane markings. This scenario tests whether the 
integrated system would produce a side collision 
warning even if lane tracking were unavailable. 

 Jersey barrier

SV

 
Figure 18. Road Departure toward Jersey Barrier 

The last run-off-road test scenario, shown in Figure 
19, addresses the performance of the CSW function. 
The SV approaches the curve at a speed that is unsafe 
to negotiate the curve. This test should be performed 
twice under two different environmental conditions: 

• Warm temperature (simulated) and dry (wiper 
off) conditions, and 

• Cold temperature (simulated) and wet (wiper on) 
conditions. 

 

SV

 
Figure 19. Approaching Curve at Excessive Speed 

Multiple-Threat Test Scenarios 

In this section, a set of crash-imminent scenarios to 
evaluate the ability of an integrated system to 
recognize and issue crash alerts in near-simultaneous 
threat events is proposed. The main purpose of these 
tests is to assess the integrated system’s ability to 
recognize, prioritize and manage warnings when 
multiple collision threats exist.  

There are very few police-reported crashes in the 
GES that involve one vehicle taking a prior evasive 
maneuver to prevent a crash and then being involved 
in another crash. In these cases, the GES does not 
identify the critical event associated with the prior 

evasive maneuver. Thus, the following three 
multiple-threat test scenarios were developed by 
combining selected crash-imminent test scenarios 
presented above for rear-end, lane change, and run-
off-road crashes: 

1. Rear-end and lane change crash-imminent threats 
2. Rear-end, lane change, and run-off-road crash-

imminent threats 
3. Rear-end and run-off-road crash-imminent 

threats 
 

Figure 20 illustrates the first multiple-threat test 
scenario. The SV is moving at a constant speed and 
encounters a stopped lead vehicle (POV1) ahead. The 
SV then attempts to change lanes to the right adjacent 
lane occupied by another vehicle (POV2). For safety 
reasons, the figure shows POV2 steering clear to 
avoid a collision. The integrated system should 
provide time for the driver to slow and avoid the rear-
end collision and be made aware of an impending 
side collision.   

POV2

POV1SV

 
Figure 20. Rear-End and Lane Change Threats 

The second multiple-threat test scenario, depicted 
in Figure 21, reverses the order of threats and 
includes a third threat. The SV driver encounters a 
vehicle (POV2) in an adjacent lane during a lane 
change maneuver. After receiving an LCW alert, the 
SV driver steers back into the initial lane and 
encounters a lead vehicle (POV1) decelerating ahead.  
After an FCW alert, the SV driver departs the right 
edge of the road onto a clear shoulder to avoid hitting 
POV1. Again, the warning system should provide 
time for the driver to slow down prior to the rear-end 
collision and to make the driver aware of an 
impending side collision.  

shoulder

POV1

POV2

SV

 
Figure 21. Lane Change, Rear-End and Run-Off-
Road Threats 

As shown in Figure 22, the third multiple-threat 
test scenario exposes the SV to a stopped POV in the 
same lane ahead. After an FCW alert, the SV driver 
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departs the right edge of the road onto a clear 
shoulder and then stops. 

shoulder

POVSV

 
Figure 22. Rear-End and Run-Off-Road Threats 

EVALUATION OF CRASH ALERT TIMING 
 
Once a candidate set of test scenarios has been 

identified, they should be validated on a test track.  
Test procedure validation includes demonstrating that 
it is possible to perform the test in a safe and efficient 
manner, and that the data and information needed to 
assess system performance can be collected and 
produce repeatable results.  

Crash-imminent alert timing is evaluated using 
quantitative metrics and data collected from a 
measurement system that is independent of the crash 
warning system under test. The quantitative metrics 
are based on kinematic equations for each scenario 
and expected driver response [6].  
INDEPENDENT MEASUREMENT SYSTEM 

The IVBSS program will use an independent 
measurement system (IMS) developed by the 
National Institute of Standards and Technology 
(NIST).  

 System Requirements 

The main purpose of the IMS is to collect data 
needed to verify that the warning system issues 
proper alerts and to evaluate the alert timing for each 
crash-imminent test scenario. The IMS should be 
able to:   

1. Operate on closed-course test tracks and public 
road environments: Certain IMS implementations 
may provide increased accuracy in test track 
conditions, for example, equipping every vehicle 
with differential global positioning system (GPS). 
However, equipping all vehicles during on-road 
tests is not feasible. 
2. Operate for light vehicle and heavy truck tests: 
Heavy trucks with trailers present particular 
challenges during lane change or merge tests with 
fast approaching vehicles. 
3. Not affect warning system operation or 
performance: The vehicle-mounted IMS must not 
interfere with warning system sensors by occluding 
their field of view or affect warning system 
operation if electrical connection to the vehicle’s 
power or warning system data busses is required. 

4. Achieve accuracy greater than the warning 
system under test: Prior work [2] suggests that test 
instrumentation errors should be no greater than a 
maximum of 2 m or 5 percent of the range being 
measured (95 percent confidence).  
Characterization tests to verify IMS accuracy are 
discussed below. 

 
System Description 

The independent measurement system under 
development for the IVBSS program is based on an 
earlier design that was used to assess the performance 
of a roadway departure collision warning system [7]. 
The earlier system included calibrated cameras to 
measure range to adjacent objects and to the road 
edge at distances up to 4 m [7]. The IMS is being 
extended to measure range and range-rate to longer-
range objects, either in front of the vehicle or to the 
rear of the vehicle in the adjacent lane. The minimum 
requirements for the range measurement system 
include (desirable capability in parentheses): 

• Range out to 60 m (100 m) 
• Field of view (FOV) of 180 degrees (360 

degrees) horizontal with 0.5 degrees (0.25 
degrees) resolution, and 

• 10 Hz (30 Hz) update rate. 
 

Figure 23 shows a dual-head, laser-range scanner 
system that meets these requirements.  

 

dual laser scanners

quick mount bracket registered camera 

 
Figure 23. Test-bed Vehicle with Dual-head Laser-
range Scanner 

Measurement System Validation 

Before the IMS can serve as a reference for judging 
warning system performance, its accuracy must be 
characterized and results documented.  System 
validation of the laser scanner includes static and 
dynamic characterization tests aimed at obtaining 
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quantitative measures of range error, range 
resolution, angular resolution and maximum range. 

Static tests evaluate system performance from a 
stationary position and determine the “best case” 
system error and uncertainty. Table 7 summarizes the 
factors considered in the static tests.  

Table 7.  Static Test Variables 

Variable Factor Value Tested
Range to Target 1 m, 20 m, 40 m, 60 m, 72 m
Target Reflectance 99 % R, 50 % R, 2 % R
Target Angle of Incidence 0°, 30°, 60°
Field of Regard -60°, 0°, 60° Sensor Azimuth  

 
Static tests rely on repeated measurements under 

the same conditions. The test involves placing a 
target at a known range and measuring the error 
(difference between reference range and the mean 
value of measurements) and the uncertainty (standard 
deviation of measurements). Table 8 summarizes the 
laser scanner static test results. 

Table 8.  Static Test Results for IMS laser scanner 

Variable Value
Observed Field of Regard 184°
Range Error (1) 0.1 m - 0.01(r) ± 
Range Resolution (2) 25 cm
Angular Error (3) ± 0.5°
Maximum Range for a 50% Target (4) 72 m
Maximum Range for a 2% Target (4) (5) 60 m < r < 72 m  
 Notes:  (1) r = measured range; (2) over full range - 3σ; (3) 
estimate from rotation testing (4) 0.6 m x 0.6 m planar 
target; (5) 2 % target visible at 60 m but not at 72 m. 
  

    The static test results are used for calibrating the 
laser-scanner and provide a baseline for range 
accuracy.   

Static tests do not characterize all sources of 
potential errors. Dynamic tests from a moving 
platform reveal timing and synchronization errors, 
which produce errors in range that are a function of 
vehicle speed. Since it is difficult to take consecutive 
measurements to a target from a known range while 
the vehicle is moving, target range measurements are 
combined from repeated trips around a surveyed 
course. This test requires a time measurement system 
(TMS) to capture the precise time the vehicle crosses 
over a surveyed point on the track [8].  

Reflective strips at longitudinal distances of 0, 20, 
40, and 60 meters from a cylindrical target serve as 
known reference ranges (see Figure 24). An emitter-
detector switch mounted on the test vehicle’s bumper 
causes the TMS to time stamp when the vehicle 
crosses a reflector. GPS Universal Time Code time is 
chosen, since all IMS data use GPS as a time 

reference. Test data is gathered from at least 10 runs 
past the target. A complete characterization includes 
running the vehicle at speeds of 30 m/s (67 mi/h) and 
10 m/s (22 mi/h).  

As a final step in the validation process, the IMS is 
installed on each of the vehicle platforms and 
calibrated. Data collected using the IMS is compared 
with warning system data to ensure consistency.  This 
step, combined with the results from the static and 
dynamic characterization tests will be used to 
demonstrate that the IMS data collected during crash-
alert scenarios are accurate and reliable. 

 
  

 
 

Figure 24. Dynamic Test Configuration 

 
CONCLUSIONS 

This paper introduces the IVBSS program and 
describes the set of test scenarios that will be used to 
verify that the IVBSS crash warning system meets its 
performance requirements and is safe for use by 
drivers prior to the start of planned field operational 
tests. The test scenarios are based on the most 
frequently occurring crash types represented in 
National crash databases. 

The test scenarios identified will guide 
development of detailed test procedures that will 
include: 

• Test track requirements, 
• Initial kinematic conditions, 
• Instructions for conducting each test, 
• Expected system response, 
• Test instrumentation and roadside props, 
• Data to be collected, 
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• Analysis techniques, and 
• Pass-fail criteria. 
 

Activities are currently underway to develop the 
test procedures, characterize the independent 
measurement system, and select suitable test sites to 
accommodate both test platforms. Validation of the 
test procedures and the IMS will take place in the 
spring and summer months of 2007, with the final 
verification tests scheduled for September and 
October of 2007. 
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ABSTRACT 
 
This report has evaluated the reduction in crash 
involvement of cars equipped with Electronic 
Stability Control (ESC) systems. The evaluation 
has been conducted for all crashes as well as for a 
variety of road and loss of control conditions. In 
addition, a study of ESC benefits in terms of crash 
costs and accidents prevented has been undertaken. 
The results show that ESC effectiveness is 3% in 
crashes of all severity. Serious crashes are 19% 
lower compared to non-ESC cars and fatalities 15% 
lower. The potential annual savings in accident 
costs for a 100% take up of ESC amounts to 588 
million pounds by preventing some 5212 crashes. 
Overall, ESC has shown worthwhile reductions in 
both accident frequency and cost across a wide 
variety of crash situations. 

 

INTRODUCTION 
 
In order to effectively direct future policy-related  
improvements in vehicle design it is important to 
gain feedback on previous changes to vehicle 
design. The development of secondary safety 
technologies is bases on a sound knowledge of 
vehicle structure and restraint system design and 
human bio-mechanics. However when intelligent 
technologies are intended to prevent crashes 
occurring there are factors which are less well 
known. Electronic stability control systems have 
been developed to increase the level of control over 
vehicle dynamic performance. Comparison of 
steering wheel heading and front wheel direction 
allows over-steer or under-steer to be identified and 
corrected by applying braking on the appropriate 
wheel. While these systems demonstrate good 
levels of performance under test conditions their 
use in the real-world can involve the possibility 
that other confounding factors may reduce the 
effectiveness. Examples include the possibility that 
drivers may change their driving style in response 
to the increased capability of the system, that real-
world driving conditions may be different from the 
tests or that the electromechanical systems may not 
function in the manner observed in tests. It is 
therefore essential to evaluate the performance of 
new systems once they are on the road. 

 
Several authors have analysed the crash rates of 
cars equipped with ESC to compare with non-ESC 
vehicles. These values vary significantly and are 
listed below in Table 1 
 

Table 1:. 
Summary of ESC effectiveness studies 

 
Study Approach Crash 

type 
Effecti-
veness 

Sferco[1 Predicted 
influence 

Fatal 
crashes 

34% 

 Predicted 
influence 

Serious 
crashes 

19% 

Langwieder 
[2] 

Predicted 
effectiveness 

Skidding 
crashes 

60% 

Becker [3] Measured 
effectiveness 

All 
crashes 

45% 

Aga and 
Okada [4] 

Measured 
effectiveness 

Single 
vehicle 

35% 

Tingvall[5] Measured 
effectiveness 

All 
crashes 

22% 

 Measured 
effectiveness 

Wet/icy 
roads 

17% 

Farmer[6] Measured 
effectiveness 

Single 
vehicle 

41% 

 Measured 
effectiveness 

Multi-
vehicle 

0% 

Dang[7] Measured 
effectiveness 

All car 
crashes 

30% 

 Measured 
effectiveness 

All 
SUVs 

67% 

Thomas8 Measured 
effectiveness 

All 
crashes 

3% 

 
It is clear from Table 1 there is no standard way of 
describing the effectiveness of a system and this 
means it is difficult to compare results. The only 
firm conclusion is that ESC systems appear to 
uniformly give a positive contribution to crash 
prevention but it is not clear what that level should 
be nor under what conditions. Thomas (2006) 
analysed the Great Britain casualty data for the 
years 2002 to 2004 and concluded the overall 
reduction of crash involvement of cars equipped 
with ESC was 3%. This result was substantially 
lower than the experience of other countries and 
against this background it was decided to re-
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evaluate the GB results using accident data 
gathered in the years 2002 - 2005. 
 
METHODOLOGY 
 
Crashes that occur in Great Britain resulting in 
injury and reported to the police are recorded on 
the national register known as Stats19[9]. The data 
for 2002-2005 were matched to vehicle licensing 
information so that car make, model, variant and 
year of manufacture was known. Information on 
ESC fitment was matched in using data from the 
Glass’s Guide Checkbook, 2005[10]. A subset of 
this data was selected to include all injury accidents 
in which a car was involved. Crashes where a 
pedestrian, motor cycle or bicycle was involved 
were excluded. This is because these vulnerable 
road users tend to dominate the injury severity of 
the crash.   

The analysis uses a case-control method based on 
the induced exposure method (Evans, 1986 [11]). 
Case vehicles were defined as those known to be 
equipped with ESC. A comparable group of control 
vehicles not fitted with ESC were also defined. 
These were, in general the previous version of a 
case vehicle. The make and model of case and 
control vehicles are shown in appendix B. There 
were 10,475 case vehicles and 41,656 control 
vehicles in the dataset. This represents a 21% 
increase in ESC equipped cars compared with the 
earlier study.  

The case control method also requires vehicle 
manoeuvres to be separated into those where ESC 
may have an effect and those where no ESC effect 
is assumed. Table 1 shows how these case and 
control manoeuvres were defined. 

Table 2 

Case and Control Manoeuvres 

Control Manoeuvre Other Manoeuvre 
(no ESC effect assumed) (ESC effect possible) 

Reversing U turn 
Parked Turning left 
Waiting to go ahead but held up Turning Right 
Stopping Changing lane to left 
Starting Changing lane to right 
Waiting to turn left Overtaking moving vehicle on it’s offside 
Waiting to turn right Overtaking stationary vehicle on it’s offside 
 Overtaking on nearside 
 Going ahead left hand bend 
 Going ahead right hand bend 
 Going ahead other 

 
 
Using the case-control method, cars in the sample 
were distributed between the four case control 
categories shown in table 3. 

Table 3. 
Case and Control Contingency Table 

 Control 
Manoeuvre 

(assumed no 
ESC effect) 

Other 
Manoeuvre 
(ESC effect 
possible) 

Case Vehicle 
(ESC) 

N00 N01 

Control 
vehicle (no 
ESC) 

N10 N11 

 

 

The method then calculates the odds of a case 
vehicle being involved in either of the two crash 
types (1) and the odds ratio is used to compare the 
two groups of cars (2). The effectiveness of ESC is 
defined in (3) and the standard deviations are 
calculated as shown in (4). 

 

(1) OddsESC (Control/Case) = N00/N01 

 

(2) Odds ratio = (OddsESC/Odds noESC) = 
N00/N01 N11/N10 

 

(3) EffectivenessESC = (1 – Odds ratio)100% 

 

(4) SD = Odds ratio x exp ( √ [1/N00 + 1/N10 + 
1/N01 + 1/N11] )  
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RESULTS 

The reductions in crashes for severity groups is 
shown in Figure 1. Overall cars with ESC fitted 
were involved in 7% fewer collisions than non-
ESC cars. Fatal crashes were reduced by 25% 
although this was non-significant and the serious 
injury group decreased by 11%. 
 

Figure 1. 
Reduction in crashes with ESC 
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The UK car fleet includes 26,000,000 cars and each 
year 2,500,000 new cars enter the fleet. Based on 
the conservative assumption there were no ESC 
cars on UK roads in 2005 Figure 2 shows the 
increasing proportion in the fleet that is expected to 
be ESC equipped if all new cars from 2008 were 
ESC equipped. 
 

Figure 2. 
Projected fleet penetration of ESC equipped 

cars 
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The projection indicates that effectively full fleet 
penetration would be achieved by 2018.  
 
The projected casualty and financial savings can be 
projected based on the fleet penetration information 
and also on the true casualty numbers of occupants 
in cars. The UK, like many other countries has 
declining numbers of traffic casualties Table 4 
shows the average annual reduction since the 
current baseline values of the 1994-8 average. Fatal 
casualty numbers have reduced by a mean of 0.5% 
each year while the drop for all casualty severities 
is 1.2%pa.  
 

Table 4. 
Mean annual casualty reduction over 1994-8 

baseline 

Total car 
occupants 

1994-8 
average 2005 

Mean 
annual 
decline 

from 1996 

Killed  1,762 1,675 0.5% 

Serious 21,492 12,942 4.0% 

Slight 180,034 163,685 0.9% 

 
Figure 3 shows the result of combining the existing 
casualty reduction rates with the increasing fleet 
penetration of ESC equipped cars to estimate the 
reduction in total casualties due to the increasing 
ESC numbers in the fleet. The figure also shows 
the financial savings based on the standard UK 
model using willingness to pay methods.12. 
 

Figure 3. 
Annual casualty and financial savings with ESC 
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When full fleet penetration is achieved by 2018 
ESC systems are projected to be reducing total 
casualties by 9919 each year, including 388 
fatalities, compared to the baseline of no ESC in 
the fleet. The value of these savings, taking account 
of the different costs for each severity level, equal 
£790 million (€€ 1,100 million) each year (2005 
prices).  

Table 5 shows the projected numbers of each injury 
category in 2008 and 2018 when all cars in the fleet 
are expected to be equipped with ESC for the two 
groups assuming there is no further increase in 
ESC equipped cars and assuming that all new cars 
from 2008 will have ESC. 
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Table 5. 
Casualty reduction projections 

 Total without further ESC 
Year Slight Serious Fatal 
2008 159305 11450 1650 
2018 145535 7613 1569 

 

   
 

Reduction with ESC 
Year Slight Serious Fatal 
2008 919 116 39 
2018 8732 799 388 

 

Figures 4 to 6 show the effectiveness of ESC 
according to different road surface conditions.  

Figure 4. 
ESC Reduction for Wet Road Surfaces 
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Figure 5. 

ESC Reduction for Dry Road Surfaces 
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Figure 6. 

ESC Reduction for Snowy and Icy Road 
Surfaces 
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The overall reduction of crashes for ESC equipped 
cars on dry road surfaces was 5%, on wet roads it 
was 9% and on snow or icy surfaces it increased to 
20%. On all road conditions the reductions were 
greater for the more severe injury outcomes 
although there were insufficient cases to form an 
estimate of fatal crashes on snow and icy surfaces. 
Despite the greatest effectiveness of ESC `being 
observed under the more adverse road conditions 
these were seldom associated with crashes in the 
GB data. Figure 7 shows the frequency with which 
these conditions were associated with crashes in the 
accident data.. 

ESC EFFECTIVENESS IN SKIDDING AND 
ROLLOVER Skidding or rollover generally indicate 
a loss of control situation. The incidence of these 
factors in the crash sample is shown in figure 7 and 
the changes in crash involvement of ESC equipped 
cars is shown in figures 8 and 9. Figure 7 shows 
that the majority (78%) of crashes did not involve 
skidding or overturning. Skidding alone occurred in 
16% of crashes and overturning was rare in only 
5% of crashes.  

Figure 7. 
Distribution of Skidding and Overturning 
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Where skidding alone was involved ESC equipped 
cars were 23% less likely to be involved in crashes 
of all severities. The corresponding value for 
overturning crashes was higher at 36%. Figures 8 
and 9 also indicate that ESC was beneficial in 
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serious injury crashes showing effectiveness values 
of 33% for skidding related events and 59% for 
overturning crashes. Values for fatalities are not 
shown for either condition due to very wide error 
bands and low numbers of cases. 

Figure 8. 
ESC reduction in Skidding Related crashes 
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Figure 9. 

ESC Reduction in Overturning Crashes 
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ESC EFFECTIVENESS IN SINGLE VEHICLE 
CRASHES Single vehicle crashes are those that 
involve only one vehicle but may involve a 
pedestrian. The crashes analysed here do not 
include pedestrians because of their domination of 
the crash severity outcome. Figure 10 shows the 
distribution of single vehicle compared to multi 
vehicle crashes. Crashes involving only one vehicle 
are in the minority at 8%. Figure 11 shows 
effectiveness rates for cars equipped with ESC in 
single vehicle crashes. Overall effectiveness is 27% 
dropping to 17% for slight crashes. The high value 
for serious crashes (91%) should be viewed with 
caution as it is based on only 1 control vehicle and 
2 case vehicles in a control manoeuvre situation 
while no vehicles were present in that situation for 
fatal crashes. 

Figure 10. 
Numbers of Vehicles Involved in Crash 
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Figure 11. 

ESC Reduction in Single Vehicle Crashes 

17%

91%

-20%

0%

20%

40%

60%

80%

100%

Slight Serious Fatal

Injury severity

E
ff

ec
tiv

en
es

s 
es

tim
at

e

 
ESC EFFECTIVENESS AND GENDER Figure 12 
shows the distribution of driver gender in the 
sample. Males are in the majority at 70%. For 
males, ESC showed an effectiveness of 7% for all 
severities of crash. Figure 13 shows an increasing 
ESC effectiveness with injury severity. 6% for 
slight injury, 10% for serious injury and 48% for 
fatals. For females (figure 14), overall effectiveness 
was 5% and the values for slight and serious 
crashes were not significantly different to those for 
males 4% and 15% respectively. The value for 
female fatalities was not significant due to small 
case numbers. 

Figure 12. 
Distribution of Driver Gender 
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Figure 13. 

ESC Reduction in Cars with Male Drivers 
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Figure 14. 

ESC Reduction in Cars with Female Drivers 
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ESC EFFECTIVENESS IN FRONT AND SIDE 
IMPACTS The GB national casualty dataset 
includes an assessment of first point of impact on 
the vehicle. Figure 15 shows that 47% of all 
vehicles sustained an impact to the front and 21% 
to the side. The case vehicles with ESC had a 10% 
lower rate of frontal collisions and a 9% lower rate 
of side collisions. So there was very little 
difference in overall effectiveness between front 
and side collisions. 

Figure 15. 
First Point of Impact to Car 
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Figures 16 and 17 suggest that ESC may be more 
effective in side crashes when serious injury 
occurs. ESC equipped cars were involved in 22% 
fewer crashes in side impact compared to 2% in 
frontal crashes. Confidence limits for fatalities 
were large and negative for both impact types 
making effectiveness rates non significant. 

Figure 16. 
ESC Reduction in Front Collisions 
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Figure 17. 

ESC Reduction in Side Collisions 
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DISCUSSION 

This analysis demonstrates that cars equipped with 
ESC are involved in significantly fewer crashes 
than similar cars without ESC . The overall 
reduction on GB roads was 3.1% corresponding to 
9,000 fewer crashes each year with a corresponding 
cost to GB of £559,773,000 at 2004 rates. Under 
adverse road conditions the effectiveness is greater 
rising to 25% on snow or icy roads although such 
crashes only account for 2% of GB crashes. 

 

LIMITATIONS 

There are limitations to this analysis since there 
may be other significant differences in handling 
between case and control vehicles in addition to 
ESC systems. If these changes also improve the 
dynamic behaviour of the vehicle then the 
effectiveness of ESC alone would tend to be over-
estimated. Additionally the chances of crash 
involvement will also be dependent on driving 
behaviour; if the case vehicle is a model preferred 
by drivers with lower risk acceptance the vehicles 
will not be exposed to comparable driving 
situations and again the effectiveness of ESC will 
tend to be over-estimated. This analysis has 
selected control cars that are as similar as possible 
to the case cars in order to minimise these effects 
but they can not be completely avoided. On the 
other hand the mis-classification of ESC equipped 
cars, whether in the case or control groups will tend 
to under-estimate the effectiveness of ESC. The 
matching of the ESC equipped data is dependent on 
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an accurate definition of the vehicle model. The 
matching has been done to the limits of the 
available data, on the basis of the make, model, 
variant, engine size and year of manufacture, but 
there may be a small number of cars misclassified. 
Kreiss et al[13] have shown that the effect of mis-
classification is to consistently under-estimate the 
effectiveness of ESC so the effectiveness rates 
reported in this analysis have to be considered to be 
minimum values although it is expected that the 
opportunity for mis-classification has been small. 

 

SUMMARY 

One of the largest datasets of ESC equipped cars 
available has been analysed for this case-control 
study. It has shown that in general ESC equipped 
vehicles have a lower crash involvement rate and 
these are particularly high under adverse road 
surface conditions but there are classes of car and 
types of accident where benefits are reduced or 
negative. The results show that ESC effectiveness 
is 7% in crashes of all severity. Serious crashes are 
11% lower compared to non ESC cars and fatalities 
25% lower. The potential savings in accident costs 
for a 100% take up of ESC amounts to some £790 
million pounds annually by preventing some 9919 
crashes. Even at a 50% take up the saving amounts 
to some £395 million. 

ESC appears to offer additional benefit in adverse 
road conditions. Overall effectiveness was 
estimated as 20% for icy conditions and 9% for wet 
conditions compared to 5% for dry roads. In terms 
of serious crashes however, ESC effectiveness 
appears even more pronounced, 22% for wet roads 
compared to 3% for dry. Skidding and overturning 
crashes are typical situations on bends when the 
driver enters too quickly and attempts to steer. The 
study suggests a high ESC effectiveness. 23% in all 
skidding related crashes and 36% in all overturning 
crashes. The corresponding values for serious 
crashes are 33% and 59% respectively. 

There appears to be little difference in ESC 
effectiveness depending on whether a male or 
female is driving.  

Effectiveness in serious side crashes is much higher 
(22%) compared to that in serious frontal crashes 
(2%). This is in line with work by Reiger et al 
(2005) which suggests that ESC preferentially 
prevent side impacts since they are more likely to 
involve loss of control. Single vehicle crashes are 
also those where ESC is often supposed to have a 
significant effect. Compared to non-ESC cars, 27% 
fewer ESC vehicles were involved in all single 
vehicle crashes compared to 7% for multi and 
single vehicle crashes taken together. 
Unfortunately case numbers did not allow a reliable 

assessment of ESC contribution to the reduction in 
serious single vehicle crashes. 

Overall, ESC has been seen to show worthwhile 
reductions in both accident frequency and cost 
across a wide variety of crash situations. There are 
however, a number of factors to consider when 
interpreting these results. 

Levels of ESC effectiveness in international studies 
are in many cases different, usually higher, than 
those seen in this study. This could be due to a 
different variety of road, driving and weather 
conditions as well as to differences in classification 
of crash severity and vehicle manoeuvres. It is 
therefore important that any decisions over 
mandatory fitting of ESC systems be taken on the 
basis of their overall effectiveness across a range of 
traffic environments. 

The case-control method compares ESC and non-
ESC cars in total and hence compares all the 
differences between case and control cars. It has 
been hypothesized that as all ESC cars have ABS 
systems, this may be the only reason for the 
differences in crash involvement. It is unlikely that 
this is the case as previous studies of ABS systems 
have shown the effects of ABS to be small Evans 
(1998) and Broughton (2002). 

One important factor to consider when viewing 
results of this study is the part played in injury 
reduction due to improvements in passive safety of 
the cars. Generally, the cars in the control group 
were all equipped with airbags and structural 
improvements compared with cars designed before 
the introduction of the EU front and side impact 
Directives but there may have been further 
improvements introduced at the same time as ESC 
systems. There is no indication that passive safety 
improvements change driving behaviour that would 
influence the risk of crash involvement but the 
improvements could be expected to change injury 
outcomes. Whilst the reductions in killed and 
seriously injured occupants will represent the 
combined effects of reduced crash involvement and 
reduced injury risk, a passive safety system would 
be expected to give the same protection on a wet as 
a dry road under the same crash conditions yet 
there are very different risks of fatal and serious 
crashes in the data reported here. Although it was 
not possible to quantify the effects of passive safety 
improvements, the results in this study are 
considered largely to be a measure of 
improvements in handling performance – mostly 
ESC.  

Every effort was made to compare cars that were as 
similar as possible so that the major difference was 
ESC fitment. It is possible that a few were 
misclassified, however, Kreiss et al (2005) have 
shown that the effect of misclassification will be to 
consistently underestimate the effects of ESC. It is 
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also likely that many crashes with slight injuries 
are not reported to the police as is the case with 
damage only events. In addition, we cannot tell 
how many crashes were avoided completely by the 
operation of ESC. In those respects, any estimates 
of ESC effectiveness shown in this study should be 
viewed as conservative.  

The Great Britain national casualty data used in 
this analysis provides one of the largest samples of 
ESC equipped cars but further methodological 
procedures may be required to fully isolate the 
crash reduction benefits of the system. 
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ABSTRACT 
 

In side impact events padding is often utilised to 
not only absorb energy but also push the dummy 
into motion. The padding is usually applied in the 
pelvic, the abdomen and the thorax area. The 
amount of absorption versus push load is important 
to obtain acceptable levels of the injury parameters 
as stipulated by legislation (e.g. ECE R95, FMVSS 
214) and consumer tests (e.g. EURO/US-NCAP 
and IIHS). Practice shows many types of foam 
padding designs which fulfil the requirements, 
often in combination with side airbags. 
In this paper the advantage of applying high 
efficient energy absorption foams in padding is 
presented. This enables designers of passive safety 
systems not only to save space, weight and cost but 
also increase safety (ratings) by having a better 
defined and more easily tune-able loading system 
on the dummy during side impact crashes. 
Computer Aided Engneering (CAE) simulation 
methodology can be used efficiently to optimise 
part design. A case showing the benefits of high 
efficient energy absorption foam padding is 
discussed. 
 
 
INTRODUCTION 
 
 Side impact crashes are one of the most severe 
accidents and account for roughly 30% of all 
fatalities in road accidents involving passenger cars 
and light trucks. For this reason, in many countries 
legislation has been put into place with minimum 
requirements for injury parameters in side impact 
crash tests. On top of this, consumer test ratings 
like Euro-NCAP and insurance testing have 
generally put higher requirements on side impact 
crash performance of cars.  For example the recent 
upgrade of the IIHS side impact test in which the 
deformable barrier impactor has comparable 
dimensions to those of the front of a light truck, 
giving a much more severe impact collision than it 
used to be with the old barrier.  
 In addition, an increasing consumer awareness 
of safety is allowing automakers to utilize 
consumer and insurance test reports as a powerful 
marketing tool. 

 In view of all this, the trend of increasing level 
of passive safety measurements is clear. Even in the 
lower end vehicle segments, airbags are 
incorporated more often for frontal and side impact 
protection. In higher end vehicle segments, active 
safety systems are being introduced to the market 
and have found their application. However there is 
still a large number of vehicles built without side 
airbags, in specific regions such as North America 
and emerging markets. Therefore it is still 
necessary to engineer passive energy absorbing 
countermeasures utilizing foams solutions to 
provide occupant protection during side impact 
collisions. 
 Since the layout of safety systems greatly 
influences the design and styling of a vehicle it is 
important to know the performance of such systems 
and have a reliable tool for evaluation early in the 
design stage. 
 In the present study the advantage of using high 
efficient energy absorption foam in side impact 
protection is presented. First, an example of a 
recently developed energy absorbing foam is 
discussed. Then the development of the material 
models to accurately simulate this material in LS-
DYNA is described. Subsequently a case is 
presented and conclusions are listed. 
 
 
HIGH EFFICIENT ENERGY ABSORPTION 
FOAM 
 

The foam considered in the present paper is a 
closed cell, styrenic foam, specially developed for 
energy absorption in automotive applications. It is 
produced via an extrusion manufacturing process 
and commercialised under the trade name 
IMPAXX™ energy absorbing (EA) foam. The 
continuous extrusion production process ensures a 
constant quality and a high level of consistency of 
the material properties. Foam boards are formed in 
the extrusion process from which parts (pads) can 
be cut by hot wire or abrasive wire cutting 
technology.  This fabrication technique offers the 
additional benefit of eliminating the need for 

                                                           
™ IMPAXX is a trademark of The Dow Chemical 
Company and its subsidiaries. 
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expensive forming tools associated with traditional 
foam solutions. 

A typical quasi-static stress-strain characteristic 
of the foam is depicted in Figure 1.  
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Figure 1.  Quasi-static stress-strain curve for 
IMPAXX™ foam. 

 
The stress ramps up rather fast and then remains 
constant, up to 70~80% compression. From then on 
the material densifies and the stress increases 
rapidly. Due to this behaviour, the material can be 
categorised as high efficient energy absorbing since 
the stress-strain curve is nearly a block curve and 
an ideal absorber would show a square wave 
response.  

In Figure 2, a comparison is given between 
IMPAXX™, expanded Polypropylene (ePP) and 
semi-rigid Polyurethane (PUR) foam, all of similar 
densities. 
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Figure 2.  Compression curves of IMPAXX™ in 
comparison  with ePP and PUR foam for equal 
density. 

 
Due to the square-wave response of IMPAXX™ 
foam it is clear that it is a more efficient solution 
compared to ePP and PUR foams. This is illustrated 
in Figure 3 where the efficiency curves of the 
mentioned materials are shown. 
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Figure 3.  Comparison of efficiency curves. 

 
 
Increasing the density of ePP or PUR to achieve the 
same compressive strength of IMPAXX™ foam 
would, not only increase the effective weight of the 
EA part, but also speed up the densification, 
thereby further decreasing their efficiencies. 
Therefore, besides maximising the energy 
absorption and minimising the packaging-space 
required to absorb a given amount of energy using 
IMPAXXTM foam, significant weight savings can 
be realized as well. 

Another positive attribute is the stable 
performance over a wide temperature range as 
illustrated in Figure 4.  
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Figure 4.  Normalised compressive stress over 
temperature. 

 
 
It shows that over a wide temperature range from 
-35 oC up to 85 oC IMPAXXTM has a constant 
performance. 
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MATERIAL MODELS FOR CAE 
 

Because computer simulations play a big role in 
modern vehicle development, it is important that 
trustworthy material models are available. This 
section describes briefly the material model 
validation of IMPAXXTM EA foam.  

Parameters for LS-DYNA material model Type 
63 (*MAT_CRUSHABLE_FOAM) [1] were 
identified for each foam grade from drop tower 
tests with a flat impactor, see Figure 5, to obtain 
high strain rate stress-strain curves, see Figure 6. 

  
 

 

 
Figure 5.  Drop tower test set-up. 

 
 

The smoothened average compressive stress-
strain curves were used as input load curves for the 
material models. 
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Figure 6.  Average dynamic compressive stress-

strain responses for IMPAXX™. 
 
 

Pelvic shaped impactor tests, see Figure 7, were 
performed for validation of the models. 
 

 

Figure 7.  Pelvic impactor test set-up. 

 
 

These tests were done on several sample 
geometries: blocks, cones and pyramids, see Figure 
8. 

 

Figure 8.  Sample geometries for the pelvic 
impactor tests: block, cone and pyramid. 

 
 

Finite element models for the drop tower test, 
see Figure 9, and the pelvic impactor test, see 
Figure 10, were created and the tests were 
simulated.  
 
 

Rigid Impactor

Foam Block

Rigid Support

 

Figure 9.  Finite element model of the drop 
tower test set-up. 
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Rigid Pelvic Impactor

Foam Sample

Rigid Wall

 

Figure 10.  FE Model of the pelvic impactor test 
set-up. 

 
 

Figure 11 to Figure 14 show simulation results 
versus tests for IMPAXX™ 700 of drop tower tests 
and pelvic impactor tests. 
 
 

 

Figure 11.  Drop Tower Test vs. Simulation for 
IMPAXX™ 700. 

 
 

 
Figure 12.  Pelvic impactor tests vs. simulation 
on 75 mm thick IMPAXX™ 700 blocks. 
 
 
 
 

 
Figure 13.  Pelvic impactor tests vs. simulation 
on IMPAXX™ 700 cone samples. 

 
Figure 14.  Pelvic impactor tests vs. simulation 
on IMPAXX™ 700 pyramid samples. 
 
 
 All cases show a very good correlation of the 
impactor’s load and displacement level between 
test and simulation. The models can be used with 
confidence. 
 
 
SIDE IMPACT CAE OPTIMISATION CASE 
 
 In many cases car manufactures obtain door 
modules from a supplier who is then also 
responsible for the development with respect to 
safety. In these cases, the door system is required to 
give a certain load-intrusion characteristic to a rigid 
impactor. This characteristic is then defined for the 
pelvic, abdomen and thorax area and is such that it 
will achieve the appropriate loads during side 
impact to the dummy to result in the targeted level 
of injury parameters.  Figure 15 illustrates a typical 
pelvic impactor load-intrusion requirement for a 
door panel.  
 

 
 
Figure 15.  Typical load corridor specified for 
rigid pelvic impactor. 
 
 

The door module supplier is required to prove 
the right load-intrusion characteristic by CAE 
simulations and by testing. Testing is defined on the 
door module as follows. A rigid pelvic shaped 
impactor hits the door module with a defined initial 
velocity and the impactor acceleration is recorded.  

Acceleration and displacement are calculated 
from the load and thus obtained load versus 
displacement must fit in the defined corridor. The 
test is usually done on a drop tower or on a sled test 
set-up. Figure 16 illustrates a drop tower test set-up 
with a rigid pelvic shaped impactor.  
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Figure 16.  Drop tower with pelvic impactor. 

 
 
 The pelvic impactor test set-up of the discussed 
door module is modelled, see Figure 17 and 
contains all components of the door, the door-in-
white and the rigid pelvic impactor. 
 
 
 

 

Figure 17.  Side impact CAE door model. 

 
 

Starting with a relatively large foam pad, the 
optimum shape is found by reducing the size and 
changing the location. The optimum shapes from 
fabrication point of view are square parts (blocks). 
Usually the door trim is rather flat which means 
that if the pad is attached to that side, it also can be 
flat. Usually the door-in-white has a complex 
geometry, however if during a side impact crash the 
barrier starts pushing the car, the door-in-white is 
pushed and deforms and will move as a flat surface, 
even if it is not flat in the original position. This 
means that also on the side of the door-in-white, the 
foam padding can be flat. Usually, the whole part 
can be kept simple and block shaped. For the case 
discussed here, the size of the part was optimised, 
such that the pelvic load response was in the 
corridor, see Figure 18. 
 
 

 

Figure 18.  Pelvic impactor load response for an 
optimised foam pad. 

 
 

In Figure 19 a cross section of the simulation 
model at four stages during the pelvic impact is 
shown.  
 
 

 

Impactor

Door trim

Foam pad

Body-in-white
 

 
(1) 

 
(2) 

 
(3)  

(4) 
Figure 19.  Pelvic impactor intrusion; horizontal 
cross section through the H-point. 
 
 
 

At stage (1) the impactor has just made contact 
with the door trim, displacement is 0 mm. At stage 
(2) the impactor has moved further, the load has 
ramped up and is going towards 8 kN at 20 mm 
displacement. At stage (3) the impactor has moved 
20 mm and the contact area between impactor and 
foam pad is maximal. When the impactor moves 
further, the load does not increase  significantly; the 
compression area is constant and the stress level is 
constant until the foam enters the densification area 
at about 70% compression. This means that up to 
that point a nearly perfect load control is possible, 
see Figure 18. 

This case illustrates a relatively easy method of 
optimizing the part design of an energy absorbing 
foam countermeasure pad using an efficient 
solution such as IMPAXXTM foam. 
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CONCLUSIONS 
 

Use of high efficient energy absorption foam for 
side impact protection is presented. These materials 
have great advantages to be used in development of 
side impact padding: 
- Improved load control. Due to the square-like 

compression stress-strain response of the foam, 
a nearly perfect load control can be established. 
This enables design of robust side impact pads. 

- Accurate material models exist to simulate 
parts in CAE analyses. This means that in the 
development process CAE can be leveraged to 
optimise an EA countermeasure part design 
using both geometry and density. 

- Short development times. First, with use of 
accurate CAE models enables more accurate,  
virtual testing and save on testing time and 
cost. Secondly, prototypes can be produced 
easy, quick and cost effective since no tooling 
is necessary. 

- Prototypes are equal to production parts since 
the way to produce both are the same; by hot or 
abrasive wire cutting technology. Also during 
testing it is easy to modify prototypes and an 
optimum can be found iteratively on the testing 
spot as well. 

- Weight savings up to 50% are possible since 
high efficiency results in smaller part with 
same performance. On top of the smaller part 
size, the density is general lower. For example, 
to obtain the same load response with ePP the 
densities need to be twice as high. Although 
this is not safety related, fuel consumption 
efficiency as a result of lower car weights is 
nowadays highly appreciated. 

- Packaging space saving since the padding can 
be smaller. If this is taken into account early in 
the design process, it is possible to use the 
extra space, e.g. for enlarged door pockets. 
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ABSTRACT 
Children comprise more than 50% of the rear seat 
occupants in motor vehicle crashes.  Side impact is a 
particularly harmful crash mode.  The National 
Highway Traffic Safety Administration (NHTSA) 
has undertaken a study of real-world data to help 
characterize crash parameters and injury causation of 
children in side impact crashes.  Although there is a 
paucity of data on children in motor vehicle crashes a 
detailed analysis of real-world crashes was conducted 
to determine any potential safety improvements that 
can be afforded this population of rear seat 
occupants.   
 
A weighted query of the National Automotive 
Sampling System - Crashworthiness Data System 
(NASS-CDS) showed that 9% of child involvements 
one to three years old were unrestrained, while the 
Fatality Analysis Reporting System (FARS) showed 
that 46% of the fatalities in that age group were 
unrestrained.  A NASS-CDS query of side impact 
crashes with a change in velocity (∆V) ≥ 30 kph was 
analyzed to determine which body regions were 
injured.  Injury causations were reviewed to 
determine injury source and severity.  Children 
injured in side impact crashes of this intensity 
seemed to exhibit a preponderance of head injuries in 
addition to those to the torso and extremities.  
Children on the near side in these crashes tended to 
suffer more severe injuries than far side occupants.  
Several case studies from the Crash Injury Research 
and Engineering Network (CIREN) were examined.  
The cases involved children aged one to three years 
old who were injured in forward facing child restraint 
systems (CRS) appropriate for their age.  
Observations were made about the influence on 
injury severity of relative seating position (near side, 
center, far side), crash severity, structural intrusion, 
and attributes of the child restraint systems.   For 
these cases, the evaluation and applicability of 
existing countermeasures were considered 
qualitatively. 
 

INTRODUCTION 
Children comprise more than 50% of the rear seat 
occupants in motor vehicle crashes.  The National 
Automotive Sampling System, in particular the 
Crashworthiness Data System [NASS-CDS: 1995, 
1996, 1998-2005], estimates that more than 2.7 
million children ages 0 to 12 years old were involved 
in motor vehicle crashes in a period covering ten 
years of data.   Figure 1 shows that 53% of 0 to 12 
year-olds were involved in frontal crashes followed 
by 27% in side impact crashes.  Rollover and rear end 
crashes represented the remaining 11% and 9% of 
crashes, respectively. 
 

Front
53%Side

27%

Rear
9%

Rollover
11%

Front

Side

Rear

Rollover

Frequency (nc = 5839 children)

Figure 1: Distribution of crash configurations for 
all children 0 to 12 years old.  Weighted N = 
2,732,141 children.   NASS CDS: 1995, 1996, 1998-
2005 
 
NHTSA has undertaken a study of real-world data to 
help characterize crash parameters and injury 
causation of children in side impact crashes.  Despite 
limited data, the detailed analysis of real-world 
crashes will help to characterize potential safety 
improvements for rear seat occupants.   
 
For the purpose of this study unweighted data are 
used.  The authors do not draw any conclusions but 
report the findings based on the data sample.  
Therefore, in the absence of weighted estimates, the 
data should be considered a collection of anecdotal 
data. 
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National Automotive Sampling System - 
Crashworthiness Data System (NASS-CDS) and 
Fatality Analysis Reporting System (FARS) 
 
The initial investigation used the National 
Automotive Sampling System, in particular the 
Crashworthiness Data System, and Fatality Analysis 
Reporting System (FARS).  A weighted query of 
NASS-CDS [data years 1995, 1996, 1998-2004] 
shows that 13% of children aged 0 to 12 years old 
involved in crashes were unrestrained.  In this time 
frame, children ages one through three years old had 
a lower unrestrained rate (9%).  In contrast, the 
Fatality Analysis Reporting System (FARS data 
years 1994-2003) shows that 46% of side impact 
fatalities of children aged one through three years old 
were unrestrained.  This implies that 9% of children 
in this age group who were unrestrained bore 
significantly more risk of death from side impact 
crashes than the 91% who were restrained. Continued 
efforts to encourage proper restraint of vehicle 
occupants, especially children, appear warranted. 
 
Nonetheless, children are being injured and killed.  
Further investigations were undertaken to determine 
how children were being injured in side impact 
crashes.  A NASS-CDS query was performed which 
identified cases of children aged 0 to 12 years old 
injured in side impact crashes.  The crash parameters 
include rear seated occupants involved in non-
rollover, side impact crashes.  Side impact crashes 
were defined as vehicles with the General Area of 
Damage variable equal to “right” or “left.”   
 
In order to focus on the more serious crash events, a 
subset of the NASS-CDS data was scrutinized for 
injury mechanisms and distributions.  Children 
injured in side impact crashes with a change in 
velocity (∆V) of 30 kph or more were included. For 
the children who are the focus of this paper (injured 
children aged one- to three-years-old), the 28 cases 
listed at ∆V ≥ 30 kph values constitute a relatively 
small percentage of the overall 117 injured one- to 
three-year-olds.  However, when the data are 
weighted, these 28 children  represent 60% of the 
one-to three-year-old children receiving a maximum 
injury of AIS 3 or higher.   
 
At ∆V values of 30 kph or more, there were 552 
injuries recorded for the 125 injured children aged 
zero to twelve years old for an average of 4.4 injuries 
per child.  The injuries were categorized as head, 
neck, torso, upper extremity, and lower extremity.  
The distribution is shown in Figure 2.  The 
preponderance of injuries (52%; n=287) was head 
injuries.  Torso and lower extremities injuries each 

represent 18% of the overall injuries.  Upper 
extremities and neck injuries represent 7% and 5%, 
respectively. 
 
The subset of data for children one to three years old 
tells a slightly different story in Figure 3. There were 
104 injuries distributed over 28 children (for an 
average of 3.7 injuries per child).   
 

Frequency (n = 552 injuries)
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Figure 2: Distribution of injuries among body 
regions. Side impact crashes. Children 0 to 12 
years old.  nc = 125 children.  ∆V ≥ 30 kph.   
NASS CDS: 1995, 1996, 1998-2004 
 

Frequency (n = 104 injuries)

59

9

22

8
6

Head

Neck

Torso

Upper Extremities

Lower Extremities

*Unweighted

Figure 3: Distribution of injuries among body 
regions. Side impact crashes. Children 1 to 3 years 
old.  nc = 28 children.  ∆V ≥ 30 kph.  
NASS CDS: 1995, 1996, 1998-2004 
 
The distribution of injury severity across injured 
body region is shown in Table 1.  There were no AIS 
6 injuries in this sample. 
 
For the one to three year old subset, head injuries 
were slightly higher (57%) than the overall 
population set.  The higher fraction of head injuries 
may be related to relatively high neck loading 
compared to larger children.  According to Weber, 
there has long been a concern that a child’s cervical 
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spine could be separated as a result of the force on 
the head when the shoulders are held back in a 
crash[1].  The other factors to consider are the 
direction of the impact force, difference in restraint 
systems (internal harness, 3-point belts, etc.) and the 
proximity of the nearest surface (often the padded 
CRS itself). 
 
The percentage of torso injuries is 21% which is 
similar in proportion to the overall child population.  
However, for the one to three year old subset, lower 
extremity injuries were less of an issue--only 6%.  
Neck injuries represented 9% while upper extremities 
represented 8% of the injuries for one to three year 
olds.  
 
Of this injured group of 28 one to three year olds, 
half were known to be in a forward facing CRS.  This 
population of children in forward facing restraints 
will be discussed in a later section.  
 
The injuries to the 28 children can be categorized by 
the contact source that caused the injury.  The injury 
contact sources are defined in the NASS-CDS 
Coding and Editing manual[1].  The groups are 
shown in Figure 4.  While “flying glass” caused 19 of 
the 104 injuries (mostly to the head), direct contact 
with the vehicle interior (47 of the 104 injuries) was 
the most common injury source.  Interior contacts 
included seat backs, sills, hardware, and other 
surfaces.   Contact with the child seat represented 15 
injuries. However, further review is required to 
determine whether the injury is caused by the child’s 
own CRS (possibly due to contact with an intruding 
component) or that of an adjacent occupant.  Torso 
injuries were attributed to contact with interior 
objects/surfaces and other vehicle elements. 
 

Table 1: Distribution of injury severity versus 
injured body region. Side impact crashes. nc = 28 
children. Children 1 to 3 years old.  ∆V ≥30 kph. 
NASS CDS: 1995, 1996, 1998-2004. 
 AIS1 AIS2 AIS3 AIS4 AIS5 Total 

Head 49 1 3 2 4 59 

Neck 9 0 0 0 0 9 

Torso 6 8 2 4 2 22 
Upper 
Extremity 7 1 0 0 0 8 
Lower 
Extremity 5 1 0 0 0 6 
Total 76 11 5 6 6 104 
 
Figure 5 correlates these same contact groups with 
the injury severity level using the Abbreviated Injury 
Scale (AIS).  Minor injuries (AIS1) were attributed to 
flying glass, the vehicle interior, the child seat and 
the seat back.  However, focusing on the moderate 
and serious-to-fatal injuries (for known sources), 
Figure 5 shows that the vehicle seat back and other 
interior surfaces are the prevailing sources of injuries.  
Table 2 provides the frequency distribution of injury 
sources.  
 
The authors choose to compare moderate-to-fatal 
(AIS2+) injuries with serious-to-fatal (AIS3+) 
injuries.   Moderate (AIS 2) injuries cover a broad 
spectrum of injuries that may or may not be a threat 
to life and/or result in long-term outcome issues.  
Therefore, the AIS2+ frequency count also includes 
AIS ≥ 3 injuries.
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Figure 4: Distribution of injury sources among body regions. Side impact crashes. Children 1 to 3 years old.  
nc = 28 children.  ∆V ≥ 30 kph.   NASS CDS: 1995, 1996, 1998-2004 
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Figure 5: Distribution of injury sources among injury severities. Side impact crashes. Children 1 to 3 years 
old.  nc = 28 children. ∆V ≥ 30 kph.  NASS CDS: 1995, 1996, 1998-2004. [Note: AIS2+ also includes AIS≥ 3 
injuries] 
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Table 2: Frequency distribution of injury sources.  
Side impact crashes. Children 1 to 3 years old.  
nc = 28 children. ∆V ≥ 30 kph.  NASS CDS: 1995, 
1996, 1998-2004 
Source n Source n 
Flying Glass 19 Seat Back 16 
Child Seat 15 Sill (window) 3 
Seat Belt 1 Non-Contact 3 
Int. Surface 26 Oth/Veh/Grd 3 
Hrdw/Arm 1 Other Occupant 4 
Head Rest 1 Unknown 12 
 
The frequency of injured regions was also 
investigated as a function of the relative vehicle 
impact location. Side impacts were categorized 
relative to the seating position of the rear seated 
occupant in question; that is, near side, far side, 
center, or (in the case of unrestrained children not in 
a seat) “other.”  The distribution is shown in Figure 
6.  Note that these data include all restraint 
alternatives and will be evaluated in the next 
segment.  The data seem to indicate that head injuries 
are always prevalent, but that far side occupants are 
less likely to suffer torso injuries.   However, neck 
injuries are most prevalent with far side occupants 
then slightly less with near side occupants. 
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Figure 6: Distribution of relative impact location 
and injured body region. Side impact crashes. 
Children 1 to 3 years old. nc = 28 children.   ∆V ≥ 
30 kph.  NASS CDS: 1995, 1996, 1998-2004 

 
These data can also be looked at in terms of injury 
severity by relative impact location, as shown in 
Figure 7.  It is encouraging that many of the injuries 
are at the AIS 1 level, but it becomes evident that a 
higher percentage of the injuries of near side and 
center seat occupants are at the higher AIS levels for 
this dataset. The most significant injuries (AIS 3+) 
are sustained by near-side and center seated 
occupants for this dataset.    
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Figure 7: Distribution of relative impact location 
and injury severity. Side impact crashes. Children 
1 to 3 years old. nc = 28 children.  ∆V ≥ 30 kph. 
NASS CDS: 1995, 1996, 1998-2004  [Note: AIS2+ 
also includes AIS≥ 3 injuries] 
 
The injury data can be segmented by restraint type.  
The restraints listed in this NASS-CDS dataset were 
booster seats, forward facing child restraint systems, 
lap and shoulder (3 point) safety belts, lap belts only, 
unrestrained, and other/unknown.  The distribution of 
injured body region is shown in Figure 8.  With the 
limited amount of data across these six alternatives, 
no clear differences in injury patterns emerge.  As a 
result of this limited sample size of data, the children 
in forward facing restraints experienced a prevalence 
of injuries for all body regions.   As you review the 
data, note that the forward facing children represent 
half of the overall sample.  While they represent half 
of the sample population, there are only 40 (39%) 
injuries sustained.  Thirty five (35) of these injuries 
are AIS1 and are mainly due to flying glass, child 
seat, forward seatback and other interior contacts.  
This sample of restrained children (14) are reviewed 
in a later section of this paper.  



McCray 6  

Head injuries are clearly represented within each 
restraint category.  The prevalence of torso injuries is 
second to head injuries.  Although the frequency of 
upper and lower extremity varies by restraint type, 
upper extremity injuries are primarily sustained by 
children in forward facing, lap belt only and 
other/unknown restraint categories.  These data show 
that children in forward-facing restraints (in this 
dataset) seem to experience more neck injury than 
those children in other types of restraints.  Given the 
limited data sample size, more data and further 
analysis must be conducted better understand the 
various complexities of the crash events. 
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Figure 8: Distribution of restraint type and 
injured body region. Side impact crashes. 
Children 1 to 3 years old. nc = 28 children.  ∆V ≥ 
30 kph.  NASS CDS: 1995, 1996, 1998-2004 
 
Injury severity was also determined based on restraint 
type, as shown in Figure 9.  In this plot, some 
differences between injury severity and restraint type 
are evident. While only one case of premature 
graduation to a booster seat was included, most of 
that case occupant’s injuries were more severe.  In 
contrast, most of the injuries to children in forward 
facing restraints were AIS 1. The unrestrained and 
other/unknown cases had higher percentages of 
injuries above the AIS 1 level. 
 

Of the known restraint types, the most serious 
(AIS3+) injuries were sustained by a single child 
inappropriately restrained in a booster seat.  This 
child sustained multiple significant injuries. 
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Figure 9: Distribution of restraint type and injury 
severity. Side impact crashes. Children 1 to 3 
years old. nc = 28 children.  ∆V ≥ 30 kph.  
NASS CDS: 1995, 1996, 1998-2004  [Note: AIS2+ 
also includes AIS≥ 3 injuries] 
 
Next, it is useful to compare the injury severity 
distributions for some broad categories of impact 
speed, ∆V. Figure 10 shows the distribution of AIS 
level for crashes that occurred over 10 kph 
increments and those designated as “unknown”.  
Note that these are all ∆V’s, including “unknown” 
values.  When accounting for all ∆V’s there are 117 
injured one to three year old children who sustained a 
total of 335 injuries.   For approximately one-third of 
the injuries the ∆V is unknown.  Of those cases with 
a known ∆V, again, no clear pattern emerges.  While 
this is surprising in that the impact speed would be 
expected to have a stronger influence on injury 
levels, there are enough confounding factors (e.g., the 
precise location of the intrusion relative to the 
occupant) that it is not unreasonable to find limited 
correlation in a relatively small sample. 
 
Minor injuries (AIS 1) occur at each level of impact 
speed.  Moderate to severe injuries (AIS 2+) seem to 
occur over a broad range of speeds from 20 – 49 kph.  
The more severe injuries (AIS3+) seem to occur at 
∆V of 40-49 kph. 



McCray 7  

Frequency (n = 335 injuries)

0

10

20

30

40

50

60

70

80

90

0-9
  k

ph

10
-19

 kp
h

20
-29

 kp
h

30
-39

 kp
h

40
-49

 kp
h

50
+  k

ph

Unk
no

wn

AIS1

AIS2+

AIS3+

*Unweighted
 

Figure 10: Distribution of ∆V and injury severity. 
Side impact crashes. Children 1 to 3 years old.     
nc = 117 injured children.   
NASS CDS: 1995, 1996, 1998-2004 
 
Finally, another important aspect of the crash 
problem is the impact angle or Principle Direction of 
Force (PDOF).  In NASS-CDS, the angles are given 
as clock angles (e.g., head on force is defined as “12 
o’clock”).  The dataset was queried to determine the 
distribution of PDOF for side impact crashes with 
children in the rear seat.  The distribution is shown in 
Figure 11.  If data are grouped by degrees from the 
longitudinal axis (that is, both 10 o’clock and 2 
o’clock represent 60° from longitudinal), then the 
average impact angle is approximately 70°.  If they 
are grouped by degree from lateral (i.e., 2 o’clock, 4 
o’clock, 8 o’clock and 10 o’clock are 30° from 
lateral), then the average angle from lateral is 
approximately 30°.    
 
The kinematics of a side impact crash will depend on 
both the magnitude of the impulse from the bullet 
vehicle as well as its relative direction.  The principal 
direction of force for side impact crashes tends to be 
slightly forward of lateral. Figure 12 is a polar 
coordinate plot depiction of the clock angles of force 
(12 o’clock being a head-on direction) for side 
impact crashes in the NASS-CDS database. Side 
impact crashes are defined as those for which the 
general area of damage was given as “right” or “left.”  
In the 394 cases of a side impact crash with a one- to 
three-year-old occupant in the back seat, the most 
common angles were 10 o’clock and 2 o’clock. 
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Figure 11: Distribution of Principle Direction of 
Force. Unweighted side impact crashes (General 
Area of Damage = Right Side or Left Side).  
nc 1-3 =394 children and  nc 0-12 =1618 children. 
NASS CDS: 1996 - 2005.   
 
The data demonstrates that there is typically a 
longitudinal component in side impact crashes with 
children.  Similar findings were demonstrated in the 
side impact case studies conducted by Arbogast, et al 
[3] and Nagabhushana, et al [4]. 
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Figure 12: Distribution of principal direction of 
force [clock angle]. Side impact crashes (General 
area of damage of “left” or “right”) with a rear 
seat child occupant aged 1 to 3 years old. nc =394 
children.  NASS CDS: 1996-2005. 
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Analysis of Fourteen Children in Forward-Facing 
CRS 
 
Previously, 28 children ages one to three years old 
were identified as the subset of children in side 
impact crashes.  Half (14) of these children were 
restrained in forward-facing restraints.  The restraint 
status of the remaining fourteen children was as listed 
below.  One child was restrained in a booster seat.  
One was secured with a three-point belt.  Two 
children were restrained with a lap belt only.  Nearly 
half (six) of the 14 children were unrestrained.  
However, the restraint type was unknown for four 
children.  A similar analysis of the previous section 

was undertaken to better understand the forward-
facing restrained population. 
 
Figures 13 and 14 are the equivalents of Figures 4 
and 5 for the restricted (forward facing) dataset. As a 
general trend, the injuries decrease by more than a 
factor of two, implying the forward facing child 
restraints afford significant protection. Certain 
contact surfaces such as interior surfaces, seat backs, 
head restraints, and unknown are greatly reduced or 
virtually eliminated as injury sources.  Those injuries 
that do occur seem to be less severe.   
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Figure 13: Distribution of injury sources among body regions. Side impact crashes. Children 1 to 3 years old 
in forward-facing child seats.  nc = 14 children.  ∆V ≥ 30 kph.  NASS CDS: 1995, 1996, 1998-2004 
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Figure 14: Distribution of injury sources among injury severities. Side impact crashes. Children 1 to 3 years 
old in forward-facing child seats.  nc = 14 children.   ∆V ≥ 30 kph.  NASS CDS: 1995, 1996, 1998-2004  [Note: 
AIS2+ also includes AIS≥ 3 injuries] 

Figures 15 and 16 are equivalent to Figures 6 and 7 
for the reduced dataset.  A comparison of these 
figures indicates that children in the forward facing 
restraints are more protected from torso injuries, at 
least on the near side and in the center when 
compared to all other restraint alternatives.  Figure 16 
shows that occupants in forward facing restraints, in 
the center seat, sustained only minor (AIS1) injuries.   
 
For this dataset the injuries decreased from 104 for 
28 children to 40 injuries for 14 children.   The 
reduction in severe injuries of AIS3+ decreased from 
17 to 3.  The 40 injuries sustained by this sample are 
mostly AIS1 (35).  These injuries were mainly due to 
sources such as flying glass, the child seat, the seat 
back, interior surfaces, the window sill, and “other” 
structures.   For the children aged one to three years 
old identified in this data, the forward facing child 
restraints seem quite effective. 
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Figure 15: Distribution of relative impact location 
and injured body region. Side impact crashes. 
Children 1 to 3 years old in forward-facing child 
seats. nc = 14 children.   ∆V ≥ 30 kph.  NASS CDS: 
1995, 1996, 1998-2004 
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 Figure 16: Distribution of relative impact location 
and injury severity. Side impact crashes. Children 
1 to 3 years old in forward-facing child seats. nc = 
14 children.  ∆V ≥ 30 kph. NASS CDS: 1995, 1996, 
1998-2004  [Note: AIS2+ also includes AIS≥ 3 
injuries] 
 
Crash Injury Research Engineering Network 
(CIREN) Case Studies 
 
 

The patterns of injury distribution in the NASS-CDS 
data indicated that this issue of injuries to children 
from one to three years old in side impact crashes 
requires closer scrutiny.  While the NASS-CDS data 
gives relevant data, the Crash Injury Research 
Engineering Network (CIREN) contains more in-
depth injury and biomechanical information, 
although on fewer cases. CIREN currently consists of 
eight trauma centers which carefully examine injury 
in various serious motor vehicle crashes. The 
additional data (such as an evaluation of whether or 
not the child restraint system was installed properly) 
becomes useful in understanding injury mechanisms 
and discussing potential countermeasures.  

To ensure the most complete evaluation, CIREN 
cases were examined in which restraint type was 
optimal (i.e., forward facing CRS’s were chosen), 
although proper installation was not required.  A 
query of CIREN was run that searched for children 
aged one through three years (twelve to 47 months) 
who were restrained in a forward-facing child 
restraint system, injured in a side impact crash and 
sustained a Maximum AIS level (MAIS) ≥ 2.  Nine 
cases (in eight separate crashes) were returned and 
are listed in Table 3[5].  These cases can be accessed 
as follows:   

Table 3: CIREN cases. Side impact crashes injury severity of AIS 2 or more. Children 1 to 3 years old. 
Case Age 

[months] 
∆V (kph) Near/Far/  

Center 
Injury Installation 

Annotation 
376028346 29 35 Far AIS 2 spine No locking clip 
874037095 28 48** Far* AIS 2 arm fracture Unknown 
377037327 24 42 Far AIS 2 maxilla fracture “Highly unlikely” to be 

appropriate 
470047788 33 Unknown Center AIS 2 concussion/cuts Appropriate 
33088 46 19 Near AIS 3 orbit fracture No locking clip 
377039617 31 Unknown Near AIS 3 brain hemorrhage No locking clip, belt in 

wrong slots 
690040270 46 48** Near* AIS 3 lung contusion Appropriate 
874034767 40 80 Near AIS 4 lung contusions “Proper” 
426032502 24 Unknown Near* AIS 4 brain hematomas Appropriate 
*other occupants in the same row **Different case occupants from the same crash 
 
 
 
 
 
 
 
 



McCray 11  

Discussion of Injury Patterns and Potential 
Countermeasures 
 

Near side cases - Five of the nine cases 
were near side impacts.  These crashes have all the 
vehicle kinematics of center and far side crashes, but 
also have the most opportunity for direct or indirect 
contact with intruding vehicle structure.  All five of 
these cases had significant intrusion in the vicinity of 
the case occupant.  They all produced an AIS3+ 
injury to either the head (including two cases with 
brain injuries) or the torso (two cases with lung 
contusions).  The Injury Severity Score (ISS) of each 
child in a near side crash was higher than the other 
four case occupants. 
 
Four of the five cases experienced right side lateral 
impacts (See Appendix).  Of the five near side cases 
the principle direction of force (PDOF) was primarily 
a “pure” lateral impact (three at 80˚and one at 270˚ 
impact).  Only one crash case experienced an impact 
with a proportionate longitudinal component (PDOF 
of 50˚).  This is not consistent with the NASS-CDS 
results nor analytical results from other researchers.   
According to Arbogast et al.[3], a longitudinal 
component is typically present in most side impact 
crashes.  This difference is likely due to the limited 
sample size available for case selection in CIREN. 
 
Interestingly, both child restraint systems which were 
not properly restrained (that is, no locking clip or 
automatic locking retractor [ALR] was used) resulted 
in head injury while both lung contusion cases were 
deemed to have had “appropriate” CRS installation.  
It appears that improper installation may allow 
sufficient translation and rotation of the CRS to 
promote head contact and subsequent injury.  While 
proper installation is always preferable, the 
advantages of more rigid interfaces between the CRS 
and the vehicle, such as LATCH, should be further 
evaluated.   According to Arbogast et al.[3], it is 
suggested that rigid (ISOFIX) LATCH may reduce 
the risk of rotation.  
 
In contrast, both cases with lung contusions were 
identified as having appropriate CRS installation as 
well as significant impact velocity.  One CRS was 
specifically identified as a shield booster. Both case 
occupants also experienced head injuries and 
additional internal injuries.   
 
In two of the cases, there were other occupants in the 
rear seat with the child, but in both cases they were 
other children restrained in CRS and were not cited 
as a possible injury source.  In contrast, the NASS-
CDS study did note some injuries resulting from 

contact with other occupants.  Nonetheless, beyond 
proper restraint of all rear seat occupants, there are 
few options for reducing occupant-to-occupant injury 
mechanism.  
 

Center case - One of the nine cases was a 
center seat occupant.  This young girl suffered head 
injuries and lower extremity abrasions as the driver’s 
seat was displaced back into her occupant area.  This 
example illustrates that center seat occupants are not 
immune to the effects of intrusion resulting from 
external load forces. Her ISS score was lower than all 
near side occupants, but higher than all far side 
occupants.  The intruding driver’s seat reinforces the 
point that every surface in the vehicle interior is a 
potential injury source.  Reducing the likelihood of 
collapsing forward seats may reduce intrusion into 
the rear occupant compartment. 
 

Far side cases - The remaining three of the 
nine CIREN cases were children on the opposite side 
of the vehicle from the impact.  These were all MAIS 
2 cases, although the NASS-CDS data in Figure 6 
demonstrates that this need not be the case.  None of 
the children in these cases was demonstrably well-
restrained.  It is possible that there is a connection 
between the MAIS 2 requirement in the original 
CIREN query and the propensity for insufficient 
restraint. 
 
The primary injuries varied from case to case. One 
child had primarily head injuries. Another had spine 
injuries. The last had upper extremity injuries.  This 
diversity shows that substantial contact can occur 
away from the direct intrusion.   
 
Individual Case Analysis 
 
Case-33088 
This case involves a 3-year old (46 months), 15 kg 
(33 lbs.) and 102 cm (40 in.) female seated in the 
second row right of a 1998 Honda Accord that was 
involved in a right side collision with a 1997 Dodge 
Ram pick-up truck.  The principal direction of force 
(PDOF) was 50˚ (two o’clock) with a ∆V calculated 
at 19 kph (12 mph).  The case vehicle damage was 
mainly confined to the upper rear portion of the 
second door, upper rear wheel and right C-pillar area 
(slight override).  The case occupant was restrained 
in a convertible booster CRS by the internal harness.  
There was potential slack between the vehicle manual 
3-point belt and restraint of the CRS due to non-use 
of a locking clip or use of the automatic locking 
retractor mode.  The occupant was near-side to the 
impact and moved forward and to the right with 
respect to the vehicle.  The occupant contacted the 
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upper portion of the intruding door panel (9 cm) with 
her right malar eminence (cheek bone) as evidenced 
by door panel scuffing and contusion/abrasion to the 
malar eminence.  This direct compression on the 
malar eminence resulted in a right zygoma fracture, 
right maxillary sinus fracture and a right lateral orbit 
wall fracture.  The occupant’s MAIS was 3 with an 
ISS of 10.  
 
Case-376028346 
This case involves a 2 year-old (29 months), 17 kg 
(37 lbs.) male seated in the third row left of a 1997 
Dodge Caravan that was involved in a right side 
collision with a 1991 Hyundai Sonata sedan.  The 
PDOF was 80˚ (three o’clock) with a ∆V calculated 
at 35 kph (22 mph).  The case vehicle damage was 
distributed down the right side of the vehicle starting 
behind the front wheel and extending to the rear 
wheel, vertical damage extended past the midline.  
The lower sill or rocker panel was fully engaged.  
The case occupant was restrained in an appropriate 
forward facing CRS by the internal harness, but the 
vehicle 3-point belt was improperly routed to restrain 
the CRS.  The occupant was far-side to the impact 
and moved right and slightly forward with respect to 
the vehicle.  The improper belt routing allowed the 
CRS to move right prior to fully engaging the 3-point 
belt.  The neck/cervical spine underwent lateral 
extension as the occupant’s head moved to the right.  
This extension placed the brachial plexus under 
tension causing nerve injury within the plexus.  The 
occupant’s MAIS was 2 with an ISS of 4. 
 
Case-377037327 
This case involves a 2-year old (24 months), 17kg 
(37 lbs.) and 91 cm (36in.) female seated in the 
second row right of a 1990 Honda Accord that was 
involved in a left side collision with a 1991 Toyota 4-
Runner SUV.  The PDOF was 280˚ (nine o’clock) 
with a ∆V calculated at 42 kph (26 mph).  The case 
vehicle damage was distributed across both doors on 
the left side with B-pillar engagement and minimal 
rocker panel engagement.  The case occupant was 
restrained in an appropriate forward facing CRS by 
the internal harness, but the vehicle 3-point belt was 
likely not locked.  The occupant was far-side to the 
impact and moved left with respect to the vehicle.  
Slack in the 3-point belt allowed the CRS to rotate to 
the left.  The occupant contacted the center second 
row seat back as evidenced by a large fabric scuff.  
The occupant contacted the seat back with the left 
side of her face.  This compression fractured her left 
maxilla and nose.  The occupant’s MAIS was 2 with 
an ISS of 8.  
 
 

Case-377039617 
This case involves a 2-year old (31 months), 17 kg 
(37 lbs.) and  94 cm (37 in.) female seated in the 
second row right of a 1994 Honda Civic that was 
involved in a right side collision with a 1999 
Kenworth tractor and trailer.  The PDOF was 80˚ 
(three o’clock) with a barrier equivalent speed 
calculated at 28 kph (17 mph).  The case vehicle 
damage was distributed across the upper portion of 
both right side doors and over the rear wheel (slight 
override).  The case occupant was restrained in a 
forward facing CRS by the internal harness which 
was not routed through the upper slots.  There was 
potential slack between the vehicle manual 3-point 
belt and restraint of the CRS due to non-use of a 
locking clip or use of the automatic locking retractor 
mode.  The occupant was near-side to the impact and 
moved forward and to the right with respect to the 
vehicle.  The occupant contacted the upper portion of 
the intruding door panel (11 cm) with the right side 
of her head just superior to the ear and anterior.  The 
broken window glass lacerated her scalp and face 
(glass in wound) and the compression of the 
intruding door resulted in a very small right frontal 
subarachnoid hemorrhage of the cerebrum.  The 
occupant’s MAIS was 3 with an ISS of 10.  
 
Case-426032502 
This case involves a 2-year old (24 months), 9 kg (20 
lbs.) and  90 cm (36 in.) male seated in the second 
row left of a 1994 Acura Legend that was involved in 
a left side collision with a 1993 International tractor 
and trailer.  The PDOF was 270˚ (nine o’clock) with 
a barrier equivalent speed calculated at 41 kph (25 
mph).  The case vehicle damage was distributed 
across both left side doors (horizontally and 
vertically) and over the rear wheel (significant crush).  
The case occupant was restrained in a forward facing 
CRS by the internal harness.  The CRS was properly 
restrained to the vehicle by the 3-point belt.  The 
occupant was near-side to the impact and moved to 
the left with respect to the vehicle.  The occupant 
contacted the upper portion of the intruding door 
panel (50 cm) with the left side of his head in the 
temporal region.  The intruded door panel also loaded 
the left side of the CRS.  The compressive contact of 
the upper door on the occupant’s head produced a 
subdural hematomas in the left cerebrum and 
cerebellum.  The left scalp was contused and 
lacerated.  The occupant’s thorax and abdomen was 
compressed by the reinforced side of the CRS 
causing lung contusions on the lower lobe of the left 
lung and a small spleen laceration.  The occupant’s 
MAIS was 4 with an ISS of 29.  
 
 



McCray 13  

Case-470047788 
This case involves a 2-year old (33 months), 15 kg 
(33 lbs.) and 97 cm (38in.) female seated in the 
second row center of a 1998 Ford Contour that was 
involved in a left side collision with a 1985 
International tractor and trailer.  The PDOF was 280˚ 
(nine o’clock) with a barrier equivalent speed 
calculated at 37 kph (23 mph).  The case vehicle 
damage was distributed across both left side doors 
and over the front wheel with rocker panel and roof 
engagement (significant crush).  The case occupant 
was properly restrained in a forward facing CRS by 
the internal harness. The CRS was properly 
restrained to the vehicle by the 3-point belt.  The 
occupant was center to the impact and moved to the 
left with respect to the vehicle.  The occupant 
contacted the intruding door panel (28 cm) with the 
left side of her head just superior to the eyebrow and 
across the temple resulting in a laceration and 
concussion.  The occupant’s MAIS was 2 with an ISS 
of 8.  
 
Case-874034767 
This case involves a 3-year old (40 months), 16 kg 
(35 lbs.) and 97 cm (38 in.) male seated in the second 
row right of a 1997 BMW 318 that was involved in a 
right side collision with a 1997 Cadillac Seville.  The 
PDOF was 80˚ (three o’clock) with a ∆V calculated 
at 80 kph (50 mph).  The case vehicle damage was 
distributed from behind the right front wheel to past 
the rear wheel.  The rocker panel and doors were 
fully engaged.  The case occupant was restrained in a 
backless booster CRS by the available manual 3-
point belt.  The occupant was near-side to the impact 
and moved forward and to the right with respect to 
the vehicle.  The occupant contacted the intruding 
door panel (60 cm) with his right thorax and head 
resulting in bilateral lung contusions and a 
concussion.  The intruding door panel also loaded the 
CRS compressing the occupant’s pelvis resulting in a 
fracture.  The occupant’s MAIS was 4 with an ISS of 
24.  
 
Case-690040270 (Occupant #1)  
Case-874037095 (Occupant #2)  
This case involves two children in the same vehicle.  
The occupants are in a 1994 Toyota Corolla that is 
involved in a right side collision with a 1988 Ford 
Ranger compact pick-up truck.  The PDOF was 80˚ 
(three o’clock) with a ∆V calculated at 48 kph (30 
mph). The case vehicle damage was distributed 
across the both right side doors and over the rear 
wheel (slight override). 
 
Occupant 1 is a 3-year old (46months), 16kg (36 lbs.) 
and  111 cm (44 in.) male seated in the second row 

right.  Occupant 1 was restrained in a booster seat 
with a shield using the manual 3-point belt.  The 
occupant was near-side to the impact and moved 
forward and to the right with respect to the vehicle.  
The occupant contacted the upper portion of the 
intruding door panel (40 cm) with the front right side 
of his head just superior to his hairline resulting in a 
scalp laceration.  The intruded door panel loaded the 
CRS and compressed occupant 1’s thorax as he 
contacted the CRS’s shield resulting in a right lung 
contusion with hemo and pneumothorax.  The upper 
abdomen was also compressed resulting in a small 
liver laceration and small kidney laceration.  The 
occupant’s MAIS was 3 with an ISS of 17. 
 
Occupant 2 is a 2-year old (28 months), 15kg (34 
lbs.) female seated in the second row left.  Occupant 
2 was restrained in a forward facing CRS using the 
internal harness. The CRS was properly restrained in 
the vehicle using the manual 3-point belt.  The 
occupant was far-side to the impact and moved 
forward and to the right with respect to the vehicle.  
Occupant 2’s arm contacted the shielded booster 
(occupant 1) to her right resulting in a right distal 
ulna fracture 2 cm proximal to the wrist joint.  The 
occupant’s MAIS was 2 with an ISS of 5.  
 
LIMITATIONS OF STUDY 
 
This study used data from NASS-CDS years 1995, 
1996, 1998-2004.  Due to the small sample size, the 
authors did not segment the data to evaluate vehicle 
type, older versus recent model year, etc. 
 
For the purpose of this study unweighted data are 
used.  The authors do not draw any conclusions but 
report the findings based on the data sample.  
Therefore, in the absence of weighted estimates, the 
data should be considered a collection of anecdotal 
data. 
 
The NASS-CDS data, by their nature, are limited in 
detail of the description of injury mechanisms.  The 
CIREN data are limited by the relatively small 
number of cases.  While neither set is complete in 
every aspect, together they do suggest common 
themes in the injury mechanisms of one to three year 
old children in side crashes. 
 
The CIREN inclusion criteria are based on serious 
injury resulting from automobile crashes.  The typical 
CIREN case involves significant impacts and usually 
multiple events.  Such cases are often deemed 
catastrophic, but as we have seen all occupants in 
these cases survived and some with only AIS2 injury.   
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DISCUSSION 
 
The NASS-CDS and CIREN databases give useful 
information about the injury patterns of children one 
to three years old in side impact crashes.  The authors 
chose to investigate subgroups of data with more 
severe crashes and injury levels and identified some 
important trends.  Head injuries were prevalent in 
these severe crashes.  Further, while restraint is 
crucial in minimizing overall injury due to the 
severity of the crash, the loads applied by the 
restraint resulted in injury, usually in the torso. 
 
In the side impact cases reviewed for this paper the 
majority of the significant injuries resulted from 
contact with an intruding door surface.  The upper 
door in the area of the window sill was often the 
source for direct head contact.  Upper and mid-door 
contacts were noted often with the door intrusion 
loading the occupant’s CRS and resulting in thoracic 
injury.  Although the door intrusion was not directly 
coded as the source, without these loading conditions 
energy transfer would not have been as significant.  
These injury scenarios where the intruding door 
contacts the CRS will have the injury contact 
typically assigned to the CRS.  For the occupants in 
these cases, increased padding of the upper door area 
and/or within the CRS might have mitigated the 
severity of the injury sustained.  Along with 
increased padding, methods to decrease the door 
panel intrusion by transferring more of the impact 
force longitudinally to the surrounding structures 
(pillars and rocker panel) of the door could help 
decrease the amount of intrusion into the occupant’s 
position.   
 
Interaction between vehicles was seen as a 
contributing factor in several of the more severe 
cases reviewed.  Improved classification and/or 
measuring techniques are required to better research 
this issue in future cases.  This study required 
analysis of photographs to estimate underride or 
override characteristics due to a lack of hard-coded 
fields for side plane impacts in the current NASS-
CDS investigation process.   The side impact data 
reviewed indicated injurious impact angles with more 
oblique approach than pure lateral.   
 
Incorrect or poor CRS installation is not a new 
problem, but continues to be a possible contributing 
factor for injury in side impact crashes.  Many of the 
cases reviewed produced evidence of poor CRS 
installation, which either leads to increased motion of 
the CRS or increased excursion of the child from the 
CRS.  The increased CRS movement and/or child 
excursion can be of sufficient amount to place the 

child in contact with a rigid structure.  The threat of 
injury is increased even farther when the occupant is 
put in motion due to poor restraint and rigid 
structures are intruding resulting in even less ride-
down space.   
   
DISCLAIMER 
 
The views expressed in this paper are not necessarily 
those of the National Highway Traffic Safety 
Administration.   
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  Appendix: Summary of CIREN Case Studies 
Case Age 

[months] 
∆V  

[kph] 
PDOF Child’s 

ISS 
Near/ 
Far/ 

Center 

Injury Proposed Injury Causation and Possible Countermeasures 

376028346 29 35 80 4 Far AIS 2 spine Causation: Lateral flexion of the cervical spine with tension on the 
brachial plexus produced a nerve root injury. More like a whiplash 
effect rather than contact between neck and CRS, exacerbated by 
improper CRS installation causing excessive CRS movement. 
Countermeasures: Secure CRS installation 

874037095 28 48** 80 5 Far* AIS 2 arm 
fracture 

Causation: contact between arm and sibling’s CRS 
Countermeasures: CRS padding 

377037327 24 42 280 8 Far AIS 2 maxilla 
fracture 

Causation: Head contact with back of front seat, exacerbated by 
improper CRS installation causing excessive CRS movement.. 
Countermeasures: Interior padding, secure CRS installation 

470047788 33 Unknown 280 8 Center AIS 2 
concussion 

Facial 
lacerations 

Causation: Intruded door panel (28cms) made contact with 
occupant’s face causing complex laceration and concussion.  CRS 
restrained and appropriate. 
Countermeasures: Interior padding, airbags 

33088 46 19 50 10 Near AIS 3 orbit 
fracture 

Causation: Head contact with intruding door (9cms), exacerbated 
by improper CRS installation causing excursion and/or rotation. 
Countermeasures: Interior padding, secure CRS installation, 
airbags covering door portion 

377039617 31 Unknown 80 10 Near AIS 3 brain 
hemorrhage 

Causation: Head contact with intruding upper door panel (11cms), 
exacerbated by improper CRS installation causing excessive CRS 
movement 
Countermeasures:  Interior padding, secure CRS installation, 
airbags covering door portion. 

690040270 46 48** 80 17 Near* AIS 3 lung 
contusion 

AIS 2 liver 
laceration 

AIS 2 scalp 
avulsion 

Causation: Head contact with intruded window sill (40 cms), 
thorax contact with booster shield reinforced by the intruded door. 
Countermeasures: Interior padding, airbags, more appropriate 
CRS selection. 

874034767 40 80 80 24 Near AIS 4 lung 
contusions  

AIS 2 pelvic 
fracture 

AIS 2 loss of 
consciousness 

Causation: Thorax  and head contacted intruded door panel 
(62cms), pelvis pinned by intruded door panel and CRS, resulting 
in fracture 
Countermeasures: Interior padding, airbags, appropriate CRS 
selection. 

426032502 24 Unknown 270 29 Near* AIS 4 brain 
hematomas, 
AIS 3 lung 
contusion, 

AIS 2 spleen 
laceration 

Causation Head contact to upper portion of intruded door panel (50 
cms) and thorax contact with CRS reinforced by the intruded door 
panel. 
Countermeasures:  Interior padding, CRS padding, airbags 

*Other occupant in the rear seat **Two different occupants in the same crash
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Case Vehicle Information:   

V1: Honda-Accord, 4-door sedan, hardtop-1998         
 DOF: 2 O'clock                                        

Delta-V: Total: 19 Km/h ( 12 Mph )                           
                Lateral: 14 Km/h ( 9 Mph )  

                Longitudinal:  12 Km/h ( 7 Mph )   
Location of Impact: Right Side                        

Maximum Intrusion:  >=8 to <15 cm, Second 
Right       

Max. Intrusion Corresponding Component (s):      

 (1) C-pillar  (2) Second seat back  (3) Door panel 
(side)  

Vehicle 2 Information:                                

 V2: Dodge-Ram, Large pickup-1997                         

 Case Occupant Information:                            

46mo old, Female, height-40" and Weight-33 lbs       

Seating Position: Second right                        

Restrain Status:  Lap and shoulder belt               

Child Seat Type:  Booster seat                        

 Was Occupant Injured due to Intrusion?  Yes       

Components:   

        (1) C-pillar  

        (2) Door panel (side)              

Other Occupant (s) in Case Vehicle:                    

DRIVER:  21yr old, Female , MAIS 1              

Restrain Status:  Lap and shoulder belt 

Front right: 21yr old, Female, MAIS 1                      

Restrain Status:  Lap and shoulder belt     

Case Number: 33088               Near-Side Occupant                    

Case Occupant Associated Injuries:                                                              

Body Region               Injury Source                          Injuries                                         

Face                             Right side interior surface      (AIS 3 ): Orbit fracture open/displaced/comminuted   

Face                             Right side interior surface          (AIS 1 ): Facial Skin laceration minor               

Face                             Right side interior surface           (AIS 1 ): Eyelid contusion                           

Vehicle Exterior: 

Scene Diagram: 

The collision between Vehicle 1 and Vehicle 2 occurred 
when the driver of the northbound Vehicle 1 attempted 
to turn left at the intersection as Vehicle 2 was traveling 
southbound through the intersection. Vehicle 2 struck 
Vehicle 1's right side plane with its front end. After the 
impact, Vehicle 1 rotated clockwise to final rest position 
in the intersection, facing north. The final rest position 
of Vehicle 2 was in the intersection, facing southwest. 
Vehicle 1 was towed from the collision scene due to the 
damage sustained in this collision. Vehicle 2 was driven 
from the collision scene. 
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Case Vehicle Information:                             

V1: Dodge-Caravan, Minivan-1997  
DOF: 3 O'clock                                        

Delta-V: Total: 35 Km/h ( 22 Mph )                           
              Lateral: 35 Km/h ( 22 Mph )  
              Longitudinal:  : 6 Km/h ( 4 Mph )  
Location of Impact: Right Side                        

Maximum Intrusion:  >=30 to <46 cm, Front 
Right       

Max. Intrusion  Corresponding Component (s):  

(1) B-pillar                                    

Vehicle 2 Information:                                

V2: Hyundai-Sonata, 4-door sedan, hardtop-1991     

Case Occupant Information:                            

29mo old, Male, height-U" and Weight-37 lbs          

Seating Position: Third left                          

Restrain Status:  Lap and shoulder belt               

Child Seat Type:  Convertible seat                    

Was Occupant Injured due to Intrusion?  No         

Other Occupant (s) in Case Vehicle:                    

DRIVER: 27yr old, Male, MAIS 1, 
Restrain Status:  Lap and shoulder belt                        
Second left:  5yr old, Female, MAIS 1 
Restrain Status:  Lap and shoulder belt                        
Second right:  6yr old, Female, MAIS 1                     

Restrain Status:  Lap and shoulder belt       

Case Number: 376028346                                                 Far-Side Occupant                  

Case Occupant Associated Injuries:                                                              

Body Region               Injury Source                                     Injuries                                         

Spine                            Other non contact injury source          (AIS 2 ): Cervical Spine Brachial plexus             

Scene Diagram: 

The collision between the two vehicles occurred when the 
driver of Vehicle 1 attempted to make a left turn at the 
intersection and Vehicle 2 was traveling through the in-
tersection. Vehicle 2 struck Vehicle 1's right side plane 
with its front end (angle configuration). After the impact, 
Vehicle 1 was pushed sideways with the left side leading 
and contacted a sign post with the left side of the vehicle. 
Vehicle 1 came to a final rest position, facing southwest 
in the median of the south leg of the intersection. Vehicle 
2 came to a final rest position, up against the right side of 
Vehicle 1, facing southeast. Vehicles 1 and 2 were towed 
from the collision scene due to the damage sustained in 
this collision. 

Vehicle Exterior: 
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Case Vehicle Information:  

V1: Honda-Accord, 4-door sedan, hardtop-1990              

DOF: 9 O'clock                                        

Delta-V: Total: 42 Km/h ( 26 Mph )                    

                Lateral: 41 Km/h ( 25 Mph )                           

                Longitudinal: 7 Km/h ( 4 Mph )       

Location of Impact: Left Side                         

Maximum Intrusion:  >=30 to <46 cm, Front Left       

Max. Intrusion Corresponding Component (s):  

(1) Side panel - forward     

 

Vehicle 2 Information:                                

 V2: Toyota-4-Runner, Compact utility-1991                   
 

Case Occupant Information:                            

24mo old, Female, height-36" and Weight-37 lbs        

Seating Position: Second right                        

Restrain Status:  Lap and shoulder belt               

 Child Seat Type:  Unknown child safety seat type      

Was Occupant Injured due to Intrusion?  No            

 

Other Occupant (s) in Case Vehicle:                    

DRIVER: 35yr old, Female, MAIS 2                      

Restrain Status:  Lap and shoulder belt               

Front right: 28yr old, Female, Not Injured            

Restrain Status:  Lap and shoulder belt               

Case Number: 377037327                                                     Far-Side Occupant                                                         

Case Occupant Associated Injuries:                                                              

Body Region                  Injury Source                               Injuries                                         

Face                                Seat, back support                      (AIS 2 ): Maxilla fracture closed                   

Face                                Seat, back support                      (AIS 2 ): Facial Skin laceration major               

Face                                Seat, back support                         (AIS 1 ): Nose  fracture closed                      

Face                                Seat, back support                         (AIS 1 ): Eyelid contusion                           

Scene Diagram: 

Vehicle #1 (Case vehicle, 1990 Honda Accord 4 door) 
was traveling westbound on a negative 1 percent drive-
way intending to travel southbound. Vehicle #2 (1991 
Toyota 4-Runner Utility ) was traveling northbound on a 
two lane positive 6 percent grade(slightly curved to the 
left) roadway with a posted speed limit of 40mph. As V1 
entered the roadway, it intended to make a left turn to 
travel southbound when it was impacted on the left side 
by the front of V2.  V1 and V2 both traveled in a north-
west direction before traveling to final rest. The roadway 
was dry and it was sunny  and clear at the time of the 
crash. 

Vehicle Exterior: 
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Case Vehicle Information:   

V1: Honda-Civic/CRX/Del Sol, 4-door sedan, hard-
top-1994                            
DOF: 3 O'clock                                        

Delta-V: Total: U Km/h                                

Lateral: U Km/h   Longitudinal:  U Km/h      

Location of Impact: Right Side                        

Maximum Intrusion:  >=15 to <30 cm, Front 
Right       

Max. Intrusion Corresponding Component (s):  

(1) Door panel (side)        

Vehicle 2 Information:                                

 V2: Kenworth-Median/Heavy Truck, 1999       
 Case Occupant Information:                           

31mo old, Female, height-37" and Weight-37 lbs       

Seating Position: Second right                        

Restrain Status:  Lap and shoulder belt               

 Child Seat Type:  CSS                                 

                

 Was Occupant Injured due to Intrusion?  Yes       

Components:                                           

        (1) C-pillar  

        (2) Door panel (side)  

       (3) Window frame                                                

 

Other Occupant (s) in Case Vehicle:                    

DRIVER: 38yr old, Female, Not Injured                 

Restrain Status:  Lap and shoulder belt                        

      

Case Number: 377039617                                                    Near-Side Occupant  

Case Occupant Associated Injuries:                                                              

Body Region             Injury Source                           Injuries                                         

Face                           Flying glass                              (AIS 1 ): Facial Skin laceration minor               

Head                         Right side interior surface     (AIS 3 ): Cerebrum subarachnoid hemorrhage           

Head                          Right side interior surface        (AIS 1 ): Scalp laceration minor                     

Scene Diagram: 

This crash occurred in the afternoon hours. The roadway 
was dry with adverse weather conditions.  This    crash 
occurred at a four legged intersection properly con-
trolled by overhead traffic control standards. The case 
vehicle was initially traveling westbound in the outer 
travel lane on a three lane- roadway. The non-case vehi-
cle, a 1999 Kenworth Tractor-trailer, was traveling 
southbound in the inner travel lane. Both vehicles en-
tered a four-legged intersection resulting in an angle 
collision between the case and non-case vehicles. The 
initial impact caused Vehicle #1 to rotate clockwise re-
sulting in an impact (second event) with a stopped 1998 
Jaguar XJ8. 

Vehicle Exterior: 
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 Case Vehicle Information:    

V1: Acura-Legend, 4-door sedan, hardtop-1994         
DOF: 9 O'clock                                        

Delta-V: Total: U Km/h                                

Lateral: U Km/h   Longitudinal:  U Km/h      

Location of Impact: Left Side                         

Maximum Intrusion:  >=46 to <61 cm, Second 
Left       

Max. Intrusion Corresponding Component (s):  

(1) Door panel (side)    

Vehicle 2 Information:                                

International H-Med/Heavy Truck, 1993                    

Case Occupant Information:                            

24mo old, Male, height-35" and Weight-20 lbs         

Seating Position: Second left                         

Restrain Status:  Lap and shoulder belt               

Child Seat Type:  Convertible seat                    

Was Occupant Injured due to Intrusion?  Yes        

Components:   (1) Door panel (side)                        

Other Occupant (s) in Case Vehicle:                    

DRIVER: 35yr old, Female, MAIS unknown             

Restrain Status:  Lap and shoulder belt  
Second right:  4yr old, Male, MAIS 1                        
Restrain Status:  Lap and shoulder belt w/CRS     

Case Number: 426032502                 Near-Side Occupant 

Case Occupant Associated Injuries:                                                              

Body Region                          Injury Source                              Injuries                                         

Abdomen                                 Left side interior surface               (AIS 2 ): Spleen laceration minor       

Face                                         Left side interior surface               (AIS 1 ): Gingiva (gum) contusion                    

Head                                       Left side hardware or armrest   (AIS 4 ): Cerebellum  hematoma/hemorrhage     

Head                                       Left side interior surface             (AIS 4 ): Cerebrum hematoma/hemorrhage         

Head                                        Left side hardware or armrest        (AIS 1 ): Scalp abrasion                             

Head                                        Left side hardware or armrest        (AIS 1 ): Scalp contusion/subgaleal hematoma        

Head                                        Left side hardware or armrest        (AIS 1 ): Scalp laceration minor                     

Thorax                                     Left side interior surface               (AIS 3 ): Lung contusion unilateral                  

Upper Extremities                   Left side interior surface                (AIS 1 ): Upper Extremity Skin abrasion         

Scene Diagram: 

Vehicle Exterior: 

V1 (case vehic le), a 1994 Acura Legend, 4-door sedan was traveling 
north in the northbound lane of a two-lane, two-way bituminous road-
way and was approaching a four-leg intersection. V2, a 1993 Interna-
tional tractor-trailer (one trailer) was traveling east in the eastbound 
lane of the intersecting, two-lane, two-way bituminous roadway. It was 
daylight, clear weather, and the roadways were dry and free of defects. 
V1 came to a stop at the four-leg intersection. For an unknown reason, 
the driver of V1 pulled into the intersection with the intention of mov-
ing straight across the intersection and was struck on the left-side by 
the front of V2. V1 moved laterally and rotated counter-clockwise and 
exited the northeast corner of the intersection. V1 came to rest off the 
roadway facing southwest.  
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Case Vehicle Information:  

V1: Ford-Contour, 4-door sedan, hardtop-1998              
DOF: Unknown                                          

Delta-V: Total: U Km/h                                

Lateral: U Km/h   Longitudinal:  U Km/h      

Location of Impact: Left Side                         

Maximum Intrusion:  >=30 to <46 cm, Front Left       

Max. Intrusion Corresponding Component (s):          

 (1) B-pillar   (2)  Roof side rail                           

Vehicle 2 Information:                                

International H-Med/Heavy Truck, 1985                     

 

Case Occupant Information:                            

33mo old, Female, height-38" and Weight-33 lbs        

Seating Position: Second middle                       

Restrain Status:  Lap and shoulder belt               

Child Seat Type:  Convertible seat                    

Was Occupant Injured due to Intrusion?  Yes           

 

Other Occupant (s) in Case Vehicle:                    

DRIVER: 47yr old, Male, MAIS 5                        

Restrain Status:  Lap and shoulder belt               

Second right: 37yr old, Female, MAIS 2                

Restrain Status:  Lap and shoulder belt               

      

Case Number: : 470047788                                                  Center Occupant                     

Case Occupant Associated Injuries:                                                              

Body Region                      Injury Source                  Injuries                                         

Face         Left side window sill            (AIS 2 ): Facial Skin laceration major               

Face          Left side window sill            (AIS 1 ): Facial Skin laceration minor               

Head         Left side window sill            (AIS 2 ): Cerebral Concussion                        

Head         Left side window sill            (AIS 1 ): Scalp laceration minor                     

Lower Extremities  Seat, back support                (AIS 1 ): Lower Extremity Skin contusion             

Upper Extremities  Seat, back support                (AIS 1 ): Upper Extremity Skin abrasion              

Scene Diagram: 

This crash occurred at the three leg intersection of two 
urban roadways. The east/west roadway consists of 
seven, undivided, lanes of travel. The north/south road-
way consists of five, undivided, lanes and connects to 
the north side of the larger east/west street. The incident 
occurred during daylight hours under clear, dry condi-
tions. The case vehicle (V1) was traveling southbound 
approaching the intersection in the left turn lane intend-
ing to turn left. The opposing vehicle (V2) was traveling 
westbound in the number one lane. As V1 maneuvered 
into the intersection it was struck on its left side by the 
front of V2. V1 was pushed directly right to its final rest 
while V2 skidded straight to its final rest.  

Vehicle Exterior: 
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 Case Vehicle Information:  

V1: Toyota-Corolla, 4-door sedan, hardtop-1994           

DOF: 3 O'clock                                        

Delta-V: Total: 48 Km/h ( 30 Mph )                    

                Lateral: 47 Km/h ( 29 Mph )                          

               Longitudinal: 8 Km/h ( 5 Mph )                       

Location of Impact: Right Side                        

Maximum Intrusion:                                    

 (1) >=30 to <46 cm, Front Right                           

 (2) >=30 to <46 cm, Second Right                          

Max. Intrusion Corresponding Component (s):          

(1)Door panel (side)  (2)Door panel (side)   

Vehicle 2 Information:           

V2: Ford-Ranger, Compact pickup-1988  

Case Occupant Information:                            

46mo old, Male, height-44" and Weight-35 lbs          

Seating Position: Second right                        

Restrain Status:  Lap and shoulder belt               

Child Seat Type:  CSS                                 

Was Occupant Injured due to Intrusion?  Yes           

Other Occupant (s) in Case Vehicle:                    

DRIVER: 82yr old, Female, MAIS 1                      

Restrain Status:  Lap and shoulder belt               

Second left:  3yr old, Male, MAIS 2                               

Restrain Status:  Lap and shoulder belt w/CRS              

Case Number: 690040270          Near-Side Occupant      

Case Occupant Associated Injuries:                                                              

Body Region        Injury Source                     Injuries                                         

Abdomen       Child safety seat                  (AIS 2 ): Liver  laceration minor                    

Abdomen       Child safety seat                  (AIS 2 ): Kidney  contusion minor                    

Abdomen       Child safety seat                  (AIS 1 ): Adrenal gland contusion minor              

Face            Right side window sill         (AIS 1 ): Facial Skin laceration minor               

Head          Right side window sill         (AIS 2 ): Scalp laceration major                     

Lower Extremities               Right side interior surface    (AIS 1 ): Lower Extremity Skin contusion             

Thorax       Child safety seat                  (AIS 3 ): Lung contusion unilateral                  

Scene Diagram: 

This crash occurred in the afternoon hours. The roadway 
was wet with adverse weather conditions. This crash 
occurred at a four legged intersection properly controlled 
by overhead traffic control standards. The case vehicle 
was initially traveling eastbound in the left hand turning 
lane (lane 3) on a six lane-divided roadway. The non-
case vehicle was traveling westbound in the outer curb 
lane. The case vehicle attempted a left hand turn and was 
struck by the non-case vehicle within the intersection. 

Vehicle Exterior: 
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 Case Vehicle Information:   

V1: BMW-3Series, 4-door sedan, hardtop-1997              

 DOF: Unknown                                                

 Delta-V: Total: 80 Km/h ( 50 Mph )                    

                  Lateral: 79 Km/h ( 49 Mph )                          

                  Longitudinal: 14 Km/h ( 9 Mph )                   

 Location of Impact: Right Side                        

 Maximum Intrusion:  >=61 cm, Second Right            

 Max. Intrusion Corresponding Component (s):  

 (1) Door panel (side)        

  

Vehicle 2 Information:  

 V2: Cadillac-Seville, 2-door sedan, hardtop, coupe-
1997  

 Case Occupant Information:                            

 40mo old, Male, height-38" and Weight-35 lbs          

 Seating Position: Second right                        

 Restrain Status:  Lap and shoulder belt               

 Child Seat Type:  Booster seat                        

 Was occupant Injured due to Intrusion?  Yes           

 Components:   

  (1) Door panel (side)                         

 Other Occupant (s) in Case Vehicle:                    

 DRIVER: Female, MAIS unknown 

Restrain Status:  Lap and shoulder belt               

7yr old, Male, MAIS unknown                             

 Restrain Status:  Unknown  

Case Number: 874034767                                                     Near-Side Occupant                                                     

Case Occupant Associated Injuries:                                                              

Body Region        Injury Source                   Injuries                                         

Face          Right side interior surface       (AIS 1 ): Facial Skin laceration minor               

Face           Right side interior surface       (AIS 1 ): Gingiva (gum) laceration                   

Head          Right side interior surface      (AIS 1 ): Scalp contusion/subgaleal hematoma        

Lower Extremities  Child safety seat                  (AIS 2 ): Pelvis fracture closed                     

Thorax       Right side interior surface     (AIS 4 ): Lung contusion bilateral                   

Scene Diagram: 

Vehicle #1 (case vehicle, 1997 BMW 318i) was initially travel-
ing northbound and attempted a left turn at a four legged inter-
section. Vehicle #2 (non-case Vehicle, 1997 Cadillac Seville) 
was initially traveling southbound in the opposite direction of 
the case vehicle. Vehicle #1 entered the intersection and was 
struck on the passenger side by the front of the non-case vehicle. 
After impact Vehicle #1 rotated clockwise and traveled to final 
rest after impacting a light standard. It should be noted that the 
roadway was dark with no street lights and the surface was dry 
and the weather was clear at the time of the crash. 

Vehicle Exterior: 
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Case Vehicle Information:  

V1: Toyota-Corolla, 4-door sedan, hardtop-1994           

DOF: 3 O'clock                                        

Delta-V: Total: 48 Km/h ( 30 Mph )                    

                Lateral: 47 Km/h ( 29 Mph )                          

               Longitudinal: 8 Km/h ( 5 Mph )                       

Location of Impact: Right Side                        

Maximum Intrusion:                                    

 (1) >=30 to <46 cm, Front Right                           

 (2) >=30 to <46 cm, Second Right                          

Max. Intrusion Corresponding Component (s):          

(1)Door panel (side)  (2)Door panel (side)   

Vehicle 2 Information:           

V2: Ford-Ranger, Compact pickup-1988  

 

Case Occupant Information:                            

28mo old, Female, height-U" and Weight-33 lbs         

Seating Position: Second left                         

Restrain Status:  Lap and shoulder belt               

Child Seat Type:  CSS                                 

Was Occupant Injured due to Intrusion?  No           

 

Other Occupant (s) in Case Vehicle:                    

DRIVER: 82yr old, Female, MAIS 1                      

Restrain Status:  Lap and shoulder belt               

Second right:  3yr old, Male, MAIS 3                  

Restrain Status:  Lap and shoulder belt w/CRS              

Case Number: 874037095                                                     Far-Side Occupant               

Case Occupant Associated Injuries:                                                              

Body Region                   Injury Source                       Injuries                                         

Upper Extremities         Other restraint system component (AIS 2 ): Ulna fracture closed                       

Upper Extremities            Other restraint system component (AIS 1 ): Upper Extremity Skin laceration minor     

Scene Diagram: 

This crash occurred in the afternoon hours. The road-
way was wet with adverse weather conditions. This 
crash occurred at a four legged intersection properly 
controlled by overhead traffic control standards. The 
case vehicle was initially traveling eastbound in the left 
hand turning lane (lane 3) on a six lane-divided road-
way. The non-case vehicle was traveling westbound in 
the outer curb lane. The case vehicle attempted a left 
hand turn and was struck by the non-case vehicle within 
the intersection. 

 

Vehicle Exterior: 
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ABSTRACT 
 
Several numeric measures have been proposed to 
assess crash compatibility between two vehicles.  The 
measures under investigation in this study are the 
Average Height of Force 400 (AHOF400) and the 
Crush-Work Stiffness 400 (Kw400), both measured 
in 35 mph full-frontal rigid load cell barrier tests.  
AHOF400 is a measure of the vertical centroid of 
forces exerted on the barrier surface for the first 400 
mm of crush.  Kw400 is a measure of the work 
required to crush 400 mm of a vehicle�s front end. 
   
Several studies in the past have concluded that there 
are large inherent errors in the AHOF measure.  One 
of the main factors influencing the error in this 
measure is the size of the load cell on the barrier face.  
In this study, different barrier concepts are examined 
which can reduce or eliminate the dependency of 
AHOF400 on load cell size.  A finite element 
analysis was used as a basis to recommend a barrier 
design that can accurately measure AHOF400.  In 
addition, the influence of impact speed and vehicle 
mass on AHOF400 and Kw400 are discussed. 
 
Due to the errors associated with the height of force 
measurement, the relationship between occupant 
injury measures and height of force matching in the 
light vehicle crash data is not well understood.  The 
barrier proposed in this study, which eliminates the 
error in the AHOF400 measure, will enable us to 
better understand the effects of height of force 
matching in the vehicle fleet. 
 
INTRODUCTION 
 
In recent years, the trend of growing sales of sport 
utility vehicles (SUVs) and pick-up trucks, generally 
referred to as Light Trucks and Vans (LTVs), has led 
to renewed public attention on the crash compatibility 
issue.  This issue has been discussed by several 
researchers [1-5].  It has been generally agreed that 
the crash incompatibility between vehicles be 
attributed to three vehicle factors: (1) mass 

incompatibility (2) stiffness incompatibility and (3) 
geometry incompatibility.  
 
Mass has a strong influence on the level of 
compatibility of two vehicles involved in a collision.  
Due to the fact that the change in momentum of each 
body involved in a collision is equal, the lighter body 
experiences a higher change in velocity during the 
collision [6].  However, in this study, mass was 
treated as a condition of the crash and not as a design 
variable. 
 
Stiffness compatibility is a complex issue.  Several 
studies have tried to establish a relationship between 
mass and stiffness [7-9].  These studies have shown a 
weak correlation between mass and stiffness, thus 
indicating that mass and stiffness are independent 
vehicle characteristics.  Achieving stiffness 
compatibility is a challenging goal, given the possible 
goal conflict between self and partner protection, 
especially for the heavier vehicles. 
 
Front-end geometry influences the potential for 
structural interaction in a car-to-car collision.  
Improving the geometric compatibility is the most 
feasible first step to improve vehicle crash 
compatibility.  Vehicle geometry can be varied, 
within limits, independent of vehicle mass [6]. 
 
This study provides an engineering analysis for 
quantifying stiffness and geometry metrics to assess 
vehicle compatibility in frontal crashes. 
 
COMPATIBILITY METRICS 
 
Worldwide research is ongoing to quantify a 
vehicle�s structure through a dynamic performance 
test and associated metrics to balance the 
aggressivity/vulnerability across the vehicle fleet 
[10].  The metrics under consideration in this study 
are the Crush-Work Stiffness 400 (Kw400) and 
Average Height of Force 400 (AHOF400), both 
measured in 35 mph full-frontal rigid load cell barrier 
tests. 
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Stiffness Metric 
 
The stiffness metric referred to as Crush-Work 
Stiffness (Kw400) is derived from equating ideal 
spring energy to the work of crushing the vehicle 
front end [9].  Kw400 is the symbol for a metric that 
comes from the integral of the area under the force-
displacement curve evaluated between 25 to 400 mm 
of front-end crush as illustrated in the first equation 
below. 
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Here, F is the average of the total force exerted on the 
rigid barrier wall between 25 and 400 mm of vehicle 
crush.  Thus, Kw400 is directly proportional to 
amount of energy it takes to crush the vehicle front 
end.  A low Kw400 is a soft vehicle, and high Kw400 
is a stiff vehicle. 
 
The first 25 mm of crush is ignored intentionally in 
the Kw400 calculation.  This is due to several factors 
such as soft materials in the initial crush, the noise 
and the cross-talk in the measured data and the 
distortions caused by the band-pass filter that is 
traditionally used in processing crash test data.  
Therefore the calculations are not begun until the 
vehicle crush reaches 25 mm.  The maximum crush is 
limited to 400 mm to isolate the high inertial forces 
on the load cell wall due to engine contact. 
 
Force was obtained from the load cell array placed on 
the rigid wall for research purposes during the US 
New Car Assessment Program (USNCAP) tests.   
Displacement was obtained from double integrating 
the acceleration measured from the accelerometers 
placed at the front seat cross-members.  Both force 
and acceleration were sampled at 10 KHz.  But, once 
force is cross-plotted vs. displacement, the F-d curve 
is no longer at a fixed step size as displacement is a 
non-linear function of time.  The force-displacement 
data were re-sampled with a fixed step size in 
displacement before computing average force F to 
avoid errors in the Kw400 measure. 
 
To illustrate the Kw400 calculation, consider two 
NCAP tests as shown in figure 1.  Test 5303 is the 
NCAP test of an SUV and test 5326 is the NCAP test 

of a compact car.  The force-displacement curves for 
the two tests are shown in Figure 1.  Kw400 
calculated for these two vehicles using the above 
method is shown in Figure 2.   
 

 
 
Figure 1.  Force-displacement curves for an SUV 
and a compact car. 
 

 
 

Figure 2.  Kw400 for an SUV and a compact car. 
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Geometry Metric 
 
The geometry metric referred to as the AHOF400 is 
derived from the height at which the vehicle imparts 
force to the rigid wall.  When a vehicle hits the load 
cell barrier in a full frontal impact, the individual 
forces measured on the array of load cells are used to 
calculate the Height of Force (HOF).  Each of the 
load cell forces, F, from the load cell wall at a given 
time are multiplied by their respective height from 
the ground, summed, and then divided by the sum of 
all the forces as illustrated in Figure 3.  In the HOF 
equation, �n� represents the number of load cells and 
�d� represents the vehicle crush.  The AHOF400 is 
the weighted average of the HOF values during the 
first 25 to 400 mm of vehicle crush as illustrated in 
the below equation.  The first 25 mm of crush is 
ignored intentionally in the AHOF400 calculation for 
the same reasons explained earlier. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Height of force calculation. 
 
Several studies in the past have concluded that there 
are large inherent errors in the AHOF measure [11-
14].  In the current frontal USNCAP testing, the full-
width rigid barrier is instrumented with single-axis 
load cells.  The HOF measured in these tests has a 
large source of error.  
 
For example, consider a force, FX, applied at the 
lower most point on the surface of the single-axis 

load cell of size d as shown in Figure 4.  As 
illustrated in the Figure, the force measured by the 
single-axis load cell is assumed to be at its center 
irrespective of the actual position of the applied 
force.  Thus, using single-axis load cells, the error in 
height of force measurement could be as high as ½ 
the load cell size.  One of the main factors 
influencing the error in height of force measurement 
using single-axis load cells is the size of the load cell 
on the barrier face [15].   
 

 
Figure 4.  Measurement error in single-axis load 
cells. 
 
RESULTS AND DISCUSSION 
 
Finite element simulations using LS-DYNA were 
conducted to evaluate the error content in the 
AHOF400 computed from rigid wall data and also 
robustness of the AHOF400 and Kw400 metrics.  
Three different vehicle Finite Element (FE) models 
(1996 Dodge Neon, 2003 Ford Explorer and 1999 
Dodge Caravan) shown in Figure 5 were used in this 
study.  These vehicle models were chosen so as to 
represent different class of vehicles in the current US 
vehicle fleet.  These models have been previously 
validated to a full frontal USNCAP test and the 
validation reports are available for download from 
the NCAC website. 
 
http://www.ncac.gwu.edu/vml/models.html 
 

Figure 5.  Vehicle FE models (Neon, Explorer 
and Caravan). 
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As discussed above, the accuracy of the AHOF400 is 
dependent on the size of the axial load cells used to 
measure the HOF.  In order to avoid this problem in 
simulation studies, the true AHOF400 was computed 
for the three vehicle models using a single load cell 
on the rigid wall as illustrated in Figure 6.  The load 
cell used here measured force in the impact direction 
and also the moment about the y-axis as a function of 
the applied force.  By using this load cell it was 
possible to locate the exact location of force on the 
vertical axis, thus leading to a precise estimate of the 
AHOF400.   
 

 
 

 
Figure 6.  True/Actual AHOF400 calculation. 
 
True AHOF400 computed for the three vehicle 
models is shown in Figure 7.  A current industry 
proposal for a voluntary matching zone for 
geometrically compatible vehicles is the Part 581 low 
speed bumper zone that spans from 16 inches (406.4 
mm) to 20 inches (508 mm) above the ground [16].  
This zone could provide for common interaction of 
vehicles and needs special attention for the collection 
of height data and the matching of height metrics like 
AHOF400. 
 

 
Figure 7.  True/Actual AHOF400 comparison. 
 

METRICS ROBUSTNESS STUDY 
 
Real world crashes occur at a wide range of impact 
speeds, vehicle masses and depend on several other 
variables.  No two real world crashes are identical.  A 
metric chosen to define a compatible vehicle should 
not heavily depend on these variables under nominal 
conditions.  Several simulation studies were 
conducted to evaluate the influence of impact speed 
and vehicle mass on AHOF400 and Kw400. 
 
Influence of Impact Speed on AHOF400 
 
In addition to the USNCAP simulation, two 
additional finite element simulations were conducted 
for the three vehicle types at 30 and 40 mph.  The 
vehicle components, predominantly steel structures, 
exhibit strain rate effects.  This means, the stress at 
which yield occurs is dependent on the rate of 
deformation.  These rate effects have been included 
in the vehicle models to ensure accurate prediction of 
the crash response at different impact speeds [17, 18].  
True AHOF400 was computed for each of these 
simulations using the method explained earlier.  The 
variation in AHOF400 for the three vehicles at three 
different speeds is shown in Figure 8.  The minimum 
and maximum AHOF400 was 442 mm and 453 mm 
respectively for the Dodge Neon.  Minute variations 
in AHOF400 were observed for the other vehicle 
types as well at the different impact speeds.  Based 
on the simulation results, it was concluded that 
impact speed has negligible effect on this measure. 
 

 
Figure 8.  Influence of impact velocity on 
AHOF400. 
 
Influence of Vehicle Mass on AHOF400 
 
The next step in this study was to understand the 
influence of vehicle mass on AHOF400.  The three 
vehicle models were massed incrementally to 
different level of occupancy starting from the 
unloaded vehicle weight.  These masses were rigidly 
attached to the vehicle at the designated seating 
positions.  Table 1 shows the mass increments 
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considered for the Dodge Neon, which were 
incremented above the unloaded design weight 
(UDW).  Similar mass increments were considered 
for the Ford Explorer and Dodge Caravan.  With each 
mass increment there will be minor change in ride 
heights of the vehicle.  The ride height difference was 
not considered in this study as there was no accurate 
way of determining the effect of mass on ride height 
of these vehicles, especially using crash based finite 
element vehicle models.  Simulations were conducted 
for these five mass increments using USNCAP test 
conditions.  The simulation results showed that mass 
has negligible influence on AHOF400.  The force-
deflection curves were identical for the first 400 mm 
of crush in each of these simulations.  Based on this 
study, it was concluded that AHOF400 is a function 
of the vehicle design.  Assuming the change in ride 
height is negligible, added vehicle mass and speed 
have negligible effect on this metric.  
  

Table 1. 
Mass increments for Dodge Neon 

 

UDW (kg)
Number of 
occupants

Total Mass 
(kg)

1 1231
2 1307
3 1383
4 1459
5 1535

Dodge Neon
1155

 
 
Influence of Impact Speed on Kw400 
 
The Kw400 for the three vehicle models was 
calculated using the method explained earlier and is 
shown in Figure 9, note that these results are for the 
35 mph impact speed. 
   

 
 
Figure 9.  Kw400 comparison. 
 
Finite Element simulations were conducted at 30, 35 
and 40 mph to determine the influence of impact 
speed on Kw400 metric.  The variation of Kw400 for 
the three vehicle models at different impact speeds is 
shown in Figure 10.  The maximum variation of 

Kw400 with impact speed was 22% for the Dodge 
Neon, 32.5% for the Dodge Caravan and 13.5% for 
the Ford Explorer.   
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Figure 10.  Influence of impact velocity on Kw400. 
 
To further examine this variation, consider the force-
displacement curves for the Ford Explorer and Dodge 
Caravan shown in Figures 11 and 12.  The F-d curves 
for the Ford Explorer showed similar response until 
the vehicle experienced about 350 mm of crush at the 
three impact speeds.  The overall vehicle crush 
reached only 400 mm at 30 mph impact speed.  At 35 
mph impact, the kinetic energy increased to 1.36 
times to that of the 30 mph impact.  At 40 mph the 
increase in kinetic energy was 1.77 times.  To satisfy 
the principle of conservation of energy, the vehicle 
had to absorb more energy at 35 and 40 mph 
respectively.  This is accomplished by reaching 
higher crush levels, thus increasing the energy 
absorbed by the vehicle at higher speeds.  An 
interesting thing to note in these Figures is that the F-
d curves for the Dodge Caravan start deviating 
earlier, at about 150 mm of crush, when compared to 
the Ford Explorer.  The overall crush in the Dodge 
Caravan reached 535 mm at 30 mph.  Due to higher 
kinetic energy at 35 and 40 mph the Dodge Caravan 
reached crush levels of 630 mm and 730 mm, 
respectively.   The Dodge Caravan is a unibody 
construction and has multiple load paths which 
highly influence the force-displacement 
characteristics at different impact speeds.  The Ford 
Explorer, on the other hand, is body-on-frame type 
construction.  Since the frame rails form the primary 
load path in this type of construction, the F-d curves 
showed little variation up to 350 mm of crush.  Based 
on the above observations, it was concluded that the 
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vehicle design and impact speed has a strong 
influence on Kw400.   
 

 
 
Figure 11.  FE force-displacement curves for Ford 
Explorer at three different impact velocities. 
 

 
 
Figure 12.  FE force-displacement curves for 
Dodge Caravan at three different impact 
velocities. 
 
At higher closing speeds, the Kw400 for each of the 
vehicle models increased.  This shows that the work 
done to reach the 400 mm crush level increased as 
the impact speed increased.  In a two-vehicle crash, 
the relative size of the metrics is critical.  Thus, the 
ratio of the stiffness metrics should remain constant 
as the crash speed is varied in order for this metric to 
be useful.  Under this consideration, the 
Explorer/Neon stiffness ratio is seen to be 2.31, 2.25, 
and 2.14 as the test speed is varied from 30 to 40 
mph.  Similarly, the Caravan/Neon stiffness ratio is 
seen to be 1.54, 1.63, and 1.67 as the speed is 

increased.  These ratios show good consistency 
across the range of energy conditions studied and 
thus indicate good usefulness. 
  
Influence of Vehicle Mass on Kw400 
 
In order to determine the influence of vehicle mass 
on Kw400, the vehicle models were massed 
incrementally to different levels of occupancy 
starting from the unloaded vehicle weight.  Again, 
these masses were added to the vehicle so as to 
represent the occupied seating position.  Table 2 
summarizes the mass increments considered for the 
Dodge Neon. 
 

Table 2. 
Kw400 for Dodge Neon at Different Mass 

Increments 
 

UDW (kg)
Number of 
occupants

Total Mass 
(kg)

Kw400 
(N/mm)

1 1231 1261.2
2 1307 1260.1
3 1383 1249.2
4 1459 1247.9
5 1535 1250.9

Dodge Neon
1155

 
 
The total mass rose from 1231 Kg with one occupant 
to 1535 Kg with five, a 25% increase.  The force-
displacement curves for these simulations are shown 
in Figure 13.  The change in kinetic energy with 
different mass increments showed no noticeable 
difference in the force-displacement curves in the 
Kw400 evaluation region of 400 mm vehicle crush.  
Overall vehicle crush slightly increased with 
increased kinetic energy.  For each of these cases the 
value of Kw400 was computed according to the 
method described earlier.  The lowest value 
computed was 1247.9 N/mm and the highest was 
1261.2.  The maximum variation was about 1%.   
 

 
 
Figure 13.  FE force-displacement curves for 
Dodge Neon at different mass increments.  
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A similar study of added mass was conducted for the 
Ford Explorer.  Table 3 summarizes the mass 
increments considered.    The mass increase was 
about 15%, the total mass increased from 2116 Kg 
with one occupant to 2420 Kg with five.  The 
maximum variation in the Kw400 measure was about 
1%.  This is a negligible variation in computed 
values.  
 

Table 3. 
Kw400 for Ford Explorer at Different Mass 

Increments 
 

UDW (kg)
Number of 
occupants

Total Mass 
(kg)

Kw400 
(N/mm)

1 2116 2828.2
2 2192 2827.8
3 2268 2820.7
4 2344 2812.9
5 2420 2800.1

Ford Explorer
2040

 
 
From this study, the simulation results suggested that 
Kw400 is predominantly a function of vehicle design.  
Added vehicle mass under nominal conditions was 
shown to have no influence on this metric.  Kw400 
does show some dependence on impact speed, but 
this effect seems to be similar for all vehicles so 
stiffness ratios remain fairly constant.  This needs to 
be further investigated. 
 
BARRIER DESIGN 
 
The next step in this study was to determine a rigid 
barrier design that provides the data required to 
accurately compute the height of force and stiffness 
data needed.  Full width rigid load cell barrier 
concepts were proposed based on a load cell 
resolution study [15].  Since the part 581 zone spans 
about 100 mm vertically, it was critical to locate the 
exact HOF for fleet matching as proposed by the 
Alliance voluntary agreement. [16].  For an assumed 
10% error allowance, only + 10 mm error would be 
allowed for this zone.  However, the load cell 
resolution study showed that the error in AHOF400 
measurement was greater than 10mm unless 62.5 mm 
single-axis square load cells were used to instrument 
the barrier.  Further, this did not eliminate the error 
altogether.  Earlier in the paper (figure 6) the need for 
an added moment channel (My) to accurately 
measure HOF was discussed.  To this end, 4 barrier 
concepts and variants of those with multi-axis load 
cells are considered for the cost analysis.  The 
following criteria were considered in proposing these 
concepts: 
 

• Barrier length and width to fit all previous 
frontal NCAP vehicles 

• Possibility of calculating International 
Research Harmonization Activity (IHRA) 
recommended compatibility metrics [19] 

• Ability to accurately compute AHOF400 
and analyze forces distribution in the Part 
581 zone. 

 
The Concept 1 barrier was instrumented with five 
rows and nine columns of 250x250 mm load cells  
(Fx and My) and is shown in Figure 14.  A ground 
clearance of 80 mm was chosen for the barrier such 
that the Part 581 zone lies in the center of the 2nd 
row of load cells.  This barrier is similar to the barrier 
used in conjunction with USNCAP except that multi-
axis load cells are used instead of single-axis load 
cells.  An additional row and column have been 
added to accommodate the larger SUVs and pickups 
anticipated in future USNCAP tests.   
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Figure 14.  Barrier concept 1. 
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Figure 15.  Barrier concept 2. 
 
The Concept 2 barrier was instrumented with 
250x250 mm load cells (Fx and My) throughout 
except for the 2nd & 3rd rows.  This area is defined 
as the �Common Interaction Zone� among European 
researchers.  The 2nd and 3rd rows are instrumented 
with 125 mm load cells (Fx only), which are placed 
with respect to the Part 581 zone according to the 
positions for the IHRA barrier and would allow 
limited comparison of data internationally in this 
region.  This concept is shown in Figure 15.  Concept 
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2a is similar to concept 2.  The only difference is that, 
multi-axis load cells are used to instrument the rigid 
barrier in the common interaction zone instead of 
single-axis load cells. 
 
The Concept 3 barrier is similar to Concept 2 barrier.  
It is instrumented with 250x250 mm load cells (Fx 
and My) throughout except for the 2nd & 3rd row.  
The 2nd and 3rd rows are instrumented with 100 mm 
load cells (Fx only) to give clear coverage to the Part 
581 zone.  The ground clearance had to be adjusted to 
56.4 mm such that the 3rd row of load cells overlaps 
the Part 581 zone.  This concept is shown in Figure 
16.  Concept 3a is similar to concept 3.  The only 
difference is that, multi-axis load cells are used 
through out to instrument the rigid barrier instead of 
single-axis load cells. 
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Figure 16.  Barrier concept 3. 
 
The Concept 4 barrier is instrumented with 125x125 
mm load cells (Fx only) throughout and is shown in 
Figure 17.  The load cells in this concept are the same 
size as those used by IHRA and other international 
bodies, though the load cells in those barriers are 
covered with 2 layers of deformable honeycomb.  
This configuration would allow the best possible 
sharing of data between NHTSA and the international 
test and evaluation community.  Concept 4a is similar 
to concept 4.  The only difference is that, multi-axis 
load cells (Fx and My) are used to instrument the 
rigid barrier instead of single-axis load cells. 
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Figure 17.  Barrier concept 4. 
 
Barrier Selection Criteria 
 
Several variants of these proposed concept barriers 
with single-axis and multi-axis load cells were 
considered in the cost/benefit study.  The barrier 
selection and recommendation was based on the 
following criteria: 
 

• Accuracy in measuring AHOF400 
• Possibility of measuring HNT/VNT 

(horizontal and vertical structural 
distributions) as proposed by IHRA [19] 

• Initial cost of the barrier 
• Cost of test data collection per test 
• Cost of quality control per test 
 

While a 9x18 load cell array measuring axial force 
only does not have the accuracy needed for 
AHOF400 metrics [15], it is nevertheless included in 
several cases for cost comparison purposes.  
Appendix A summarizes the cost/benefit study for 
different barrier concepts and its variants. 
 
Budgetary quotes were obtained from 4 load cell 
manufacturers active in the crash testing field.  The 
current cost of test data collection per channel is $23 
and the cost of quality control per channel is $4.  
These costs are the same for all barriers, but the 
number of data channels makes a great difference to 
overall costs. 
 
Concept barrier 1 is sufficient and necessary to 
accurately measure AHOF400.  The initial cost to 
purchase this barrier is comparable to some of the 
other concepts.  Further, the cost/test with this barrier 
concept is lower compared to other concepts because 
it has fewer data channels.  However, this barrier was 
not recommended as it does not provide an 
opportunity to gather data required to compute IHRA 
recommended compatibility metrics. 
 
Barrier concept 4a was recommended based on the 
findings of this study for two reasons.  First, this 
barrier can accurately measure AHOF400 compared 
to the IHRA barrier, which could not.  Second, if 
NHTSA decides to harmonize the compatibility tests 
with IHRA and international stakeholders, a 
deformable layer of honeycomb can be added to this 
barrier in order to measure the distribution type 
compatibility metrics defined by IHRA.  The only 
shortcoming of this barrier is the added data channels 
required in each test.  This adds the cost of test data 
collection and quality control to the cost of each test.  
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Further, these additional data channels add to the 
initial cost of the barrier, though the initial cost 
estimates varied widely from comparable to other 
designs to much more expensive.  Subsequent 
conversations with load cell manufacturers have 
indicated that several testing facilities are interested 
in this barrier concept, some are purchasing and some 
are awaiting NHTSA�s purchase decision. 
 
CONCLUSIONS 
 
AHOF400 and Kw400 were analyzed as metrics that 
could capture the key vehicle compatibility 
characteristics of height of force and energy 
absorption in the frontal compartment, respectively.  
AHOF400 ensures that the vehicle structures engage 
properly, reducing under ride and override.  Kw400 
ensures that the crash energy is properly shared 
between the impacting vehicles. 
 
The dependence of AHOF400 and Kw400 metrics on 
impact speed and vehicle mass was investigated 
through computer simulations.  Three different 
impact speeds (30, 35 and 40 mph) were considered.  
Five different mass increments were evaluated at the 
NCAP test condition.  The results of these 
simulations showed that vehicle mass and impact 
speed under nominal conditions have no influence on 
AHOF400.  Although vehicle mass showed no 
influence on Kw400, it did show some dependence 
on impact speed.  Nevertheless, stiffness ratios show 
good constancy across a wide range of crash energy 
and should be investigated further. 
 
Several finite element studies were performed to lay 
a basis for improved barrier design and a best concept 
to meet multiple criteria was selected.  The load cells 
that are used to instrument the rigid barrier should 
measure a minimum of two channels (X-force and Y-
moment as a function of the applied force) to 
accurately locate the height of force.  The new barrier 
proposed in this study is expected to create better 
source data for accurate height of force estimates. 
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APPENDIX A – LOAD CELL BARRIER COST/BENEFIT STUDY 
 

Cost of data 
collection 
per test

Cost of 
QC/test

1 2 3 4 $23/channel $4/channel

Concept 1 250 mm LC (Fx & My) Highly accurate
Not 

possible
$548K $234K $316K $322K $2,070 90 $360

Concept 2
250 mm LC (Fx & My),

125 mm LC (Fx)

Error due to 
single-axis LC in 

rows 2 and 3.  
This error could 
be as high as 1/2 
the loadcell size 

(62.5 mm)

Can be 
computed 
based on 

IHRA's 
definition

$622K $241K $443K $330K $2,484 108 $432

Concept 2a
250 mm LC (Fx & My),
125 mm LC (Fx & My)

Highly accurate

Can be 
computed 
based on 

IHRA's 
definition

$664K $324K $458K $347K $3,312 144 $576

Concept 3
250 mm LC (Fx & My),

100 mm LC (Fx)

Error due to 
single-axis LC in 

rows 2 and 3.  
This error could 
be as high as 1/2 
the loadcell size 

(50 mm)

Not 
possible

$628K $256K $472K $356K $2,714 118 $472

Concept 3a
250 mm LC (Fx & My),
100 mm LC (Fx & My)

Highly accurate
Not 

possible
$680K $362K $491K $374K $3,772 164 $656

Concept 4 125 mm LC (Fx)

Error due to 
single-axis LC.  
This error could 
be as high as 1/2 
the loadcell size 

(62.5 mm)

Can be 
computed 
based on 

IHRA's 
definition

$286K $243K $863K $310K $3,726 162 $648

Concept 4a 125 mm LC (Fx & My) Highly accurate

Can be 
computed 
based on 

IHRA's 
definition

$437K $616K $932K $374K $7,452 324 $1,296

Crash wall 
description

Budgetary quotes from load cell 
manufacturer's

Accuracy in 
measuring 
AHOF400

Ability to 
calculate 
HNT/VNT

Number of 
channels for 

QC
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ABSTRACT 
 

This paper discusses the improvement and 
assessment of structural interaction in SUV-to-car 
frontal collisions. For this purpose, a series of crash 
tests using SUVs and small cars was conducted. The 
results of the SUV-to-small car crash tests indicated 
that the aggressiveness of SUVs can be reduced by 
equipping the SUV with a secondary energy 
absorbing structure (SEAS) or by aligning the height 
of the SUV's longitudinal members with that of the 
small car's longitudinal members. The full-width tests, 
which had been proposed for the assessment of 
structural interaction, were conducted to detect and 
assess SEAS reaction force. The test results indicated 
that SEAS reaction force is detected in the full-width 
deformable barrier test and also suggested that 
vertical structural interaction (VSI) will be a useful 
criterion for assessing SEAS reaction force. 
 
INTRODUCTION 
 

To improve the compatibility of vehicles of 
different sizes in a frontal crash, it is necessary to 
improve the structural interaction in front. 
Accordingly full-width tests have been proposed to 
measure barrier force distributions for the 
improvement and assessment of structural interaction 
[1-3].  

In vehicle crash compatibility, the 
aggressiveness of the SUV is an important subject to 
be addressed [4]. The longitudinal members of SUVs 
are inclined to be higher than those of cars, and a 
vertical mismatch of longitudinal members between 
an SUV and a car can occur. This vertical mismatch 
can lead to an override by the SUV, and cause a large 
intrusion into the upper part of the passenger 
compartment of the struck car. Therefore, to prevent 
the override, it is important to improve structural 
interaction in the vertical direction. For such 
improvements, two means are conceivable: a) 
aligning the height of longitudinal members between 

car and SUV or b) equipping a SEAS below the 
longitudinal members of the SUV. 

The present study, part of the compatibility 
research project organized by Japan's Ministry of 
Land, Infrastructure and Transport, was focused on 
the structural interaction of SUVs and was intended 
to examine the vehicle deformation and occupant 
injury of a small car in a frontal crash with an SUV 
where the SUV is equipped with a SEAS or the 
height of the SUV's longitudinal members is aligned 
with that of the small car's longitudinal members. In 
addition, full-width rigid barrier test and full-width 
deformable barrier test were carried out using SUVs 
with and without SEAS, and the barrier force 
distributions were examined to detect and evaluate 
SEAS. Further, repeatability of the full-width 
deformable barrier test was investigated. 
 
SUV-TO-CAR CRASHES 
 

The SUV-to-small car test was performed in 
two crash configurations: offset frontal crash and full 
frontal crash, the latter test conducted by the Japan 
Automobile Manufacturers Association, Inc. (JAMA). 
Table 1 shows the test matrix. The impact velocity 
was 50 km/h with both vehicles traveling. Hybrid III 
test dummies were used for the front seat driver and 
passenger positions in each vehicle. The offset frontal 
crash test was divided into Test 1 and Test 2. In Test 1, 
the normal SUV with SEAS was used, and in Test 2, 
the modified SUV with SEAS removed was used. In 
both Test 1 and Test 2, the overlap ratio was 50% of 
the small car.  

The full frontal crash test was divided into Test 
3 and Test 4. In Test 3, the normal SUV with SEAS 
was used, and in Test 4, the SUV's longitudinal 
members were located at a lower position aligning 
with the center height to the small car's longitudinal 
members. In full frontal crash Test 3, there was a 57 
mm vertical gap between normal SUV and small car 
as measured at the center of the longitudinal member. 
The overlap ratio was 43% between the longitudinal 
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members of the two vehicles. 
 

Table 1. 
Test matrix of SUV-to-car crash tests 

 
 
 
 
 
 
 
 
 

Figure 1 shows the front structural components 
of the normal SUV and small car. The normal SUV is 
a frame-type vehicle with stiff longitudinal members. 
The SEAS is mounted directly on the longitudinal 
members. The distance from the front edge of the 
bumper cover to the SEAS was 377 mm in a 
longitudinal direction. The small car has a simple 
body structure with longitudinal members and 
bumper beam. 
 

 

 

 

 

 

 

 

 
(a) SUV 

 

 

 

 

 

 

 

 

 
(b) Small car 

 
Figure 1.  Front structure of test vehicles. 

 
 
Offset Frontal Crashes 
 

Figure 2 shows the deformation of the small 
cars in the SUV-to-car offset frontal crash tests. In the 
crash tests, geometric misalignments of the 
longitudinal members existed in the horizontal and 
vertical directions between SUV and small car. 
Consequently, the longitudinal member of the SUV 

impacted the suspension strut and A-pillar of the 
small car in the two tests. As shown in Figure 3, the 
SEAS engaged the front wheel of the small car. In 
contrast, the longitudinal member of the SUV without 
the SEAS did not engage the front wheel but 
impacted the A-pillar of the small car. As a result, the 
A-pillar beltline deformation of the small car in the 
crash into the SUV without the SEAS was as large as 
350 mm, and the small car in the crash into the SUV 
without the SEAS caused more intrusion at the brake 
pedal and toe board than the small car in the crash 
into the SUV with the SEAS (Figure 2).  

From the two tests, it was demonstrated that 
the SEAS of the SUV is quite effective for structural 
interaction improvement even in a case of lateral 
mismatch. 
 

 

 

 

 

 

 

 
(a) Test 1 (vs. normal SUV w/ SEAS) 

 

 

 

 

 

 

 
(b) Test 2 (vs. modified SUV w/o SEAS) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Deformations of small car in Test 1 and 
Test 2. 
 

SEAS 

 

Test
configuration Test vehicle

Impact
velocity
(km/h)

Test
mass
(kg)

Overlap
ratio
(%)

Longitudinal member
height difference

(mm)

Normal SUV w/ SEAS 2076
Small car 1091

Modified SUV w/o SEAS 2076
Small car 1091

Normal SUV w/ SEAS 2076
Small car 1074

Lowered SUV w/ SEAS 2076
Small car 1074

50
(Small car)

50
(Small car)

SUV-to-car full frontal
crash (Test 4)

100
(Small car)

50

50 0

63

63

SUV-to-car full frontal
crash (Test 3)

100
(Small car) 57

SUV-to-car offset
frontal crash (Test 1)

SUV-to-car offset
frontal crash (Test 2)

50.5

50.1

0 100 200 300 400 500

A-pillar belt line (R)

Toe board (Driver)

Brake pedal

Steering shaft end

Instrument panel (R)

Longitudinal member (R)

Engine top (R)

Longitudinal deformation (mm)

vs. normal SUV w/ SEAS
(Test 1)
vs. modified SUV w/o SEAS
(Test 2)



 Arai  3

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.  Structure alignment (Test 1). 
 
 

Figure 4 shows the injury measures of the 
driver dummy in the small car. In Test 2, the lower 
extremity injury criteria of the driver dummy, such as 
femur force, knee displacement and tibia index, 
exceeded the injury assessment reference values 
(IARV) due to a greater intrusion. On the other hand 
in Test 1, the lower extremity injury criteria of the 
driver dummy were much lower than those in Test 2, 
although two of the lower extremity injury criteria 
exceeded their standard values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Injury measures of driver dummy in 
small car in Test 1 and Test 2. 
 
 
 
 
 

In Test 1, the head injury criterion (HIC) was 
much higher than that in Test 2 (Figure 4). From a 
high-speed video, the driver airbag of small car was 
seen to deploy at 28 ms in the crash into the SUV 
without SEAS, against 40 ms in the crash into the 
SUV with the SEAS. In the crash into the SUV with 
SEAS, it was considered that there was a greater 
delay in the crash sensor response, which delayed the 
airbag and seatbelt pretensioner activation and caused 
higher head acceleration due to contact with the 
airbag which did not deploy completely and then 
with the compartment interior. It was guessed that the 
difference of the crash sensor response between the 
two tests was caused by the difference of the 
deformation mode of the longitudinal members. 
 
Full Frontal Crashes 
 

From the SUV-to-car full frontal crash tests 
(Test 3 and Test 4), it was observed that the normal 
SUV with a regular longitudinal member height 
overrode the small car in Test 3 but that the SUV with 
a lowered longitudinal member height (lowered 
SUV) did not override the small car in Test 4 as the 
longitudinal members of the two vehicles interacted 
effectively. Figure 5 shows the deformations of the 
small car in the two tests. In Test 3, the small car's 
longitudinal members deformed upward while its 
bumper beam intruded and was sheared between the 
normal SUV's bumper beam and SEAS. In Test 4 
with the lowered SUV, the front of the small car 
exhibited a flat deformation. In the crash into the 
lowered SUV, the intrusions of the small car's upper 
components such as the steering wheel and 
instrument panel were smaller but the intrusion of the 
toe board was greater than that in the crash into the 
normal SUV.  

The force-deformation characteristics of the 
small car was compared for the crash into the 
lowered SUV and for the full-width rigid crash at 55 
km/h (Figure 6). To determine the deformation of the 
car in SUV-to-car crash, it is needed to identify the 
crash interface. In the lowered SUV-to-car full frontal 
crash test (Test 4), the crash interface could be 
determined based on the high speed video from the 
side view. However, in the normal SUV-to-car test 
(Test 3), the crash interface could not be determined 
because the override of the SUV occurred. As shown 
in Figure 6, the force-deformation characteristics are 
similar between two tests. Accordingly, when the 
members of both vehicles in car-to-car crash are in 
alignment, it is likely that the car deforms similar to 
the full-width test and the structural behavior can be 
predicted. 

Figure 7 shows the injury measures of the 
driver dummy in the small car. It was found that the 

  

SUV 
Small car

SEAS 

SUV Small car

0 0.5 1 1.5 2 2.5

Tibia index upper L

Tibia index upper R

Knee disp. L

Knee disp. R

Femur L

Femur R

Chest def.

Chest acc.

Neck moment

Head acc.

HIC 36

Ratio of IARV

vs. normal SUV w/ SEAS
(Test 1)
vs. modified SUV w/o SEAS
(Test 2)
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dummy's right lower extremity generated higher 
injury measures with the lowered SUV than with the 
normal SUV but that its left lower extremity 
generated higher injury measures with the normal 
SUV. Also, head and neck injury criteria were lower 
with the lowered SUV than with the normal SUV. 
 

 

 

 

 

 

 

 

 

 
(a) Test 3 (vs. normal SUV w/ SEAS) 

 

 

 

 

 

 

 

 

 
(b) Test 4 (vs. lowered SUV w/ SEAS) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Deformations of the small car in Test 3 
and Test 4. 
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Figure 6.  Force-deformation characteristics of 
small car in crash test into the lowered SUV and 
in full-width rigid barrier test (55 km/h). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Injury measures of the driver dummy 
in the small car in Test 3 and Test 4. 
 
 

Overall, the SUV-to-car full frontal crash tests 
indicated that structural interaction is an important 
factor for vehicle compatibility and that an effective 
means to enhance structural interaction is to improve 
the geometric alignment of longitudinal member 
height between vehicles. However, since the injury of 
the lower legs was increased, this point could be 
considered to be the problem which it should take 
notice of.  

Although the normal SUV overrode the small 
car, structural interaction was observed between the 
SEAS of the normal SUV and the bumper beam of 
the small car. Assuming the removal of SEAS from 
the SUV, there may be a more intense overriding of 
the small car by the SUV. Therefore, it is clear that a 
SEAS is an important structural component for 
improving the structural interaction of vehicles. 
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FULL-WIDTH RIGID AND DEFORMABLE 
BARRIER TESTS 
 

In order to clarify whether the SEAS can be 
detected in full-width tests, the barrier force 
distributions of the normal SUV (with SEAS) and 
modified SUV (without SEAS) were examined. Table 
2 shows the test matrix. Hybrid III test dummies were 
used for the front seat driver and passenger positions 
in each vehicle. The barrier force distributions were 
compared in a full-width deformable barrier (FWDB) 
test and a full-width rigid barrier (FWRB) test, using 
125 x 125 mm high resolution load cells (Figure 8). 
In the tests, the ground clearance of the load cell 
barrier was 125 mm, which was different from the 80 
mm recommended by IHRA (International 
Harmonized Research Activities) Phase 1a [1]. The 
SEAS was aligned with row 2 in the load cell barrier. 
Thus, the barrier force in row 2 was compared 
between normal and modified SUVs. The impact 
velocity was set at 55 km/h. The deformable barrier 
face used in the FWDB test has two layers [3]. The 
first layer consists of a 0.34 MPa aluminum 
honeycomb element, and the second layer consists of 
a 1.71 MPa element (Figure 9). 
 

Table 2. 
Full-width test matrix 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 8.  Load cell wall. 
 
 
 
 
 
 
 
 
 
Figure 9.  Deformable barrier face. 

Figure 10 shows the vehicle deformation of the 
normal SUV with the SEAS in the FWDB and 
FWRB tests. In the FWDB test, the SEAS deformed 
rearward, the front end of the longitudinal members 
bent downward, and the bumper beam bent backward 
at its center. In the FWRB test, the front body of the 
SUV exhibited a flat deformation. The SEAS did not 
deform rearward in accordance with the axial 
collapse of the longitudinal members. Thus, SUV 
deformation differed between deformable and rigid 
barriers.  

Figure 11 shows peak cell force distributions of 
the SUV with and without the SEAS in the FWDB 
tests. It was observed that the force on the 
longitudinal members was extremely large in both 
vehicles. In the SUV with the SEAS, the front end of 
its left longitudinal member came into contact with 
two load cells. The SUV without the SEAS came in 
contact with three load cells and recorded a high 
impact force on its engine due to the outward 
deformation of the left-longitudinal member.  

Row 2 with columns from 5 to 12 are the load 
cells which are in alignment with the SEAS. In row 2 
where the SEAS made contact, the row load was 120 
kN, against 87 kN in row 2 of the SUV without the 
SEAS. Comparing Figure 11(a) and (b), it may still 
be difficult to conclude that the forces of row 2 were 
generated from the SEAS deformation, because they 
are spread by the honeycomb. Thus, the force in row 
2 was examined according to the vehicle 
deformation. 
 
 
 
 
 
 
 
 

(a) with SEAS in FWDB test 
 
 
 
 
 
 
 
 

(b) with SEAS in FWRB test 
 
Figure 10.  Deformations of normal SUV with 
SEAS in FWDB and FWRB tests. 
 

Test
configuration Test vehicle

Impact
velocity
(km/h)

Test
mass
(kg)

FWDB Normal SUV w/ SEAS 54.9 2076
FWDB Modified SUV w/o SEAS 55.0 2076
FWRB Normal SUV w/ SEAS 54.8 2076

Honeycomb 1st layer 
- 150mm (D), 0.34MPa 

Honeycomb 2nd layer 
- 150mm (D), 1.71MPa 
- 5mm slotting 125mm apart 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1
2

3

4

5

6
7

8

2000mm

1000mm

125mm Ground
level

125mm

125mm

Column

Row
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(a) with SEAS 

 

 

 

 

 

 

 
 (b) without SEAS 

 
Figure 11.  Peak cell force distributions of SUV 
with and without SEAS in FWDB tests. 
 
 

The sum of the barrier force in row 2 where 
SEAS made contact was plotted against the vehicle 
displacement, which was calculated from a double 
integral of the passenger compartment acceleration 
(Figure 12). In the FWDB test, the force increases 
from the vehicle displacement of 0.4 m, where the 
SEAS began to contact the barrier. In the SUV 
without the SEAS, the force level was small in the 
initial stage, and increased after 0.5 m where the 
lateral suspension structures started to contact the 
barrier. Thus, it was demonstrated that the barrier 
force in row 2 shows the SEAS reaction force in the 
FWDB test. The result of SUV (with SEAS) in a 
FWRB test is also shown in Figure 12. The force in 
row 2 does not increase until the deformation of 0.5 
m. Since the vehicle deformation was flat in the 
FWRB test, the SEAS did not deform rearward and 
did not generate the reaction force against the rigid 
barrier. Thus, it will be difficult to measure a SEAS 
reaction force in FWRB tests. 

SEAS detection was examined using the 
criteria of structural interaction such as average 
height of force (AHOF) and vertical structural 
interaction (VSI). The AHOF is a measure of the 
average height from the ground that a vehicle applies 
force to the load cell wall, and the intent is to 
promote structural interaction between vehicles by 
aligning their stiffest members in the vertical 
direction [5]. The aim of the VSI is to encourage 
sufficient vehicle structure in alignment with a 

common interaction zone, i.e. rows 2 to 5.  
Height of force (HOF) was plotted with vehicle 

displacement (Figure 13), and was almost constant 
after the bumper beam had come into contact with the 
barrier because the SUV had a simple frame-type 
longitudinal member. The AHOF, which was 
calculated from displacement up to 400 mm 
(AHOF400), was 551 mm for the SUV with the 
SEAS, and it increased to 567 mm for the SUV 
without the SEAS. However, it can not be concluded 
that the AHOF400 decreased by the SEAS reaction 
force due to its small force. The engine impact force 
of the SUV without the SEAS was large as indicated 
by the collapse of the left-longitudinal member, and it 
may be more reasonable to consider that a number of 
factors including engine impact affected the HOF.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Barrier force in row 2 vs. vehicle 
displacement for SUV with and without SEAS in 
FWDB and FWRB tests 
 
 
 
 

 

 

 

 

 

 

 
 
 
 
Figure 13.  HOF-displacement curves in FWDB 
tests of SUV with and without SEAS. 
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Figure 14 shows the peak row load (based on 
sum of peak load cell forces up to 40 ms) for rows 2 
to 5 in the FWDB tests. In row 2 where the SEAS 
made contact, the row load was 71 kN, against 27 kN 
in row 2 of the SUV without the SEAS. According to 
VSI proposed by the Transport Research Laboratory 
(TRL), which defines rows 2 to 5 as the assessment 
area, the score was 1.3 for the SUV with the SEAS 
and 2.0 for the SUV without SEAS. As a result of the 
FWDB test, it was demonstrated that the SUV with 
the SEAS is better than the SUV without the SEAS as 
a structural interaction evaluation. Thus, the VSI will 
be a useful criterion for assessing the reaction force 
of SEAS. 
 
 

 

 

 

 

 

 
(a) w/ SEAS                  (b) w/o SEAS 

 
Figure 14.  Peak row load in FWDB tests of SUV 
with and without SEAS. 
 
 
 
REPEATABILITY ASSESSMENT OF THE 
FULL-WIDTH DEFORMABLE TEST 
 

In order to assess the repeatability of the 
FWDB test, two identical FWDB tests were 
conducted and vehicle deformations, dummy 
responses and barrier force distributions were 
compared between the two tests. In the tests, the 
ground clearance of the load cell barrier was 80 mm. 
Table 3 shows the test matrix, using a SUV (with 
SEAS). Hybrid III test dummies were used for the 
front seat driver and passenger positions in each 
vehicle. The impact velocity was 54.9 km/h in the 
first test (Test 1) and 54.8 km/h in the second test 
(Test 2). Differences of target location on the barrier 
were 2 mm left in horizontal direction and 0 mm in 
vertical direction in Test 1, and 13 mm right in 
horizontal direction and 0 mm in vertical direction in 
Test 2.  
 
 
 
 
 
 

Table 3. 
FWDB test matrix 

 
 
 
 
 
 
 
 

Barrier deformations after tests are shown in 
Figure 15. The honeycomb block deformations 
caused by the SUV's bumper beam of the SUV 
substantially differed between the two tests. In the 
case of Test 1, honeycomb blocks which contacted 
with the bumper beam were completely deformed. 
However, in Test 2, the second layer of honeycomb 
blocks were hardly deformed. They dropped during 
crashes, and the bumper beam contacted to the back 
plate directly. 

Figure 16 shows the vehicle deformations in 
the two tests. The vehicle deformations were almost 
the same in Test 1 and Test 2. However, there was a 
difference in the deformation mode of the bumper 
beam between two tests. While the bumper beam 
bent in Test 1, there was no such bending in Test 2. 
This difference was considered to be caused by the 
difference of barrier deformation. 

The injury measures of the driver and front 
passenger dummies are presented in Figure 17. As 
shown in Figure 17, there were no large differences 
for injury measures between two tests. The maximum 
difference was 11.4% for the right upper tibia force 
of the front passenger, and the difference was less 
than 5% for many other body parts. 
 
 
 
 
 
 
 
 
 

(a) Test 1 
 
 
 
 
 
 
 
 

(b) Test 2 
 
Figure 15.  Barrier deformations. 
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(a) Test 1 
 
 
 
 
 
 
 
 
 

(b) Test 2 
 
Figure 16.  Vehicle deformations. 
 
 

The barrier force-time history is shown in 
Figure 18. The force curve was almost the same in 
Test 1 and Test 2, and the maximum force was 657 
kN for Test 1 and 672 kN for Test 2. However, the 
force about 40 ms was greater in Test 2 than in Test 1.  
In Test 2, since the second layer of honeycomb 
blocks dropped during crashes, the force generated 
by the contact with the front end of longitudinal 
members became great. 

Several criteria of structural interaction such as 
AHOF were compared between two tests. Figure 19 
shows HOF-vehicle displacement curve. HOF was 
almost the same in Test 1 and Test 2. AHOF400 was 
546 mm for Test 1 and 555 mm for Test 2, and the 
difference was small as 9 mm.  

The VSI and horizontal structural interaction 
(HSI) in the assessment area for rows 2 to 5 are 
shown in Figure 20. The aim of the HSI is to 
encourage strong crossbeams to adequately distribute 
rail load and wider structures for lower overlap 
impacts. As shown in Figure 20, the VSI score was 
almost the same in Test 1 and Test 2. As for HSI, the 
outer support measure was equivalent between the 
two tests. However, the center support measures of 
the HSI clearly differed between 5.0 for Test 1 and 
11.3 for Test 2. The reason for this is that the 
distributions of the peak cell forces in row 3 are 
greatly different between the two tests. In Test 2, due 
to the high force of the longitudinal members, target 
cell load level was set higher than that in Test 1, 
while the forces of the 4 cells in the assessment area 
for the center support were small as a whole 

compared to Test 1 (Figure 21). These differences 
were considered to be caused by the difference of 
barrier deformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Driver 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Front passenger 
 
Figure 17.  Injury measures of driver and front 
passenger dummies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18.  Barrier force-time histories. 
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Figure 19.  HOF-displacement curves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) VSI (rows 2 to 5)           (b) HSI (rows 2 to 5) 
 
Figure 20.  VSI and HSI (rows 2 to 5). 
 
 
 
 
 
 
 
 
 

(a) Test 1 
 
 
 
 
 
 
 

(b) Test 2 
 
Figure 21.  Peak cell force (up to 40 ms). 
 
 
 
 
 

CONCLUSIONS 
 

For the improvement and assessment of 
structural interaction in vehicle-to-vehicle frontal 
collisions, a series of crash tests using SUVs was 
conducted. The results are summarized as follows: 
 
1.  In SUV-to-small car crash tests, structural 

interaction was improved by equipping the SUV 
with a SEAS or by aligning the height of the 
SUV's longitudinal members with the height of 
the small car's longitudinal members.  

 
2.  SEAS reaction force was detected in a 

full-width deformable barrier test, and it was 
demonstrated that VSI will be a useful criterion 
for assessing structural interaction including 
SEAS reaction force.  

 
3.  Full-width deformable barrier tests indicated a 

generally good repeatability with regard to 
dummy responses and vehicle deformations. As 
compatibility assessment criteria, AHOF and 
VSI, which are parameters for vertical structural 
interaction, exhibited good repeatability. 
However, HSI results were not good due to the 
difference of barrier deformation. 
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ABSTRACT 
 
The new European car-to-pedestrian impact safety 
protection regulation has prompted many research 
efforts in this area.  For knee and lower leg 
protection, the current regulation requires using a 
legform that consists of 2 degrees-of-freedom (DOF) 
for injury assessment.  It mimics the shear and 
bending about the knee joint when the lateral side of 
a pedestrian is impacted by a vehicle.  However, in 
a smaller portion, non-lateral impact accidents also 
exist in the real world.  Moreover, even in a purely 
lateral impact, once the legform contacts with the 
bumper, it could rotate towards the other directions 
due to the curvatures of the bumper shape and the 
deformation of the bumper foam, causing the 
legform taking load from other directions.  For 
assessing injuries under omni-direction impact, a 
concept design of a 4-DOF pedestrian legform is 
developed.  The two added DOFs represent the 
natural human knee rotation and the shear with 
respect to the knee joint when a pedestrian is 
impacted from the front or the back.  The 
bio-mechanical requirements of the 4-DOF legform 
are adopted from the existing 2-DOF pedestrian 
legform and the Hybrid III dummy knee.  The 
challenge is to design all the 4-DOF mechanisms, 
including the motion and stiffness mechanisms, in a 
limited space of the legform.  Design methodology 
is also documented in this paper. 
 
INTRODUCTION 
 
Car-to-pedestrian collisions are one of the main 

types of traffic accidents in cities.  In the European 
Union more than 7,000 pedestrians are killed every 
year in road accidents [1].  In the US, pedestrian 
fatalities were over 4,700 in 2000 [2].  In China, 
there exists large amount of roads with mix traffic of 
pedestrians and vehicles in big cities.  In 2003, 
China had 28,000 pedestrian fatalities, about 25% of 
the total fatalities in traffic accidents [3]. 
 
In car-to-pedestrian collisions, the lower limbs are 
usually struck first and the pedestrian’s head arcs 
downward to strike the engine hood surface (see 
sketch in Figure 1).  Head injuries are among the 
most life threatening form of injury for pedestrians 
and are predominantly caused by a direct blow to the 
head.  Leg injuries account for more than half of 
the severe injuries.  Although not life threatening, 
severe knee joint injuries often cause permanent 
disability. 
 
Certain test methods are used for assessing 
pedestrian impact protection performance of a 
vehicle, in which dummy or dummy components are 
used as impactor forms.  There has been a debate 
about whether standing dummy or dummy 
components such as headform and legform should be 
used in assessment test.  Although using a standing 
dummy can account for full body kinematics similar 
to real world accidents, it is difficult to design test 
setup and control test process.  For this and some 
other reasons, EEVC finally adopted the dummy 
components in the required test [1] as illustrated in 
Figure 2.   

  

 
Figure 1.  Sketch of car-to-pedestrian impact.
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Figure 2.  EEVC component tests for assessing 
pedestrian impact protection [1]. 
 
Common injuries of pedestrian lower leg and knee 
joint as the result of impact with bumper include 
long bone fractures, knee femoral condyle and tibial 
condyle fractures, knee ligament tearing and rupture, 
etc.  A joint study by University of Virginia and 
Honda R&D [4] found that knee bending tests are 
capable of reproducing real world pedestrian injuries.  
Pure shear of the knee joint is an extreme case that 
does not occur in real world pedestrian crashes.  A 
more recent study using cadavers by the same group 
in University of Virginia [5] further concluded that 
the real world pedestrian knee injury patterns could 
only be produced under combined bending and shear.  
It implies that the combined bending and shear is the 
actual loading condition that the pedestrian knees 
experience in real world car-to-pedestrian collisions. 
 
For knee and lower leg protection, the current EEVC 
regulation [1] requires using a legform that consists 
of two degrees-of-freedom (2-DOF) for injury 
assessment.  It mimics the shear and bending about 
the knee joint when the lateral side of a pedestrian is 
impacted by a vehicle.  However, if pedestrian is in 
walking stance or impacted from an oblique 
direction, the 2-DOF legform may not have an 
appropriate response.  A study by Kuehn et al [6] 
found that 56% of car-to-pedestrian collisions 
occurred when the pedestrian was in walking stance.  
On the other hand, even the impact is perfectly 
lateral, once the legform contacts with the bumper, 
the legform could rotate towards the other directions 
due to the curvatures of the bumper shape and the 
deformation of the bumper foam, causing the 
legform taking load from the other directions.  The 
anatomy of the human knee joint also determines 
that the knee joint response to external impact may 
have some degree of coupling effect between 
different directions.  By allowing the knee joint 

appropriately responding in multi-direction impact, 
it may open a channel to better correlate the load 
transferred to the lower leg and upper leg.  These 
manifest a need of a multiple-DOF legform. 
 
To develop a pedestrian legform that can assess 
injuries from omni-direction impact, a concept 
design of a 4-DOF pedestrian legform has been 
developed and is documented in this paper.  In fact, 
the new 4-DOF legform is a combination of the 
existing 2-DOF pedestrian legform (Figure 3(b)) and 
the Hybrid III dummy knee (Figure 3(a)), from 
which the joint stiffness data are also adopted.  
Whether superimposing the joint stiffness of 
different directions makes sense in biofidelity is 
beyond the scope of this study. 
 
The most injury concerned DOFs already exist in the 
current EEVC legform (Figure 3(b)) for assessing 
the leg injury when the lateral side of a pedestrian 
(defined as the y-direction) is impacted.  One is the 
relative shearing in the y-direction between the tibia 
and the femur, and the other is the relative bending 
about the x-direction (see the definition below).  
 

 
           (a)            (b)  
Figure 3.  The 4 degrees-of-freedom of the knee 
joint are designed in the legform. 
 
The 2 added DOFs represent the natural human knee 
rotation and the shear about the knee joint when a 
pedestrian is impacted from the front or the back 
(defined as the x-direction).  This can be better 
explained as: when pedestrian faces to a coming car 
and the tibia is impacted by the bumper, the tibia 
may experience a shear displacement in the 
x-direction relative to the femur.  It is the same 
injury displacement when a driver sits in a car and 
the tibia is impacted by the intruded engine in frontal 
impact accident.  Therefore these two DOFs 
already exist in the Hybrid III dummy knee for 
assessing femur and knee injuries using the Hybrid 
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III dummy sitting in a car involved in frontal impact. 
 
The challenge is to design all the 4-DOF 
mechanisms, including the motion and stiffness 
mechanisms, in a limited space of a legform.  
Several design options are developed and analyzed 
in this project.  By ranking and weighting different 
design requirements, one of the designs is selected 
for further detailing it in a complete pedestrian 
legform. 
 
DESIGN TASK AND REQUIREMENTS 
 
As illustrated in Figure 3, the knee joint allows the 
shearing displacements along the two axes as well as 
the rotations about the same two axes.  The design 
deals with a large school of requirements. The 
kinematic structure of the 4-DOF joint in a rather 
small design space is the first issue to tackle.  
Furthermore, except the natural knee rotation, all the 
other 3 DOFs are injury producing motions and need 
to satisfy certain stiffness and damping requirements 
such as bending moment vs. bending angle or shear 
force vs. shear displacement.    
 
Geometry and Packaging 
 
By referencing the overall geometrical requirements 
of the EEVC legform [1], it is determined that the 
optimal size of the 4-DOF knee joint is a cylinder 
with a diameter smaller than 70mm, the diameter of 
the femur and tibia of the EEVC legform.  This size 
limit is actually difficult to house a 4-DOF joint, and 
therefore is quoted as optimal size, or a wish size.  
The 2-DOF EEVC knee joint is housed within the 
perimeter of the femur and tibia diameter, while in 
the 4-DOF knee joint design, in order to gain more 
packaging space, the knee joint is allowed to be 
slightly larger than the tibia and femur diameter 
(“extruding out”).  This is more like human knee 
and Hybrid III dummy knee, and the flesh thickness 
in the knee joint area is reduced in order to maintain 
the overall size within a certain range.  It is 
therefore determined that the maximum size for the 
design space is using a cylinder with diameter 
100mm and covering it with 10mm flesh foam. 
 
The human knee joint is like a spherical joint, in 
which all the axes meet at the same point.  To 
achieve a high biofidelity, in the 4-DOF legform, all 
the axes should also be near each other.  In fact, 
designing the 4-DOF knee joint as a spherical joint is 
one of our early options for its good similarity to the 

human knee.  But a spherical joint might have great 
disadvantages compared to non-spherical ones in 
mechanical sense. 
 
Stiffness Requirement of the Joints 
 
The natural rotation of the human knee joint is not 
an injury concerned DOF and defined as a rotation 
from 0° to 120°, which seems to be a suitable range 
for the purpose of being a pedestrian legform.  
Although no bio-fidelity requirement, the joint 
should have certain friction damping, and the 
friction magnitude may be equivalent to, for 
example, resisting motion under gravity loading. 
 
Since this work is not about developing more 
appropriate biofidelity requirements for the human 
knee and leg under impact loading, the stiffness 
requirements of the other 3 injury concerned 
degrees-of-freedom are adopted from that of the 
existing dummies and dummy components.  When 
more appropriate stiffness requirements become 
available in the future, they may be built into the 
mechanical mechanisms of the design of this work. 
 
For shearing in the x-direction, based on the test data 
in [7] and result of a Hybrid III dummy knee slider 
stiffness test, the shear stiffness curve in Figure 4 is 
adopted.  
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Figure 4.  Frontal shear force vs. displacement 
of the knee joint. 
 
For lateral impact to the legform, the EEVC 
document [1] has given the shear force vs. shear 
displacement shown in Figure 5 and the bending 
force vs. bending angle shown in Figure 6.  Note 
that these requirements of the knee joint are derived 
from the static certification test of the EEVC 
legform.  The bending moment can be calculated 
by multiplying the given force value in Figure 6 with 
2m, the force arm length in the certification test. 
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Figure 5.  Lateral force vs. displacement of the 
knee joint [1]. 

 
Figure 6.  Lateral bending force vs. bending 
angle of the knee joint [1]. 
 
As the legform is used under impact loading 
condition, damping mechanisms must be considered 
when designing the kinematic structure of the joint.  
It is also desirable that recoverable deformation and 
motion mechanisms, as opposed to any destructive 
elements, are used in achieving the required 
stiffness. 
 
Summary of Design Requirements  
 
Other design requirements include measurement of 
displacements and forces needed for assessing the 
injury severity.  Therefore, there must be space in 
the legform to install sensors and make measurement 
with high repeatability and reliability.  This work is 
still ongoing and will be reported in future 
publications. 
 
The design requirements and evaluation criteria can 
be summarized as follows: (a) high biofidelity, (b) 
flexible characteristics of stiffness and damping 

mechanisms to meet different characteristic curves, 
(c) small design space, (d) good measurement 
possibilities, (e) easy use, and (f) high durability.  
Among them, high biofidelity and good 
measurement possibilities are more important. 
 
DESIGN OF 4-DOF LEGFORM 
 
Design Methodology 
 
Based on the requirements and functions established 
above, some principle solution variants are first 
developed to fulfill the requirements of each of the 4 
degrees-of-freedom.  By this way a complex 
problem is divided into several simple problems, for 
which solutions can be found more easily.  Then 
the kinematic chain of the knee device is considered 
to sort out many different possibilities of arranging 
the 4 degrees-of-freedom.  Following that, these 
solutions are combined into solution concepts by 
analyzing their merits and drawbacks.  In the last 
step, the concepts are evaluated according to certain 
criteria.  The best solution emerged from this 
evaluation process is the solution that fulfils all the 
requirements best and therefore is further designed 
with details. 
 
To identify rotational or translational motion 
mechanisms that fulfill the required stiffness and 
damping, the following elements are considered and 
their advantages and disadvantages are analyzed: 
pressure spring, Belleville spring, gas spring, leaf 
spring, friction spring, leg spring, spiral spring, 
torsion spring, rubber element, plastically 
deformable element, rolling bearing, plain surface 
bearing, sliding plane, ball joint, hydraulic damper, 
rotation brake, etc.   
 
To realize 4-DOF, one can use 4 single joints, 2 
double joints, 1 triple joint and 1 single joint, 1 
quadruple joint, or any other combinations.  An 
advantage of using triple joint or quadruple joint is 
that it can lead to small design space, but it is very 
difficult to achieve the required stiffness in a 
combined joint, and measurement would be nearly 
impossible.  In contrast, it would be easy to achieve 
the required stiffness by using 4 single joints, but it 
would occupy a large space and result in complex 
connections between the joints.  Therefore a knee 
structure consisting of 1 double joint and 2 single 
joints or 2 double joints would be appropriate.  The 
first joint may be a translation joint, followed by a 
rotation-rotation double joint and another translation 
joint; or the first joint may be a translation-rotation 



Zhou 5          

double joint, followed by a translation joint and a 
rotation joint; or some of their permutations. 
 
By combining the partial solutions, matrix of 
different variants is established.  To achieve the 
best combination, it is important to combine the 
sub-functions without creating a conflict between the 
solution variants. A clear arrangement of the 
sub-functions to prevent conflicts is using 
morphological matrix.  The selection of solutions 
from the morphological matrix sometimes requires a 
certain kinematic chain, in which the evaluation 
criteria summarized in an earlier section are used.  
These processes lead to the following design. 
 
Embodiment Design of Chosen Solutions 
 
Figure 7 shows the legform in unloaded posture and 
Figure 8 shows the legform stances under different 
loadings.  The mechanisms of the 4-DOF are 
illustrated in the following.  
 
The lateral displacement DOF and the natural 
rotation DOF are realized in a double joint.  It 
allows a lateral shear displacement of 8mm in each 
direction, leading to a total movement of 16mm, 
with the force-displacement relationship shown in 
Figure 5.  It is achieved by a rubber element with a 
certain stiffness and damping characteristic.  The 
basic idea can be seen in Figure 9 and Figure 10.   
This solution offers a small design space and 
flexibility to design the rubber element characteristic 
in a wide range.  Additionally, although no stiffness 
requirement, a rotation stopper must be included to 
the natural rotation of the knee joint to limit range of 
its rotation angle to a desired value. 
 
Similar to the displacement in the lateral shear DOF, 
the joint characteristic of the frontal shear (Figure 4) 
is achieved by a rubber element too.  However, the 
shear displacement in the frontal direction is much 
larger, 20mm in front and rear directions, 
respectively, with a linear force-displacement 
relationship.  With a total displacement of 40mm, it 
is very difficult to install a rubber element in the 
radial direction (only 100mm diameter cylinder by 
the requirement).  On the other hand, there is a 
relatively large space available in the axial direction 
in the upper and lower leg tubes.  By using 
ligament cables, it is possible to transform the radial 
direction displacement into the axial one and install 
rubber elements in the lower tube.  Figure 11 shows 
such a design.    
 

 
Figure 7.  Legform impactor in unloaded 
position. 

 
Figure 8.  Legform impactor in loaded position. 

 
Figure 9.  Double joint for lateral displacement 
and natural rotation. 
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Figure 10.  Interior view of lateral displacement 
system. 

 

Figure 11.  Frontal displacement system. 
 
By transforming the direction of movement, the 
design allows a greater flexibility to change the 
rubber elements.  It would even be possible to 
install a spring-damper system.  When the shear 
element moves (Figure 11), it pulls the ligament 
cable to make the rubber element compressed.  As 
the forces are relatively high, it may be necessary to 
calculate the resulting force-displacement curve by 
including the stiffness of the cable.  Additionally, 
the friction between ligament cables and the 
supporting elements should be minimized (for 
example, using pulleys). 
 
As shown in Figure 6, the joint characteristic of 
lateral bending DOF is nearly bi-linear and is more 
difficult to achieve than that of the lateral and frontal 

shear DOFs, which are linear.  In the EEVC 2-DOF 
legform, it is achieved by using plastically 
deformable elements.  In this design, it is hoped not 
to use any destructive elements.   
 
The design is shown in Figure 12.  It uses a system 
consisting of a Belleville spring and a preloaded 
rubber element to generate the required stiffness. 
Again, ligament cables are used to transform rotation 
into translation.  This is not only for using the space 
in the lower leg tube, but also for easy to achieve the 
nonlinear force-displacement characteristic in 
translational movement.  The rubber element is 
preloaded to the maximum force of the Belleville 
spring.  Thus, when the force reaches the maximum, 
the Belleville spring cannot be compressed any 
further and the rubber element is compressed instead.  
A difficulty with this design is to achieve the high 
required force to generate a bending moment as 
large as 500Nm. 

 
Figure 12.  Lateral bending spring system. 
 
CONCLUSIONS 
 
A concept design of a 4-DOF pedestrian legform is 
documented in this paper, together with summary of 
the design requirements and the design methodology.  
This is the first phase work of the 4-DOF pedestrian 
legform development.  The design improvements 
are still ongoing.  The next steps include design of 
the measurement means of injury parameters 
(deformation, acceleration, force, etc.) and their 
packaging.  For protection and damping purpose, 
like in all other dummies, a certain cushion envelope, 
especially around the knee joint, is also be needed.  
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A finite element model of the legform is also under 
development.  A prototype will then be built, 
evaluated and tested.   
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ABSTRACT 
 

Active hood lift system has been developed to get 
more spaces for decreasing the head injury during 
pedestrian impact. This system is composed of 
detecting sensor, ECU where the algorithm is 
embedded and the pyro-type actuators which raise the 
hood. By this system, the rear part of the hood is raised 
up to approximately 120mm.  

The test results of system operation are introduced 
for each three typical impact cases. In this test the 
system could detect the lower legform impactor from 
the other rigid pole and only in case of lower legform 
the actuator is deployed within the required operating 
time, 30ms. 

To investigate the effects of this system on 
decreasing head injury, we have carried out the EURO 
NCAP child headform impact test in which the 
actuators are fully deployed and the rear part of the 
hood is initially lifted up to 115mm. Through this tests 
we could identify that the head injury could be reduced 
significantly at all target points 
 
INTRODUCTION 
 

In order to satisfy the regulations on pedestrian 
head protection, passive protection measures, such as 
the stiffness modification of the hood itself and 
changes of engine room lay-out, have been frequently 
tried. Basically, pedestrian head injury would be 
reduced by the appropriate flexibility of the impact part 
on the hood. This, in turn, requires sufficient 
deformation space between hood outer skin and hard 
structure of the engine room. Generally, there are some 
limitations to fulfill this requirement by classical 
passive protection improvements mainly due to the 
strength regulations of hood itself and the difficulties of 
reducing the size of structures in engine room. To 
overcome this problem, the active measures, which lifts 
the hood before the head impacts the hood, are now 

being widely studied [1][2].    

THE STUDY ON DEVELOPING ACTIVE HOOD LIFT SYSTEM  
FOR DECREASING PEDESTRIAN HEAD INJURY 
 
Keun Bae Lee 
Han Jo Jung 
Han Il Bae 
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The fundamental requirement of the active hood lift 
device is to classify the type of object in crash and, in 
turn, to differentiate between fire and non-fire case. 

First of all, the system must satisfy the current and 
future regulations [3]. Therefore, we have considered 
the lower legform impact at a vehicle speed of 20km/h 
to 40km/h as a main hood lifting condition. The same 
adult legform of the EC directive 2003/102/EC was 
considered. 

To cover the field stability especially for the case of 
6 year old child pedestrian, we designed the lower 
impactor of small child which weighs typical weight of 
6 year child leg, 3.7kg. This child lower legform was 
assumed to provide the real impact characteristics of 
the small child pedestrian. Therefore the algorithm 
should be made to send a pop-up signal when this 
impactor is detected.   

In case of frontal impact against rigid wall, the 
engine room with a open hood would be deformed 
more and the occupants are exposed to more severe 
injury [4]. Therefore the system should differentiate 
this frontal/offset crash and avoid the activation. 
Adopting the membranes switch and wheel speed 
sensor, developed system could prevent this erroneous 
situation. 

To ensure the proper operation for the various 
misuse case, we have considered as a most difficult 
case to classify the impact with rigid poles of which the 
diameter and mass are the same value of the child/adult 
legform. 
 
 
DEVELOPMENT OF THE ACTIVE HOOD LIFT 
SYSTEM 
   

In the developed system, the data collected by the 
contact sensors, composed of two accelerometers and 
membrane switch is sent to the ECU where the 
algorithm decides the activation and non activation 
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case within the required time. The contact sensors 
consist of two accelerometer and membrane switch 
installed on bumper fascia. If the algorithm determines 
the event as a pedestrian or lower legform impact, the 
fire signal is sent to the pyro-type actuator and the rear 
part of the hood is lifted with the help of deployment of 
specially designed hood hinge. 
 
Determination of System Response Time 

As shown in Figure 1, the total response time (TRT) 
of the system which consists of triggering time and 
actuator deployment time should be less than the first 
contact time of head to the hood. 

 

 
Figure 1. System TTF (Time To Fire) requirement 

 
As shown in Figure 2, to calculate the head impact 

time (HIT), we have carried out a simulation of 
pedestrian impact at a vehicle speed of 40km/h for both 
cases of 6 year child and 50 %ile male human model. 
As a most severe case, the first contact time of 6 year 
child’s head was measured to 58msec in this simulation 
condition. Both child and adult pedestrians are initially 
in a walking posture.    

 

 
   Small sedan, 6yr child   
 

 
Mid size sedan, 50%ile adult male 

Figure 2. CAE Simulation for pedestrian impact  

Typical deployment time of pyro-type actuator is 
approximately 30msec. Therefore, considering the 
system’s operational margin which depends on vehicles, 
the triggering time should be less than 15msec at a 
40km vehicle speed.  
 
Verification Tests for Actuator Deployment Time  

As shown in Figure 3, pyro-type actuator is adopted 
to raise the hood rear part. This actuator, initially 
folded in radial direction, is deployed by the exploded 
gas pressure. Once the actuator is used, it could be 
changed easily with the new one by twisting and 
removing from the installed hole.  

Hood hinge is newly modified to ensure the target 
stroke of actuator. As shown in Figure 3, this hood 
hinge is composed of inner/outer member and shear pin. 
When the actuator is deployed, the shear pin of the 
hinge is broken and the inner/outer member move 
upward as shown in Figure 4. 

 

     
Actuator                Hood hinge      
Figure 3. Hood hinge and deployed actuator 

 
Figure 4 shows the test for actuator deployment. 

This test is carried out to confirm the appropriate 
operation of the hood lifting part. In this test, the 
actuator was forced to be activated by an ignition 
signal. The hood lifting displacement and actuator 
operation time are measured by the high speed camera.   

As shown in Figure 5, the hood rear part is lifted up 
to the maximum value of 157mm. The operation time 
to reach the target displacement of hood, 115mm was 
less then the designed deployment time, 30msec. 
Through this test it is verified that the hood is fully 
lifted before the contact of 6 year child head to the 
hood, if the triggering time is less than 15msec. 

 

   
Figure 4. Test for actuator deployment 
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Figure 5. Time history of hood lifting displacement  

(at the hood hinge bracket point) 
 

Tests to Generate Data for Algorithm Development 
As shown in Figure 6, the accelerometers are used 

as a main impact sensor. Because of the possibility of 
discrimination between rough road and impact with 
objects, two accelerometers are installed on the 
left/right bottom side of the bumper fascia. The main 
function of these sensors is to detect the impact with an 
object of a weight and stiffness equivalent to those of a 
pedestrian. 

The sensing signal of the same object changes with 
the impact location and therefore the threshold value of 
metric used in the algorithm should be modified 
according to this impact location. In this study, the 
membrane switch, shown in Figure 6, is used to detect 
the impact location. Three membrane switches are 
attached on the bumper fascia front surface. Sixteen 
switch nodes are installed at each membrane switch as 
shown in Figure 7. 

 

   
Accelerometer          Membrane switch       

Figure 6. Sensing system  
 

 
Figure 7. Detecting impact location with membrane 

switch 
 
As previously mentioned, the impacts of the adult 

and 6 year child legform are considered as must-fire 
cases. On the contrary, thick and thin rigid pole, which 
have similar weight and diameter to the adult and child 

legform respectively, are adopted as a must-not-fire 
cases as shown in Table 1.  

 
Table 1 Test matrix for sensing data 

 Target Objects 

Adult Legform (13.6kg) 
Must Fire

Thin Pole with Foam (~Child Legform, 3.7kg) 

Thick Rigid Pole (12.2kg) 

Thin Rigid Pole (3.7kg) 

Rough Road (Belgian) 
Must Not 

Fire 

Rough Road (Wave) 

 
The only difference between legform and rigid pole 

is the stiffness distribution of the object. There we 
assumed if the algorithm differentiates the impacts 
between these must and must-not fire conditions, the 
developed algorithm could cover most of the real fields 
misuse cases. 

Figure 8 shows the test setup for adult legform 
impacts against vehicle bumper where several 
accelerometers and contact switches are installed. The 
sensing signals were saved within the notebook in real 
time.  

 
Figure 8. Setup for sensing test (adult legform) 
 
The examples of obtained pulses for the impact 

legform are shown in Figure 9, where the fact that the 
pulse characteristics are affected by the bumper 
kinematics and impact location could be identified. 

In order to choose the noise threshold value, the test 
was carried out on Belgian and wave load. In these 
cases acceleration larger than 7g was measured as 
shown in Figure 10. Therefore the algorithm would not 
start unless both of the 2 accelerations exceed this 
threshold value.  
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Impact at bumper center 

 
Impact at bumper left 

Figure 9. Acceleration pulse (adult legform) 
 

 
Figure 10. Acceleration pulse (Belgian road) 

 
Algorithm Development and Validation Test 

The algorithm developed here is roughly introduced 
in Figure 11. The raw acceleration date is filtered and 
sampled. If this processed date exceeds a pre-defined 
threshold value and the contact switch is triggered, the 
algorithm starts. Then the impact location is detected 
and metrics are calculated until the time reaches the 
moment of deployment decision. The metrics are 
derived from the collected sensor signal to reflect 
distinctly the characteristics of the impact object. After 
the calculation of trigger thresholds (=metrics 
boundaries) and comparison between this value and 
metric, the decision of hood lifting is made. The trigger 
threshold values change with the impact location and 
vehicle speed. 

 

 
Figure 11. Setup for algorithm test 

 
In order to confirm the algorithm performance, the 

system was tested with the use of wave form generator, 
where the sensing pulses were previously inputted. As 
shown in Figure 12, the input signals from wave form 
generator and contact switch are sent to the ECU and 
the algorithm determines the activation of system. If 
the firing signal is out from the ECU, two LED, 
assumed to be left/right actuators, would be lighted up. 
During this process, the input signals and the metrics 
used in the algorithm could be checked out with the 
oscilloscope and notebook computer, respectively. The 
system detected impact location of bumper fascia and 
discriminated the activation cases correctly for the 
typical five impact cases,  

      

 
 

 
Figure 12. Setup for algorithm test 

 
 

Lee 

 

4



Verification Tests of System Operation 
To verify proper behavior of the system, three 

typical impact tests were performed. Impact objects 
and test conditions are shown in Table2. The hood lift 
device was operated only in the case of adult legform 
impact. With the aid of high-speed camera, the total 
operation time, measured from the contact time 
between legform and bumper to the full deployment of 
actuator, was identified to be less than 50msec. Figure 
13 shows the operation of the system for the legform 
impact.  

  
Table 2 Test matrix for system validation 

Test items Impact 
velocity 

Impact 
location Results

Thin rigid pole 35km/h Left Not 
Fire 

Thick rigid pole 30km/h Right Not 
Fire 

Adult legform 35km/h Center Fire 

 

 
Figure 13. Test of system operation  

 
 

HEADFORM IMPACTOR TEST VERIFYING 
THE EFFECTIVENESS OF SYSTEM 

 
In order to confirm the effects of the hood lifting 

device on the head injury reduction, the child headform 
impact tests of EURO-NCAP were conducted. As 
shown in Figure 14, five target points are selected, 
where, without hood lift device operation, the HPC 
value more than 1200 was measured.  

Because proper operation of the lifting device was 
assured by the previous test, the headform was 
impacted against the initially lifted hood and the 
actuator was fully deployed. Figure 15 shows the test 
of headform impact on the projected hood point of the 
C3B (cowl top panel center). 

  

 
Figure 14. Target points 

 

 
Figure 15. Child headform impact test 

 
As shown in Figure 16, the improvement of the 

head injury could be confirmed with the operation of 
hood lift at all five points. However, due to the small 
initial space between hood skin and internal structure 
of engine room, the HPC value at some points were 
still more than target value of 1000. Therefore, in order 
to obtain the HPC value less than 1000, classical 
passive design improvements such as modification of 
hood structure and engine room layout should be 
considered simultaneously. 

 

 
*HPC ratio = HPC_device / HPC_no_device 
 Figure 16. Test results of headform impact  

 
In order to carry out an optimal design of the 

developed system at low cost, the simulation model of 
this device was developed. Figure 17 shows the 
comparison results of headform acceleration between 
test and simulation. The curve shape of simulation 
matches well with test results and peak values of 
acceleration are similar to each other.   
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Figure 17. Comparison between test and simulation 

results 
 
 
CONCLUSIONS 
 

Active hood lift system has been developed to get 
more spaces for decreasing the head injury during 
pedestrian impact. This system is composed of 
detecting sensor, ECU where the algorithm is 
embedded and the pyro-type actuators which raise the 
hood.  

 
Through the development of this system, we could 

conclude this study as follows. 
 

1) From the simulation of pedestrian impact at a 
vehicle speed of 40km/h for both cases of 6 year child 
and 50 %ile male human model, the first contact time 
of 6 year child’s head was calculated to 58msec. 
Therefore, as a most severe case, the system operation 
time should be less than this time, 58msec. 
 

2) The hood rear part is lifted up to the maximum value 
of 157mm. The operation time to reach the target 
displacement of hood, 115mm was less then the 
designed deployment time, 30msec. Hood is fully lifted 
before the contact of 6 year child head to the hood, if 
the triggering time is less than 15msec. 
 
3) The total operation time of the system, measured 
from the contact time between legform and bumper to 
the full deployment of actuator, was identified to be 
less than 50msec. 
 
4) With the aid of the developed hood lift system, it 
was confirmed that the pedestrian’s head injury could 
be reduced significantly. However, in order to fulfill the 
HPC limits required by the regulation or EURO-NCAP 

on pedestrian protection, the passive design/structural 
improvements should be also applied to the vehicles, 
especially for the small sedans, which show relatively 
small space between hood outer skin and hard structure 
of the engine room. 
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ABSTRACT 
 

Whiplash injuries caused by rear-end collisions 
have been issued by many researches or reports and car 
manufacturers has been trying to develop a seat to 
protect passengers from whiplash injuries. The main 
objective of this study is to present the computer 
simulation method for car seat optimization against 
whiplash injury. The study result assists designers to 
understand design parameters of a seat and active 
headrest(AHR) performance in relation to the rear-end 
collisions. Also, we examine how the dummy position 
(including the height) affects the injury indexes. The 
structural optimization is performed to obtain the 
optimal seat with AHR (Active Head Rest)by using the 
TNO BioRID-II dummy and MADYMO software[4]. 
 
INTRODUCTION 
 

Many studies have been performed to protect or 
decrease the neck injury caused by rear-end collisions.  
Recently, there has been a movement that whiplash 
injuries due to rear-end collisions should be enforced 
more strictly by the law. The most of car makers have 
developed a seat with active head rest(AHR) to meet 
the requirements of the relevant laws. For this purpose, 
this study examined how the design parameters[1] of a 
seat affect the injury values, and optimize the design 
parameters to minimize neck injury in collision. 
Furthermore, we will study how the dummy position as 
a test variation affects the output such as contact time 
between head and headrest (HRCT), T1 acceleration, 
and neck injuries. Finally, we evaluate the influence of 
the seat cover material(cloth cover versus leather 
cover) on neck injury in collision. 
 
DUMMY SETTING 
 

According to IIHS Whiplash Sled Test Protocol, a 
dummy was placed at 20mm front and 50mm above 

from the H-point and the dummy is moved down [2] by 
6mm below from the H-point.(Fig.1)[3] During the 
motion, the contact between the dummy and the seat 
must be defined. The seat cushion, seat back and frame 
will be deformed in compliance with the dummy 
motion. . To perform the whiplash simulation, the final 
coordinates of the nodes of seat structure model was 
recorded, in the last time step during computation. 

DEVELOPMENT OF COMPUTER SIMULATION METHOD FOR SEAT 
OPTIMIZATION TO REDUCE NECK INJURY IN A LOW SPEED REAR IMPACT 
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1) Solver : MADYMO Ver. 6.2.2 
2) BioRID-II Facet Dummy Model Ver. 1.2 
3) FE Seat Model 

- Number of Node: 103000(approximately) 
- Number of Element: 140,000(Solid 70,000) 

4) Time Step: 1E-07 (FE Time Step) 
 Time End: (180msec) 

5) Dummy to Seat Contact 
- FE.FE Contact 
- Surface to Surface  
- Master: Dummy Fe Group  
- Slave: Seat Fe Group 

6) FE Seat to FE Seat Contact  
    - FE.FE Contact  
    - Surface to Surface  
    - Master: Steel Part  
    - Slave: Foam Part 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Whiplash Simulation Model 
 
To generate an active link mechanism, the body and 
joint are defined after constructing the multi-body(MB) 
system and then connecting the FE mesh with the body. 
Two MB systems are defined for modeling of the left 
and right link. Each MB system consists of three bodies, 
which are a free joint and two revolute joints.(Fig. 3) 
Some elements of FE mesh are supported to each body 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 Construction of the active headrest 

 
The sled pulse proposed by the IIHS(Fig.4) is 

applied to the simulation and the seat performance is 
evaluated following the IIHS evaluation rules.  

 

 
 

Fig. 3 Sled Pulse 
 
BASE RUN RESULTS 
 

HRCT
(<70msec)

Results 72msec

Seat Design Evaluation

T1 Acc.
(<9.5g)

7.55g

Fx(+) [N] Fz(+) [N] Level

Results 176.0 428.7 Moderate

Neck Force

 

 

 

 

 

 

Current location 

Improvement direction 

Choi 

 

2



 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
Fig. 4 Seat Dynamic evaluation result 

 
The results of the base run are shown in Fig.4. 

Since the T1 acceleration is less than 9.5g(IIHS 
requirement), the current seat design meets the IIHS 
requirement, however the evaluation of neck injuries 
ranks moderate. 

 
REVIEW OF THE PARAMETER TO IMPROVE 

 
Table.1 Seat Design Variables 

A1 A2

B1 B2 B3

C1 C2 C3

D1 D2 D3

E1 E2 E3

F1 F2 F3

G1 G2 G3

H1 H2 H3

N1 N2
Dummy Position(in X-
Axis) (Noise Factor)

Stiffness of
Seat Back Spring

Dummy Position(in Z-Axis) 

Thickness of Panel 

Head Rest Position

Height of Head Rest

Variable Level

Spring Constant of
Active Head rest

Stiffness of
Head Rest Pole

Direction of Active
Head Rest Spring

Variable

 
※    : Base Run  

 

 

 
Fig. 4 Seat Design Variables 

 
To improve the performance of a seat, the seat 

design variables are chosen as shown in Table.1. And 
the dummy position in X-Axis is selected as a noise 
factor. The reason for selecting the dummy position as 
noise factor is that the dummy position can be altered  
easily during test setup process, and by the seat 
material. An L18 Taguchi-style Design of Experiments 
(DOE) with eight factors is used to optimize the seat 
design to minimize neck injuries. Totally, 36 Runs are 
being conducted Results of  T1 X Acc. Peak, HRCT 
(Head Restraint Contact Time), Upper Neck Force X 
Peak, Upper Neck Moment Y Peak will be analyzed to 
minimize each response. L18 Orthogonal Array[5] is 
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shown in Table 2. 
 

Table.2 Taguchi DOE Matrix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The response analysis and S/N(Signal to Noise) 
analysis for each outputs are conducted according to 
the DOE matrix(shown in Table.2). It is desirable to 
minimize the dispersion of each output that S/N value 
is near in 0(zero) and it is good that the response value 
is low because it has smaller the better characteristics. 
Thus, the simulation will be performed to optimize the 
seat with those two objectives satisfied. 

The results for HRCT(Head & Headrest Contact 
Time) is as follows. Of the variables tested, the 
headrest fore/after position(Factor 3) and the upper/ 
lower position of the headrest(Factor 5)  as the 
geometry parameter had the greatest effect on 
HRCT(Head & HeadRest Contact Time) as shown in 
Figure 5. 
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Fig. 5 Results for HRCT 

 
The combination of the variables to minimize HRCT is 
shown in Table 3. 
 

Table 3. Combination of the variables for HRCT 

A B C D E F G H
초기안 1 2 2 2 1 2 2 2
최적안 1 3 1 2 3 1 2 1  

 
The results for T1 acceleration is as follows.  
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Fig. 6 Results for T1 Acceleration 

 
Of the variables tested, the upper/ lower position of the 
headrest(Factor 5) as the geometry parameter and the 
stiffness of the seat back spring (Factor 8) had the 
greatest effect on T1 Acceleration as shown in Figure 6. 
The combination of the variables to minimize T1 
Acceleration is in shown Table 4. 
 

Table 4. Combination of the variables for T1 Acc. 

A B C D E F G H
초기안 1 2 2 2 1 2 2 2
최적안 1 3 2 3 1 2 3 3  

 
The results for neck shear are shown in Figure 7. 

Among the variables tested, the headrest fore/after 
position (Factor 3), the upper/ lower position of the 
headrest (Factor 5) as the geometry parameter and the 
stiffness of the head rest pole (Factor 6) had the 
greatest effect on neck shear. 

Noise 0

변수 1 변수 2 변수 3 변수 4 변수 5 변수 6 변수 7 변수 8

1 1 1 1 1 1 1 1 1

2 1 1 2 2 2 2 2 2

3 1 1 3 3 3 3 3 3

4 1 2 1 2 2 2 3 3

5 1 2 2 3 3 3 1 1

6 1 2 3 1 1 1 2 2

7 1 3 1 1 1 3 2 3

8 1 3 2 2 2 1 3 1

9 1 3 3 3 3 2 1 2

10 2 1 1 3 3 2 2 1

11 2 1 2 1 1 3 3 2

12 2 1 3 2 2 1 1 3

13 2 2 1 3 3 1 3 2

14 2 2 2 1 1 2 1 3

15 2 2 3 2 2 3 2 1

16 2 3 1 2 2 3 1 2

17 2 3 2 3 3 1 2 3

18 2 3 3 1 1 2 3 1

더미 X좌표(H-Point) 유지Dummy Position : Base

A B C D E F G H

Noise 1

변수 1 변수 2 변수 3 변수 4 변수 5 변수 6 변수 7 변수 8

1 1 1 1 1 1 1 1 1

2 1 1 2 2 2 2 2 2

3 1 1 3 3 3 3 3 3

4 1 2 1 2 2 2 3 3

5 1 2 2 3 3 3 1 1

6 1 2 3 1 1 1 2 2

7 1 3 1 1 1 3 2 3

8 1 3 2 2 2 1 3 1

9 1 3 3 3 3 2 1 2

10 2 1 1 3 3 2 2 1

11 2 1 2 1 1 3 3 2

12 2 1 3 2 2 1 1 3

13 2 2 1 3 3 1 3 2

14 2 2 2 1 1 2 1 3

15 2 2 3 2 2 3 2 1

16 2 3 1 2 2 3 1 2

17 2 3 2 3 3 1 2 3

18 2 3 3 1 1 2 3 1

더미 X좌표(H-Point) 20mm 전방 이동Dummy Position : Base + 20mm

A B C D E F G H

S/N Ratio Response Graph
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Fig. 7 Results for Neck Shear 

The combination of the variables to minimize neck 
shear is in shown Table 5. 
 

Table 5. Combination of the variables for neck shear 
 
 
 

 
 
The results for neck tension is shown in Figure 8. Of 
the variables tested, the headrest fore/after position 
(Factor 3), the upper/ lower position of the headrest 
(Factor 5) as the geometry parameter and the stiffness 
of the seat back spring (Factor 8) had the greatest effect 
on neck tension. 
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Fig. 8 Results for Neck Tension 

The combination of the variables to minimize neck 
shear is shown in Table 6. 
 
Table 6. Combination of the variables for neck tension 
 
 
 
 
The Simulation is performed for 4 combinations(to 

minimize each output) and the results are obtained as 
follows. 
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Factor
(Target)

Contact Time
( < 70msec)

T1 Acc.
( < 9.5g )

Shear Tension

Base 72msec 7.55g 176N 428.7N

Case 1
(Contact Time Opt.)

58msec 8.28g 140.1N 309.9N

Case 2
 (T1 Opt.)

76msec 7.21g 149.4N 454.86N

Case 3
 (Shear Opt.)

52msec 8.94g 111.7N 307.6N

Case 4
 (Tension Opt.)

51msec 8.19g 128.0N 326.0N
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Fig. 8 Results for each combination 
 
The case 4 is found to be the best combination of the 
variables to satisfy the requirement for HRCT and T1 
Acceleration and also to be capable of minimizing neck 
shear and tension. 
 
REVIEW OF THE PARAMETER TO AFFECT 
THE PERFORMANCE 
 

To review the results of the case 4 described above, 
the headrest fore/aft position (Factor 3) and the upper/ 
lower position of the headrest (Factor 5) as the 
geometry parameters, have the greatest effect on all 
results. If these variables are fixed, Factor 3 and Factor 
5 can be considered as the dummy setting variation. 
Therefore the dummy setting variation is supposed to 
be the decisive factors in test. As an example, 
depending on the seat cover material, the difference of 
the dummy setting is occurred in test which leads to the 
difference of the results. Thus, this effect on the test 
condition and the corresponding results are analyzed by 
using the computer simulation. The trend of the 
dummy behavior and the change of the neck injury, 
respectively, is compared between the simulation and 
the test even if the condition of the seat model isn’t 
identical to one of the real seat used in test. 
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Fig. 9 Results of the test 
 
The dummy is positioned differently in X-Axis and 

Z-Axis depending on the seat cover material(cloth and 
leather), because the leather is more durable than the 
cloth. In sled test #0303(For the cloth type), the 
backward motion of the dummy deformed the seat back 
foam easily and locally and operated the active 
headrest early. In the case of the leather type, the 
backward motion of the dummy deformed the seat back 
foam totally and so the seat back is firstly declined 
before the active headrest operates. After all, this 
phenomenon increases the contact time between head 
and headrest. To be expressed by the simulation model, 
the characteristics of the seat foam and the contact 
friction between dummy and seat back and between the 
dummy and seat cushion are applied differently to each 
model. The contact friction of the leather type is 
supposed to be larger than that of the cloth type. The 
foam material characteristics of the cloth type cover, is 
presumed to be softer in relative manner. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Comparison of the Model and the foam 

material characteristics 
 
To make the similar condition comparing the test, the 
dummy position(leather type) is adjusted in 5 mm 
higher than the base model.  

The simulation is done in accordance with the 
above condition. The contact time between head and 
headrest is delayed noticeably and the rating for neck 
shear and tension is changed. Therefore, the results 
indicates that to change the seat material(for example, 
seat cover) and to obtain the identical performance with 
the baseline design, additional changes of the seat 
materials on top of the changed material and the 
structural changes are essential. 
 
 
 
 
 
 
 
 

: Base Model     : Leather Model

Test No. Type
Bio-RID
Hip point

Pelvic
Angle HRCT T1 Fx(+) Fz (+) Neck Force

UNIT mm degree ms G N N Rating

REF X/Z 26.5±2.5 70 9.5 100 600

0301 leather 215/315 27.9 87.3 11.27 106.8 633.4 MODERATE
0302 leather 211.5/319.7 27.8 81 9.82 94.45 563.3 LOW
0303 cloth 210.2/313.7 26.7 67 11.38 65.9 408.6 LOW

Condition HRCT T1 Fx(+) Fz (+) Neck Force

UNIT msec G N N Rating

REF 70 9.5 100 600

Base Base (Cloth) 70 11.46

94 11.24

82.07 446.4 Low

Leather
Base H-point + 5mm

& Friction ↑
159 478 MODERATE

Results
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Fig. 11 Results for each type(cloth & leather cover) 
 
CONCLUSIONS 
 

This research performed a case study to obtain the 
optimized seat with AHR (Active Head Rest)by using 
BioRID-II dummy and showed a choice of the design 
factor affecting the neck injuries, T1 Acceleration and 
HRCT. And the sensitivity of each factor for the 
outputs is analyzed. It is confirmed that the test setting 
variation affects the outputs highly and the change of 
the seat cover or foam material also affect the test 
condition.   Through the simulation following 
conclusion can be reached, 

1) The headrest fore/after position (Factor 3), and 
the upper/ lower position of the headrest (Factor 5) as 
the geometry parameter had the greatest effect on the 
output. 

2) Except the geometry parameter, the neck shear 
respond to the stiffness of the headrest pole sensitively 
and the neck tension respond to the stiffness of the seat 
back spring sensitively. 

3) It is confirmed that the test setting variation 
affects the outputs highly and the change of the seat 
cover or foam material also affect the test condition. 
Therefore the exact test setting(maintaining the test 
condition settled) is necessary to evaluate the seat 
performance accurately. 

4) Because the test results can be changed easily 
according to the test condition, the robust seat design 
(for backset and height) overcoming the test setup 
variation is essential. 
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ABSTRACT 

The BioRID II seems to be the most biofidelic 
dummy for low-speed rear-end crash tests and is 
therefore included in several proposed test methods. 
However, to be broadly accepted, the repeatability 
and reproducibility of the BioRID II must be 
verified. 

This study aims to assess the BioRID II repeatability 
and reproducibility by applying the Objective Rating 
Method (ORM) to rear-end sled tests. The ORM 
compares crash tests in terms of correlations between 
criteria, peak values, peak value occurrence times, 
and curve shapes. Correlations are calculated for all 
dummy readings and criteria, and for the complete 
dummy. 

Thirty tests were included in this study. These were 
divided into twelve sets with two to four tests each. 
The tests within each set mirrored each other, and 
were used to assess the BioRID II repeatability and 
reproducibility. The tests were conducted at two 
crash-test sites. Four BioRID II dummies, five 
different seats, and three crash pulses were used. 
Both criteria and dummy readings were compared.  

The BioRID II repeatability, in terms of ORM-
values, ranged from 83 to 90% with a median value 
of 88%. Based on component tests with the Hybrid 
III, TNO/TASS has stated that high correlation is 
65% or above. Hence, the BioRID II repeatability is 
very high. The BioRID II reproducibility ranged 
from 74 to 78% with a median value of 77%. Five of 
the nine comparisons included in the reproducibility 
study were conducted not only with different 
dummies, but also on different sites. 

It can be concluded that the BioRID II shows high 
repeatability and reproducibility for all of the com-
pared crash conditions. Furthermore, the BioRID II 
shows excellent repeatability for nearly all of the 
NIC, Nkm, T1x, HC, Fx, and My criteria comparisons. 
The ORM-values for these criteria were 
predominantly above 90%. 

INTRODUCTION 

The BioRID II seems to be the most biofidelic 
dummy for low-speed rear-end crash tests ([1], [2], 
[3], [4], [5]) and it has been shown that the BioRID 
II is a good tool for predicting low-speed rear-end 
neck injuries ([6], [7], [8]). Therefore, the BioRID II 
is included several proposed test methods, among 
them the EuroNCAP Final Draft [9]. 

Several studies have been performed to evaluate the 
BioRID II repeatability. Good repeatability was 
shown already for early versions of the BioRID by 
[11] and [12]. [13] evaluated BioRID II (however 
not the actual version g) repeatability by exposing 
one dummy seated in four different seat designs 
three times to a 16 km/h crash pulse. Also the re-
producibility was evaluated by using three different 
dummies on a rigid steel seat. The BioRID II showed 
sufficiently good repeatability and reproducibility, 
although these were somewhat better for the RID2 
which was also included in the study. 

[14] performed three repeated tests on three different 
seats using a 16 km/h crash pulse. To evaluate 
reproducibility, the same three seats were tested at 
five different test labs using two different crash 
pulses (16 and 25 km/h). The sleds used included 
both acceleration and deceleration types. Scattering 
was defined as difference between maximum and 
minimum values divided by the mean value. Re-
peatability was rated to be good – meaning scattering 
being about 20% – and reproducibility was rated 
acceptable at 16 km/h (scattering 10% to 40%). But 
the scattering at 25 km/h showed to be generally 
between 30% and more than 100% on biomechanical 
criteria. The authors mentioned that training in seat 
and dummy set-up will help to improve the results.  

[15] carried out repeatability and reproducibility 
investigations using four BioRID dummies, two 
types of seats, and two crash pulses (16 and 24 
km/h). All together thirty-eight tests were performed 
at one test facility. Almost the same NIC values were 
found for all four dummies. The repeatability 
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(maximum deviation from the mean value) for NIC 
was ±13%, the reproducibility (maximum deviation 
from the mean value of all four dummies) for NIC 
was ±3.5%. The repeatability for Nkm was ±20% and 
the reproducibility ±11%. The repeatability for Fx 
was ±34 %, and the reproduceibility was ±27 % with 
clear dependency on dummy used. The repeatability 
for Fz was ±6 % and the reproducibility was ±8 %. 
The influence of pulse variation inside its corridors 
was studied but did not show apparent influence on 
the before mentioned measurement values. 

[16] investigated repeatability and reproducibility of 
dummy response using the coefficient of variation 
(CV). Three BioRID dummies underwent five tests 
on a rigid seat design each. The CV for repeatability 
was expressed as percentage after dividing the 
standard deviation of the peak measurement values 
for each dummy by the average value. The CV for 
reproducibility was also expressed as percentage 
after dividing the standard deviation of differences 
among the three dummies by the average value. 
Repeatability in terms of CV showed to be below 5% 
for head acceleration and neck moment in flexion, 
between 5% and 10% for Fx, Fz, and T1 acceleration, 
and in some cases slightly above 10% in neck 
extension. Reproducibility in terms of CV was 6.3% 
for T1 acceleration, 5.0% for Fx, 13.7% for Fz, 3.3% 
for neck flexion, and 31.6% for neck extension.    

METHOD 

Twelve sets of rear-end sled tests were evaluated in 
this study. Each set of crashes contained two to four 
tests, and all tests within each set were designed to 
mirror each other. Altogether, thirty tests were 
included in the twelve sets. Tests with four different 
BioRID II dummies (all of version g), three different 
crash pulses, five different seats, and conducted at 
two different crash sites, were included in order to 
assess the BioRID II repeatability and reproduce-
ibility. The crashes were conducted between 
November 2004 and August 2006. The test set-ups 
can be found in Table 1. 

The seats used were standard seats with head 
restraints. However, some of them had added, 
excluded, or modified safety systems, or were tested 
during development. The three crash pulses used 
were those that are proposed for EuroNCAP, how-
ever all of them do not fulfil all pulse requirements 
specified in the EuroNCAP v2.3 Final Draft ([9]). 
The IIWPG pulse is triangular shaped with a peak of 
appr. 10g at 27 ms, mean acceleration of 5.5g, and 
∆v of 16 km/h. The Folksam/SRA low severity pulse 
(FV1) is trapezoidal shaped with mean acceleration 
of 4g and ∆v of 16 km/h, and the Folksam/SRA high 
severity pulse (FV2) is trapezoidal shaped with mean 
acceleration of 6.5g and ∆v of 24 km/h. The two 
crash sites used were those located at Autoliv in 
Vårgårda, Sweden (ALS) and at Autoliv in 

Elmshorn, Germany (ANG). At ALS a hydraulic 
accelerator sled was used, and at ANG a deceleration 
sled with a hydraulic brake system was used. 

Seventeen pairs of tests were conducted with exactly 
the same set-up and these were used to assess the 
BioRID II repeatability. Set 4 contained four tests 
with two different dummies, while all other variables 
were similar. These tests were used to assess the 
BioRID II reproducibility. Set 11 contained two tests 
conducted at different tests sites and with different 
dummies and showed a combined correlation for 
dummy reproducibility and test repeatability at 
different sites. Set 12 also contained two pairs of 
tests conducted at different sites and with different 
dummies, and were used to assess both repeatability 
and reproducibility. 

Table 1. 
Included tests 

Set Test Dummy Seat Pulse Site Test Date 
1 a B1 A IIWPG ALS Dec. 2004
 b B1 A IIWPG ALS Dec. 2004 
2 a B1 B FV3 ALS April 2005 
 b B1 B FV3 ALS April 2005 
 c B1 B FV3 ALS April 2005 
3 a B1 A FV3 ALS April 2005 
 b B1 A FV3 ALS April 2005 
 c B1 A FV3 ALS April 2005 
4 a B2 A IIWPG ALS Feb. 2006 
 b B2 A IIWPG ALS Feb. 2006 
 c B1 A IIWPG ALS Feb. 2006 
 d B1 A IIWPG ALS Feb. 2006 
5 a B1 A IIWPG ALS Sept. 2005 
 b B1 A IIWPG ALS Sept. 2005 
6 a B1 A FV1 ALS Sept. 2005 
 b B1 A FV1 ALS Sept. 2005 
7 a B1 A FV3 ALS Nov. 2005 
 b B1 A FV3 ALS Nov. 2005 
8 a B3 C FV3 ANG Aug. 2006 
 b B3 C FV3 ANG Aug. 2006 
9 a B3 C FV1 ANG Aug. 2006 
 b B3 C FV1 ANG Aug. 2006 

10 a B3 C IIWPG ANG Aug. 2006 
 b B3 C IIWPG ANG Aug. 2006 

11 a B1 D IIWPG ALS Nov. 2004 
 b B4 D IIWPG ANG Nov. 2004 

12 a B1 E IIWPG ALS Nov. 2004 
 b B1 E IIWPG ALS Nov. 2004 
 c B4 E IIWPG ANG Nov. 2004 
 d B4 E IIWPG ANG Nov. 2004 

 
Within each set, the same dummy positioning 
procedure was used. The compared dummy records 
were the x- and z-accelerations in the head, C4, T1, 
T8, L1 and pelvis, and the upper neck shear force 
(Fx), tension (Fz) and bending moment (My). The 
filter classes used were those specified in the Euro-
NCAP v2.3 Final Draft ([9]): CFC 1000 for head z-
acceleration, Fx and Fz, CFC 600 for My, and CFC 60 
for all other. However, for test 10b, the C4, T1, T8, 
L1, and pelvis accelerations were filtered with CFC 
180 and the head x-acceleration with CFC 1000. In 
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test 10b the T1 z-acceleration was missing, and in 
tests 11b and 12c the T8 z-accelerations were 
missing. Further, the crash pulses (filtered with CFC 
60) were compared for all sets with the exception of 
set 9, since the crash pulse in test 9a was missing. 
The NIC, the Nkm, the maximum T1 x-acceleration, 
the head restraint contact time, the maximum upper 
neck shear force, and the maximum upper neck 
tension force were calculated for all tests according 
to the EuroNCAP v2.3 Final Draft ([9]).  

The Objective Rating Method, ORM, ([10]) was 
used to assess the correlation between the tests in 
each set. The ORM correlates one comparison test to 
one reference test. Therefore, the ORM was applied 
to all possible pairs in those sets that contained more 
than two tests. The ORM enables comparison 
between scalars, such as criteria, minimum and 
maximum peak values, and their occurrence times, 
and between curve shapes.  

In this study the criteria and signals listed in Table 2 
were included. The acceleration and the neck load 
maximum peak values and their occurrence times 
were compared, and for the My also the minimum 
peak value and its occurrence time were compared. 
The peak value comparisons were limited to peaks 
occurring during the first 200 ms of the crashes. 
Further, the curve shapes of the signals were com-
pared during the first 200 ms of the crashes, and the 
crash pulse shapes were compared during the first 
100 ms of the crashes. 

Table 2. 
Compared criteria and signals 

Group Component 

Criteria NIC (max. before end of head contact)
 Nkm (max. before end of head contact) 
 T1x (max. before end of head contact) 
 HC (head restraint contact time) 
 Fx (max. before end of head contact) 
 Fz (max before end of head contact) 
Acceleration Head x-acc 
 Head z-acc 
 C4 x-acc 
 C4 z-acc 
 T1 x-acc 
 T1 z-acc 
 T8 x-acc 
 T8 z-acc 
 L1 x-acc 
 L1 z-acc 
 Pelvis x-acc 
 Pelvis z-acc 
Neck Loads Fx 
 Fz 
 My 
Crash pulse Crash pulse 

 

The ORM scalar correlations are calculated 
according to Equation 1. This expression is called 

the Factor Method and calculates the correlation 
between the reference test and the comparison test. 
The results range from 0 to 100%, where 100% 
represents a perfect match.  

The curve shape correlation is calculated according 
to Equation 2. This expression is called the Weighted 
Integrated Factor Method and is a combination of the 
Factor Method and the Root Mean Square Addition 
Method. This means that the correlation in each time 
step contributes to the total correlation just as the 
function value would contribute to the total area 
underneath the curve. The δ is very small and used to 
avoid division by zero. r and c are used as abbrevi-
ations for reference and comparison, respectively. 
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In order to simplify comparison between tests, 
ORM-values are calculated not only for the scalars 
and the curve shapes, but also for groups of scalars 
and curve shapes. The contribution of each ORM-
value in its group is defined by a weight factor (W). 
Equation 3 is used to calculate the ORM-value for 
each group. Further, the groups are arranged into one 
single ORM-value that is the correlation for the 
complete system. The contribution of the group 
ORM-values to the complete ORM-value is defined 
by weight factors (W). Equation 4 is used to 
calculate the ORM-value for the complete system. 
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In this study, the criteria were collected in the group 
Criteria, the head, the spine, and the pelvis accele-
rations were collected in the group Acc, and the neck 
loads were collected in the group Neck Loads. The 
weight factors (W) used for the scalars and curve 
shape to form the ORM-values for the groups are 
listed in Table 3. The weight factors used for the 
complete ORM-value were 6 for the Criteria since 
this group included six criteria, 12 for the Acc since 
this group included signals from six accelerometers 
in two directions (x and z), and 3 for the Neck Loads 
since this group included three signals from the 
upper neck load cell (see Table 3). For tests with one 
missing acceleration signal (10b, 11b, and 12c), the 
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weight factor used for the group Acc was 11. The 
tests in the set 9 and 10 did not have any positive Fx 
peaks, and consequently no ORM-values for the 
maximum peak or its occurrence time could be used. 
Therefore, the weight factor for the group Neck 
Loads was reduced by 2/3 to 2.333 for set 9 and 10. 
The crash pulses were not included in the complete 
ORM-values, since these were aimed to show the 
BioRID II repeatability or reproducibility. 

Table 3 
Weight factors used 

Group Wgroup Component  Wscalar or shape 
Criteria 6 NIC 0.167
  Nkm  0.167 
  T1x  0.167 
  HC  0.167 
  Fx  0.167 
  Fz  0.167 
Acc 12 Head x-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  Head z-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  C4 x-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  C4 z-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  T1 x-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  T1 z-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  T8 x-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  T8 z-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  L1 x-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  L1 z-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  Pelvis x-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  Pelvis z-acc Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
Neck 3 Fx Max peak 0.028 
Loads   Max peak time 0.028 
   Curve shape 0.028 
  Fz Max peak 0.028 
   Max peak time 0.028 
   Curve shape 0.028 
  My Max peak 0.014 
   Max peak time 0.014 
   Min peak 0.014 
   Min peak time 0.014 
   Curve shape 0.028 

RESULTS 

BioRID II Repeatability 

Seventeen pairs of tests were used to assess the 
BioRID II repeatability. The ORM-values for the 
complete system correlation range from 83 to 90% 
(median value 88%) and are shown in Figure 1. The 
ORM-values of the group Criteria for the same sets 
range from 89 to 97% and are shown in Figure 2, 
and their components are listed in Table 4. Among 
the Criteria components the Fx shows the largest 
spread, from 78 to 100%, and the lowest median 
value of 91%. The other five criteria have median 
values of 95% or above.  
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Figure 1.  BioRID II repeatability tests: ORM-
values in percent for the complete system 

The ORM-values of the group Acc range from 82 to 
90% and are shown in Figure 3. The ORM-values 
for the group Neck Loads range from 77 to 92 and 
are shown in Figure 4.  In general, the peak value 
correlations are high; the median ORM-values for all 
peaks are shown in Figure 5. The ORM-values for 
the peak occurrence times are in general very high; 
the median values are shown in Figure 6.  In total, 
the peaks for 268 pairs were compared. Of these, 23 
match perfectly and only one peak ORM-value was 
below 65%. Among the peak value occurrence times 
45 pairs match perfectly and three pairs have ORM-
values less than 65%. Two of these three pairs have 
double peaks of almost the same magnitude in the T8 
z-acceleration signals that cause the low correlation 
values: in both reference tests the first peak is the 
highest one and in the both comparison test the latter 
peak is the highest. For the third pair, there are 
double peaks in the My signals. 
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Figure 2.  BioRID II repeatability tests: ORM-
values in percent for the group Criteria. 
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Figure 3.  BioRID II repeatability tests: ORM-
values in percent for the group Acc. 
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Figure 4.  BioRID II repeatability tests: ORM-
values in percent for the group Neck Loads. 
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Figure 5.  BioRID II repeatability tests: median 
ORM-values in percent for the maximum 
acceleration and neck load peak values, the last 
bar is the median minimum My peak value. 
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Table 4 
BioRID II repeatability tests: ORM-values in 

percent for the components in the group Criteria 

Tests NIC Nkm T1x HC Fx Fy 

1a vs. 1b 99 92 88 99 96 99
2a vs. 2b 92 92 95 96 90 98 
2a vs. 2c 99 95 93 98 100 97 
2b vs. 2c 93 97 98 98 91 99 
3a vs. 3b 87 100 94 98 91 95 
3a vs. 3c 91 97 98 100 85 94 
3b vs. 3c 96 97 96 98 78 98 
4a vs. 4b 99 91 95 100 88 96 
4c vs. 4d 98 100 92 98 87 98 
5a vs. 5b 96 86 95 97 95 96 
6a vs. 6b 99 89 97 89 94 99 
7a vs. 7b 90 96 89 100 96 99 
8a vs. 8b 98 92 97 100 82 95 
9a vs. 9b 86 95 98 95 100 90 

10a vs. 10b 93 95 98 94 100 97 
12a vs. 12b 99 93 98 99 97 98 
12c vs. 12d 79 92 93 97 85 99 
Min value 79 86 88 89 78 90 

Median value 96 95 95 98 91 98 
Max value 99 100 98 100 100 99 

 

Peak occurrence times
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Figure 6.  BioRID II repeatability tests: median 
ORM-values in percent for the occurrence time 
for the maximum acceleration and neck load peak 
values, the last bar is the median occurrence time 
for the minimum My peak value. 

Figure 7 shows the ORM-values for the median 
curve shape correlations.  The lowest median ORM-
values can be found for T1 z-acceleration, T8 z-
accelerations, and My. These, together with Fx, are 
the only signals for which the lowest curve shape 
ORM-values are below 65%. Still, all median ORM-
values are above 65%. 
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Figure 7.  BioRID II repeatability tests: median 
ORM-values in percent for the acceleration and 
neck load curve shapes. 

For the seventeen pairs of tests used to assess the 
BioRID II repeatability the corresponding ORM-
values for the crash pulse shapes are shown Figure 8.  
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Figure 8.  ORM-values in percent for the crash 
pulse shapes for the tests included in the BioRID 
II repeatability assessment. There is no ORM-
value for set 9 because of a missing crash pulse. 
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BioRID II Reproducibility 

Three sets can be used to assess the BioRID II 
reproducibility: Set 4, Set 11, and Set 12. In Figure 9 
the ORM-values for the crash pulse shapes are given. 
The correlations of the crash pulse shapes are high 
for all pairs in Set 4 but somewhat lower for the 
reproducibility tests in Set 11 and Set 12. Set 4 was 
designed to evaluate the repeatability and these tests 
were conducted at ALS. In Set 11 and Set 12, not 
only two dummies were used, also two crash sites 
were used.  
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Figure 9.  ORM-values in percent for the crash 
pulse shape. White bars are used for the BioRID 
II repeatability tests, and grey bars are used for 
the BioRID II reproducibility tests.  

The ORM-values for the complete BioRID II 
reproducibility are shown in Figure 10. The repro-
ducibility are lower than the repeatability, neverthe-
less well above 65%. The BioRID II reproducibility 
ORM-values range from 74 to 78%, with a median 
value of 77%. This should be compared with the 
range from 83 to 90% (median value 88%) for the 
BioRID II repeatability (Figure 1).  

The ORM-values for the groups are shown in Figure 
11 (Criteria), Figure 12 (Acc), and Figure 13 (Neck 
Loads). As can be seen, for the groups only one 
ORM-value is below 65%. That is the group Neck 
Loads for test 4b versus 4d that has a ORM-value of 
62%, mainly because of low curve shape ORM-
values for  Fx and My. The ORM-values for the 
components in the groups Criteria are given in Table 
5. The Fx is below 65% for there of the nine cases, 
the median value for this criteria is 68%. The 
corresponding value was 91% for the BioRID II 
repeatability tests. The other five criteria shows 

much better correlations than the Fx do, however the 
median values for all criteria are less good than for 
the BioRID II repeatability tests. The differences for 
these five criteria are between 2 and 9 percent units. 
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Figure 10.  ORM-values in percent for the 
complete systems. White bars are used for the 
BioRID II repeatability tests, and grey bars are 
used for the BioRID II reproducibility tests.  
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Figure 11.  ORM-values in percent for the groups 
Criteria. White bars are used for the BioRID II 
repeatability tests, and grey bars are used for the 
BioRID II reproducibility tests. 
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Figure 12.  ORM-values in percent for the groups 
Acc. White bars are used for the BioRID II 
repeatability tests, and grey bars are used for the 
BioRID II reproducibility tests. 
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Figure 13.  ORM-values in percent for the groups 
Neck Loads. White bars are used for the BioRID 
II repeatability tests, and grey bars are used for 
the BioRID II reproducibility tests. 

Table 5. 
BioRID II reproducibility tests: ORM-values in 

percent for the components in the group Criteria 

Tests NIC Nkm T1x HC Fx Fy 

4a vs. 4c 88 83 80 98 77 87
4a vs. 4d 86 83 88 95 67 89 
4b vs. 4c 89 92 76 98 68 84 
4b vs. 4d 87 92 84 95 59 86 

11a vs. 11b 87 78 95 98 96 92 
12a vs. 12c 96 89 86 96 64 91 
12a vs. 12d 82 82 92 93 75 90 
12b vs. 12c 96 89 86 96 64 91 
12b vs. 12d 82 88 90 94 73 88 
Min value 82 78 76 93 59 84 

Median value 87 88 86 96 68 89 
Max value 96 92 95 98 96 92 

 

The median ORM-values for the peak values in the 
BioRID II reproducibility tests are shown in Figure 
14. The median ORM-values for the peak values are 
considerably lower for the T1 z-acceleration and the 
Fx compared to the other. However, taking the ranges 
into account, also the My values are low. Three cases 
match perfectly for the peak values. The numbers for 
the peak value occurrence times are somewhat 
better, for fifteen pairs the peak time correlated with 
100%. The median ORM-values for peak occurrence 
times are given in Figure 14. These are nearly as 
high as those for the BioRID II repeatability tests 
(Figure 6). Only the median ORM-values for the T1 
z-acceleration and the My negative peak occurrence 
times are significantly lower.  
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Figure 14.  BioRID II repoducibility tests: median 
ORM-values in percent for the maximum 
acceleration and neck load peak values, the last 
bar is the median minimum My peak value. 
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Peak occurrence times
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Figure 15.  BioRID II reproducibility tests: 
median ORM-values in percent for the maximum 
acceleration and neck load peak value occurrence 
times, the last bar is the median minimum My 
peak value occurrence time. 
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Figure 16.  BioRID II reproducibility tests: 
median ORM-values in percent for the 
acceleration and neck load curve shapes. 

The median ORM-values for the curve shapes are 
much lower for the reproducibility tests compared to 
the repeatability tests. The z-accelerations for the 
head, C4, T1, and T8, and the Fx and My median 
curve shape ORM-values are below 65%; for the 
repeatability tests all were above. In general the 
curve shape trends are similar for all compared pairs, 

but the magnitudes for the peaks differ and that 
results in somewhat lower ORM-values. 
Predominantly, the least correlating parts of the 
curves occur between 150 ms and 200 ms.  

DISCUSSION 

Repeatability and reproducibility studies 

The values for repeatability and reproducibility from 
the studies conducted by [11], [12], [13], [14], [15], 
[16] cannot be directly compared to each other or to 
this study since each study calculate repeatability 
and reproducibility with different methods. [14] 
assessed good repeatability in general, acceptable 
reproducibility at 16 km/h, and unacceptable 
reproducibility at 25 km/h. It has to be mentioned 
that all biomechanical values were largely exceeding 
common thresholds in the 25 km/h tests. [15] and 
[16] both did tests resulting in low to medium bio-
mechanical values but showing just opposite trends 
in Fx and Fz reproducibility. In this study, good 
overall repeatability and reproducibility were 
assessed for the BioRID II. However, the Fx was 
below the limit for good reproducibility in three of 
nine comparisons, but it showed good repeatability 
for all seventeen comparisons.  

High Repeatability: ORM > 65% 

The Objective Rating Method (ORM) was published 
in 2005 ([10]) as a tool for assessing the correlation 
of Madymo simulation models to mechanical tests. 
They stated that high correlation is 65% or above 
repeatability for mechanical tests. This statement 
was based on component tests on one Hybrid III 
50%-ile without arms and lower legs. Ten different 
tests were repeated ten times, and in each test thirty 
signals were recorded. All signals of the repeated 
tests were then compared to the first test in each test 
series. However, which signals that were compared, 
or their weight factors, are not specified. According 
to the authors, special attention was taken in positing 
the dummy before each test to ensure good repeat-
ability and a well-defined environment was used in 
the tests. In this study, the ORM-values for the 
BioRID II repeatability ranged between 83 and 90% 
with a median value of 88%. This is much better 
numbers than those presented by [10] for Hybrid III 
component tests. Take into consideration that for the 
BioRID II tests, not only the BioRID II spread are 
measured, also the spread in the seats and test 
environments are included. Hence, it can be assessed 
that the BioRID II repeatability is very high. 

The BioRID II repeatability assessment was based 
on seventeen pairs of test. In these tests four 
different BioRID II dummies, four seats, three 
pulses, and two sites were used (Table 1). The 
specific influences of these parameters on the ORM-
values cannot be assessed since seventeen pairs are 



Eriksson 10 

too few to measure significant differences. Further, 
the spread is between 83 and 90%, and twelve of the 
seventeen pairs have ORM-values of 88, 89 or 90%. 
Consequently, there are only minor differences 
between most of the pairs in terms of repeatability 
ORM-values. Although no significant influences can 
be assessed, the BioRID II repeatability ORM-values 
are presented sorted according to dummies (Figure 
17), seats (Figure 18), pulses (Figure 19), and sites 
(Figure 20) used. The unsorted data can be found in 
Figure 1. The B2 and B4 BioRID II dummies were 
only used for one test each. Therefore, no conclu-
sions should be draw regarding these dummies. The 
median ORM-values for B1 and B3 are almost the 
same. The spread when using the same dummy 
appear to be somewhat wider than the spread 
between different dummies (Figure 17). The spread 
in ORM-values do not likely depend on the seat 
(Figure 18) or the site (Figure 20). Further, the 
spread is much smaller between the tests conducted 
with FV3 pulse than for the other pulses (Figure 19). 
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Figure 17.  BioRID II repeatability tests: ORM-
values for the complete system sorted according 
to seat used. 
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Figure 18.  BioRID II repeatability tests: ORM-
values for the complete system sorted according 
to seat used. 
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Figure 19.  BioRID II repeatability tests: ORM-
values for the complete system sorted according 
to pulse used. 

Set 2 and Set 3 contained three tests each that were 
set-up to mirror each other. The NIC, the Nkm, the 
T1x, the HC, the Fx, and the My values for these sets 
were analyzed in order to find out if these values in-
creased or decreased with the number of tests. Only 
the T1x values for Set 2 shows continues decrease, 
and none shows continues increase. Hence, nothing 
in this study indicates that the BioRID II responses 
changes due to the number of conducted tests. 
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Figure 20.  BioRID II repeatability tests: ORM-
values for the complete system sorted according 
to site used. 

Three sets were used to assess the BioRID II 
reproducibility. Of these, only Set 4 were designed 
with the aim to evaluate the reproducibility. Set 11 
and Set 12 were parts of a seat improvement study 
that were conducted at two sites. Therefore, not only 
the dummies used differed, also the crash sites 
differed. As can be seen in Figure 9, the crash pulses 
shapes were less similar for the reproducibility tests 
conducted at two different sites (Set 11 and 12) than 
those conducted at the same site (Set 4). A 
comparison between the pulses used in Set 11 is 
given in Figure 21. Likely, the differences between 
these crash pulses only influence the outcome 
negligible. However, there are other differences that 
may have influenced the outcome. The gap between 
the dummy and the head restraint differed between 
the sites. Therefore, it can not be excluded that the 
dummy positions influenced the outcome. For Set 
11, the gap was 5 mm wider for the dummy at ALS, 
and for Set 12 the gaps were 7 and 9 mm wider at 
ALS. Furthermore, the crash tracks used at ALS and 
ANG differ. At ALS a hydraulic acceleration sled is 
used: the dummy is at rest when the crash starts and 
by the aid of a hydraulic system the dummy is 
accelerated with a pre-defined pulse. At ANG a 
Hydro-Brake sled is used: prior to the crash the 
dummy is moving and a hydraulic system is then 
used to brake the sled with a pre-defined 
deceleration pulse. According to Figure 10 the 
ORM-values for the BioRID II reproducibility tests 
are in the same range for all three sets. Hence, it is 
likely that the dummy influence in much larger than 
influence from the positioning and the test 
conditions.  

Set 11: Crash pulses
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Figure 21.  The crash pulses used in Set 11. The 
reference test (thick line) was conducted at ALS 
and the comparison test (thin line) at ANG. 

The ORM-values for the criteria values, the peak 
values, and the peak value occurrence times are 
generally higher than ORM-values for curve shapes. 
However, both equation 1 and 2 will result in the 
same ORM-value if they are applied to the same 
scalars. Nevertheless, our demands are often much 
higher on scalars than on curves. Hence, different 
rule of thumbs may be used when deciding if scalars 
or curves correlate well. Up to date, too few correla-
tion evaluations have been performed to assess if 
different type of tests and measured signals require 
different ORM threshold values. 

The ORM 

An example from Set 4 will be presented in detail in 
order to provide a feeling for the ORM scale. This 
set contains four tests: 4a and 4b were conducted 
with one BioRID II dummy, and 4c and 4d were 
conducted with another BioRID II. Comparing 4a to 
4b, and 4c to 4d, will show the BioRID II 
repeatability. Comparing 4a to 4c and 4d, and 4b to 
4c and 4d, will show the BioRID II reproducibility. 
NIC and Nkm values and their corresponding ORM-
values are given in Table 6. Table 7 shows the 
ORM-values that correspond to the signals shown in 
Figure 22 to Figure 26.  

Table 6. 
NIC and Nkm values and their corresponding 

ORM-values in percent for Set 4 

NIC Nkm

Tests Values ORM Values ORM 
4a vs. 4b 10.2 vs. 10.3 99 0.20 vs. 0.22 91
4a vs. 4c 10.2 vs. 11.6 88 0.20 vs. 0.24 83 
4a vs. 4d 10.2 vs. 11.8 86 0.20 vs. 0.24 83 
4b vs. 4c 10.3 vs. 11.6 89 0.22 vs. 0.24 92 
4b vs. 4d 10.3 vs. 11.8 87 0.22 vs. 0.24 92 
4c vs. 4d 11.6 vs. 11.8 98 0.24 vs. 0.24 100 
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Set 4: Head x-accelerations
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Figure 22.  Head x-accelerations for all tests in 
Set 4. The two thick lines correspond to test 4a 
and 4b, and the two thin lines to test 4c and 4d.  

Set 4: T1 x-accelerations
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Figure 23.  T1 x-accelerations for all tests in Set 4. 
The two thick lines correspond to test 4a and 4b, 
and the two thin lines to test 4c and 4d. 

Set 4: Fx
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Figure 24.  Fx for all tests in Set 4. The two thick 
lines correspond to test 4a and 4b, the two thin 
lines to test 4c and 4d. 

Set 4: Fz
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Figure 25.  Fz for all tests in Set 4. The two thick 
lines correspond to test 4a and 4b, and the two 
thin lines to test 4c and 4d.  

Set 4: My
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Figure 26.  My for all tests in Set 4. The two thick 
lines correspond to test 4a and 4b, the two thin 
lines correspond to test 4c and 4d.  

Table 7.  
ORM-values in percent for some of the signals 

evaluated in Set 4 

Signals 4a
 v

s.
 4

b
 

4a
 v

s.
 4

c 

4a
 v

s.
 4

d
 

4b
 v

s.
 4

c 

4b
 v

s.
 4

d
 

4c
 v

s.
 4

d
 

Head x-acc Max peak 96 97 97 93 93 100
 Max peak time 100 98 91 98 92 93 
 Curve shape 88 77 67 78 70 81 
T1 x-acc Max peak 90 93 98 84 88 95 
 Max peak time 99 71 99 72 100 72 
 Curve shape 86 74 72 73 71 76 
Fx Max peak 89 77 67 68 60 88 
 Max peak time 99 97 95 99 97 98 
 Curve shape 76 42 38 40 34 59 
Fz Max peak 96 87 89 84 86 98 
 Max peak time 99 97 92 96 92 95 
 Curve shape 84 66 58 62 56 74 
My Max peak 92 92 100 100 92 92 
 Max peak time 100 95 91 95 91 96 
 Min peak 90 84 84 93 93 100 
 Min peak time 100 99 97 99 97 98 
 Curve shape 61 46 39 35 31 66 
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CONLUSIONS 

The Objective Rating Method (ORM) was applied to 
twenty-six pairs of tests in order to assess the 
BioRID II repeatability and reproducibility. The tests 
were conducted at two crash-test sites. Four BioRID 
II dummies, five different seats, and three crash 
pulses were used. Both criteria and dummy readings 
were compared. The BioRID II repeatability, in 
terms of ORM-values, ranged from 83 to 90% with a 
median value of 88%, and the reproducibility ranged 
from 74 to 78% with a median value of 77%. Based 
on component tests with the Hybrid III, TNO/TASS 
has stated that high correlation is 65% or above. 
Hence, the BioRID II repeatability and reproduce-
ibility are very high. 
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ABSTRACT 

A precondition for a good rating in Euro-NCAP 

frontal impact is a low value for chest deflection. To 

achieve this, detailed knowledge of the mechanism of 

chest deflection is needed. Consequently, the 

objectives of this study were a detailed analysis of the 

belt induced chest deflection and a finding of 

solutions to reduce it. 

Theoretical investigations as well as simulation 

(software Madymo 6.1) were used to study the 

mechanism of chest deflection. The simulation 

environment represented a typical middle class 

vehicle. A special simulation dummy which allowed 

a detailed analysis of the internal and external forces 

acting on the thorax was used. Finally, sled tests were 

carried out in order to confirm the theoretical and 

numerical results. 

For the environment investigated, the belt force 

turned out to be the dominant factor for chest 

deflection. In fact, the value for chest deflection 

showed a good correlation to the arithmetic mean of 

the shoulder belt force (FB3) and the force of the 

inner diagonal belt (FB4). While FB3 is commonly 

limited by a load limiter in the retractor, FB4 is 

strongly influenced by the forces in the lap portion of 

the belt. These forces are usually 1kN to 2kN larger 

than the level of load limitation. Preventing the belt 

slippage through the buckle tongue proved to 

substantially reduce FB4. Along with this chest 

deflection in tests with Euro-NCAP deceleration 

pulse was reduced. 

A prototype of a locking tongue was developed 

and sled tests were carried out in different vehicle 

environments. It was shown that depending on belt 

geometry a reduction in chest deflection of 10-25% 

could be achieved.   

1. INTRODUCTION 

 

 During the past years load limiting of safety belts 

has become standard in vehicles on front seats. The 

reason of the implementation of load limiters was to 

reduce the force at the shoulder belt to a pre-defined 

level and achieve an optimal usage of the space 

available in the passenger compartment during 

retention /1/. The benefit of load limiting is evident 

and can be seen as well in real life, cp. fig.1.  

Due to the importance of chest deflection in real 

life and testing (Euro-NCAP, e.g.), effects which 

influence chest deflection were analyzed. As a result 

of this, the correlation between shoulder belt load and 

chest deflection is commonly accepted /1/ /2/ /3/ /4/ 

/5/.   

  

Figure 1. Probability of severe thoracic injuries 

(AIS3 or more severe) depending on the shoulder 

belt force and the occupant’s age /2/. 
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In fact, previous studies discuss the interaction 

between shoulder belt load and chest deflection. 

Other belt parameters, which might influence chest 

deflection, are not matter of previous investigations. 

 As a result of these considerations, belt induced 

chest deflection has to be analysed in detail to find 

other belt parameters which effect on chest 

deflection. 

 

 

2. BELT INDUCED CHEST DEFLECTION   

 

Belt induced chest deflection is caused by the 

resultant force on the sternum. This force depends on 

 

• the geometry of the belt system  

 

• the magnitude of the forces FB3 (shoulder 

belt) and FB4 (diagonal inner belt), cp. 

figure 2. 

 

2.1 Belt Load 

 

In a typical frontal crash with a standard belt 

system which includes a constant load limiter the belt 

load FB3 has an almost constant level. In contrast to 

this an increasing in belt load FB4 and FB6 (belt 

force at the anchor plate) is noticeable, cp. figure 3. 

The increase in belt force FB4 is caused by higher 

forces in the lap belt compared to the diagonal belt. 

As the resultant force on the thorax depends on the 

magnitude of both forces FB3 and FB4, it is also 

increasing.  

As a result of these considerations, the belt force 

FB4 should be also limited respectively reduced to 

decrease belt induced chest deflection. 

 

2.2 Geometry effects 
 

Assuming a constant load in the webbing, the 

resultant force of the belt on the thorax depends on 

the direction of the belt forces FB3 and FB4. During 

forward displacement, the load on the thorax 

increases due to the change of the direction of the belt 

forces, cp. figure 4. 

Furthermore, during forward displacement of the 

dummy with rotation, the load on the clavicle 

increases and consequently the load on the sternum 

decreases.  

 

 

 

 
x 

y 

FB4 

FB3 

Figure 2. Location of belt 

force sensors. 

Figure 3. Exemplary curve progression of belt 

forces versus time with a constant load limiter. 

The belt force FB3 has a constant level, an 

increasing in belt forces FB4 and FB6 is 

noticeable. 
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FB3 

x 

y 

FB3 

Figure 4. Belt force vector of the shoulder part 

increases in x-direction due to forward 

displacement which leads to an increase in the 

resultant force on thorax. 

 

3. METHODS 

 

3.1 Environment used for testing and simulation 

 

In addition to theoretical considerations sled-tests 

and MADYMO simulations were done in an 

environment which represents a typical middle class 

vehicle on the driver side. 

 

For the calculation a MADYMO 6.1 model was used.  

Following properties have to be mentioned:   

 

• the original steering column was replaced by 

a fixed one 

• a special software dummy called Force 

Balanced Dummy was used 

 

Compared to the standard simulation dummy the 

Force Balanced Dummy can record and evaluate 

internal forces (like shear forces between parts of the 

body), airbag, seatbelt and seat forces on the dummy 

segments separately. It is comparable with the 

simulation dummy, which is known as E-Dummy /6/. 

 

 

Concerning the set-up of the dynamic tests following 

conditions characterise the environment: 

 

• serial seat  

• serial driver airbag  

• rigid steering column 

• no IP (no knee contact) 
• belt system with load limiter and retractor 

pretensioning 

• Dummy Hybrid III 50
th

 percentile  

• US - / Euro-NCAP pulse  

 

 

3.2 Reduction of the belt force FB4 

 

As a result of the considerations in chapter 2.1, 

the reduction of belt load FB4 has to be realised in 

simulation and test environment.  

One way to reduce the belt force FB4 is to 

prevent slippage from the diagonal belt into the lap 

belt.  Slippage from lap into the diagonal belt is 

possible (in order to enable webbing slippage through 

the tongue during retractor pretensioning). The 

opposite direction of webbing slippage, from the 

diagonal to the lap portion, is prevented, see figure 5.  

The expected effect is a reduction in belt force FB4 

(diagonal inner) and an increase in the force on pelvis 

due to higher forces in the lap belt. Furthermore, the 

change of the load path should lead to higher shear 

forces between pelvis and thorax, cp. figure 6.

Figure 5. Principle of a tongue, which prevents 

slippage from diagonal in the lap portion. 
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4. SIMULATION AND TEST RESULTS 

 
 

4.1 Simulation Results 

 

In order to demonstrate the effect, simulations 

were done in the described environment. Figure 7 

points out the forces on the thorax with a standard 

belt system, and a tongue, which prevents slippage in 

one direction (hereafter referred to as locking 

tongue).  

As expected a reduction in the belt force on the 

thorax and an increase in the shear forces between 

thorax and pelvis can be observed in the simulation 

environment by using the locking tongue. The change 

of the load path is evident.  

 

 

 

 

 

Figure 6. Change of the load path: Reduction 

of the resultant belt load on the thorax, 

increasing in shear force F Lumbar Spine. 

F Lumbar Spine  

F Neck 

F Airbag 

F Belt 

Thorax Sternum 

F Arms 

Figure 7. Forces on the thorax with a standard belt system and a tongue, which prevents slippage in 

one direction. A reduction of the resultant belt load on the thorax and a increasing in the shear 

forces can be noticed. 
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The effect on injury criteria and the dummy forward 

displacement is given in table 1. 

 

 
 Chest 

deflection 

in mm 

Chest 

acceleration 

3ms in g 

Pelvis 

forward 

displacement 

in mm 
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n
d
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o
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e 

 

39 

 

51,4 

 

233 

L
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g

 

T
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n
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u
e  

32 

 

52,8 

 

229 

 

Table 1. Simulation results with HIII 50% and 

Euro-NCAP pulse. The reduction in chest 

deflection is evident. 

 

 

As a result, a reduction in chest deflection of 

7mm (18%) with a usage of the locking tongue is 

noticeable. Furthermore a not relevant increasing in 

chest acceleration can be established. Finally, the 

forward displacement of the dummy decreases 

marginally compared to the standard belt system.  

 

In addition to this two relevant influences on the 

effect should be mentioned. 

In table 2 the difference between HIII 50% and HIII 

5% is demonstrated, calculated with an US-NCAP 

pulse (56km/h, 0°). As we can see, the effect depends 

on the occupant’s mass. A higher mass leads to 

enlarge the effect.  
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33% 

 

 

13,5% 

 

Table 2. Benefit concerning chest deflection with 

different dummies, calculated with US-NCAP 

pulse. A higher reduction in chest deflection with 

the 50% dummy compared to the 5% dummy can 

be noticed. 
 

As a second influence the stiffness of the pulse has to 

be mentioned. Stiffer pulses lead to amplify the 

effect, cp. table 3. 
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11% 

 

 

28% 

 

 

33% 

 

Table 3. Benefit concerning chest deflection with 

different pulses. Stiffer pulses lead to amplify of 

the effect. 

 

 

As described in chapter 2.2, geometry effects 

lead to different loading of the thorax. Under the 

condition of constant belt loads FB3 (shoulder) and 

FB4 (diagonal inner), realised with a locked tongue, 

chest deflection shows an almost constant behaviour 

in the environment investigated. Furthermore an 

increasing in load on the clavicle was noticeable, cp. 

figure 8.  

Summarised: An increasing in the resultant force 

on the thorax is calculated, see figure 7.  The 

resultant force itself is the sum of the load on the 

sternum (which has an almost constant curve 

progression) and the load on the clavicle (which 

increases), cp. fig. 8.  

Figure 8. Almost constant belt loads FB3 and 

FB4. The result of the belt loading is an almost 

constant load on ribs and an increasing in load 

on clavicle.  
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4.2 Test Results 

 

To verify the simulation results and to measure 

the benefit concerning chest deflection, sled-tests 

were performed in the described environment, cp. 

chapter 3.1. 

The following figures will describe the results of 

this comparison with a standard belt system 

(conventional tongue) and a system, which includes a 

locking tongue. The locking mechanism of the tested 

tongue is equivalent to the mentioned principle in 

chapter 3.2.  

Due to the importance of chest deflection in Euro-

NCAP tests, a Euro-NCAP pulse was used. 

  

In figure 9 the belt force FB3 of both systems are 

shown. As expected, the curves are comparable. 

 

 

In contrast to this, a difference in belt force FB4 

(diagonal inner) is noticeable. After 78ms the belt 

force increase with the standard system and achieve a 

level of about 6 kN, the system with locked tongue 

has a maximum value of about 4 kN belt force. 

Consequently, the system with the locked tongue 

reduces the belt force of about 2 kN compared with 

the reference system, cp. figure 10. 

 

 

 

 

 

As described in chapter 3.2, the change of the 

load path with a locked tongue leads to higher belt 

forces on the pelvis lap compared with a standard 

tongue. An increasing in belt force FB6 (anchor 

plate) of about 1.5 kN can be noticed (fig. 11). 

 

 

 

After about 78 ms the differences in the chest 

deflection between the locked tongue and the 

reference tongue are noticeable, cp. figure 12.  

In fact, the maximum value of chest deflection could 

be reduced at about 8mm and 25%, respectively.     

 

 

Figure 9. Shoulder belt force FB3 versus time. 
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Figure 10. Belt force FB4 (diagonal inner) 

versus time. A reduction of belt load with the 

locked tongue of about 2 kN is noticeable. 
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Figure 11. Belt force FB6 (anchor plate) versus 

time. An increasing belt force with the locking 

tongue can be observed.  
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The following figures show the influence of the 

effect on chest and pelvis acceleration. 

The resultant chest acceleration with both tongues is 

comparable, cp. figure 13.   

 

 

 

Concerning pelvis acceleration the measured data 

show an increase in the maximum value of about 

3.5g, see figure 14. 

 

 

 

 

 

 

 

 

 

5. DISCUSSION 

 

 As shown in theoretical consideration, simulation 

and sled-test results, belt induced chest deflection 

depends on belt force shoulder FB3 and diagonal 

inner FB4 and the belt geometry.  

Due to the usual limitation of the shoulder belt 

force FB3 by the retractor the belt load diagonal inner 

FB4 was the focus of the investigation.  

Chest deflection is directly influenced by this belt 

force.  A benefit of 18% concerning deflection in 

simulation with a reduced belt force diagonal inner 

was achieved, cp. table 1.  

In sled tests comparable magnitude of reduction in 

chest deflection could be achieved, cp. figure 10 (belt 

forces) and fig. 12 (chest deflection). 

 The maximum value of the belt force FB4 

depends on pelvis retention. Components (e.g. knee 

bag, pelvis restraint cushion, double pretensioning 

/1/), which lead to higher pelvis retention, will reduce 

the belt load in the lap portion of the belt. As a result 

of this the belt force diagonal inner FB4 also 

decreases. As an example, the benefit concerning 

chest deflection by using a knee – airbag is, among 

others, the result of this effect. 

Concerning the injury values chest- and pelvis 

acceleration, simulation and testing lead to minor 

different results. Both show an increasing in pelvis 

acceleration. In contrast to this simulation results 

show a small increasing in chest acceleration, too, 

which wasn’t measured in testing, cp. fig. 13.  

In terms of the usage in Euro-NCAP with the focus 

on chest deflection, the calculated / measured 

 

Figure 12. Reduction in the chest deflection 

with a locked tongue. 
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Figure 13. Resultant chest acceleration with 

comparable curve progressions. 
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Figure 14. Resultant pelvis acceleration versus 

time. A small increasing in acceleration with 

the locked tongue can be noticed. 
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increasing in dummy acceleration values seems to be 

not relevant.  

Concerning the geometry two important effects 

have to be mentioned: An increasing in the resultant 

force on the thorax and a reduction of load on the ribs 

by increasing in load on the clavicle. In the 

environment investigated, these effects are 

compensating each other, cp. fig. 8. The dimension of 

each effect depends on the vehicle environment, of 

course. On the one hand, they are affected by buckle 

and pillar loop geometry in respect of the dummy 

position.  On the other hand, the reduction of belt 

load on the ribs by loading the clavicle depends on 

the dummy rotation during the load limiting phases. 

More rotation of the dummy or occupant leads to 

more load on the clavicle and less on the ribs. 

In Euro-NCAP knee impact is also an important 

point of interest. A system with a locked buckle 

tongue, which prevents belt slippage from diagonal 

into the lap portion, will lead to less pelvis 

displacement. As a result of this, femur forces 

(induced by knee impact) can be potentially reduced. 

In the environment investigated, no knee contact was 

defined.  So, the evidence about the dimension of this 

effect can’t be given and should be investigated.    

However, the positive effect on femur forces seems 

to be smaller compared with double pretensioning 

systems. 

 

Closing, the utilization of a system with a locking 

tongue has to be discussed. To reduce chest 

deflection with a reduction of the belt force FB4 

following boundary conditions have to be analysed:  

 

• Belt slippages with a standard buckle 

tongue. 

The slippage shows the dimension of the 

pelvis retention. If no slippage is noticeable, 

an implementation of a locking tongue won’t 

affect the chest deflection positively. 

 

• Airbag influence  

Chest deflection is a function of loads from 

belt and airbag on the sternum. The 

magnitude of loading on the sternum by 

airbags varies. In some cases the airbag 

becomes possibly the dominant factor for 

chest deflection. As a result of this, the 

locking tongue would not reduce the 

maximum of chest deflection.  

 

To analyse this, however, further investigations are 

needed.     

 

 

 

6. CONCLUSIONS 

 

Chest deflection is induced by airbag and belt 

loads on the thorax. Concerning the belt induced load 

on the thorax, both belt loads FB3 (shoulder) and 

FB4 (diagonal inner) influences chest deflection. The 

belt load FB3 is mainly influenced by the load limiter 

of the retractor, FB4 by the belt load in the lap 

portion.  

In current belt systems the force in the lap portion 

of the belt is much higher compared with belt force of 

the shoulder. The result of this is an increase in belt 

forces of the lower diagonal portion. As a result of 

this, chest deflection also increases. 

The dimension of the difference in belt loads 

between the lap portion of the belt and the diagonal 

portion depends on the pelvis retention. Furthermore, 

pelvis retention is responsible for the dummy 

kinematics – and, as well known, dummy rotation is 

beneficial for the deflection values.  

One solution to reduce the belt force FB4 is 

preventing the slippage through the buckle during 

load limiting. In the environment investigated, tests 

with a modified tongue reduced the deflection of 

about 25%. 
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ABSTRACT 
 
The pedestrian head protection performance test was 
introduced to the Japan New Car Assessment 
Program (JNCAP) in 2003. Fifty-four car models 
were tested in 2005. The tests rated total pedestrian 
head protection performance of cars into levels 1 
through 5. Also, the Japanese government  began 
regulating pedestrian head protection for passenger 
cars in 2005. It is expected that cars are becoming 
less aggressive in pedestrian accidents. 
In such situations, we are interested in the 
effectiveness of the pedestrian head protection tests 
introduced in JNCAP.  
We will use Japanese national accident data between 
2001 and 2005. The pedestrian fatality/severe-injury 
rate (the number of pedestrians killed or severely 
injured divided by the total number of pedestrians 
involved in the accidents) is an index of crash safety 
for pedestrians. The logistic regression method is 
applied to adjust for confounding factors (gender of 
pedestrian, age of pedestrian, guilt of pedestrian, day 
or night accident and travel speed of the car). 
As a result of the study, we saw a correlation 
between the fatality/severe-injury rate and pedestrian 
head protection performance levels (1 to 4) in test 
results, suggesting that passenger cars with better test 
results protect pedestrians from severe injury in 
real-world accidents. Also, we observed that  
fatality/severe-injury rate of car models without 
pedestrian protection design are higher than that of 
car models with pedestrian head protection design, 
suggesting that passenger cars with pedestrian 
protection design are safer than those without 
pedestrian protection design in case of pedestrian 
accidents. 
 
INTRODUCTION 
 
In the early 1990's, fatalities in car accidents were 
increasing every year, and car-to-car and single car 
accidents, which constituted to about 47% of all fatal 
accidents, were the most frequent [1]. The JNCAP 
tests and the government regulations were introduced 
in Japan from the middle of the 1990's to reduce the 
number of fatalities of car drivers or passengers. In 

Japan, the second most frequent accident type is 
car-to-pedestrian accident, which constitutes about 
25% of all fatal accidents. Reducing fatalities of 
pedestrians is therefore important in Japan. To this 
end, JNCAP initiated pedestrian head protection 
performance tests in 2003, and the government 
introduced regulations in 2005. It is now expected 
that car manufacturers will build cars more friendly 
to pedestrians. In such situations, it is important to 
investigate if JNCAP pedestrian tests conducted in 
the laboratory using head impactors are related to 
real-world accidents. 
In this paper, we examine the effectiveness of the 
pedestrian head protection tests introduced in JNCAP. 
To see this effectiveness, we set two objectives in our 
study. One objective is to determine whether JNCAP 
pedestrian head protection ratings relate to pedestrian 
safety in real-world accidents. We call this the  
"Correlation study." The other objective is to 
determine whether introducing the JNCAP tests had 
any real effect on pedestrian accidents with regard to 
injury severity. We call this the "Pedestrian test 
introduction effect study." 
It must be acknowledged that pedestrian protection 
regulations were introduced only two years after the 
JNCAP pedestrian head protection tests began, so the 
regulations' effects are more or less included in our 
study. 
 
METHOD 
 
Accident Data 
 
The study uses Japanese national accident data 
compiled by the Institute for Traffic Accident 
Research and Data Analysis (ITARDA). The accident 
data we deal with in this paper are car-to-pedestrian 
accidents, in which pedestrians were hit by passenger 
cars tested by JNCAP [2]. We focused on accidents 
where the front of the car hit the pedestrian in order 
to match the form of the pedestrian test in JNCAP. 
Also, pedestrians who were not injured are excluded 
from the analysis. As we have two objectives in our 
study, we established two accident databases. These 
are explained below. 
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     Correlation Study - The car models tested in 
the JNCAP pedestrian test are presented in Table 1. 
They are classified into five pedestrian head 
protection performance evaluation levels. 
 

Table 1.  
Cars in JNCAP pedestrian tests 

Level Manufacturer Model Model code Category
Suzuki ALTO Lapin HE21S Mini-sized cars
Suzuki Jimny JB23W Mini-sized cars
Mazda RX-8 SE3P Passenger Cars B
Toyota HARRIER ACU30W Passenger Cars C
Suzuki wagonR MH21S Mini-sized cars
Honda LIFE JB5 Mini-sized cars
Subaru R2 RC1 Mini-sized cars
Subaru SAMBAR TV1 Mini-sized cars

Daihatsu HIJET S320V Mini-sized cars
Mitsubishi COLT Z25A Passenger Cars A

Toyota RAUM NCZ20 Passenger Cars A
Toyota PRIUS NHW20 Passenger Cars A
Nissan WINGROAD Y12 Passenger Cars A
Subaru LEGACY  Touring Wagon BP5 Passenger Cars B
Nissan TEANA J31 Passenger Cars C
Honda INSPIRE UC1 Passenger Cars C
Toyota CROWN GRS182 Passenger Cars C
Toyota Lexus IS GSE20 Passenger Cars C

Mitsubishi GRANDIS NA4W 1BOX & Minivans
Nissan PRESAGE TU31 1BOX & Minivans
Toyota Probox VAN NCP51V Commercial cars
Nissan AD VAN VFY11 Commercial cars
Nissan VANETTE

　

VAN SK82VN Commercial cars
Daihatsu MIRA L250S Mini-sized cars
Suzuki ALTO HA24S Mini-sized cars

Daihatsu Tanto L350S Mini-sized cars
Suzuki EVERY DA64V Mini-sized cars
Toyota WiLL CYPHA NCP70 Passenger Cars A
Toyota PASSO KGC10 Passenger Cars A
Suzuki SWIFT ZC11S Passenger Cars A
Toyota Porte NNP10 Passenger Cars A
Mazda VERISA DC5W Passenger Cars A
Nissan TIIDA C11 Passenger Cars A
Toyota Belta KSP92 Passenger Cars A
Nissan NOTE E11 Passenger Cars A
Mazda AXELA BKEP Passenger Cars B
Honda Edix BE1 Passenger Cars B

Volkswagen Golf 1KAXW Passenger Cars B
Honda CIVIC FD1 Passenger Cars B
Nissan FUGA Y50 Passenger Cars C
Toyota WISH ZNE10G 1BOX & Minivans
Honda ODYSSEY RB1 1BOX & Minivans
Toyota SIENTA NCP81G 1BOX & Minivans
Nissan LAFESTA B30 1BOX & Minivans
Honda ELYSION RR1 1BOX & Minivans
Mazda PREMACY CREW 1BOX & Minivans
Nissan SERENA C25 1BOX & Minivans

Daihatsu mira GINO L650S Mini-sized cars
Toyota Vitz KSP90 Passenger Cars A
Toyota Ractis NCP100 Passenger Cars A
Honda AIRWAVE GJ1 Passenger Cars A
Suzuki ESCUDO TD54W Passenger Cars B
Toyota MARK X GRX120 Passenger Cars C
Toyota Isis ANM10W 1BOX & Minivans
Honda STEP WGN RG1 1BOX & Minivans

5 Toyota RAV4 ACA31W Passenger Cars C

1

2

3

4

 
 
 
 
On this basis, there were 4,710 pedestrians in 
accidents, of whom 780 sustained fatal or severe 
injuries. 
 
     Pedestrian Test Introduction Effect Study - 
As in the correlation study, we focused on 
car-to-pedestrian accidents, in which pedestrians 
were hit by passenger cars tested by JNCAP. JNCAP 
primarily selects cars for tests among the top-selling 
car models in the market. We made three groups of 
car models classified by the test year in JNCAP. 
Group A contains car models in Table 1 excluding 
mini-sized cars. We define group A as car models 
with pedestrian head protection design (ppd). Group 
B contains car models tested between 2000 and 2002 
in JNCAP (Table 2). We define group B as some car 
models with p.p.d. Group C contains car models 
tested between 1996 and 1997 in JNCAP (Table 3) 

and which do not have ppd. 
We defined the ppd by JNCAP test year for the 
following reasons (Figure 1). The first car model 
with ppd seemed to be released in 1998 by Honda, so 
we define car models in Group C (without ppd) as 
those tested in JNCAP before 1998. We assume that 
car models tested in JNCAP pedestrian tests have 
some degree of ppd, so we define them as Group A 
(with ppd). For Group A and Group C, which include 
cars tested between 1998 and 2002, some cars may 
have ppd but some may not. JNCAP began offset 
frontal crash testing in 2000, and many models were 
re-tested at that time. We therefore selected test years 
2000 to 2002 for Group B (with some ppd). 
Mini-sized cars are not included in the accident data 
in all groups because there were no mini-sized cars in 
Group C. During that time, JNCAP did not test 
mini-sized cars.  
 

① ②

200520042003200220012000199919981997

Group AGroup B

1995 1996

Group C

H
is

to
ry

 o
f 

 J
N

C
A

P
 

cr
as

h 
te

st
s

Year

Car
Group

Accident 
analysis
period

Full-wrap frontal
collision test

Side
Collision test

Offset frontal 
collision test

JNCAP 
Pedestrian
test

① First car model designed to protect pedestrian’s head released into the market
② Pedestrian head protection regulation started  

Figure 1. Definition of car groups by JNCAP test 
years 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                                                        Takeuchi 3 

Table 2.  
Cars in JNCAP tests (Group B)  

Manufacturer Model Model code Category

Toyota Vitz SCP10 Passenger Cars A

Nissan CUBE AZ10 Passenger Cars A

Toyota FUN CARGO NCP20 Passenger Cars A

Toyota COROLLA NZE121 Passenger Cars A

Nissan SUNNY FB15 Passenger Cars A

Honda CIVIC EU1 Passenger Cars A

Nissan WINGROAD WFY11 Passenger Cars A

Toyota PRIUS NHW11 Passenger Cars A

Honda Fit GD1 Passenger Cars A

Toyota bB NCP31 Passenger Cars A

Subaru IMPREZA Sports Wagon GG2 Passenger Cars A

Nissan MARCH AK12 Passenger Cars A

Toyota ist NCP60 Passenger Cars A

Nissan CUBE BZ11 Passenger Cars A

Mazda DEMIO DY3W Passenger Cars A

Toyota MARK ll GX110 Passenger Cars B

Subaru LEGACY B4 BE5 Passenger Cars B

Nissan BLUEBIRD SYLPHY QG1０ Passenger Cars B

Mitsubishi LANCER SEDIA WAGON CS5W Passenger Cars B

Toyota RAV4 ACA21W Passenger Cars B

Nissan PRIMERA WAGON WTP12 Passenger Cars B

Nissan X-TRAIL NT3０ Passenger Cars B

Honda CR-V RD5 Passenger Cars B

Subaru LEGACY Touring Wagon BH5 Passenger Cars B

Toyota PREMIO ZZT240 Passenger Cars B

Toyota CALDINA AZT241W Passenger Cars B

Subaru FORESTER SG5 Passenger Cars B

Toyota CROWN JZS171 Passenger Cars C

Nissan CEDRIC HY34 Passenger Cars C

Nissan SKYLINE V35 Passenger Cars C

Nissan STAGEA M35 Passenger Cars C

Toyota WINDOM MCV30 Passenger Cars C

Toyota BREVIS JCG10 Passenger Cars C

Mazda Atenza GG3S Passenger Cars C

Honda ACCORD CL9 Passenger Cars C

Mitsubishi Dion CR9W 1BOX & Minivans

Nissan SERENA PC24 1BOX & Minivans

Honda Odyssey RA6 1BOX & Minivans

Toyota ESTIMA ACR30W 1BOX & Minivans

Mazda MPV LW5W 1BOX & Minivans

Toyota COROLLA SPACIO NZE121N 1BOX & Minivans

Honda STREAM RN1 1BOX & Minivans

Toyota IPSUM ACM21W 1BOX & Minivans

Honda STEPWGN RF3 1BOX & Minivans

Honda MOBILIO GB1 1BOX & Minivans

Toyota NOAH AZR60G 1BOX & Minivans

Nissan LIBERTY RM12 1BOX & Minivans

Toyota ALPHARD ANH10W 1BOX & Minivans  
 

Table 3.  
Cars in JNCAP tests (Group C)  

Manufacturer Model Model code Category

Toyota CORSA EL51 Passenger Cars A

Nissan PULSAR FN15 Passenger Cars A

Toyota CORONA AT211 Passenger Cars B

Volkswagen GOLF 1HADY Passenger Cars B

Subaru LEGACY TOURING WAGON BG5 Passenger Cars B

Nissan CEFIRO A32 Passenger Cars B

Honda CR-V RD1 Passenger Cars B

Mitsubishi DIAMANTE F31A Passenger Cars C

Honda ODYSSEY RA1 1BOX & Minivans

Mitsubishi DELICA SPACE GEAR PE8W 1BOX & Minivans

Honda LOGO GA3 Passenger Cars A

Nissan MARCH K11 Passenger Cars A

Toyota STARLET EP91 Passenger Cars A

Mazda DEMIO DW3W Passenger Cars A

Nissan SUNNY FB14 Passenger Cars A

Nissan BLUEBIRD EU14 Passenger Cars B

Honda ORTHIA EL2 Passenger Cars B

Toyota MARK ll GX100 Passenger Cars B

Daimler Benz Mercedes-Benz 202020 Passenger Cars B

Mitsubishi LEGNUM EA1W Passenger Cars B

Nissan LAUREL HC35 Passenger Cars B

Honda STEPWGN RF1 1BOX & Minivans

Toyota CROWN JZS151 Passenger Cars C

Nissan CEDRIC HY33 Passenger Cars C  
 

 
Logistic Regression Analysis 
 
The logistic model we built is described by  
equation (1). P is the fatality/severe-injury rate (the 
number of killed or severely injured pedestrians  
divided by the total number of pedestrians involved 
in the accidents). The definition of 
fatality/severe-injury is that a person died or required 
medical treatment for a month (30 days or more) as a 
result of the accident. 
 

kkP

P
Ln XX

1 110 •+•••+•+=
−

βββ  

(1) 
 
The six variables listed below are considered as  
confounders and are adjusted by logistic regression. 
Gender, age, and guilt are pedestrian factors, travel 
speed is a vehicle factor, and day or night is an 
accident factor. All of the variables are categorical. 
We categorized age in two ways, rough and detailed. 
 

・Pedestrian's gender (male, female) 

・Pedestrian's age (0-6, 7-64, 65+) or age (0-4, 5-9, 
10-18, 19-39, 40-49, 50-59, 60-69, 70+) 

・Pedestrian's guilt (guilty, not guilty) 

・Vehicle travel speed (0km/h to 50km/h, more than 
50km/h)  

・day or night (day, night) 
 
These variables were introduced into the logistic 
model by a stepwise selection procedure in statistical 
software SAS (ver.9) considering the first order of 
interaction.  
After the models were made, we estimated the 
adjusted odds ratio to compare with the non-adjusted 
odds ratio estimated from the result without logistic 
regression adjustment. At the end of the study, we 
estimated adjusted fatality/severe-injury rate as 
shown in equation (2) for the correlation study and 
equation (3) for the pedestrian test introduction effect 
study in order to interpret the results more easily. 
 

))evaluation protection headPedestrian(( 011

1
iie

Pi •+−+
= ββ  

(2). 
 

))groupCar(( 021

1
jje

Pj •+−+
= ββ  

(3). 
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Analysis Patterns  
  
When conducting logistic regressions, we made 
several analyses to detect the effect of categorization 
of age (rough or detailed) and limitation of travel 
speed (all travel speeds or eliminating high travel 
speed). If results change drastically, we must discuss 
the reasons. 
For correlation analysis, we conducted four patterns 
of analyses (Table 4). The concept of Analysis A-1 is 
that it is a simple model in that there are three or 
fewer categories for each variable. Analysis A-2 has 
a more detailed categorization of age than Analysis 
A-1 as there are eight age categories. Analysis A-3 
has the same categorizations as Analysis A-2, but we 
focused on accidents with vehicle travel speeds of 
less than 40km/h because the pedestrian impact 
speed with the car is thought to be 40km/h in the 
pedestrian test. Speeds exceeding this in real 
accidents may be beyond the scope of experiment. 
However, the travel speed is not so accurate, so we 
expanded the travel speed to less than 50km/h in 
Analysis A-4. 
 

Table 4. 
Analysis patterns for correlation study 

Extra conditons

on accident data Day/night Travel speed Guilt Gender Age

A-1 4,710
1. Day
2. Night

1. 0km/h to less than
   50km/h
2. More than 50km/h

1. Guilty
2. Not
    guilty

1. Male
2. Female

1. 0 to 6
2. 7 to 64
3. 65+

A-2 4,710 ↑

1. 0 to 4
2. 5 to 9
3. 10 to 18
4. 19 to 39
5. 40 to 49
6. 50 to 59
7. 60 to 69
8. 70+

A-3 4,391
Travel speed is
0km/h to less
than 40km/h

A-4 4,602
Travel speed is
0km/h to less
than 50km/h

Analysis
No.

↑

↑

↑ ↑

VariableNumber of
accidents

 
 
We conducted two analyses for the pedestrian test 
introduction effect study (Table 5). Analysis B-1 has 
rough age categories, whereas Analysis B-2 has 
detailed age categories. 
 

Table 5.  
Analysis patterns for study of investigating the 
effect of introducing pedestrian test in JNCAP 

Day/night Travel speed Guilt Gender Age

B-1 29,187
1. Day
2. Night

1. 0km/h to less
    than 50km/h
2. More than
    50km/h

1. Guilty
2. Not
    guilty

1. Male
2. Female

1. 0 to 6
2. 7 to 64
3. 65+

B-2 ↑

1. 0 to 4
2. 5 to 9
3. 10 to 18
4. 19 to 39
5. 40 to 49
6. 50 to 59
7. 60 to 69
8. 70+

Number
of

accidents

VariableAnalysis
No.

↑

 
 

 
 
RESULTS AND DISCUSSION 
 
Correlation Study 
 
     Correlation between Non-adjusted 
Fatality/severe-injury Rate and Pedestrian Head 
Protection Performance Evaluation - Figure 2 
plots the fatality/severe-injury rate versus pedestrian 
head protection performance evaluation. The data of 
Figure 2 are presented in Table 6. The 
fatality/severe-injury rate of level one is higher than 
those of levels 2 and 3, and there is no difference 
between level 2 and 3. The 95% confidence interval 
of the fatality/severe-injury rate in level 4 is so wide 
that it is not significantly different from other levels. 
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Figure 2. Fatality/severe-injury (non-adjusted) 
rate versus pedestrian head protection 
performance evaluation 
 

Table 6. 
Fatality/severe-injury rate (non-adjusted) versus 

pedestrian head protection performance 
evaluation 

Fatal Severe Minor Lower Upper

1 32 110 517 659 21.5% 18.25% 25.27%

2 43 345 2,035 2,423 16.0% 13.76% 18.56%

3 28 209 1,307 1,544 15.3% 13.06% 17.96%

4 2 11 71 84 15.5% 10.47% 22.28%

Total 105 675 3,930 4,710 16.6% － －

Remark: There was no accident for evaluation level 5 car model.

Total
Fatality/

severe-injury
rate

95％Confidence int.Pedestrian head
protection

performance
evaluation

Injury severity

 

 
The fatality/severe-injury rate (non-adjusted) will be 
converted to a non-adjusted odds ratio (Table 7) in 
order to compare the results of logistic regression 
analyses. Level 1 of the pedestrian head protection 
performance evaluation is a reference of the odds 
ratio. 
 
 
 
 
 
 



                                                                        Takeuchi 5 

 
 
 

Table 7. 
Non-adjusted odds ratio 

Lower Upper

1 1.000 - -

2 0.743 0.560 0.860

3 0.712 0.524 0.832

4 0.718 0.359 1.238

Pedestrian head
protection

performance
evaluation

Odds
ratio

95％Confidence
int.

 
 
     Correlation between Adjusted Odds Ratio 
and Pedestrian Head Protection Performance 
Evaluation (Analysis A) - Table 8 presents the 
regression coefficients of the logistic regression 
model. Only gender was not selected in the stepwise 
variable selection procedures. The adjusted odds 
ratio is estimated from the regression coefficients of 
the pedestrian head protection evaluation and 
presented in Table 9. 
 

Table 8. 
Regression coefficients of analysis (Analysis A-1) 

Variable Category
Regression
coefficient

Standard
error

-0.3422 -

day/night day -0.5500 0.1421

night 0.5500 0.1421

speed 0km/h - 50km/h -1.0517 0.1194

more than 50km/h 1.0517 0.1194

guilt guilty 0.2300 0.0913

not guilty -0.2300 0.0913

age 0-6 -0.2600 0.1023

7-64 -0.4654 0.0667

65+ 0.7254 0.0684

daynight X speedest day X (0km/h - 50km/h) 0.2671 0.1196

night X (0km/h - 50km/h) 0.2671 0.1196

daynight X guilt day X guilty 0.0018 0.0906

night X not guilty 0.0018 0.0906

pedestrian head Level1 0.2841 0.1146

protection Level2 0.0132 0.0988

evaluation Level3 -0.0791 0.1039

Level4 -0.2182 0.2509

AIC=3859.007, Adjusted R2=0.1345

          Intercept  

 

 
Table 9. 

Adjusted odds ratio (Analysis A-1) 

Lower Upper

1 1.000 - -

2 0.763 0.607 0.958

3 0.695 0.544 0.899

4 0.605 0.307 1.193

Pedestrian
head

protection
performance
evaluation

Odds
ratio

95％Confidence int.

 
 

 

 

 

 

Table 10 lists the regression coefficients of the 
logistic regression model in Analysis A-2. The 
adjusted odds ratio is estimated from the regression 
coefficient of the pedestrian head protection 
evaluation and presented in Table 11.  
 

Table 10.  
Regression coefficients of analysis (Analysis A-2) 

Variable Category
Regression
coefficient

Standard
error

-0.4344 -

day/night day -0.2934 0.0447

night 0.2934 0.0447

speed 0km/h - 50km/h -1.1677 0.1144

more than 50km/h 1.1677 0.1144

guilt guilty 0.2727 0.1038

not guilty -0.2727 0.1038

age 0-4 0.2472 0.2811

5-9 -0.3714 0.1837

10-18 -1.0522 0.3584

19-39 -0.8035 0.2892

40-49 0.3556 0.2688

50-59 0.2537 0.2618

60-69 0.0762 0.3113

70+ 1.2943 0.2061

guilt X age guilty  X 0-4 0.4394 0.2805

guilty X 5-9 -0.1964 0.1821

guilty X 10-18 -0.5825 0.3586

guilty X 19-39 -0.0924 0.2887

guilty  X 40-49 0.7075 0.2689

guilty X 50-59 -0.0219 0.2611

guilty  X 60-69 -0.4331 0.3112

not guilty  X 5-9 0.1964 0.1821

not guilty  X 10-18 0.5825 0.3586

not guilty  X 19-39 0.0924 0.2887

not guilty  X 40-49 -0.7075 0.2689

not guilty  X 50-59 0.0219 0.2611

not guilty  X 60-69 0.4331 0.3112

not guilty  X 70+ -0.1793 0.2059

pedestrian head Level1 0.2580 0.1151

protection Level2 -0.0129 0.0991

evaluation Level3 -0.0897 0.1043

Level4 -0.1554 0.2507

AIC=3795.672, Adjusted R2=0.1617

          Intercept  

 

 

Table 11. 
Adjusted odds ratio (Analysis A-2) 

Lower Upper

1 1.000 - -
2 0.763 0.605 0.961
3 0.706 0.551 0.905
4 0.661 0.336 1.304

Odds
ratio

95％Confidence int.
Pedestrian

head
protection

performance
evaluation

 

  
Table 11 lists the regression coefficients of the 
logistic regression model in Analysis A-3. The 
adjusted odds ratio is estimated from the regression 
coefficients of the pedestrian head protection 
evaluation and presented in Table 13.  
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Table 12.  
Regression coefficients of analysis (Analysis A-3) 

Variable Category
Regression
coefficient

Standard
error

-1.9906 -

day/night day -0.2141 0.0489

night 0.2141 0.0489

age 0-4 0.0104 0.2314

5-9 -0.1559 0.1246

10-18 -0.6064 0.1999

19-39 -0.8040 0.1410

40-49 -0.2076 0.1609

50-59 0.2440 0.1221

60-69 0.4102 0.1134

70+ 1.1093 0.0890

pedestrian head Level1 0.1999 0.1281

protection Level2 0.0402 0.1086

evaluation Level3 -0.0524 0.1140

Level4 -0.1876 0.2762

AIC=3306.635, Adjusted R2=0.0944

          Intercept  

 

 
Table 13. 

Adjusted odds ratio (Analysis A-3) 

Lower Upper

1 1.000 - -
2 0.852 0.652 1.103
3 0.777 0.590 1.023
4 0.679 0.321 1.436

Pedestrian
head

protection
performance
evaluation

Odds
ratio

95％Confidence int.

 

 
Table 14 lists the regression coefficients of the 
logistic regression model in Analysis A-4. The 
adjusted odds ratio is estimated from the regression 
coefficients of the pedestrian head protection 
evaluation and presented in Table 15. 
 
The odds ratios of Analysis A-1 to A-4 results are 
presented in Figure 3 for comparison. Level 1 of the 
pedestrian head protection performance evaluation is 
a reference of the odds ratio. There is almost no 
difference between A-1 and A-2, which means that 
using rough and detailed age categorizations does not 
affect the result. In Analysis A-3, the odds ratio 
increased but still the odds ratio tends to decrease 
with the pedestrian head protection performance 
evaluation levels. In A-3, we focused only on  
accidents in which the travel speed is less than 
40km/h. However, the trend became weaker when 
excluded the high-speed accidents. In Analysis A-4, 
we focused on accidents in which the travel speed 
was less than 50km/h, which is 10 km/h faster than in 
A-3. The result of A-4 is similar to the result of A-2. 
In summary, analyses A-1 through A-4 indicate that 
the odds ratio tends to decrease with the pedestrian 
head protection performance evaluation level. There 
thus seems to be a correlation between the odds ratio 
and the pedestrian head protection performance 
evaluation.  

 
 

Table 14. 
Regression coefficients of analysis (Analysis A-4) 

Variable Category
Regression
coefficient

Standard
error

-1.6662 -

day/night day -0.2727 0.0453

night 0.2727 0.0453

guilt guilty 0.2510 0.0916

not guilty -0.2510 0.0916

age 0-4 -0.0198 0.2209

5-9 -0.2172 0.1207

10-18 -0.7197 0.1956

19-39 -0.7396 0.1305

40-49 -0.2059 0.1513

50-59 0.2572 0.1153

60-69 0.4960 0.1061

70+ 1.1489 0.0848

pedestrian head Level1 0.3026 0.1195

protection Level2 0.0335 0.1034

evaluation Level3 -0.0676 0.1087

Level4 -0.2686 0.2647

AIC=0.0641, Adjusted R2=0.1114

          Intercept  

 

 
Table 15.  

Adjusted odds ratio (Analysis A-4) 

Lower Upper

1 1.000 - -
2 0.764 0.604 0.966
3 0.691 0.536 0.899
4 0.565 0.276 1.155

Pedestrian
head

protection
performance

Odds
ratio

95％Confidence int.
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Figure 3. Comparison of non-adjusted and 
adjusted odds ratios  
 
     Adjusted Fatality/severe-injury Rate versus  
Pedestrian Head Protection Performance 
Evaluation (Final) - The odds ratio to 
fatality/severe-injury rate for Analysis A-1 is 
presented in Figure 4 and Table 16 to indicate the 
correlation it represents. We consider that Analysis 
A-1 is a representative result because the odds ratio 
tended to decrease with the pedestrian head 
protection performance evaluation level for all 
analyses (A-1 to A-4). 
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Figure 4.  Adjusted Fatality/severe-injury rate 
(Analysis A-1) versus pedestrian head protection 
performance evaluation  
 

Table 16. 
Adjusted fatality/severe-injury rate (Analysis A-1) 

versus pedestrian head protection performance 
evaluation 

Lower Upper

1 20.87% 17.40 24.82

2 16.74% 14.22 19.62

3 15.50% 13.01 18.36

4 13.76% 8.89 20.69

Pedestrian
head

protection
performance

Adjusted
fatality/
severe-

injury rate

95％Confidence int.

 

 
 
 

Pedestrian Test Introduction Effect Study 
 
     Non-adjusted Fatality/severe-injury Rate by 
Car Groups with or without PPD - Figure 5 plots 
the fatality/severe-injury rate versus car group with 
or without ppd. The data of Figure 5 are presented in 
Table 17. The fatality/severe-injury rate of group A is 
lower than that of group B, and the 
fatality/severe-injury rate of group B is lower than 
that of group C. Car Group C has no pedestrian 
protection design. Some cars in group B have 
pedestrian protection designs, and all cars in group A 
have pedestrian protection designs. With regard to 
the non-adjusted fatality/severe-injury rate, we can 
see that a car group with more pedestrian protection 
design is less aggressive to pedestrians. 
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Figure 5. Fatality/severe-injury rate 
(non-adjusted) versus groups of with or without 
ppd 
 

Table 17. 
Fatality/severe-injury rate (non-adjusted) by 

group 
C B A

Without  With some With

1996
－

1997 2000
－

2002 2003
－

2005

Fatal 338 382 36

Severe 1,884 2,260 264

Minor 8,892 13,424 1707

11,114 16,066 2,007

19.99% 16.44% 14.95%

Upper 20.74% 17.02% 16.51%

Lower 19.25% 15.87% 13.39%
95% C.I.

Fatality/severe
-injury rate

Group

JNCAP test year

Injury
severerity

Total

Pedestrian head
prodection design

 
 
The Fatality/severe-injury rate (non-adjusted) will be 
converted to a non-adjusted odds ratio (Table 18) in 
order to compare the results of logistic regression 
analyses. Group C is the reference of the odds ratio. 
 

Table 18.  
Non-Adjusted odds ratio 

Lower Upper

C（Without ppd） 1.000 - -

B(With some ppd） 0.788 0.740 0.838

A（With ppd） 0.703 0.617 0.802

Group
Odds
ratio

95％Confidence

 
 
  Adjusted Odds Ratio by Car Group with or 
without PPD (Analysis B) - Table 19 lists the 
regression coefficients of the logistic regression 
model in Analysis B-1. The adjusted odds ratio is 
estimated from the regression coefficients of groups 
A to C and presented in Table 20.  
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Table 19.  
Regression coefficients of Analysis (Analysis B-1) 

Variable Category
Regression
coefficient

Standard
error

-0.5289 -

day/night day -0.3301 0.0414

night 0.3301 0.0414

speed 0km/h - 50km/h -0.8354 0.0915

more than 50km/h 0.8354 0.0915

guilt guilty 0.0270 0.0603

not guilty -0.0270 0.0603

age 0-6 -0.4223 0.1598

7-64 -0.2007 0.0886

65+ 0.6229 0.0924

day/night X guilt day  X first -0.1115 0.0340

night  X first -0.1115 0.0340

speed X guilt (0km/h  - 50km/h) X first 0.2832 0.0613

( more than 50km/h) X first 0.2832 0.0613

daynight X age day X 0-5 0.1818 0.0592

day X 6-64 -0.0216 0.0338

night X 6-64 0.0216 0.0338

night X 65+ 0.1602 0.0348

speed X age (stopping - 50km/h) X 0-5 0.0100 0.1544

(stopping - 50km/h) X 6-64 -0.1693 0.0863

( - 60km/h or more) X 6-64 0.1693 0.0863

( - 60km/h or more) X 65+ -0.1593 0.0902

group A -0.1303 0.0453

B -0.0171 0.0279

C 0.1474 0.0287

AIC=24700.418, Adjusted R2=0.1390

          Intercept  

 
 

Table 20.  
Adjusted odds ratio (Analysis B-1) 

Lower Upper

C（Without ppd） 1.000 - -

B(With some ppd） 0.848 0.794 0.906

A（With ppd） 0.757 0.660 0.870

Group
Odds
ratio

95％Confidence

 
 
Table 21 presents the regression coefficients of the 
logistic regression model in Analysis B-2. The 
adjusted odds ratio is estimated from the regression 
coefficients of groups A to C and presented in Table 
22.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 21. 
Regression coefficients of analysis (Analysis B-2) 

Variable Category
Regression
coefficient

Standard
error

-0.6517 -

day/night day -0.2245 0.0256

night 0.2245 0.0256

speed 0km/h - 50km/h -0.8699 0.0738

more than 50km/h 0.8699 0.0738

guilt guilty 0.0152 0.0625

not guilty -0.0152 0.0625

age 0-4 -0.1974 0.3197

5-9 -0.7887 0.1902

10-18 -0.5422 0.1685

19-39 -0.2069 0.1271

40-49 0.1841 0.1624

50-59 0.3018 0.1341

60-69 0.3085 0.1258

70+ 0.9407 0.1115

speed X guilt (0km/h - 50km/h) X first 0.3331 0.0618

( more than 50km/h) X second 0.3331 0.0618

day/night X age day X 0-4 0.2406 0.1241

day X 5-9 0.1286 0.0679

day X 10-18 0.1102 0.0693

day X 19-39 -0.0325 0.0520

day X 40-49 -0.0997 0.0604

day X 50-59 -0.0405 0.0474

day X 60-69 -0.1213 0.0426

night X 5-9 -0.1286 0.0679

night X 10-18 -0.1102 0.0693

night X 19-39 0.0325 0.0520

night X 40-49 0.0997 0.0604

night X 50-59 0.0405 0.0474

night X 60-69 0.1213 0.0426

night X 70+ 0.1853 0.0366

speed X age (0km/h - 50km/h) X 0-4 -0.2888 0.3074

(0km/h - 50km/h) X  5-9 0.2861 0.1716

(0km/h - 50km/h) X 10-18 -0.0186 0.1482

(0km/h - 50km/h) X 19-39 -0.2941 0.1049

(0km/h - 50km/h) X 40-49 -0.0448 0.1377

(0km/h - 50km/h) X 50-59 -0.0389 0.1086

(0km/h - 50km/h) X 60-69 0.1479 0.1023

( more than 50km/h)  X  5-9 -0.2861 0.1716

( more than 50km/h)  X 10-18 0.0186 0.1482

( more than 50km/h)  X 19-39 0.2941 0.1049

( more than 50km/h)  X 40-49 0.0448 0.1377

( more than 50km/h)  X 50-59 0.0389 0.1086

( more than 50km/h)  X 60-69 -0.1479 0.1023

( more than 50km/h) X 70+ -0.2511 0.0917

guilt X age guilty  X 0-4 -0.3166 0.1294

guilty X 5-9 -0.2954 0.0722

guilty X 10-18 -0.1375 0.1015

guilty X 19-39 0.2996 0.0913

guilty  X 40-49 0.2899 0.1169

guilty X 50-59 0.1203 0.0957

guilty  X 60-69 -0.0422 0.0910

not guilty  X 5-9 0.2954 0.0722

not guilty  X 10-18 0.1375 0.1015

not guilty  X 19-39 -0.2996 0.0913

not guilty  X 40-49 -0.2899 0.1169

not guilty  X 50-59 -0.1203 0.0957

not guilty  X 60-69 0.0422 0.0910

not guilty  X 70+ -0.0819 0.0765

group A -0.1414 0.0458

B -0.0094 0.0281

C 0.1508 0.0290

AIC=24292.762, Adjusted R2=0.1620

          Intercept  
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Table 22. 
Adjusted odds ratio (Analysis B-2) 

Lower Upper

C（Without ppd） 1.000 - -

B(With some ppd） 0.852 0.797 0.911

A（With ppd） 0.747 0.649 0.859

Group
Odds
ratio

95％Confidence

 
 
The non-adjusted and adjusted odds ratios are 
presented in Figure 6 for comparison. Group C is a 
reference for the odds ratio. There is almost no 
difference between the odds ratios of Analysis B-1 
and Analysis B-2. The adjusted odds ratios of 
Analysis B-1 and Analysis B-2 are higher than the 
non-adjusted odds ratio. This means the odds ratio is 
increased after adjustments. Nevertheless, the odds 
ratio of group A is lower than that of group B, and 
the odds ratio of group B is lower than that of group 
C. We can see that car groups with more pedestrian 
protection design are less aggressive to pedestrians. 
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Figure 6. Comparison of non- adjusted and 
adjusted odds ratios 
 
     Adjusted Fatality/severe-injury Rate by 
Group (Final) - The odds ratio to 
fatality/severe-injury rate is presented in Figure 7 and 
Table 23 to express the correlation in Analysis B-1.  
Because the results of Analyses B-1 and B-2 are 
almost the same, we consider that Analysis B-1 is a 
representative result. 
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Figure 7. Adjusted fatality/severe-injury rate 
(Analysis B-1) versus groups of with/without 
pedestrian head protection performance design 
  

Table 23. 
Adjusted fatality/severe-injury rate versus groups 

of with/without pedestrian head protection 
performance design 

Lower Upper

C（Without ppd） 19.95% 19.07% 20.86%

B( With some ppd 17.45% 16.68% 18.25%

A（With ppd） 15.88% 14.73% 17.10%

Adjusted
fatality/

severe-injury
rate

Group

95％Confidence int.

 
 
CONCLUSION 
 
We investigated the correlation between the 
pedestrian fatality/severe-injury rate estimated by the 
accident data and the pedestrian head protection 
performance evaluation in the JNCAP tests. We also  
examined the relation between the pedestrian 
fatality/severe-injury rate and car group with total or 
partial pedestrian head protection performance 
design and with or without such design. We adjusted 
the gender, age, and guilt of the pedestrian and travel 
speed and by day or night when an accident occurred.  
The study revealed a correlation between the 
fatality/severe-injury rate and pedestrian head 
protection performance levels (1 to 4) in test results, 
suggesting that passenger cars with better test results 
protect pedestrians from severe injury better in 
real-world accidents. We also found that the  
fatality/severe-injury rate of car models without 
pedestrian protection design is higher than that of car 
models with pedestrian head protection design, 
suggesting that passenger cars with pedestrian 
protection design are safer than cars without such 
design in case of pedestrian accidents. 
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ABSTRACT 
 
The Q3s dummy is a three year old child crash 
dummy optimized for side impact crash testing.  The 
dummy is built on the platform of the standard Q3 
dummy that is part of the Q-series of child dummies 
developed in Europe to replace the P-series. 
Enhanced lateral biofidelity, durability and additional 
measurement channels have been designed into the 
Q3s dummy.  The dummy features a new head that 
eliminates previously reported high frequency noise, 
an extensible neck that combines improved frontal 
flexion performance with the lateral and tensile 
performance of the Q series necks, a highly 
deformable shoulder with shoulder deflection 
measurement, a new arm with improved flesh 
characteristics, a laterally compliant chest and a 
pelvis with improved upper leg flesh, floating hip 
cups, and pubic load transducer.  Biofidelity 
performance for the lateral 3 year old ATD is 
validated against the scaled biofidelity targets 
published by Irwin et al. (2002)  This paper will 
describe the construction of the dummy and the 
laboratory biofidelity performance. 
 

INTRODUCTION 

According to the National Highway Traffic 
Safety Administration (NHTSA), about 40 percent of 
child fatalities to rear-seated children in the age of 0 
to 8 years occur in side impact collisions. In the US, 
side impact crashes kill about 300 young children 
each year and result in more severe injuries at lower 
crash severities than frontal collisions.  

Although side impact collisions pose a great 
risk to children in crashes, information about the 
injury cause and mechanisms is limited. Research has 
demonstrated the effectiveness of using age- and 
size- appropriate restraints in preventing injuries in 
this crash direction. Restraint systems for children 
need to account for not only the anthropometric 
differences of children of different ages but also the 
biomechanical characteristics of the child’s body at 
different ages. In order to effectively assess the safety 
provided by these restraints systems, child restraints 

performance testing should take into account these 
unique characteristics of child occupants. 

Except in Australia and New Zealand, there 
are no legal requirements in effect concerning the 
crash protection of restrained children in lateral 
collisions. The majority of test procedures used for 
consumer information today are based on a 
preliminary draft test procedure developed under the 
International Standards Organization (ISO), 
(Johannsen et al., 2003). The ISO side impact test 
procedure for child restraint systems is a sled based 
procedure that includes specifications for an 
intruding door member. This procedure offers the 
possibility to simulate the main mechanisms of lateral 
collisions, such as acceleration of the struck car and 
intrusion of the struck side structure. No appropriate 
side impact child test dummies and associated injury 
criteria, however, have been available at the present 
time to assess the merits of this test procedure or the 
potential countermeasures for side impact intrusion 
that such procedure would promote.  

The purpose of this paper is to present the 
design and current biofidelity performance of the 
Q3s, a 3-year old dummy developed specifically for 
side impact testing. The Q3s dummy (Figure 1) is a 
modified version of the Q3 omni-directional child 
crash dummy that was developed and evaluated in 
Europe under the EC funded CREST (1997 - 2001) 
and CHILD (2002 - 2006) programs.  The Q3s 
features enhanced lateral biofidelity corridors based 
on scaling factors applied to ISO TR9790 biofidelity 
corridors (Irwin et al., 2002). It also includes 
improved kinematics, overall test performance, 
durability and additional measurement channels. The 
paper will review the dummy’s basic features, gives 
background to the design updates and present the test 
results obtained so far. 

DESIGN & METHODS 

The Q-series to date exists of a Q0 (infant), Q1, Q1.5, 
Q3 and Q6 dummies. Key design features are the 
anatomical representation of body regions, the 
relatively simple and modular design, the use of 
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dummy-interchangeable instrumentation and easy 
handling properties (limited components, easy 
assembly and disassembly, simple calibration). As 
the standard Q-dummies already include some multi-
directional characteristics and their design more easy 
to modify than traditional dummies, the Q-series was 
selected as a starting point for the development of a 
series of biofidelic side impact child dummies. The 
first dummy in this series, referred to as Q3s, is based 
on the Q3 dummy platform.  The updates required for 
the Q3s are summarized below. 

 

Figure 1 Q3s Dummy 

 
The Q3s Head 

     Head Construction The Q3s skull material has 
been changed from the original design.  The reason 
for this change is that the original Q3 urethane 
material exhibited a relatively low natural resonant 
frequency.  This ringing was evident on head 
acceleration data especially during OOP airbag 
testing as noted by Berliner et al (2000).  Changing 

the material to a higher modulus fiberglass increased 
the natural frequency enough for the CFC 1000 filter 
to attenuate the noise.  The head assembly still has 
the flesh molded directly to the skull which insures a 
proper fit. The head shape and mass properties have 
not changed. As in the original design, an L-shaped 
steel bracket molded into the skull provides the 
mounting surfaces for the head instrumentation 
(linear and rotational accelerometers) and the upper 
neck six axis load cell.   

     Frequency Response To verify the Q3s head, the 
frequency response of the head assembly was 
measured.  The head assembly, removed from the 
dummy, was suspended by strings and the skull was 
impacted using an Endevco model 2126 modal 
hammer.  The impact surface was the skull material 
located behind the chin.  The resultant vibrations 
were measured with 3 uniaxial accelerometers 
mounted on the standard Q3 head instrumentation 
mount at a sample rate of 25khz.  Usually 1 axis of 
the 3 would provide a clear indication of the natural 
resonance frequency of the head.  The frequency 
calculation was accomplished by timing the peak to 
peak period of the unfiltered data from the head 
accelerometers.  The data were also filtered with the 
CFC1000 filter to show that the noise was 
successfully attenuated.  These tests were confirmed 
using a complete dummy seated in front of a 
passenger airbag.  The airbag was centered in front of 
the head 10” away.  The airbag was fired and the 
head accelerations were recorded.   

     Head Impact Biofidelity Lateral head biofidelity 
is described in by Irwin et al. (2002) as a head drop 
on a 50mm thick steel plate from a height of 200mm.  
Van Ratingen et al. (1997) described a drop from 
130mm for both frontal and lateral directions and 
FMVSS Part 572 Subpart P describes a drop from 
376mm in the frontal direction.  The head was 
suspended on cables such that during the lateral tests 
the impact point on the head was angled up 35 
degrees from the lateral plane during the left and 
right side tests.  In the frontal tests, the head is 
suspended so the impact point is 28 degrees above 
the frontal plane. Three (3) uniaxial accelerometers 
were mounted at the head center of gravity.  The data 
were collected at 10 kHz and a CFC1000 filter was 
employed.    

The Q3s Neck 

The Q3s neck (Figure 2) is a new component and 
consists of 3 natural rubber segments bonded to 
aluminum plates with an internal cable assembly. The 
objective was to develop a neck that meets both 
frontal and side impact requirements combined with 
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realistic elongation properties.  The effective axial 
spring rate (130N/mm average over 11mm) of the Q 
series neck is controlled initially by the properties 
and cross-section of the neck rubber segments but 
then climbs rapidly once the neck cable becomes taut.  
This allows the neck to stretch under tensile loads but 
also limit the maximum elongation to protect the 
integrity of the neck.  The segmented design 
distributes the bending moments over the entire 
length of the neck reducing the tendency to buckle at 
the neck midpoint.  The outer shape of the neck is 
round and mostly symmetrical with each rubber 
segment having a circumferential V-groove.  The 
head - cervical spine - thoracic spine interfaces are 
solid connections through 6 axis load cells on each 
end of the neck.  . 

 

Figure 2 Q3s Neck Assembly (midsagittal cross 
section) 

     Frontal Flexion The Q3s neck is designed to 
meet the frontal flexion characteristics specified in 
the 49CFR Part 572 subpart P and the lateral flexion 
properties specified in the Irwin et al (2002) 
corridors.  This was accomplished by locating the 
neck cable towards the back of the neck.  The neck 
cable becomes taut during frontal flexion pulses and 
limits the amount of rotation of the neck while the 
upper neck load cell measures an associated increase 
in moment.    The Q3s frontal flexion data was 
measured using a Q3s head on a standard part 572 
neck pendulum at 5.5 m/s using a deceleration pulse 
similar to the HIII 3yo standard certification test.  
Head rotation was measured using rotary pots 
attached to the head and the pendulum filtered at 
CFC 180 and the moment was measured using an IF-

217 6 axis load cell mounted at the upper neck 
location filtered at CFC 600.   

      Lateral Flexion Performance The Q3s neck is 
tested for lateral performance using a modified Q3 
head on the standard Part 572 neck pendulum.  The 
modification of the head entails a small metal rod that 
is threaded into the rear of the skull cap.  This allows 
the attachment of the rotary pots for measurement of 
head rotation.  A 6-axis load cell measures the 
moment about the X-axis.  The data are collected at 
10kHz.  The rotary pot data and the moment data are 
plotted against corridors defined in Irwin et al. (2002) 

 

The Q3s Shoulder 

The shoulder is usually the first part of the dummy to 
be struck in a lateral test, therefore human-like 
shoulder stiffness is very important.   The shoulder 
must be durable enough for severe impacts and also 
handle the forces caused by the flailing arm on the 
non-struck side of the dummy. The design intent was 
to improve the compliance and durability of the Q3s 
shoulder while maintaining proper anthropometry 
and mass distribution. A flexible rubber shoulder was 
developed to achieve this design goal (Figure 3).  The 
Q3s rubber shoulder component consists of high 
strength aluminum parts that attach at the sternum, 
shoulder joint, and spine of the dummy.  These parts 
are joined by a steel cable and the entire assembly is 
encased in natural rubber that forms the shape of the 
shoulder.  The steel cable flexes with the soft rubber 
but limits the amount of tension that can be applied to 
the rubber which helps to protect it from overloading.  
The shape of the rubber forms the external features of 
the scapula and clavicle and provides a surface for 
the seat belt routing.  Biofidelity corridors for 
shoulder deflection and impact response are 
described Irwin et al. (2002)  A string pot attached to 
the spine is used to measure lateral shoulder 
deflection.  The shoulder joint itself consists of a ball 
and socket in order to simulate the humerus scapula 
joint, the ball on the shoulder and the socket integral 
to the upper arm bone.  The upper arm has urethane 
flesh covering the entire outer surface of the arm 
which helps reduce the inertial peak from a pendulum 
impact.  
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Figure 3 Shoulder Joint 

     Shoulder Biofidelity The shoulder was evaluated 
using ISO 9790 shoulder test 1, scaled as suggested 
by Irwin et al. (2002)  The pendulum used for this 
test is 1.7kg.   The impact angle was 90 degrees from 
the frontal plane at 4.5m/s centered on the shoulder 
joint.  The dummy was seated upright with the upper 
arm positioned vertically down.  The force data was 
collected using a probe mounted uniaxial 
accelerometer, the deflection data was collected using 
a string pot mounted on the front surface of the 
thoracic spine and connected to the bottom of the 
shoulder joint.  The data are filtered using the CFC 
180 filter.   

The Q3s Thorax 

Like the standard Q3, the Q3s ribcage consists of a 1 
piece urethane ribcage with a bonded PVC outer skin 
layer. The shape, contour and thickness of the ribcage 
have been changed to provide improved lateral 
compliance. The ribcage is attached to an aluminum 
thoracic spine that connects the rubber lumbar spine 
and the shoulder-neck complex.  An IRTRACC 
displacement sensor measures lateral displacement 
between the side of the ribcage and the thoracic 
spine. 

     Thorax Biofidelity To assess the biomechanical 
performance of the thorax, the ribcage was impacted 
using the 1.7kg pendulum.  The impact angle was 90 
degrees from the frontal plane at 4.3m/s centered on 
the IRTRACC rib mounting screws.  The dummy 
was seated upright with the arm positioned vertically 
up.  Force data was collected from a probe mounted 
uniaxial accelerometer, rib deflection data was 
collected from an IRTRACC mounted between the 
thoracic spine and the ribs, centered vertically on the 
dummy ribcage, and T1 acceleration was measured at 
the top of the thoracic spine.  The dummy was 
positioned in the sitting position on 2 sheets of 2mm 
thick mechanical grade Teflon.  The pendulum force 

and T1 acceleration data were filtered with the FIR 
100 filter.  The IRTRACC rib deflection data were 
filtered with the CFC180 filter.  Biofidelity response 
is described in Irwin et al. (2002) 

The Q3s Abdomen 

The Q3s abdomen is the same component used on the 
Q3 dummy. It consists of a PVC skin filled with 
urethane foam.  The abdomen fits neatly into a cavity 
formed by the ribcage on top and the pelvis assembly 
on the bottom.  

     Abdomen Biofidelity Corresponding to ISO 
TR9790, abdomen biofidelity is assessed using drop 
tests and sled tests in Irwin et al. (2002) instead of 
pendulum tests.  These tests have not yet been 
conducted so far due to their complex nature.  Van 
Ratingen et al. (1997) suggested tests using the 3.8kg 
probe at 4.8m/s and 6.8m/s.  The impact was aimed at 
a spot 30 degrees forward of the lateral plane of the 
dummy at a point centered between the bottom of the 
ribcage and the top of the pelvis flesh without 
striking either.  The dummy was positioned in the 
sitting position on 2 sheets of 2mm thick mechanical 
grade Teflon. The response data were collected from 
a probe mounted accelerometer at 10 kHz sample rate 
and filtered using the FIR 100 filter.   

The Q3s Pelvis 

In a lateral impact the dummy shoulder and pelvis are 
the first to contact the side of the child restraint; thus 
the kinematics of these regions of the dummy are 
very important.  The pendulum impact response 
corridor described in Irwin et al. (2002) dictates that 
the flesh be compliant.  The construction of the 
dummy is such that the H-point of the dummy is 
covered by the flesh of the upper leg.  So improving 
the lateral impact response of the pelvis meant 
changing the characteristics of the upper leg.  The 
upper leg consists of a steel reinforced urethane 
femur with a hollow PVC flesh shape that is filled 
with soft silicone rubber.  The hip joint socket in the 
pelvis assembly is allowed to deflect inwards a 
maximum of 6mm.  A cylindrical rubber buffer 
provides the spring force and preload for the hip 
socket.  After 6mm of hip socket deflection a plastic 
hard stop limits further inward movement of the hip.  
A single channel force transducer measures force at 
the rubber buffer.  The travel stops at both ends of the 
hip socket travel are plastic to prevent high frequency 
noise being introduced into the dummies sensor data.    
Biofidelity corridors for lateral pelvic pendulum 
impact are described in Irwin et al. (2002)  The 
pendulum dimensions are derived from the adult 
17.3kg probe described in ISO9790 yielding a 
diameter of 70mm, a 100mm radius on the face of the 
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impacting surface and a mass of 2.27kg.  Impact 
point of the pendulum is at the greater trochanter at 
90 degrees from the frontal plane of the dummy.  The 
dummy was positioned in the upright sitting position 
on 2 sheets of 2mm thick mechanical grade Teflon.  
The test is conducted at 4.5m/s as specified in Irwin 
et al. (2002) and at 5.2m/s as specified in van 
Ratingen et al. (1997).  The data are filtered using the 
CFC 180 filter. 

RESULTS 

A series of tests as outlined in the previous section 
was performed at the FTSS Certification Lab on the 
Q3s prototype. Where relevant comparison data are 
available, this paper will report, besides the Q3s 
results, the results of identical tests on a standard Q3 
dummy and HIII 3 year old dummy. 

Head Resonance  

The new fiberglass material has doubled the resonant 
frequency of the Q3s head assembly.  At 
approximately 1.5 kHz, the Q3 urethane head 
material exhibited a frequency response that was too 
low to be filtered effectively by the CFC 1000 filter.  
The filtered data in the airbag test for that material 
showed a -30 to +60G trough to peak swing in the 
head acceleration thus complicating HIC calculation.  
The new fiberglass material for the skull also 
resonates but at frequencies at or above 3.0 kHz, high 
enough to be significantly suppressed by the filter. 

In the airbag tests the resultant resonant frequencies 
were 1.5 kHz for the urethane head and 3.0 kHz for 
the fiberglass head.  The acceleration plots filtered 
using the CFC 1000 filter showed pronounced high 
frequency noise for the Q3 head (Figure 4) and 
significantly suppressed noise for the new Q3s 
fiberglass head (Figure 5).  

  

Figure 4 Head Az for the Urethane Skull 

Figure 5 Head Az for the Fiberglass Skull 

   Head Drop Response Table 1 shows the head 
impact response of the Q3s.  While the head impact 
response meets all the relevant specifications for the 
Q3, Q3s and Hybrid III 3 year old ATDs, the current 
performance is at the high end of the Irwin et al 
(2002) corridor and at the low end of the Part 572 
subpart P corridor.   The data presented here was 
measured at the CG of the head assembly while the 
PMHS data  collected by Hodgson and Thomas 
(1975) and others, that formed some of the basis for 
the scaled child corridors, necessarily measured 
accelerations on the outside of the skull where the 
sensors could be rigidly mounted. When the dummy 
head is measured in this fashion by adding angular 
rate sensing to the instrumentation package, the head 
acceleration results are about 15 - 20% higher.  This 
is because the chosen impact point on the head does 
not produce a resultant force directly through the 
center of gravity of the head.  The head both bounces 
and rotates after impact.  In the Hodgson study, intact 
cadavers and decapitated heads were dropped onto a 
rigid plate with a 15% associated increase in 
measured head acceleration resulting at least partly 
from the fact that the neck was not restraining the 
rotation of the head.  Since the dummy head is 
always intended to be used attached to the rest of the 
ATD the effect of the after impact rotation is ignored 
and the resultant acceleration at the CG is used in this 
paper. 
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Table 1 Head Impact Response 

Drop 
Height 

Q3s 
Resultant 

(G) 
Reference Specification 

(G) 

200mm 
Lateral 

165 Irwin et al 121-171 

130mm 
Lateral 123 

van 
Ratingen 93-159 

130mm 
Frontal 

123 
van 

Ratingen 
89-153 

376mm 
Frontal 

258 
49CFR Part 
572 Subpart 

P 
250-280 

 

Neck Biofidelity The Q3s neck appears to have 
achieved its goal of meeting both the lateral moment 
verses angle flexion corridors described in Irwin et al 
(2002) and the frontal moment verses angle flexion 
corridors described in FMVSS 572 Subpart P.  The 
neck was tested at 5.5 ± 0.1 m/s using the pulse 
defined in the Code of Federal Regulations (CFR), 
49, Part 572, Subpart P for the HIII 3YO.  The results 
(Figure 6) show that the Q3s neck generally matches 
the frontal flexion corridors for the HIII 3YO neck. 

Figure 6 Neck Frontal Flexion 

 

 

 

The lateral neck pendulum tests shown in Figure 7 
resulted in a peak lateral moment Mx of 25 Nm with 
a peak rotation of the head of 80 degrees.  The HIII 
3YO neck results are not shown in the graph but due 

to its frontal flexion oriented design it would rotate 
less than 40 degrees in this lateral test.  

 

Figure 7 Q3s Neck Lateral Flexion 

Tensile Stiffness 

The Q3s neck, like the Q3 neck, is extensible 
whereas the HIII 3YO neck is not.  The axial spring 
rate of the neck in tension has 2 modes, low rate for 
distractions less than 11mm and high rate above 
11mm.  In addition to providing overload protection 
to the neck, this property has the benefit of providing 
a distinguishable change in the Fz test data once the 
neck distraction has exceeded 11mm.  In the quasi-
static tensile test the axial spring rate of the Q3s neck 
began at 180N/mm decreasing to 60N/mm and 
averaging 130 N/mm for distractions less than 11mm.  
Above 11mm distraction, the axial spring rate 
increased gradually over the next 4mm to an 
approximate value of 1000N/mm.  Figure 8 plots the 
Neck tensile load against elongation for the Q3s 
along with the FMVSS Part 571.208 axial tension 
limit for the three year old ATD.  

Figure 8 Q3s Tensile Stiffness 

Shoulder Impact Tests 

 The new shoulder assembly in the Q3s shows a 
marked reduction in impact force over the standard 
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Q3 design and over the HIII 3YO.  The improvement 
can be attributed to 2 design elements.  The first is 
the lateral compliance of the shoulder joint and the 
second is the compliance of the upper arm flesh.  
Since the standard Q3 has a hard urethane surface at 
the probe impact point, it suffers from an inertial 
peak at impact and while the shoulder is laterally 
compliant its deflection is less than that of the Q3s 
shoulder.  The HIII 3YO has a soft vinyl flesh 
covering the upper arm at the impact point but it has 
little lateral compliance in the shoulder joint.   

Bolte et al. (2000) concluded that acromial – sternum 
deflection could be used as an injury criteria.  The 
string pot is attached anterior, inferior and inboard of 
the actual shoulder joint and measures the lateral 
deflection of the shoulder joint but not the flesh 
compression of the upper arm.   Shoulder rotation 
due to oblique impacts or swinging arm motion will 
have an effect on the shoulder deflection 
measurements either increasing or decreasing the 
measured deflection.  The effect varies with the 
direction of movement of the shoulder and arm.  
When handling the Q3s ATD it is apparent that the 
shoulder allows a wide range of motion to the arm 
and also deflects under oblique loads.  Future testing 
will provide data from the complete series of 
biofidelity tests and also should allow the 
characterization of the oblique impact response. 

The shoulder assembly was evaluated using the ISO 
9790 test as scaled in Irwin et al. (2002)  Figure 9 
shows the lateral impact force at the shoulder.  The 
peak value for the new Q3s shoulder is 1.15kN, the 
original Q3s shoulder is 2.1kN, and for the HIII 3YO 
is 2.2kN.  The Irwin et al (2002) corridor peak is 
.5kN. 

 

Figure 9 Lateral Shoulder Impact 

Figure 10 shows the deflection measured by the 
string potentiometer mounted between the thoracic 
spine and the shoulder.  Peak deflection in the Q3s 
was 17mm which is 4mm lower than the lower 

deflection limit of 21mm specified in Irwin et al. 
(2002) The Q3 dummy shoulder deflected 11 mm as 
measured by an IRTRACC that had been attached 
between a specially modified shoulder joint and the 
thoracic spine of the dummy.    This measurement is 
not possible in the HIII 3YO. 

  

Figure 10 Lateral Shoulder Deflection for the Q3 
and Q3s 

 Thorax Impact Response 

The Q3s ribcage has good lateral compliance as 
evident by the pendulum force and the IRTRACC rib 
deflection measurements.  The Q3 ribcage had been 
optimized for frontal impact and performed less well 
against the Irwin et al (2002) force corridor.  The 
HIII 3YO ribcage does not have provision for lateral 
rib deflection measurements.  In addition, the frontal 
orientation of the HIII 3YO ribcage suggests the 
conclusion that it is not a suitable design for lateral 
loading.   Figure 11 shows the force time curve for 
the lateral thorax impact using the 1.7kg impactor.  
The peak force of the Q3s was .67kN and the peak 
deflection was 24mm.  The peak force for the HIII 
3YO was 1.6kN.  The Irwin et al (2002) corridor 
peak is .66kN. 
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Figure 11 Lateral Thorax Impact Force for the 
Q3, Q3s, HIII 3YO 

The HIII 3YO performed the closest to the Irwin et al 
(2002) corridor for T1 acceleration at 15G max with 
the Q3s following at 17.5G and the Q3 at 33G.  The 
differences between the Q3s and Q3 can be explained 
by the greater compliance of the Q3s ribcage since 
the mass distribution of the 2 ATDs is similar.  The 
better performance of the HIII 3YO cannot be 
explained by the differences in thorax compliance but 
likely due to the mass distribution in the upper 
thorax.  Figure 12 shows the T1 acceleration results 
for the Q3s, Q3 and HIII 3YO.   The corridor 
suggested by Irwin et al (2002) has peak acceleration 
of 15G.  

 Figure 12 T1 Acceleration for the Q3, Q3s, HIII 
3YO  

Table 2 shows the lateral rib deflection for the Q3 
and Q3s dummies.  The Q3s ribcage is more 
cylindrically shaped than the Q3 version, while not as 
anthropometrically accurate to a 3 year old child, it 
provides more lateral compliance.  The HIII 3YO is 
not shown because it does not have lateral rib 
deflection measurement capability. 

 

 

Table 2 Lateral Chest Deflection for the Q3, Q3s 

 

 

 

 

Abdomen Response 

The Q3s abdomen performed well against the scaled 
corridors suggested by van Ratingen et al (1997) 
recommended scaled corridors for the 3 year old 
ATD abdomen of 1.05kN and 1.575kN maximum for 
impacts at 4.8m/s and 6.8m/s respectively. Future 
sled and drop tests must confirm the biofidelity 
performance of this body region.  Figures 13 and 14 
show the abdominal impact response of the Q3s at 
4.8 and 6.8m/s using the 3.8kg impactor plotted 
against biofidelity curves suggested in van Ratingen 
et al. 

Figure 13 Q3s Lateral Abdominal Impact 
Response at 4.8m/s 

Figure 14 Q3s Lateral Abdominal Impact at 
6.8m/s 

 

Dummy Type Chest Deflection (mm) 
Q3s 24.0 
Q3 12.9 

HIII 3YO n/a 

Abdomen Impact Response 6.8m/s 
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Pelvis Impact Tests 

 The pendulum impact results are presented at two 
velocities, 5.2m/s and 4.5m/s.  Irwin et al. (2002) 
suggested a velocity of 4.5m/s and provided scaled 
corridors for that velocity.  The 5.2m/s data was 
included because that was the Q3 test configuration 
in van Ratingen et al. The existence of that data made 
a convenient means to provide a side by side 
comparison.  The combination of softer upper leg 
flesh, floating hip cups, and the rubber buffer help the 
Q3s perform closer to the Irwin et al corridors in the 
pendulum tests.  Figure 15 shows the force time 
curves for lateral pelvic impacts at 5.2m/s for the 
HIII 3YO, the standard Q3 and the Q3s dummies.  
The force time curve for the Q3s is also plotted 
against the Irwin et al (2002) corridors at 4.5m/s in 
Figure 16. 

Figure 15 Lateral Pelvis Impact Force at 5.2m/s        
for the Q3, Q3s, HIII 3YO 

Figure 16 Q3s Lateral Pelvis Impact Force at 
4.5m/s 

DISCUSSION AND CONCLUSIONS 

The new Q3s dummy incorporates improved lateral 
impact performance and enhanced instrumentation 
for side impact testing.  Several of the original Q3 

components were replaced by more compliant yet 
durable components.    The shoulder design is a good 
example of this.  The urethane clavicle of the Q3 was 
replaced with a molded rubber version.  This means 
the shoulder joint is suspended between the thoracic 
spine and the sternum on a D-shaped rubber 
component.  Lateral impacts to the shoulder cause it 
to collapse inward thus improving both impact 
response and shoulder deflection.  The molded-in 
steel cable flexes with the shoulder joint laterally but 
provides protection against extreme tensile loads.  In 
the case of the pelvis, the hip joints were allowed to 
compress inward.  This increased the overall 
compliance of the pelvis assembly in the lateral 
direction and permitted the implementation of a pubic 
load cell.  The dummy now has lateral force or 
displacement sensors at the shoulder, ribcage and 
pelvis which are also the primary lateral impact 
locations.  Further study of the usefulness of these 
sensors and the development of injury criteria are 
needed.  Also investigation of the oblique response 
characteristics of this dummy is required since many 
side impact events, in particular when the dummy is 
seated in the rear, involve an oblique component.  An 
initial assessment against published biomechanical 
targets by Irwin et al. (2002) indicates that the Q3s 
provides an important improvement in terms of 
biofidelity compared to the original Q3 and the H-III 
3YO dummies. Moreover, the design updates to the 
head and neck have been effective in addressing 
known head resonance issues and providing omni-
directional neck biofidelity respectively.  

The biofidelity assessment presented in this paper is 
not complete as it does not include all recommended 
test conditions given by Irwin et al. (2002). 
Specifically the Heidelberg and WSU type sled tests 
are an important means to assess the full-body 
dummy response and interaction between shoulder, 
thorax and pelvis regions. Furthermore, the dummy 
has not yet been exposed to the test conditions in 
which it is likely to be used in the future, i.e. lateral 
hinge-door sled tests following the ISO protocol and 
in-vehicle tests. More testing of the Q3s therefore is 
imperative and ongoing as part of the OSRP Q3s 
Task Group activities.   

Finally, the design principles applied to the Q3s are 
currently used on the other sizes of Q-dummies, such 
as the Q6, in order to extend the series of side impact 
child dummies.  
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ABSTRACT

A legform impactor with biofidelic characteristics
(FlexPLI) which is being developed by the
Japanese Automobile Research Institute (JARI) is
being considered as a test tool for legislation within
a proposed Global Technical Regulation on
pedestrian protection (UNECE, 2006) and therefore
being evaluated by the Technical Evaluation Group
(TEG) of GRSP. In previous built levels it already
showed good test results on real cars as well as
under idealised test conditions but also revealed
further need for improvement.

A research study at the Federal Highway Research
Institute (BASt) deals with the question on how leg
injury risks of modern car fronts can be revealed,
reflected and assessed by the FlexPLI and how the
impactor can be used and implemented as a
legislative instrument for the type approval of cars
according to current and future legislations on
pedestrian protection. The latest impactor built
level (GTα) is being evaluated by a general review
and assessment of the certification procedure, the
knee joint biofidelity and the currently proposed
injury criteria. Furthermore, the usability,
robustness and durability as a test tool for
legislation is examined and an assessment of leg
injuries is made by a series of tests with the
FlexPLI on real cars with modern car front shapes
as well as under idealised test conditions. Finally, a
comparison is made between the FlexPLI and the
current european legislation tool, the legform
impactor according to EEVC WG 17.

INTRODUCTION

In its final report the EEVC Working Group 17
(2002) gave recommendations for the acceptance
levels of shear displacement, bending angle and
tibia acceleration for the EEVC legform to bumper
test used for the european type approval within the
first phase of the European Framework Directive
(European Union, 2003) dealing with the protection
of pedestrians and other vulnerable road users.
Those acceptance levels were on the one hand
based on cadaver tests (Kajzer, 1997) where

preloaded knee joints that were exposed to bending
as well as shearing deformation showed the most
common initial damage mechanisms at an average
lateral bending angle from 15° on and at an average
peak shearing force from 2,4 kN on. Those cadaver
tests were reproduced by EEVC WG 17 in order
top find a transfer function between cadaver output
and impactor output. A lateral bending angle of 15°
and 6 mm shear displacement based on a 4 kN
shear force were considered to be appropriate
acceptance levels. As for the lateral tibia peak
acceleration on the other hand, WG 17 did not
change the formerly proposed acceptance level of
150 g as they showed a good correlation between
cadaver and impactor tests.
Konosu et al. (2001) analysed the influence of rigid
bones on the estimation of leg injuries. From a
bone bending effect on the bending angle as well as
the acceleration varying with the impact conditions
they concluded the need for a flexible legform
impactor. Therefore, a flexible pedestrian legform
impactor (FlexPLI) is being developed by the
Japanese Automobile Research Institute and being
evaluated by the Technical Evaluation Group
(TEG) of GRSP. The present study gives a general
review of the latest impactor built level and
certification procedure and examines its usability,
robustness and durability as a test tool for
legislation by a series of tests on real cars with
modern front shapes as well as under idealised test
conditions.

DEVELOPMENT OF THE FLEX PLI

Flex-G

A pedestrian legform impactor with biofidelic
characteristics has been developed by the Japanese
Automobile Research Institute (JARI) (Konosu et
al., 2003) and showed first good results during real
car tests in ist version 2004 (Konosu et al., 2005)
The Federal Highway Research Institute (BASt)
gave an assessment of the impactor in its G-Level
showing a good repeatability and reproducibility of
test results under idealised test conditions on the
one hand but revealing a need for further
modification on the other hand (Zander et al.,
2006). Tests at an impact speed of 40 km/h could
only be performed on cars with modified front
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shapes. Even at reduced impact speeds the
protection criteria could be met marginally only.
Furthermore, an expansion of the limited
measurement range that was already partially
exceeded within those tests at reduced impact
speeds was requested.  Finally, the impactor was
lacking a continuity between its different built
levels - while the requirements for the Flex2004
could be met by a series production car, the same
car exceeded the proposed Flex-G limits clearly
(Imaizumi, 2005).

Flex-GTα

Those issues were addressed by JARI who
developed the Flex-GTα in spring of 2006. The
latest impactor built level has a higher knee
bending angle limit and modified specifications to
improve injury assessment ability. While the femur
and tibia lenghts remained the same, the locations
of the centers of gravity were moved both towards
the knee joint center. The overall impactor mass
was reduced by 1,5 kg and is now 12,4 kg. This
was mainly done by replacing most of the stainless
steel housing by MC-nylon and aluminium. It has
to be stated that regarding the weight and CoG
characteristics the Flex-GTα differs more from the
50th AM leg than the previous impactor version. At
the knee condyle longer knee springs were
installed. Furthermore, the femur and tibia impact
facing were brought in line with the knee by
applying a thicker impact facing over the whole
length of the impactor. Additionally, the bone core
of both femur and tibia was made thinner and wider
in order to obtain a smaller bending stiffness of the
long bones. The knee size was changed in order to
install longer springs for a higher knee bending
limitation (+ 30%). Nine sets of knee ligaments
were installed. The knee impact face was given a
round shape. All measurement items, their
positions and cables remained the same (Fig. 1-4).

            
Figures 1 and 2.  Flex-GTα - impact view and
left view.

           
Figures 3 and 4.  Flex-GTα - front view and rear
view.

Konosu (2006) justified the main changes between
Flex-G and Flex-GTα with a better injury
assessment ability. He stated a slightly smaller
bending stiffness for the femur and tibia section of
the Flex-GTα but still within the PMHS corridors
developed by Ivarsson et al. (2004). The knee
bending stiffness increased significantly but is still
smaller than that of the rigid WG 17 lower leg
impactor (Bhalla et al., 2003).

REVIEW OF THE KNEE JOINT
BIOFIDELITY AND LEG INJURY CRITERIA

In their 2001 study Konosu et al. reconsidered the
injury criteria for the pedestrian subsystem legform
with the rigid legform impactor. They took the
results of dynamic PMHS tests performed by
Kajzer et al. (1997) to obtain the human knee
characteristics versus shearing and bending and
applied a logistic analysis method (Nakahira et al.,
2000) in order to produce an injury risk curve
against the bending angle (Figure 5).

Figure 5.  Injury risk curve and 50% injury risk
against the bending angle (Konosu et al., 2001).
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In an initial study for establishing pedestrian-
impact lower limb injury criteria Kerrigan et al.
(2003) found within PMHS knee bending and shear
tests where the knee joint was isolated from the
long bones and within femur and tibia bending tests
a significantly lower average lateral failure bending
moment for the knee joint than that reported in
previous literature as well as that reported in the
same study for the femur and for the tibia section.
They concluded the importance of realistic
boundary conditions and the need for the
determination of a statistically valid impact
threshold for the knee joint.

Bhalla et al. (2003) made a comparison between
PMHS knee joint and mechanical knee joint tests
and found a higher stiffness of the rigid EEVC WG
17 legform impactor and the POLAR II knee joint
compared to the bending and shear loading
stiffness of the PMHS knee, with much smaller
differences between the POLAR II and the PMHS
knee bending stiffness (Figures 6-8). They also
found out pure shear of the knee joint being an
extreme case not ocurring in real world pedestrian
accidents.

Figure 6.  Lateral knee bending stiffnesses of the
EEVC WG 17 legform impactor compared to
PMHS knee tests (Bhalla et al., 2003).

Figure 7.  Lateral knee bending stiffnesses of the
POLAR II knee compared to PMHS knee tests
(Bhalla et al., 2003).

Figure 8. Lateral shear stiffnesses of the EEVC
WG 17 legform impactor and the POLAR II
knee compared to PMHS tests (Bhalla et al.,
2003).

Bose et al. (2004) were analysing the response of
the pedestrian knee to the pedestrian impact
loading environment in order to determine injury
thresholds and to validate computational models
and mechanical legform impactors. They tested
isolated PMHS knee joints in dynamic lateral-
medial valgus loading (4 point bending and 3 point
bending and shearing tests) replicating a vehicle-
pedestrian impact at 40 km/h with the medial
collateral ligament (MCL) as the only major load
bearing knee structure being injured in the
experiments. They found out a first peak bending
moment between about 90 Nm and 150 Nm but
assumed a knee shear force of zero within the 4-
point pure bending tests. Thus, the four-point
bending tests had a moment-shear ratio of infinity.
The 3-point bending and shearing tests resulted in
peak bending moments between 50 Nm and 80 Nm
when inducing a knee angulation rate of 1°/ms and
between 230 Nm and 270 Nm when increasing the
proportion of the shear force acting at the knee.

Ivarsson et al. (2004) used the 4-point bending
results from Bose to develop force-displacement
and moment-displacement corridors with localized
injury thresholds for the 50th AM femur, tibia and
knee when being subjected to latero-medial
bending at rates characteristic of the pedestrian
impact loading environment. The study resulted in
a 50% risk of femur fracture at a bending moment
of 447 Nm and a 50% risk of tibia fracture at a
bending moment of 312 Nm (Figures 9 and 10).
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Figure 9.  Moment-deflection corridors for the
50th percentile male femur subjected to dynamic
latero-medial loading with the point of load
application at mid-span (Ivarsson et al., 2004).

Figure 10.  Moment-deflection corridors for the
50th percentile male tibia subjected to dynamic
latero-medial loading with the point of load
application at mid-span (Ivarsson et al., 2004).

For injuries occuring at the time of the first local
moment peak Ivarsson et al. found a 50 % risk of
MCL injury in dynamic valgus bending of the knee
at a bending moment of 117 Nm or a knee bending
angle of 13,9°; for injuries ocurring at the time of
the maximum moment the 50 % risk of MCL injury
was at 134 Nm or 18,2° (Figures 11 and 12).

Figure 11.  Moment-angle response corridor for
the 50th percentile male knee subjected to
dynamic 4-point valgus bending for injuries
ocurring at the time of the first local moment
peak (Ivarsson et al., 2004).

Figure 12.  Moment-angle response corridor for
the 50th percentile male knee subjected to
dynamic 4-point valgus bending for injuries
ocurring at the time of the maximum moment
(Ivarsson et al., 2004).

In a study going back to 1985 Nyquist et al.
subjected human tibias to static and dynamic three-
point-bending tests. The applied loads were
directed from the anterior to posterior or from
lateral to medial and sustained fracture at or near
mid-span. The maximum bending moments for
seven male cadavers with a lateral load applied at
impact speeds between 2,9 and 4,2 m/s were
between 224 and 431 Nm with an average of 312
Nm. As a result, an injury threshold of 350 Nm for
the maximum tibia bending moment was proposed
by the Japanese Automobile Research Institute
(Ishikawa, 2004).

For tests on real cars with the Flex PLI version
GTα Konosu et al. (2006) derived 50% injury risk
levels for the 50th AM for the tibia and knee from
the reviewed literature (Table 1).

Table 1.
Proposed 50% injury risk levels for the 50th AM

 (Konosu et al., 2006)

Leg region 50% injury risk level for 50th AM
Tibia 312 - 350 Nm
MCL 19,5 - 21,6 mm
ACL 11,2 mm
PCL 11,2 mm

Due to the lack of an upper body mass of the
FlexPLI the femur test results of the Flex-GTα
were considered to be negligible and monitored
only in order to check the generated strain of the
bone but without any comparison with the injury
risk levels derived from the previous studys.
Therefore, the proposed injury risk levels are not
given in Table 1 and will not be considered further
within this study.
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CALIBRATION AND CERTIFICATION

Calibration

As calibration method for tibia, femur and knee the
same three point bending method as for the Flex-G
has been adopted (Konosu, 2006). Only the strain
gauges are calibrated, while the calibration of the
sensors and the bones is still not addressed.

Dynamic certification test

The certification procedure for the legform
assembly is described in detail in an earlier study of
the authors (2006). The impactor is suspended
without flesh and skin over a pin joint from a fixed
pendulum frame, lifted until it is 15 degrees above
the horizontal and then released. A cross beam,
covered with two neoprene and three rubber sheets,
is fixed at a height such that it is hit by the knee
joint of the released legform when reaching the
vertical (Figures 13-15), causing bending of the
bones and shearing and bending of the knee.

   
Figures 13, 14 and 15.  Dynamic certification
test.

Dynamic certification test results

For the present study, in total 21 certification tests
were performed. All ligament extensions of the
Flex-GTα (medial collateral ligament MCL,
anterior cruciate ligament ACL and posterior
cruciate ligament PCL) were within the
measurement range. (Figures 16 and 17).
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Figure 16.  Certification results of the tibia
section (◊: full assembly test).
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Figure 17.  Certification results of the knee
ligaments (◊: full assembly test).

In addition, one full assembly dynamic certification
test was performed, i.e. that the legform impactor
was used as during the real car tests, covered with
all neoprene and rubber layers while those layers
were removed from the cross beam. As it can be
seen in Figures 16 and 17, the results for the
maximum bending moments and ligament
elongations showed quite similar results. While the
maximum bending moments for the tibia segments
were the lowest ones from all tests, the ligament
peak elongations were comparatively high. Figures
18-21 compare the traces for the tibia bending
moments.
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Figure 18.  Comparison of the bending moments
of the tibia A1 segment with (w) and without
(w/o) flesh and skin.

Figure 19.  Comparison of the bending moments
of the tibia A2 segment with (w) and without
(w/o) flesh and skin.

Figure 20.  Comparison of the bending moments
of the tibia A3 segment with (w) and without
(w/o) flesh and skin.

Figure 21.  Comparison of the bending moments
of the tibia A4 segment with (w) and without
(w/o) flesh and skin.

As it can be seen, the legform showed a
comparatively similar behaviour for the bending
moments. Anyway, within the first peak all tibia
segments showed a higher bending moment in the
currently proposed certification test (without flesh
and skin), while the second peak was higher within
the full assembly test.

Figures 22-24 compare the traces of the knee
ligament elongations measured within the currently
proposed certification test and the full assembly
certification test.

Figure 22.  Comparison of the ACL elongations
with (w) and without (w/o) flesh and skin.

Figure 23. Comparison of the PCL elongations
with (w) and without (w/o) flesh and skin.
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Figure 24. Comparison of the MCL elongations
with (w) and without (w/o) flesh and skin.

Also the knee ligaments showed a quite similar
behaviour with and without flesh and skin. In
general, the knee of the fully assembled impactor
(with flesh and skin) gave higher results. This
phenomenon can be explained by a higher knee
stiffness due to the rubber sheets applied over the
whole impactror length and therefore a different
energy application.

The standard deviation S of the certification results
(tests 1-21) was assessed according to the dummy
requirements described by Mertz (2004). The
results are given in Table 2.

Table 2.
Repeatability of the certification results

Dynamic certification
Max. bending moment [Nm]

- Tibia
Elongation [mm]

A1 A2 A3 A4 ACL PCL MCL
SD 4,41 3,33 2,33 2,16 0,43 0,34 0,41
[%] 3,82 3,53 3,53 6,75 10,44 10,48 3,14
Ass. A A A A N N A

G: good, A: acceptable, M: marginal, N: not acceptable

The leg showed acceptable results for the MCL
elongation and all bending moments of the tibia. As
for the ACL and PCL elongation the certification
tests gave unacceptable results.

REAL CAR TESTS

Two cars with pedestrian friendly bumpers
according to the EEVC test procedure and limits, a
Mercedes A-Class with a Euro NCAP rated green
lower leg area, and a VW Golf V with borderline
results to a green bumper area were tested with the
Flex-G impactor by the authors of this study.
(2006). As the test results with reduced impact
speeds (24 km/h) already exceeded partially the
measuring range for the bending moment as well as
for the elongation of the leg, the series production
cars were modified by removing the bumper
padding and adding a padding at the lower outer

contour of the car front. As the Flex-GTα with a
significantly higher bending stiffness and a knee
bending limitation increased by 30% was expected
to deliver usable results with series production cars
even at the european regulatory test speed of 40
km/h, the same cars were tested in their unmodified
versions at 40 km/h. For comparability reasons an
identical impact height of 25 mm above ground
level according to the proposed GTR was chosen.
An extension of the test series was made to include
a car representing the SUV category with a green
lower leg test area (Audi Q7) and a car representing
the sedan category and designed for compliance
with phase 1 of the European Directive. Both cars
were tested at an impact height of 75 mm above
ground level as this height was used within latest
simulations by JARI and resulted in a better knee
injury assessment ability.

VW Golf V test results

The impact points to be tested with the Flex-GTα
on the VW Golf V were located identically to two
green / borderline rated Euro NCAP test points
(Figure 25).

Figure 25.  Golf V Euro NCAP impact locations
to be tested with the Flex-GTα.

Test point L3a as a symmetrical identical point to
L1b according to Euro NCAP was tested one time
in order to validate this assumption made by the
test laboratory and the sensitivity of the Flex-GTα
on mirrored test point.

In total, seven tests at three different impact
locations were performed with the Flex-GTα on the
Golf V. The results are shown in Figures 26 and 27.

L1b: three tests / L3a: one test
(bumper vertical bracing rib)
Euro NCAP: -136,5 g / -2,4 mm / 15,7°
L2b: three tests
(manufacturers‘ emblem)
Euro NCAP: -135,6 g / -2,7 mm / 13,4°
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Figure 26.  Golf V test results for the tibia
segments.

Figure 27.  Golf V test results for the knee
ligaments.

As it can be seen from the diagrams all three
impact locations met the proposed tibia and ACL
and PCL knee injury criteria. Only the MCL
ligament exceeded the thresholds in half of the
tests. Test V2 was performed on a location
symmetrical identical to tests V1, V3 and V4,
where the PCL peak elongation was permanently
higher than the ACL peak elongation. Therefore,
the lower PCL than ACL elongation in test V2
initially seemed to confirm the symmetrie.
However, the ACL peak elongation in test V2
ocurred at a completely different time and was
significantly higher than in the symmetrical
identical  tests V1, V3 and V4 (Figure 28).

Figure 28.  ACL elongations in the Golf V tests
(1-4) - examination of the symmetrie.

Besides, also the lower result for the MCL ligament
in test V2 could lead to the conclusion of a high
knee sensitivity towards structures assumed to be
similar. Nevertheless, quite similar characteristics
of the MCL elongation traces within the tests 1-4
can be stated, as shown in Figure 29.

Figure 29.  MCL elongations in the Golf V tests
(1-4) - examination of the symmetrie.

For the tibia bending moments, all traces of tests 1-
4 showed similar tendencies. The tibia section did
not show a high sensitivity towards mirrored test
points.

In three of the tests the proposed requirements were
all met, two of them on a Euro NCAP green rated
test point with a knee bending angle of 13,4° in the
corresponding Euro NCAP test.

Mercedes A-Class test results

As on the Golf V, also the impact points to be
tested with the Flex-GTα on the Mercedes A-Class
were located on two green Euro NCAP rated test
points (Figure 30).
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Figure 30.  A-Class Euro NCAP impact
locations to be tested with the Flex-GTα.

Test point L2b as a symmetrical identical point to
L2a according to Euro NCAP was tested one time
for validation purposes and in order to analyse the
sensitivity of the Flex-GTα towards mirrored test
point.

Seven tests at three different impact locations were
performed. The results for the tibia and knee are
shown in Figures 31 and 32.

Figure 31.  A-Class test results for the tibia
segments.

Figure 32.  A-Class test results for the knee
ligaments.

Again, all three impact locations on the Merceredes
A-Class met the proposed tibia and ACL and PCL
injury risk thresholds. The MCL ligament exceeded
the elongation thresholds at the first and second
impact location (Tests V1-V4). Impact point V2
that was mirrored to V1 did not show the tendency
of the Golf tests where the ACL and PCL results
were the other way around compared to the first
impact location. This might also be the case
because no clear tendency for the ACL/PCL results
of the first impact point can be observed. No
tendency can be seen either regarding the MCL
sensitivity on mirrored impact points. Despite the
quite similar characteristics of the knee elongation
traces, test V1 shows quite different peak values
and a different behaviour especially for the PCL
elongation. Here, also the symmetrical identical
point V2 behaves differently (Figure 33).

Figure 33. PCL elongations in the A-Class tests
(1-4) - examination of the symmetrie.

The traces for the tibia bending moments in tests 1-
4 confirmed the Golf V results. Therefore, no
sensitivity of the tibia towards mirrored test points
could be observed.

L2a: three tests / L2b: one test
(left / right end of number plate area)
Euro NCAP: -113,0 g / -2,7 mm / 11,5°
L3b: three tests
(left part of headlamp area)
Euro NCAP: -143,0 g / -3,7 mm / 8,4°
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The third impact location (L3b) met in all three
tests the proposed requirements clearly. Euro
NCAP rated this point green and measured a
bending angle of  8,4°.

Audi Q7 test results

On the Audi Q7 representing the SUV car category
two tests were performed at two different impact
locations that were both rated green according to
Euro NCAP (Figure 34).

Figure 34.  Q7 Euro NCAP impact locations to
be tested with the Flex-GTα.

As impact height 75 mm above ground level were
chosen. The tibia and knee results are shown in
Figures 35 and 36.

Figure 35.  Q7 test results for the tibia segments.

Figure 36.  Q7 test results for the knee
ligaments.

Both impact locations met all proposed test
requirements clearly, whereas the MCL load
measured in the second test was significantly
higher than that of the first test. This does not
confirm the Euro NCAP results where the bending
angle of the second test was slightly lower than that
of the first test.

Sedan test results

The last car to be tested within this study, a sedan
type car MY 2007, has been type approved
according to the European Directive on pedestrian
protection, i.e. that the bumper area
homogeneously met the requirements of phase 1
which are 200 g for the tibia acceleration, 6 mm for
the shearing displacement and 21° for the knee
bending angle. Three points on the bumper have
been tested at an impact height of 75 mm above
ground level. The results are given in Figures 37
and 38.

Figure 37.  Sedan test results for the tibia
segments.

L1b: one test
(besides manufacturers‘ emblem)
Euro NCAP: -98,1 g / -5,7 mm / 6,9°
L3b: one test
(grille opening edge)
Euro NCAP: -106,5 g / -5,5 mm / 6,4°
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Figure 38.  Sedan test results for the knee
ligaments.

All three impact locations met the proposed injury
criteria clearly. The load on the MCL ligament in
the first test was higher than in the following ones
but still slightly below the currently proposed lower
50% injury risk threshold of 19,5 mm. These
results fully confirm those of the homologation
tests where the first test showed the highest
bending angle of the rigid WG 17 impactor while
the following two tests have met all legform to
bumper criteria even of the current phase 2.

REPEATABILITY

Real car tests

For the determination of the repeatability of test
results with the Flex-GTα impactor the test values
of each of the four impact points being tested three
times were taken for the calculation of the standard
deviation (SD). Based on the requirements for
dummies (Mertz, 2004) the repeatability of the real
car tests was assessed according to Table 3.

Table 3.
Repeatability of the real car test results

Golf V
Max. bending moment [Nm]

- Tibia
Elongation [mm]

L1b
A1 A2 A3 A4 ACL PCL MCL

SD 8,42 4,98 5,39 3,06 0,5 1,75 1,52
[%] 3,34 2,23 2,44 2,76 8,93 20,14 6,71
Ass. A G G G M N A

Max. bending moment [Nm]
- Tibia

Elongation [mm]
L2b

A1 A2 A3 A4 ACL PCL MCL
SD 1,95 2,07 4,87 2,19 0,46 0,69 1,45
[%] 0,91 0,94 2,27 2,17 7,77 12,83 7,15
Ass. G G G G M N M

A-Class
Max. bending moment [Nm]

- Tibia
Elongation [mm]

L2a
A1 A2 A3 A4 ACL PCL MCL

SD 12,00 7,81 6,20 2,64 0,31 2,24 1,45

[%] 4,45 3,35 3,81 3,43 4,45 26,84 6,13
Ass. A A A A A N A

Max. bending moment [Nm]
- Tibia

Elongation [mm]
L3b

A1 A2 A3 A4 ACL PCL MCL
SD 6,53 5,82 4,71 2,80 0,96 0,32 1,01
[%] 3,01 2,30 1,80 2,41 14,39 6,65 6,51
Ass. A G G G N A A

G: good, A: acceptable, M: marginal, N: not acceptable

The calculations for the standard deviation state a
repeatability between good and acceptable for all
maximum tibia bending moments at all of the four
impact locations, while the repeatability results for
the knee elongation are in less than half of the cases
still acceptable. Here, the PCL ligament shows the
highest sensitivity and not acceptable repeatability
results at three impact locations. The repeatability
of the MCL ligament test results is at least at three
impact locations still acceptable. In total, four
measurement locations showed inacceptable
repeatability results (Figure 39).

Figure 39.  Sensitivity of the measurement
locations depending on the impact location.

Inverse tests

In order to obtain more detailed information about
the factors causing scatter in the knee elongation
test results, three additional tests under idealised
test conditions were performed. Therefore, the
Flex-GTα legform was impacted by a linearly
guided honeycomb impactor with a mass of 8,1 kg
at an impact speed of 39 km/h (Zander et al., 2005).
During the impact the homeycomb impactor hit the
knee center with its upper edge. The test results are
given in Figures 40 and 41.
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Figure 40.  Inverse test results for the tibia
segments.

Figure 41.  Inverse test results for the knee
ligaments.

For the assessment of the repeatability of the test
results the standard deviation was calculated and
the results compared with the dummy requirement
criteria (Table 4).

Table 4.
Repeatability of the inverse test results

Al honeycomb
Max. bending moment [Nm]

- Tibia
Elongation [mm]

A1 A2 A3 A4 ACL PCL MCL
SD 2,57 1,42 1,76 1,27 0,38 0,10 0,20
[%] 1,20 0,73 1,20 1,62 3,74 2,00 0,95
Ass. G G G G A G G

G: good, A: acceptable, M: marginal, N: not acceptable

The standard deviation that was between good and
acceptable for the maximum tibia bending
moments obtained during the real car tests could be
confirmed by the inverse tests. Here, all test results
showed a high repeatability for all tibia segments
and the PCL and MCL ligament. Only the
repeatability of the ACL ligament was assessed not
better than acceptable.

The results of the tests under idealised impact
conditions reveal the sensitivity of the Flex-GTα

towards marginally changed impact parameters as
impact height and x,y and z-rotation. When
eliminating these parameters the Flex-GTα-
impactor itself shows a very high repeatability. A
study on the variation of different impact
parameters under otherwise constant impact
conditions could be carried out to obtain a
conclusion about the influence on the test results
with the aim to define tolerances within a test
procedure to be drafted.

DISCUSSION

Several improvements have been incorporated
within the development of the Flex-GTα impactor.
It is now robust enough to be tested at a regular
impact speed of 40 km/h on cars with modern front
shapes without any modification. In general, good
test results according to Euro NCAP could be
confirmed by tests with the Flex-GTα on real cars.
Only the MCL ligaments exceeded partly the
currently proposed 50% injury risk thresholds for
the 50th AM. However, it has to be stressed that
newest developments of cars with modern front
shapes tested in this study like the Audi Q7 or
being designed for the european type approval like
the sedan type car met all test requirements clearly.
On the other hand, good test results with the
FlexPLI have already been confirmed by tests with
the rigid EEVC WG 17 legform impactor in an
earlier study of the authors (Zander et al., 2006). In
case of the parallel introduction of the Flex PLI as a
test tool within regulations on pedestrian protection
this might give car manufacturers a certain
reliability which is imperatively needed during the
car design and development process.

In real car tests, the Flex-GTα shows a good to
acceptable repeatability of the maximum bending
moment results, whereas the knee seems to be very
sensitive towards car front modifications and
different impact parameters like impact height or
the impactor rotation. This can be stated by tests
under idealised impact conditions, where the
impactor shows a high repeatability of test results
also for the knee ligaments. A study on the
variation of impact parameters should be carried
out and impact tolerances should be defined.

Regarding the knee elongations the Flex-GTα
sometimes reveals a high sensitivity towards
mirrored test points. Therefore, the question on
symmetrical identical car front structures needs to
be analysed in detail.

Like previous versions of the FlexPLI also the
Flex-GTα is lacking an upper body mass.
Therefore, test results of the femur loadings have
not been considered within this study. Further
research on the influence of an upper body mass on



Zander 13

femur loads during collisions of pedestrians with
car fronts is needed.

The handling and usability of the Flex-GTα
legform impactor are good. No expendables like
foam or ligaments  are needed. No changes were
made within the calibration procedure of the strain
gauges which therefore still needs to be re-defined,
as it is influenced by mechanical aspects.

The dynamic certification test is still performed
without flesh and skin. A full assembly dynamic
certification test that was additionally performed
showed quite similar peak results, even though the
traces show some differences regarding the knee
stiffnesses and peak value times. Therefore it
currently seems to be the more appropriate
certification procedure.

For the ACL and PCL ligament the dynamic
certification test showed an unacceptable
repeatability. These results were likely being
influenced by a rotation of the impactor around its
vertical axis due to the suspension method at the
pendulum frame as well as the existing clearance of
the knee. Therefore, the certification procedure still
requires a revision.

CONCLUSIONS

Even though tests with the current version of the
FlexPLI and the EEVC WG 17 legform impactor
are still not comparable in a full extent, good test
results with the rigid WG 17 impactor according to
the EEVC limits could be confirmed by the results
with the biofidelic Flex-GTα according to the
currently proposed injury thresholds. Furthermore,
good results with the FlexPLI were confirmed by
WG 17 results in an earlier development level
already. It can be concluded that on the one hand
former car front developments for meeting the
EEVC criteria were already beneficial for the
protection of pedestrians, and that on the other
hand the introduction of the new biofidelic
impactor would not necessarily have an influence
on the design of already started developments.
These aspects might give car manufacturers a
reliability regarding their design and development
process.

The comparatively lower repeatability of the knee
test results within real car tests especially for the
ACL and PCL ligament reveals the high sensitivity
of the knee towards even minor modifications of
the car front as well as a variation of impact
parameters like impact height and impactor
rotation. Further research in this field is needed.
Nevertheless, the information obtained by the
FlexPLI on the protection potential of car fronts
can help to show a broader variation of possible

design changes needed to meet the requirements of
the biofidelic impactor and herewith to improve the
protection of pedestrians and other vulnerable road
users during a collision with a modern car front.
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ABSTRACT 
 
The National Center for Statistics and Analysis’s 
(NCSA) Special Crash Investigations (SCI) program 
provides the National Highway Traffic Safety 
Administration with an anecdotal data set that allows 
the agency to analyze in-depth clinical evaluations of 
real-world crashes that involve new and emerging 
technologies. One of SCI’s responsibilities is to 
investigate alleged fatalities that are related to the 
deployment of air bags in minor to moderate severity 
crashes. The first part of this paper will compare the 
number of occupants fatally injured by deploying air 
bags for either a given model year or a 12-month 
release period to the number of air-bag-equipped 
vehicles in the corresponding fleet. In this paper sled-
certified air bags with advanced features are defined 
as air bag systems with one or more advanced 
occupant protection features such as: multi-stage air 
bag inflators, seat belt sensors, weight sensors, seat 
position sensors, or automatic suppression systems. 
The number of fatalities for occupants injured by 
sled-certified air bags with advanced features will be 
compared to those injured by air bags without 
advanced features. Based on our most recent 
observations the number of fatalities associated with 
sled-certified air bags with advanced features is lower 
than that for air bags without advanced features [1]. 
An overview of the only published air-bag-related 
fatality attributed to a sled-certified air bag with 
advanced features will be provided. 
 
NCSA’s National Automotive Sampling System 
Crashworthiness Data System (NASS CDS) collects 
data on representative crashes through 27 field 
research teams who investigate about 4,500 crashes a 
year. The second part of this paper will analyze SCI 
and NASS CDS advanced-air-bag data through the 
end of 2005. A variety of advanced-air-bag-related 
topics for front-seat occupants will be discussed. 
Crash severity, occupant seat weight sensors and 
dual-stage air bag deployments will also be 
discussed. 
 
 
 

BACKGROUND 
 
The SCI program typically classifies frontal air bags 
into four vehicle categories:  
 

• Predominately pre-1998 model year vehicles 
certified to unbelted barrier test 
requirements of Federal Motor Vehicle 
Safety Standard (FMVSS) No. 208 by 
barrier testing, or “barrier-certified” 
vehicles. 

 
• Vehicles (1998 model years and above) 

certified to the unbelted sled test frontal 
impact requirements of FMVSS No. 208, or 
“sled-certified” vehicles. 

 
• Vehicles certified to unbelted sled test 

requirements of FMVSS No. 208 that have 
air bag systems incorporating “advanced 
occupant protection features” (as defined in 
the abstract), but not certified to the 
advanced air bag requirements of FMVSS 
No. 208. In this paper these vehicles are 
referred to as sled-certified vehicles with 
“advanced features.” 

 
• Vehicles (2003 model years and above) 

certified to meet the advanced-air-bag 
requirements of FMVSS No. 208. 
Hereinafter these vehicles will be referred to 
as certified, advanced, 208-compliant (CAC) 
vehicles. 

 
The distinction between the last two types of vehicles 
is significant, because only the CAC vehicles have 
been certified to meet the advanced-air-bag 
requirements of FMVSS No. 208, which are 
described in the next paragraph. Sled-certified 
vehicles equipped with air bags with advanced 
features and CAC vehicles were identified from 
information that vehicle manufacturers supplied to 
NHTSA.   
 
The earlier barrier-certified air bag systems are used 
in vehicles that were certified to a fixed rigid-barrier 
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crash test. In March of 1997, NHTSA issued a 
rulemaking that made it easier for automobile 
manufacturers to quickly reduce the inflation power 
of their air bags, certified to new sled test 
requirements of FMVSS No. 208. These sled-
certified air bags are often referred to as redesigned 
air bags. Sled-certified air bag systems have been 
certified using an unbelted sled test option instead of 
the 30 mph rigid barrier crash test with an unbelted 
Hybrid III 50th percentile male anthropomorphic test 
dummy [2]. In May 2000, NHTSA amended FMVSS 
No. 208 to require the use of advanced-air-bag 
technology to provide improved frontal occupant 
protection to all occupants. These CAC air bags were 
phased in, beginning with vehicles manufactured for 
sale in the United States on or after September 1, 
2003. The rule, with a few minor exceptions, states 
that light passenger vehicles manufactured for sale in 
the United States on or after September 1, 2006, are 
required to have advanced air bags that are certified 
to S14 [3] of FMVSS No. 208. This amended 
standard requires vehicles to be certified to meet the 
following requirements: 
 

• Rigid barrier belted test (at a speed up to and 
including 30 mph), using a 50th percentile 
adult male anthropomorphic test dummy. 

 
• Rigid barrier unbelted test (at a speed 

between 20 and 25 mph), using a 50th 
percentile adult male anthropomorphic test 
dummy. 

 
• Rigid barrier belted test (at a speed up to and 

including 30 mph), using a 5th percentile 
adult female anthropomorphic test dummy. 

 
• Rigid barrier unbelted test (at a speed 

between 20 and 25 mph), using a 5th 
percentile adult female anthropomorphic test 
dummy. 

 
• Offset frontal deformable barrier belted test 

(at a speed up to and including 25 mph), 
using a 5th percentile adult female 
anthropomorphic test dummy. 

 
• Protection for infants in rear-facing and 

convertible child restraints and car beds, 
using a 12-month-old anthropomorphic test 
dummy either by an automatic suppression 
feature or a low-risk deployment feature. 

 
• Protection for children, using a 3-year-old 

anthropomorphic test dummy by an 

automatic suppression feature, a dynamic 
automatic suppression system that 
suppresses the air bag when an occupant is 
out of position, or a low-risk deployment 
feature. 

 
- It is important to note that a   

manufacturer must petition the 
agency to accept and put into a 
final rule a specific test procedure 
for a dynamic automatic 
suppression system. There is a 
requirement that low-risk 
deployment tests be performed. No 
manufacturer has successfully 
petitioned the agency for a dynamic 
automatic suppression test 
procedure and thus there are no 
vehicles certified to this option.  

 
• Protection for children, using a 6-year-old 

anthropomorphic test dummy either by an 
automatic suppression feature, a dynamic 
automatic suppression system that 
suppresses the air bag when an occupant is 
out of position, or a low-risk deployment 
feature. 

 
• Protection for adult female drivers, using an 

out-of-position 5th percentile adult female 
anthropomorphic test dummy at the driver 
position either by a dynamic automatic 
suppression system that suppresses the air 
bag when the driver is out of position or a 
low-risk deployment feature. 

 
AIR-BAG-RELATED FATALITIES AND 
SERIOUS INJURIES 
 
In October 1996, NHTSA began publishing summary 
tables for each confirmed air-bag-related fatality and 
seriously injured occupant. Since January 2001, SCI 
has published on its Web site quarterly reports of 
crashes in which a deploying air bag or a deploying 
module cover flap was determined to have caused a 
fatality or life-threatening injury to a vehicle’s 
occupant in a minor- to moderate-severity crash.  
 
Beginning in January 2007, the SCI report of air-bag-
related fatalities and serious injuries will be published 
biannually. An air bag causes fatal and life-
threatening injuries when an occupant is either in the 
deployment path or moves into the deployment path 
of the air bag and is hit by the deploying air bag or 
cover flap. The deployment energy is then transferred 
to the occupant. For the remainder of this paper these 
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cases will be referred to as “air-bag-related” fatalities 
and life-threatening injuries.  
 
SCI classifies air-bag-related cases as either 
“confirmed” or “unconfirmed.” Confirmed cases are 
those where the air bag has been confirmed by 
NHTSA as being the injury mechanism. 
Unconfirmed cases are crashes under active 
investigation where an air bag is either alleged to be, 
or suspected of being, the injury mechanism. Each 
SCI report consists of:  
 

• A summary of the status of SCI 
investigations during the reporting period. 

 
• A count of occupants who have sustained 

fatal or serious injuries in air-bag-
deployment-related crashes. 

  
• Tables and charts that show the amount of 

air-bag- related fatalities, that are 
normalized by the number of air-bag-
equipped vehicles in a given fleet.  

 
Each normalized table and chart consists of 
confirmed and unconfirmed cases. Summary tables 
are also published that list all confirmed air-bag- 
related fatalities and life-threatening injuries. Air-
bag- related crashes are grouped into three categories: 
 

• Children under the age of 13. 
 

• Adult drivers. 
 

• Adult passengers.  
 
Cases involving children are further divided into two 
subgroups: infants seated in rear-facing safety seats 
(RFCSS) and children not seated in RFCSS.  
 
Child Air-Bag-Related Fatalities 
 
     Infants in Rear-Facing Safety Seats  - As of 
October 1, 2006, there were 26 confirmed cases of 
infants seated in RFCSS who sustained fatal injuries 
in air-bag-related cases. These fatalities occurred 
between the 1995 and 2004 crash years. Four of these 
fatalities involved an infant in a RFCSS that was held 
on the lap of a passenger. There were three 
unconfirmed cases that involved infants in RFCSS.   
 
     Children Not in Rear-Facing Child Safety Seats 
- There were 148 confirmed cases of children not in 
RFCSS who were fatally injured in air-bag-related  
crashes. These fatalities occurred between the 1993 

and 2006 crash years.  Of these crashes, 141 involved 
children who were fatally injured by a passenger air 
bag. Eight of these children who sustained passenger 
air-bag-related injuries were seated in forward-facing 
child safety seats. Of the 133 children who were 
fatally injured by a passenger air bag and who were 
not in a child safety seat, 127 were either 
unrestrained or improperly restrained. Eleven 
unconfirmed cases are under active investigation, 
where a child was not seated in a RFCSS and was 
suspected of sustaining a passenger air-bag-related 
fatal injury.  
 
Figure 1 presents the number of children who 
sustained air-bag-related fatalities from a passenger 
air bag, normalized by the number of passenger air-
bag-equipped vehicles in the fleet (in millions) over a 
12-month release period.   
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Source:  NHTSA, NCSA (SCI Quarterly Report) 

Figure 1.  Children fatally injured by a passenger 
air bag, normalized by MRVY; confirmed and 
unconfirmed as of October 1, 2006. 
 
R.L. Polk data on new registrations was used to 
estimate the number of passenger air-bag-equipped 
vehicles in each fleet. R.L. Polk is a company that 
provides automotive and marketing data. SCI 
calculates the fatalities per million registered vehicle 
years (F/MRVY) for specific vehicle model years and 
12-month release periods. The F/MRVY for specific 
vehicle model years is calculated by dividing the 
count of occupants fatally injured by deploying air 
bags for a given vehicle model year, by the product 
of the number of new vehicles registered that are air-
bag-equipped for the given year and the number of 
years the vehicles of that year have been on the road. 
Vehicles are estimated to be on the road for one-half 
a year during their first production year. The 
F/MRVY for a given 12-month release period is 
calculated by dividing the count of occupants fatally 
injured by deploying air bags for the given 12-month 
period by the sum of the total number of registered 
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vehicles with air bags of the previous model years 
and one half the registered vehicles of the vehicle 
model year that corresponds to the production period 
of the crash. Each 12-month production period was 
aligned with the vehicle production year, September 
1 through August 31. 
 
The rate of child F/MRVY dropped significantly 
between the 1997-1998 production year and the 
1998-1999 production year, from 0.712 F/MRVY to 
0.305 F/MRVY, respectively. Fatality rates have 
continued to remain lower than those for the 1997-
1998 vehicle production year. The most recent full 
year rate, the 2005-2006 vehicle production year, was 
0.052 F/MRVY. A detailed explanation of how the 
denominator, MRVY, is calculated can be found on 
the Explanation page of the SCI report, which is 
published with the SCI summary tables on the 
Internet site shown at the end of this paper.  
 
Figure 2 presents the number of children who 
sustained air-bag-related fatalities from passenger air 
bags normalized by the number of passenger air-bag-
equipped vehicles in a fleet for a given vehicle model 
year.  
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Source:  NHTSA, NCSA (SCI Quarterly Report) 

Figure 2.  Children fatally injured by passenger 
air bags by vehicle model year, normalized by 
MRVY; confirmed & unconfirmed as of October 
1, 2006. 
 
The rate of F/MRVY peaked at, 0.612, for 1995 
model year vehicles. There was a significant drop in 
the fatality rate between the 1997 and 1998 model 
year vehicles. The rates continued to decrease for 
vehicles after the 1998 model year. No air-bag-
related fatalities have been found for the 2002, 2004, 
2005, and 2006 model year vehicles.  
 

The rates shown in Figures 1 and 2 show air-bag- 
related fatalities for children in vehicles equipped 
with barrier-certified air bags, sled-certified air bags, 
and sled-certified air bags with advanced features. 
None of the air-bag-related fatalities sustained by 
children were caused by CAC air bags. There was 
one confirmed air-bag-related fatality in which an 
infant in a RFCSS sustained a fatal injury from a 
sled-certified 2003 model-year vehicle equipped with 
dual-stage air bags. This case is currently under 
review. 
 
Adult Air-Bag-Related Fatalities  
 
     Adult Drivers - There were 88 confirmed adult-
driver air-bag-related fatalities. These fatalities 
occurred between the 1990 and 2005 crash years. 
Twenty-seven fatally injured adult drivers were 
wearing seat belts. Some type of misuse of the 
driver’s seat belt was found in three of these cases. In 
each case, the driver didn’t use the lap and shoulder 
belt together. Fifty-four of the fatally injured adult 
drivers were not restrained by seat belts. The belt use 
of four adult drivers was unknown. Six cases where 
adult drivers were suspected of sustaining air-bag-
related fatalities are under active investigation. 
 
Figure 3 displays the number of adult drivers who 
were fatally injured by driver air bags normalized by 
the number of driver air-bag-equipped vehicles in the 
fleet over a 12-month release period. 
 

0.0

0.2

0.4

0.6

0.8

1.0

88-89 90-91 92-93 94-95 96-97 98-99 00-01 02-03 04-05 06-07

12-Month Period

Fa
ta

lit
ie

s/
M

R
V

Y

 
Source:  NHTSA, NCSA (SCI Quarterly Report) 

Figure 3.  Adults fatally injured by driver air 
bags, normalized by MRVY; confirmed and 
unconfirmed as of October 1, 2006. 
 
In the 1990-1991 vehicle production year, the rate of 
F/MRVY reached its highest point at 0.802. After 
that production year, none of the fatality rates have 
been over 0.328 F/MRVY, the fatality rate for the 
1993-1994 vehicle production year. The rate for the 
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most recent full 2005-2006 vehicle production year 
was 0.018 F/MRVY. Figure 4 shows that the rate of 
adult drivers who sustained air-bag-related fatalities, 
normalized by the number of driver air-bag-equipped 
vehicles in a fleet for a given vehicle model year, has 
declined since the 1996 model year.  
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Source:  NHTSA, NCSA (SCI Quarterly Report) 

Figure 4.  Adults fatally injured by driver air bags 
by vehicle model year, normalized by MRVY; 
confirmed & unconfirmed as of October 1, 2006. 
 
There were no adult-driver air-bag-related fatalities 
found for the 2001, 2002, 2004, 2005, and 2006 
model years. SCI is investigating two unconfirmed 
driver air-bag-related fatalities that involve 2000 and 
2003 model year sled-certified vehicles that were 
equipped with dual-stage driver air bags.  It is 
important to note that there were no air-bag-related 
fatalities of adult drivers that were attributed to CAC 
air bags. 
 
     Adult Passengers - Thirteen adult passengers 
sustained air-bag-related fatal injuries. These 
fatalities occurred between the 1996 and 2004 crash 
years. One of these passengers misused the seat belt 
by positioning the shoulder belt under the arm. Five 
adult passengers were restrained by their seat belts. 
The remaining 7 were not restrained by their seat 
belts. 
 
In Figure 5, the number of adult passengers who were 
fatally injured by passenger air bags normalized by 
the number of passenger air-bag-equipped vehicles in 
the fleet over a 12-month release period, shows a 
decrease in F/MRVY from 0.088 to 0.042, between 
the 1996-1997 vehicle production year and the 1997-
1998 vehicle production year. There were no 
passenger air-bag-related fatalities in the last full  
vehicle production year. 

0.00

0.02

0.04

0.06

0.08

0.10

94-95 96-97 98-99 00-01 02-03 04-05 06-07
12-Month Period

Fa
ta

lit
ie

s/
M

R
V

Y

 
Source:  NHTSA, NCSA (SCI Quarterly Report) 

Figure 5.  Adults fatally injured by passenger air 
bags, normalized by MRVY; confirmed and 
unconfirmed as of October 1, 2006. 
 
Figure 6 shows that after model year 1998, there have 
been six model years with no adult passenger air-bag-
related fatalities. There were only two adult 
passenger air-bag-related fatalities after the 1998 
model year. These fatalities occurred in 2000 and 
2004 model year vehicles equipped with sled-
certified air bags.  
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Source:  NHTSA, NCSA (SCI Quarterly Report) 

Figure 6.  Adults fatally injured by passenger air 
bags by vehicle model year, normalized by 
MRVY; confirmed & unconfirmed as of October 
1, 2006. 
 
The one crash in the 2004 model year vehicle was the 
only published dual-stage air-bag-related fatality. 
This case is summarized in the paragraph below. 
None of the air-bag-related fatalities of adult 
passengers were attributed to CAC air bags. There 
was one unconfirmed air-bag-related adult passenger 
fatality involving a 2006 model year barrier-certified 
vehicle that is under active investigation by SCI.  
 
The only confirmed adult passenger sled-certified 
dual-stage air-bag-related fatality involved a 56-year-
old female passenger [66 inches, 190 pounds], who 
was restrained by her three-point lap and shoulder 
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seat belt system, which included a buckle 
pretensioner. She sustained critical head and chest 
injuries in the crash. The case vehicle’s 17-year-old 
male driver sustained moderate and minor injuries. 
The case vehicle was equipped with dual-stage 
frontal air bags; a front right seat weight sensor; and 
seat belt sensors. The crash was a multiple event 
crash. The case vehicle’s total delta V was 19 mph 
for the first impact and 6 mph for the second impact. 
The passenger’s multiple air-bag-related injuries 
included a subdural hematoma/hemorrhage (AIS-5), 
a diffuse axonal injury (AIS-5), an atlanto-occipital 
dislocation (AIS-2), a brain hemorrhage (AIS-5), and 
rib fractures (AIS-5). 
 
Fatality Comparisons 
 
An ideal comparison of the fatality rates of sled-
certified air bags with advanced features and air bags  
without advanced features would involve dividing the 
number of occupants fatally injured by a specific type 
of deploying air bag (e.g. sled-certified with 
advanced features) by the number of vehicles 
equipped with the specific type of air bag in a given 
fleet. Although the information that was supplied by 
manufacturers was used by SCI investigators to 
determine whether a sled-certified air bag with 
advanced features was present in a case vehicle, the 
supplied information was not detailed enough to 
estimate the number of vehicles in a given fleet that 
were equipped with sled-certified air bags with 
advanced features. Since a breakdown of the number 
of sled-certified vehicles with advanced features in a 
fleet is not obtainable, the number of air-bag-related 
fatalities attributed to sled-certified air bags with 
advanced features and air-bag-related fatalities from 
vehicles without advanced features will be compared 
in the next paragraph. 
 
The data provided by vehicle manufacturers shows 
that sled-certified vehicles were equipped with air 
bags with advanced features such as dual-stage air 
bags as early as the 1999 model year. With the 
exception of 2003 model year vehicles, the number of 
adult-driver air-bag-related fatalities for sled-certified 
vehicles equipped with air bags with advanced 
features, for all other model year vehicles was either 
less than or equal to that of vehicles equipped with 
air bags without advanced features. Similarly, 
excluding 2004 model year vehicles for adult 
passengers and 2003 model year vehicles for 
children, the number of child and adult passenger air-
bag-related fatalities attributed to air bags in sled-
certified vehicles equipped with air bags with 
advanced features was lower than or equal to those of 

vehicles equipped with air bags without advanced 
features.  
  
CASE SELECTION 
 
The second part of this paper evaluates CAC vehicle 
data for NASS CDS and SCI cases. Since NHTSA’s 
Electronic Data System (EDS) does not have a 
variable that specifically states whether a vehicle is 
equipped with CAC air bags, the CAC vehicle data 
presented in this paper were found by querying EDS 
for vehicles that were on the list of CAC vehicles that 
were provided by vehicle manufacturers. Analysis for 
this study is limited to CAC vehicle models that were 
certified for a full production year.  
 
The data from 561 cases, which included either 
single-event or multiple-event crashes, were analyzed 
for this paper. Twenty of these cases were published 
in SCI, and 541 of these were NASS CDS cases. This 
data was used to provide background information 
about the type of impact of the CAC vehicles in the 
study, and is not intended to represent CAC vehicle 
crashes nationwide. Of the 561 cases, there were 389 
cases in which a CAC vehicle had a direction of force 
between 10 and 2 o’clock, deemed a “near-frontal 
impact” for an event in a crash. The 10-to-2-o’clock 
direction of force is within the range a frontal air bag 
will deploy, regardless of the plane of impact. 
Eighteen (5%) of these cases that had at least one 
near-frontal impact were SCI cases, and 371 were 
NASS CDS cases. Cases with a near-frontal impact 
were then segregated into cases with a single event. 
There were a total of 193 of these single-event cases. 
Five of these cases were investigated by SCI, and 188 
were investigated by NASS CDS.  
 
Event data recorder (EDR) data are evaluated in the 
last section of this paper. NCSA uses the generic 
term “EDR” to refer to recording devices that are 
found in certain air bag control modules. SCI and 
NASS field investigators are equipped with 
commercially available tools to download data from 
EDRs of two vehicle manufacturers. EDRs are the 
only source of data regarding the decision logic of a 
CAC vehicle’s safety system. This data includes the 
status of automatic suppression systems, the 
deployment level of frontal air bags, and the change 
in forward velocity experienced by an air bag’s 
sensing system. 
 
CONFIGURATION 
 
Figure 7 shows the impact plane for the event with  
the highest crash severity, of the 519 CAC vehicles in  
which the impact plane is known.  
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Figure 7.  Impact configuration by impact plane in 
CAC cases published by SCI and NASS CDS. 
  
Frontal impacts represented the highest number of 
known impacts, 301 (58%). Frontal impacts were 
followed by: left-side impacts, 75 (14%); right-side 
impacts, 63 (12%); rear impacts, 44 (8%); top 
impacts, 35 (7%); and an undercarriage (bottom) 
impact. The impact plane of an additional 48 vehicles 
was unknown. The analyses in each of the following 
sections, except the EDR section, are limited to 
vehicles that were involved in near-frontal-plane 
impacts in an event in the crash.   
 
CRASH SEVERITY 
 
The deployments of frontal air bags are based on a 
number of crash factors including deceleration, time, 
and the change in forward velocity experienced by 
the air bag sensing system mounted in the vehicle. 
Delta V as determined by WinSMASH is used in this 
analysis to indicate crash severity. WinSMASH is a 
crash reconstruction algorithm that is used in 
NHTSA’s data collection programs. Figure 8 shows 
the highest longitudinal delta Vs for CAC vehicles, 
where the crash event with the highest crash severity 
was a frontal impact. 
 

Crash Severity Distribution (mph)
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25 and 
above

7%

Figure 8.  Maximum longitudinal crash severity of 
frontal impacts as measured by delta V in CAC 
vehicles in cases published by SCI and NASS 
CDS.  

 
Since minor- to moderate-severity crashes range from 
0 to 25 mph, the highest longitudinal delta Vs that 
were experienced by vehicles were first grouped in 
increments of: 0 to 9.9 mph; 10 to 14.9 mph: 15 to 
19.9 mph; 20 to 24.9 mph; and 25 mph and above. 
There were 183 maximum longitudinal delta Vs that 
were known, and 84 that were unknown. Of the CAC 
vehicles with a known delta V, 171 (93%) had 
longitudinal delta Vs below 25 mph. The five groups: 
0 to 9.9 mph; 10 to 14.9 mph; 15 to 19.9 mph; 20 to 
24.9 mph; and 25 mph and above; made up 36 
percent, 31 percent, 19 percent, 7 percent and 7 
percent of the maximum longitudinal delta Vs 
experienced by CAC vehicles in frontal impacts, 
respectively. Figure 9 shows the maximum 
longitudinal delta V distribution for CAC vehicles in 
left- and right-side impacts.  
 

Crash Severity Distribution (mph)
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Figure 9.  Longitudinal crash severity of side 
impacts as measured by delta V in CAC vehicles 
in cases published by SCI and NASS CDS. 
 
All of the known impacts were below 20 mph. Forty- 
nine (77%) of the known impacts were between 0 and 
9.9 mph. Impacts in the 10 to 14.9 mph range, were 
13 percent of known impacts, while 10 percent of the 
known impacts were in the 15 to 19.9 mph range. 
The delta V for the 33 of the left- and right-side 
impacts were unknown.  
 
CASE OCCUPANTS 
 
Figure 10 presents the demographics of front-seat 
occupants in CAC vehicles that had a near-frontal-
plane impact. 
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Figure 10.  Front-seat occupant demographics in 
cases published by SCI and NASS CDS. 
 
Front-seat occupants were divided into three age 
ranges: 12 years old and younger; 13 to 64 years old; 
and 65 and older. Occupants were then divided by 
sex. Cases in which the age or sex of an occupant 
was unknown were excluded from this analysis. 
There were only seven children 12 and younger 
seated in front seating positions in CAC vehicles. 
Four of the children were males, and three were 
females. The majority of the front-seat occupants, 91 
percent, were in the 13 to 64-year-old age range. 
Front-seat occupants 65 and older were only 8 
percent of the occupants. Two hundred sixty-six 
(54%) of the occupants were male, and 228 (46%) 
were female. 
 
Figure 11 shows the front-row seating positions of 
drivers and front-right passengers in near-frontal 
impacts.  
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Figure 11.  Front-row seating positions of vehicle 
occupants in CAC cases published by SCI and 
NASS CDS. 

Drivers comprised 394 (79%) of the occupants 
known to be seated in the front row, and front-right 
passengers accounted for 106 (21%) of the occupants 
known to be seated in the front row. 
 
OCCUPANT BELT USAGE 
 
The seat belt usage for drivers and front-seat 
passengers whose vehicle had a near-frontal-plane 
impact is shown in Figure 12.  
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Figure 12.  Seat belt usage of front-seat occupants 
in CAC cases published by SCI and NASS CDS.  
 
Eighty-two percent of the occupants whose restraint 
use was known were restrained by seat belts.  
Restraint use among drivers was 83 percent, which 
was higher than that of front passengers, which was 
79 percent. 
 
OCCUPANT INJURY LEVEL 
 
There were 459 occupants in CAC vehicles who were 
seated in either the front-right passenger or driver 
seating position of vehicles that had near-frontal 
impacts that were either not injured or sustained a 
known injury. These occupants were divided into two 
groups, according to the maximum abbreviated injury 
scale (MAIS) injury that they sustained. The first 
group is composed of occupants who were not 
injured and occupants whose most severe injury was 
a minor or moderate injury. These injuries ranged 
from MAIS 0 (no injury) to MAIS 2 (moderate). The 
second group consists of occupants whose injuries 
are usually considered life-threatening. This group 
ranges from MAIS 3 (serious) to MAIS 6 
(maximum). Figure 13 shows the injury severity and  
belt use of frontal occupants.  
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Figure 13.  Most severe injury sustained by front 
seat occupants in CAC cases published by SCI 
and NASS CDS. 
 
The first group, MAIS 0 to 2, represents 89 percent 
of the occupants. Eighty-five percent of the 
occupants in the MAIS 0 to 2 range were restrained 
by seat belts. Only 59 percent of the 49 occupants 
who sustained MAIS 3 to 6 injuries were restrained. 
None of the MAIS 3 to 6 injuries were air-bag-
related. 
 
AIR BAG DEPLOYMENTS 
 
Figure 14 shows whether there was an air bag 
deployment in either the driver or front-right 
passenger seating position in a near-frontal impact 
when the occupant’s seating position was known.  
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Figure 14.  Air bag deployments by seating 
position in CAC cases for published SCI and 
NASS CDS cases. 
  
There were 289 (58%) air bag deployments and 207 
(42%) non-deployments. The percentage of 
deployments when the deployment status was known 
was similar for drivers and passengers, 59 percent, 
and 57 percent, respectively. There were 229 
deployments into the driver seating position and 60 
deployments into the front-right passenger seating 
position. With the exception of one deployment, all 

the deployments occurred during the crash. At this 
time the exact details of the one exception are 
unknown.  
 
NHTSA’s advanced air bag rule specifies that vehicle 
manufacturers meet performance standards, as 
specified on page 2 of this report, that relate to 
automatic suppression or a benign deployment of air 
bags. One way that vehicle manufacturers can meet 
the automatic suppression options in FMVSS No. 
208 is to use seat weight sensors. The only automatic 
suppression option currently available to 
manufactures requires that vehicles be equipped with 
at least one telltale that emits yellow light, with the 
words “PASSENGER AIR BAG OFF” when the 
passenger air bag is deactivated. Telltales can be 
illuminated on the rearview mirror or instrument 
panel. Some vehicles have a sensing system that 
automatically deactivates the passenger air bag based 
on whether the weight in the passenger seat is 
consistent with a child or child seat. Sensors in the 
passenger’s seat belt are often used to ensure that the 
belt’s tension doesn’t cause an inaccurate weight 
measurement. An EDR download is needed to 
determine the status of an automatic suppression 
system. In the future, NHTSA will pursue data on the 
status of automatic suppression systems when they 
become available. 
 
OCCUPANT WEIGHT 
 
Figure 15 divides occupants into weight ranges and 
indicates the number of air-bag deployments into an 
occupant’s seating position, when both the 
occupant’s weight and deployment status are known.  
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Figure 15.  Air-bag deployments by weight range 
in CAC cases for published SCI and NASS CDS 
cases. 
 
Since the advanced-air-bag section of FMVSS No. 
208 includes tests that use the 5th percentile adult 
female anthropomorphic test dummy (108 pounds) 
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and the 50th percentile adult male anthropomorphic 
test dummy (171.3 pounds), the weights of occupants 
involved in crashes with near-frontal impacts were 
divided into increments of: “below 109 lbs,” “109 to 
172 lbs,” and “above 172 lbs.” Unlike the other two 
weight ranges, the “below 109 lbs” range had more 
non-deployments (12) than deployments (8). The 
weight range “above 172 lbs” was the largest of the 
three groups, with 125 deployments and 78 non-
deployments. The “109 to 172 lbs” weight range had 
109 deployments and 87 non-deployments.  
 
EVENT DATA RECORDERS 
 
There were 307 CAC vehicles that were equipped 
with EDRs in this study. NASS CDS cases that 
include CAC vehicles involved in crashes in the 
crash year 2002 (i.e., early 2003 model year vehicles) 
were excluded from the analysis in this section. 
Figure 16 indicates the number of EDRs that were 
downloaded by SCI and NASS field investigators. 
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Figure 16.  EDRs downloaded in CAC cases 
published by SCI and NASS. 
 
One hundred fifty-one of 307 EDRs were 
successfully downloaded. The most common reason 
cited by the field investigator for not being able to 
download a CAC vehicle’s EDR was that the vehicle 
was not supported by software. This reason, which 
was selected 79 times, describes instances when field 
investigators were not equipped to read the EDRs of 
a specific vehicle make or model. The next most 
common reason cited, accounting for 45 of the 
selections, was that field investigators were not given 
permission to download the EDRs. Damage 
preventing the field investigators from accessing the 
EDRs accounted for 26 selections. 
 
The EDR downloads included crashes with multiple 
events. Of the 151 downloads, there were 175 EDR 
recordings where air bags either deployed or didn’t 

deploy. Figure 17 shows that there were 68 (39%) 
deployments and 107 (61%) non-deployments.   
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Figure 17. Air bag deployment status of 
downloaded EDR recordings in CAC cases 
published by SCI and NASS. 
 
The average and median maximum longitudinal delta 
V experienced by the air bags’ sensing systems for 
the deployments were, 14.8 mph and 12.6 mph, 
respectively. The standard deviation of the maximum 
longitudinal delta V, for deployments was 8.6 mph. 
Non-deployments had an average and median 
maximum longitudinal delta V of 3.5 mph and 1.9 
mph, respectively. The standard deviation of the 
maximum longitudinal delta V for non-deployments 
was 5.1 mph.   
 
Figure 18 shows the number of EDR-recorded air bag 
deployments where the deployment stage is known.  
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Figure 18. Air-bag deployment stages for frontal 
seating positions in CAC cases published by SCI 
and NASS. 
 
There were a total of 56 “Stage 1” deployments and 
15 “Stage 2” deployments. In each case, at least 
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three-quarters of the deployments were in the driver’s 
seating position.  
 
CONCLUSIONS 
 
The Analysis of SCI and NASS CDS air bag data 
show the following: 
  

• The data evaluated from SCI shows an 
overall decrease in the number of air-bag-
related fatalities for the model and 
production years that were not associated 
with barrier-certified air bags: post-1997 
model years and post-1997-1998 production 
years.  

 
• SCI has not investigated any cases where 

there was a fatality or life-threatening injury 
attributed to the deployment of air bags in 
vehicles that were certified to the advanced-
air-bag section of FMVSS No. 208. SCI will 
continue to monitor the real-world crash 
performance of CAC vehicles. 

 
• The data shows, as detailed in Figure 8, that 

93 percent of the maximum longitudinal 
crash severities of this study’s CAC vehicles 
involved frontal impacts were below 25 
mph. 

 
• Figure 12 shows that 83 percent of the 

drivers and 79 percent of the front 
passengers were restrained by seat belts. 
This percentage is consistent with the 81 
percent nationwide seat belt use rate 
measured by NHTSA’s National Occupant 
Protection Use Survey in 2006 [4]. 

 
• As indicated in Figure 13, NASS and SCI 

show that almost 90 percent of the known 
injury severities to front-seat occupants in 
front of air bags certified to the advanced 
standard were in the MAIS 0 to 2 range. The 
belt usage rate for the occupants who 
sustained the more serious injuries, MAIS 3 
to 6, was significantly lower than that for 
occupants who sustained MAIS 0 to 2 
injuries.  

 
• EDR data will continue to play an essential 

role in the analysis of CAC vehicle safety 
systems. Downloaded EDR data provides 
field researchers with the only available 
information about the decision logic of key 

safety system features, such as, the stage the 
air bag was commanded to deploy. 

 
SCI DATA AVAILABILITY 
 
SCI summary tables are now published biannually on 
NHTSA’s Internet site at the following Internet 
address: 
 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/sci.html 
 
The SCI online data access page is located at: 
 
http://www-
nass.nhtsa.dot.gov/BIN/logon.exe/airmislogon 
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ABSTRACT 
 
This paper describes curtain airbag gas delivery 
system development work using CFD analysis. The 
objective of developing gas delivery system was to 
achieve uniform inflation and reasonable time to 
position for oblique pole test with 5th %ile female. 
CFD analysis has been conducted to design gas 
delivery system of 3 row curtain airbag. The gas 
delivery system consists of T-diffuser and flexible 
gas delivery tube. T-diffuser hole sizes and the hole 
sizes in flexible gas delivery tube system have been 
determined through CFD simulations. Confirmation 
static deployment test has been conducted to confirm 
the design specification from CFD analysis. In the 
static deployment test, pressure ports were installed 
to measure the pressure at several locations in the 
curtain airbag. It was found that the bag kinematics 
and pressures in the test were close to the simulation 
kinematics and results. 
 
INTRODUCTION 
 
In developing a curtain airbag system for head 
protection in side impact condition, gas delivery 
system development work is very important to 
achieve uniform inflation and reasonable time to 
position.  In this paper, a 3 row curtain airbag is 
considered to design a gas delivery system which 
consists of T-diffuser and two flexible gas delivery 
tubes connected to the T-diffuser. Madymo CFD 
simulations are conducted to design a gas delivery 
system.  Through Madymo CFD simulations, T-
diffuser hole size and hole size in flexible gas 
delivery tube are determined, which achieve uniform 
inflation and reasonable bag positioning time. Then, 
static deployment test is conducted to confirm the 
design specification from CFD simulations. In the 
static deployment test, pressure ports are installed to 
measure the pressures at three locations in the curtain 
airbag. The curtain airbag kinematics and pressure 
curves from the static deployment test are compared 
to the ones from the CFD simulation which produced 
the design specification. 
 
 

 
 
 
 
 
 
 
 
 
 
Curtain Airbag System 
 
Figure 1 shows the 3 row curtain airbag system 
which has been considered here. 
 

 
 
Figure 1.  A 3 row curtain airbag system. 
 
The 3 row curtain airbag system considered here 
consists of T-diffuser, front flexible hose, rear 
flexible hose, curtain airbag and external tethers. The 
right side is the vehicle front. A inflator is connected 
to the T-diffuser inlet. The front and rear flexible 
hoses are connected to the T-diffuser inside the 
curtain airbag as shown in Figure. 1.  Gas flows into 
T-diffuser from the inflator and is distributed into 
front and rear flexible hoses. The right end of front 
flexible hose has a hole and three holes can be made 
on the front flexible hose. Gas flows through holes 
into curtain airbag. The left end of rear flexible hose 
has a hole through which gas flows into curtain 
airbag. The front and rear flexible hoses have some 
permeability. Therefore, some gas flows into curtain 
airbag through hose walls. 
 
 
MADYMO CFD Simulations for a 3 Row Curtain 
Airbag System Design 
 
Madymo CFD code has been used to design T-
diffuser hole size for rear flexible hose and 3 hole 
sizes on front flexible hose. Other design factors such 
as hose lengths, hole locations on front flexible hose 
and T-diffuser hole size for front flexible hose have 
already been decided, based on the experiences.  For 
Madymo CFD analysis, inflator modeling and DOE 
simulations have been conducted. 
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     Inflator Modeling - In order to obtain the mass 
flow rate and inflator exit temperature data which are 
Madymo inputs for CFD simulations, Madymo MTA 
analysis has been conducted. Figure 2 shows the 
inflator mass flow rate and Figure 3 shows the tank 
pressure simulation which justifies the mass flow rate 
and inflator exit temperature which generate the same 
tank pressure curve as in the tank test. 
 

 
 
Figure 2.  Inflator mass flow rate. 
 

 
  
Figure 3.  Tank pressure curves @ 60 liter tank – 
Test vs Simulation. 
 
     Madymo CFD Curtain Airbag System Model - 
Madymo CFD curtain airbag system model has been 
built, which is close to the real curtain airbag system. 
Figure 4 shows the Madymo CFD curtain airbag 
system model. 
 

 
 
Figure 4.  Madymo CFD curtain airbag system 
model. 
 
The model in Figure 4 consists of 4 chambers which 
are the T-diffuser chamber, front hose chamber, rear 
hose chamber and curtain airbag chamber. Inflator is 
fired at the inflator inlet of the T-diffuser using a jet. 
Therefore the inflator gas flows into the T-diffuser 
and then from T-diffuser into both front and rear hose 

chamber and then from front and rear hose chamber 
into curtain airbag chamber. The front hose chamber 
can have 3 downward holes on the hose surface. 
Therefore, gas can flow through 3 holes from front 
hose chamber into curtain airbag chamber. Both the 
front and rear hose chambers have the permeability 
which allow gas to flow into the curtain airbag 
chamber. The curtain airbag chamber is roll-folded to 
simulate the real situation as close as possible. The 
MADYMO CFD solver is used, which does not 
provide uniform pressure inside chambers. Therefore, 
the pressures can be different at different locations 
inside one chamber. 
 
     CFD Simulation Matrix - Running time of a 
Madymo CFD model is usually very long. In this 
work, running time is around 11 hours. Therefore, the 
number of design parameters should be reduced. The 
design parameters considered here are the rear 
diffuser hole size and the vent hole size on the front 
flexible hose. The rear diffuser hole connects the 
diffuser to the rear flexible hose. The rear diffuser 
hole size affects the bag kinematics and pressure in 
the rear part of curtain airbag. The vent hole size of 
three holes on the front flexible hose affects the 
kinematics and pressure in the front part of curtain 
airbag. Table 1 show the CFD simulation matrix. 
 

Table 1.   
CFD Simulation Matrix 

 
No. Rear Diffuser Hole Size Hose Size On Front Hose

1 6 mm 0 mm

2 6 mm 9 mm

3 6 mm 12 mm
4 6 mm 15 mm

5 8 mm 0 mm

6 8 mm 9 mm

7 8 mm 12 mm

8 8 mm 15 mm

9 10 mm 0 mm

10 10 mm 9 mm

11 10 mm 12 mm

12 10 mm 15 mm  
 
 
     Madymo CFD Simulation - From the previous 
experiences, it has been noticed that the permeability 
of the flexible hose plays an important role. 
Therefore, the permeability of flexible hose fabric 
has been obtained through tests in the lab. The 
obtained data was the permeability function which is 
dependent on pressure. The pressure vs permeability 
function data have been introduced in the front and 
rear flexible hose models. 
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     Curtain Airbag Kinematics And Data Analysis 
- The goal of this CFD simulation work was to obtain 
a curtain airbag gas delivery system specification 
with which the bag can deploy fully within 25 msec 
after firing, considering the 20mph-5th %ile oblique 
pole test condition. Therefore, the bag kinematics 
comparison is the most important one in this work. 
The figures below show the bag kinematics at 
25msec after firing. 
 
 

 
 
Figure 5.  Curtain airbag kinematics at 25msec – 
6mm rear diffuser hole – 0, 9, 12, 15mm holes on 
front hose. 
 
In the Figure 5, it is noticed that there are no 
significant kinematics differences at 25msec between 
0mm, 9mm, 12mm and 15mm holes at 25msec and 
all cases meet the bag kinematics requirement for the 
5th %ile oblique pole test condition. 
 
 
 

 
 
Figure 6.  Curtain airbag kinematics at 25msec – 8 
mm rear diffuser hole – 0, 9, 12, 15mm holes on 
front hose.  
  
In the Figure 6, it is noticed that there are no 
significant kinematics at 25msec differences between 
0mm, 9mm and 12mm holes, except the 15mm hole. 
However, it is considered that all cases meet the bag 
kinematics requirement for 5th %ile oblique pole test 
condition. 
 

 

   
 
Figure 7.  Curtain airbag kinematics at 25msec  – 
10mm rear diffuser hole – 0, 9, 12, 15mm holes on 
front hose. 
 
In the Figure 7, it is noticed that there are no 
significant kinematics differences at 25msec between 
0mm, 9mm, 12mm and 15mm holes and all cases 
meet the bag kinematics requirement for 5th %ile 
oblique pole test condition. 
 
Considering that all cases in Figure 5, Figure 6 and 
Figure 7 meet the kinematics requirement for 5th %ile 
oblique pole, it is temporarily concluded that the 
holes do not necessarily be introduced on the front 
flexible hose. Therefore, only the cases of no holes 
on front hose are considered to determine the rear 
diffuser hole size. First, the gas mass flows in T-
diffuser are compared between 6mm, 8mm and 
10mm rear diffuser holes.  
 

 
 
Figure 8.  Mass flows in front and rear diffuser 
holes with 6mm, 8mm and 10mm rear diffuser 
hole sizes. 

 
Figure 8 shows the mass flows in front and rear 
diffuser holes as expected. As the rear diffuser hole 
size increases, the mass flow in rear diffuser hole 
increases and the mass flow in front diffuser hole 
decreases. The next step is to investigate the 
pressures inside the curtain airbag. Three locations 
were chosen to investigate the pressures as seen in 
the Figure 9. 
 
 

Rear Diffuser 6mm, Hole 0mm Rear Diffuser 6mm, Hole 9mm 

Rear Diffuser 6mm, Hole 
12mm 

Rear Diffuser 6mm, Hole 
15mm 

Rear Diffuser 8mm, Hole 0mm Rear Diffuser 8mm, Hole 9mm 

Rear Diffuser 8mm, Hole 
12mm 

Rear Diffuser 8mm, Hole 
15mm 

Rear Diffuser 10mm, Hole 0mm Rear Diffuser 10mm, Hole 9mm 

Rear Diffuser 10mm, Hole 12mm Rear Diffuser 10mm, Hole 15mm 
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Figure 9.  Three locations inside curtain airbag for 
pressure investigation. 
 
 
In three locations, the pressures were investigated for 
the 6mm, 8mm and 10mm rear diffuser hole cases. 
 

 
 
Figure 10.  Pressure curves at three locations 
inside curtain airbag with 6mm rear diffuser hole. 
 
 
From the Figure 10, it is noticed that the mid 
chamber pressure is the highest among three 
locations and three pressure curves tend to converge 
to equilibrium pressure. 
 
 

 
 
Figure 11.  Pressure curves at three locations 
inside curtain airbag with 8mm rear diffuser hole. 
 
Considering Figure 10 and 11, it is noticed that at 
5msec, the rear chamber pressure with 8mm rear 
diffuser hole is higher than the one with 6mm rear 
diffuser hole and the mid chamber pressure with the 
8mm rear diffuser hole is lower than the one with the 
6mm rear diffuser hole. And the pressure converging 
to equilibrium with the 6mm diffuser hole is 

observed to be faster than the one with the 8mm 
diffuser hole. 
 

 
 
Figure 12.  Pressure curves at three locations 
inside curtain airbag with 10mm rear diffuser 
hole. 
 
Comparing Figure 10, 11 and 12, as the rear diffuser 
hole size increases, the mid chamber pressure 
decreases and rear chamber pressure increases. And 
with the increase of the rear diffuser hole size, the 
pressure converging to equilibrium becomes late. If 
the pressure converging to equilibrium is fast, it 
means quick and even unfolding of curtain airbag 
which is desirable. At 20msec, the pressure 
differences between mid and front chambers were 
11.7 kPa for the 6mm, 14.2 kPa for the 8mm and 17.1 
kPa for the 10mm rear diffuser hole. Therefore, the 
rear diffuser hole of 6mm was chosen for testing. 
 
Curtain Airbag System Static Test 
 
A curtain airbag system static test was conducted in a 
vehicle and the pressures were measured at the 
locations shown in Figure 9. Figure 13 shows the test 
environment at t=0 msec. 
 

 
 
Figure 13.   Curtain airbag system static test set-
up at t=0 msec. 
 
Figure 14 shows the measured pressures at the 
location shown in Figure 9. 
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Figure 14.  Pressure curves with the 6mm rear 
diffuser hole from system static test. 
 
Considering Figure 14 and 10, it seems that the 
pressure curves from the test are different from the 
pressure curves from the simulation. The difference 
seems to come from the folding difference and the 
cover. The folding in simulation has more initial 
volume than the real, in order to avoid initial 
penetration which causes numerical instability. And 
the cover was not modeled in the simulation. 
However, as predicted in the simulation, in early 
time, the mid chamber pressure was the highest 
among three and the rear chamber pressure was 
higher than the front chamber pressure. Therefore, 
the curves characteristics in the test are the same as 
the one in the simulation. This fact made the chamber 
inflating order in test to be the same as in the 
simulation.  
 
Deployment Kinematics Comparison 
 
The figures below show the curtain airbag kinematics 
comparison between simulation and test. 
 

 
 
Figure 15.  Curtain airbag kinematics at 5msec – 
simulation vs test. 

 

 
 
 
Figure 16.  Curtain airbag kinematics at 10msec – 
simulation vs test. 
 
 

 
 
 
Figure 17.  Curtain airbag kinematics at 15msec – 
simulation vs test. 
 
 

 
 
 
Figure 18.  Curtain airbag kinematics at 20msec – 
simulation vs test. 
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Figure 19.  Curtain airbag kinematics at 25msec – 
simulation vs test. 
 
 
From Figure 15 to Figure 19, the CAB deployment 
kinematics of simulation are seen to generally match 
the test. However, as seen in Figure 19, the right 
bottom corner of front chamber in the test did not be 
as fully unfolded as in the simulation. The reason is 
that the folding in test is tighter than in the simulation 
and the cover wraps the curtain airbag in the test. In 
the test, the right bottom corner of front chamber was 
unfolded fully at 40msec as seen in the Figure 20. 
 

 
 
Figure 20.  Front chamber kinematics at 40msec. 
 
CONCLUSIONS  
 
In this work, the following conclusions are made. 
 

- Madymo CFD code can simulate gas flows 
in gas delivery system (T-diffuser, front 
flexible hose and resr flexible hose) plus 
curtain airbg. 

- Madymo CFD code could be used to predict 
the curtain bag kinematics. 

- Madymo CFD code could produce the 
pressure data inside curtain airbag which 

show some difference from but the same 
trend as the test pressure data. 

- To minimize differences in pressure data 
and kinematics, the bag folding close to the 
real and adding cover on the curtain are 
needed. 

- Madymo CFD code could prove that the 
permeability function of flexible hose plays 
an important role. 

- Madymo CFD code could be successfully 
used to design curtain airbag gas delivery 
system. 
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ABSTRACT 
 
The National Highway Traffic Safety Administration 
(NHTSA) uses WinSMASH computer software to 
estimate the change in velocity, delta-V, of the 
vehicles involved in crashes.  The software uses 
detailed measurements from the crash scene, vehicle 
damage and vehicle stiffness characteristics to 
compute energy absorbed by the vehicle and estimate 
the delta-V and Barrier Equivalent Speed (BES).  The 
WinSMASH is a Microsoft Windows based, 
enhanced and updated version of the accident 
reconstruction software CRASH3 previously used by 
NHTSA.  The purpose of this paper is to describe the 
new enhancements in the program. 
 
The damage algorithm used in CRASH3 has been 
reformulated in WinSMASH.  The new damage 
algorithm in WinSMASH is based on an assumed 
linear relationship between crash energy and crush 
and uses intercept d0 and slope d1 to describe vehicle 
stiffness.  The software uses generic vehicle size and 
stiffness categories based on the vehicle’s wheelbase.  
However, the program also allows the users to enter 
the vehicle specific stiffness coefficients.  The 
stiffness coefficients for a large number of vehicles 
have been calculated from crash test results and 
integrated into WinSMASH.  An automated 
procedure to select the vehicle specific stiffness 
coefficients is currently under development.  A 
statistical model is also being developed for 
estimating the stiffness coefficients of a vehicle that 
is not crash tested.  The paper provides an overview 
of these procedures. 
 
The WinSMASH estimated delta-V of the vehicles is 
compared with the corresponding delta-V obtained 
from the Event Data Recorder (EDR) installed in the 
crashed vehicles to assess the accuracy of the 
software.  The staged crash tests used to validate the 
software are also discussed in the paper. 
 
INTRODUCTION 
 
The NHTSA’s National Center for Statistics and 
Analysis (NCSA) has been collecting nationally 

representative data on motor vehicle traffic crashes 
through the National Automotive Sampling 
System/Crashworthiness Data System (NASS/CDS), 
since 1979.  The purpose of this data collection effort 
is to understand the real world motor vehicle crash 
performance and the injury risk as a function of crash 
severity.  The most commonly used measure of crash 
severity is the change in velocity, delta-V of vehicles 
involved in a collision.  It is defined as the change in 
velocity of the crashed vehicle during the collision 
phase.  The delta-V is considered a good indicator of 
the crash severity because it is related to the impact 
forces of the collision and to the vehicle deceleration. 
 
In the 1970s, Calspan Corporation developed the 
program CRASH (Calspan Reconstruction of 
Accident Speeds on the Highway) for NHTSA to 
assist SMAC (Simulation Model of Automobile 
Collisions) users in determining a first estimate of 
impact speeds.  It was subsequently utilized as stand-
alone software to estimate the delta-V of the vehicles 
involved in a crash and make a standardized 
assessment of the severity of an impact.  The 
program had two separate and independent methods, 
trajectory analysis and damage analysis.  The 
trajectory analysis method required detailed 
measurements from a crash scene and vehicle to 
compute the delta-V using the principle of 
conservation of linear momentum for the collision. 
 
The damage analysis method was based on 
Campbell’s observation that for full frontal impacts 
into a fixed rigid barrier, the delta-V has a linear 
relationship with residual crush [1].  It used detailed 
measurements of the structural deformation of each 
vehicle to estimate the approach energy, which was 
then used to estimate the delta-V.   
 
The NASS/CDS began coding the delta-V of crashed 
vehicles in 1979 using the CRASH program.  The 
program was updated and revised several times in the 
1980s to a widely used and distributed mainframe 
version:CRASH3.  In the late 80s, the program was 
migrated to a DOS based PC platform and the version 
was called CRASHPC.  No algorithm changes were 
made in the translation.   The CRASH3 program was 
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based on crash tests conducted on older (1971-1974) 
GM full frame body cars.  Later model year cars have 
significant changes in the structure and materials and 
many have a unitized body.   In the 1990s, the 
NHTSA Vehicle Research and Test Center (VRTC) 
used repeated test techniques on later model year 
(1980-1992) cars to verify the relationship between 
the crush energy and residual crush.  Based on these 
results the damage analysis algorithm of the 
CRASH3 program was reformulated and the new 
program was called SMASH.  The SMASH program 
was written for the Microsoft Windows environment.  
Finally, in 1995, Volpe National Transportation 
System Center made some user-friendly 
enhancements to SMASH and integrated the program 
with the NASS/CDS data entry software and called 
the program WinSMASH.  Since then several 
versions of the program were released for internal 
use, but all of those releases were mostly cosmetic 
changes and error corrections. The WinSMASH is 
written in the Delphi programming language under 
the Microsoft windows environment.  One of the key 
features of the WinSMASH software is the user-
oriented, menu-driven, interactive input mode.  The 
interactive input option allows the user to supply all 
input data, edit the data and run the program.  A 
mouse can be used to navigate through the program.  
The results of the analysis are displayed in numerical 
and graphical forms.  The NASS/CDS system began 
using SMASH/WinSMASH in 1995.  This paper 
describes WinSMASH version 2.42, which is 
currently being used by NHTSA. 
  
The new additions in WinSMASH, since the last 
version of CRASH3 was released, include: 

• Reformulated damage algorithm 
• Updated stiffness coefficients 
• Input fields for substitution of default data 

including stiffness coefficients 
• New algorithm for missing vehicle 

reconstruction 
• Estimation of Barrier Equivalent Speed  

 
OBJECTIVES 
 
The purpose of this paper is to describe the new 
enhancements in the WinSMASH software since the 
last PC-based version of CRASH3 was released.  
This paper provides an overview of different 
calculation procedures of WinSMASH and their 
application in the NASS/CDS.  The accuracy of the 
program is assessed by comparing the WinSMASH 
estimated delta-V with the corresponding delta-V 
obtained from the EDR installed in the crashed 
vehicles and with the delta-V from staged crash tests. 
The use of vehicle specific stiffness is proposed and a 

statistical method for estimating the stiffness 
coefficients of a vehicle model that is not crash tested 
is being developed and is discussed here briefly. 
 
WinSMASH PROCEDURES 
 
The WinSMASH software has two separate and 
independent algorithms (Trajectory Analysis and 
Damage Analysis) to estimate the delta-V of the 
vehicles involved in a crash.  Each method has 
options to reconstruct vehicle-to-vehicle and vehicle-
to-object crashes.  The software also has a 
reformulated missing vehicle algorithm that is used to 
estimate the delta-V when the damage to one of the 
vehicles is unknown. 
 
All of the simplifying assumptions of CRASH3 
remain in WinSMASH.  The algorithms assume the 
impact was instantaneous and at some point during 
the impact both vehicles reached a common velocity.  
Due to these assumptions, WinSMASH can not be 
used for rollovers, sideswipes, non-horizontal forces, 
severe over-ride/under-ride, under-carriage impacts, 
multiple impacts to the same area, and towed trailer 
or vehicles. 
 
The WinSMASH algorithms are discussed in the 
following sections. 
 
Trajectory Analysis Algorithm 
 
The trajectory analysis algorithms of WinSMASH 
and CRASH3 are identical.  The algorithm is based 
on work-energy relationships for the spinout and the 
conservation of linear momentum for collisions.  It 
estimates the vehicle separation speed from the 
information about the rest position, skid marks, 
coefficient of friction, and point of collision.  The 
momentum equations are then used to compute the 
impact speed and delta-V of the vehicles. 
 
For oblique impacts where the line of action of the 
collision force is not perpendicular to the damaged 
side or end, the algorithm uses spinout and the 
conservation of linear momentum to compute the 
delta-V and impact speeds.  For those impacts, 
WinSMASH also computes the delta-V using the 
damage analysis algorithm.  The delta-V from the 
two algorithms will seldom be precisely equal.  
However, the NASS researcher assumes that a 
satisfactory agreement exists between the two 
estimates when their delta-V components differ by no 
more than 4 kmph or ten percent, whichever is 
greater.  
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For the axial impacts, delta-V is computed using the 
damage analysis algorithm.  The trajectory algorithm 
then uses separation conditions and damage delta-V 
to compute the impact speeds of the vehicles. 
 
The Trajectory Simulation Option of 
CRASH3/CRASHPC is also available in 
WinSMASH.  This option can be used to improve the 
agreement between the predicted post crash trajectory 
and documented physical evidence.  The algorithm 
changes the magnitude and direction of linear 
velocity of the vehicles at separation until agreement 
is reached between the predicted and actual rest 
positions and heading angles.  In WinSMASH, the 
users have control of the number of trajectory runs, 
instead of up-to-5 automatic runs completed in the 
trajectory simulation option of CRASH3. 
 
Required Input 
 
To use the trajectory option in WinSMASH, the 
NASS researcher thoroughly examines the crash 
scene for physical evidence, and obtains coordinates 
of the rest and impact positions, heading angle, slip 
angle, rotation direction, end rotation position, 
coordinates of a point on the path if the trajectory is 
in a curved path, friction coefficients and rolling 
resistance at each tire, for each vehicle.   The vehicle 
damage data, described later in this paper, are also 
required for axial impacts. 
 
NASS/CDS Application 
 
Due to the statistical case selection process of the 
NASS program, a lag time exists between the crash 
date and the date the crash researcher begins data 
collection.  Scene evidence, tire marks, and other 
witness marks tend to diminish with time.  Moreover, 
Anti-lock Braking System (ABS) equipped vehicles 
generally do not leave readily visible skid marks at 
the scene. As such, this evidence may be overlooked 
or not documented.  Due to the difficulties associated 
with the scene data collection, the trajectory option is 
rarely used by the NASS researcher.  Less than one 
percent of the coded delta-Vs in NASS/CDS are 
computed using the trajectory algorithm.  Since the 
trajectory option is rarely used, no initiative was 
taken to update this portion of the algorithm in 
WinSMASH. 
 
The major enhancements to the trajectory option in 
WinSMASH are the implementation of a user 
friendly interface and graphical output.  The detailed 
description of the trajectory analysis algorithm can be 
found in the CRASH3 manual [2]. 
 

Damage Analysis Algorithm 
 
The damage analysis algorithm uses the damage 
measurement of the vehicle to estimate the approach 
energy absorbed by the vehicle, which is then used to 
estimate the delta-Vs by using the principal of 
conservation of momentum.  The damage algorithm 
of CRASH3 was based on the assumed linear 
relationship between the impact velocity and crush 
and was derived from the crash tests conducted on 
old (1971-1974) General Motors full frame body 
cars.  The later model year cars have unitized body 
and have significant changes in material and 
structures.  Similar crash tests on late model year cars 
were needed to study their crush behavior. 
 
In the 1990s, VRTC performed several crash tests on 
late model year cars [1980-1992] at delta-V in the 
range of 16-64 kmph [4,5,6].  A repeated test 
technique was used to confirm the linear relationship 
between the terms

w
E2 A

 and crush.  Where EA is the 

energy absorbed by the vehicle structure and w is the 
width of the crush.  The technique was based on the 
assumption that the vehicle deforms under repeated 
impacts in a manner similar to that of a single test at 
higher speeds having the same absorbed impact 
energy [3].  Based on the results from the crash tests, 
the damage analysis algorithm of CRASH3 was 
reformulated in WinSMASH.  The new damage 
algorithm in WinSMASH is based on an assumed 
linear relationship between crash energy and crush 
[4,5,6]. 
 
The linear relationship between 

w
E2 A

and residual 

crush is represented by Figure 1.  In this model two 
parameters intercept, d0 and slope, d1 characterize the 
vehicle stiffness.   
  

 
Figure 1. Assumed linear relationship between 
crush and crash energy. 
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The expression for the straight line in Figure 1 is 
given by: 
 

Cdd
w
E2

10
A ×+=             (1). 

 
Where C is the residual crush. 
 
The energy absorbed during the approach period that 
is defined as the time between the initial contact and 
the time when common velocity is achieved, can be 
calculated by integrating the expression over the 
crush profile C(w): 
 

dw)Cdd(
2
1E 2

10

w

0A ×+×= ∫          (2). 

 
In WinSMASH the integration is performed 
numerically by assuming piecewise linear 
approximation of the crush profile.  The crush profile 
can be defined by two, four, or six equidistant points 
along the damage plane.  
 
Equation (2) is used to compute the absorbed energy 
(EA) for each vehicle.  The total energy (ET, sum of 
energy absorbed by each vehicle) is then used to 
compute the delta-V of each vehicle at the center of 
gravity (c.g.) using the principle of conservation of 
linear momentum.  The delta-V of the approach 
period is given by:  
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M1 and M2 are the masses of the vehicles and                 
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Where: 
k1 and k2 are the radius of gyration of vehicles 1 and 
2 
h1 and h2 are the moment arm of impact force 
[Figure2]. 

 

 
Figure 2. Moment Arm in non-central collision 
 
The moment arm of impact force depends on the 
location of the centroid of the damage area relative to 
the center of gravity of the vehicle and the Principal 
Direction of Force (PDOF).  For central impacts, 
where the line of action of the collision force passes 
through the center of mass of the two vehicles, the 
moment arms are zero, and γ1 and γ2 are equal to 1.  
The procedure to determine the h1 and h2 can be 
found in the CRASH3 Technical Manual [2]. 
 
The stiffness coefficients A, B and G used in 
CRASH3 are replaced by d0 and d1 in WinSMASH.  
The new coefficients are conceptually more direct 
and simpler.  It avoids the need to reduce the 
experimental results to force-deflection formulation 
and models the energy crush behavior directly. The 
WinSMASH stiffness coefficients can be converted 
to CRASH3 coefficients A and B as follows: 
 

10 ddA ×=      and       (6). 2
1d  B =

 
The WinSMASH damage reformulation consists 
mainly of the addition of new crash test data points 
and a rework of the formula to use different symbols 
[7].  Nonetheless, the updated algorithm allows a 
general procedure for front, rear, and side impacts.  
The observed improvement in results of the 
WinSMASH is due to the use of vehicle-specific 
dimensions, inertial properties, and updated stiffness 
coefficients.   
 
The damage algorithm in WinSMASH only estimates 
the velocity change in the approach period.  The 
velocity change during the separation period defined 
as the period between the maximum crush and 
complete separation of the vehicles is not considered 
in the analysis.  The residual crush is used to compute 
the energy absorbed to the point of common velocity. 
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Required Input 
 
The input required to use damage analysis option are 
Field L, Damage Offset, Crush Profile, PDOF, 
heading angle, Collision Deformation Classification 
(CDC), and Stiffness Coefficients.  The NASS/CDS 
uses SI units for all measurements.  The following 
sections briefly describe the input variables. 
 
Field L and Field L-D 
 
The Field L, also known as damage length or width, 
is defined as the length of the direct and induced 
damage measured parallel to the damage plane.  The 
Field L is used for Damage Length in WinSMASH 
for side plane impacts and for end plane impacts 
where the damage does not extend across the entire 
end plane.  For end impacts where contact and 
induced damage includes the entire width of the end 
plane, the undeformed end width (UEW) of the 
vehicle is entered as the Damage Length in 
WinSMASH.  The UEW is the distance on an 
undamaged end plane measured bumper corner to 
bumper corner from an exemplar vehicle. 
 
The Field L-D (DFL) is the distance from the center of 
the Field L to vehicle’s damaged end plane center or 
the damaged wheelbase center, measured parallel to 
the vehicle’s lateral or longitudinal axes for front and 
side impacts, respectively [Figure 3].  The Field L-D 
measurement is primarily used to specifically locate 
the damage on the vehicle diagram. 
 
Damage Offset  
 
The damage offset also known as Direct D (Dc) is the 
distance from the center of the direct damage width 
to either the vehicle’s damaged end plane center or 
the damaged wheelbase center [Figure 3].  It is 
measured along the general slope of the damaged 
plane.  The center of gravity (c.g.) of the vehicle is 
typically located forward of the center of the 
wheelbase.  For side plane damage, the WinSMASH 
program adjusts the DC to account for different 
location of c.g. and the center of wheelbase.  The DC 
measurement is used to compute the moment arm of 
the impulse force. 
 
In non-central frontal collisions  (i.e. offset), the line 
of action of the collision forces passes through a 
point P in the region of direct contact [Figure 2].  
This point P (centroid of direct damage area) is at a 
distance, Dc, away from the c.g. of the vehicle in a 
lateral direction.  The point is between the 
undamaged plane (undamaged box) and damage 

plane (damaged box) in the region of direct contact.  
The force acting at a distance from the c.g. creates a 
moment arm and in turn affects the calculated 
delta-V of the vehicles, since this moment arm tends 
to produce rotation as well as translation.  Assuming 
the same force is acting, a larger moment arm 
produces a lower delta-V but a higher rate of rotation. 
 
Crush Profile 
 
In NASS/CDS the basis for field data collection is the 
point-to-point vehicle measurement technique which 
specifies the actual distance a specific component 
moved within its damage plane.  The crush profile 
measurements are obtained by establishing a 
reference line, measuring residual crush, and 
subtracting the undeformed bumper/body taper to 
obtain the resultant crush profile.  The emphasis is 
placed on the damage level at which the stiffness 
coefficients were determined.  For end impacts, 
measurements are taken at bumper level and for side 
impacts the measurements are typically taken along 
the door guard beam.  Typically, the crush 
measurements are taken at six equidistant points 
obtained by dividing the Field L into five equal 
lengths [Figures 3, 4].  The depths of the crush are 
measured from the original outline of the vehicle to 
the final crush position in the perpendicular direction. 
 
 

        
Figure 3. Crush Profile Approximation 
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Figure 4. Measurement taken during vehicle 
inspection 
 
PDOF and Heading Angle
 
The PDOF is defined as the angle of the direction of 
Impulse Force acting on the vehicle, measured 
relative to the longitudinal axis.  It determines the 
direction of delta-V. The delta-V computed by 
WinSMASH is most sensitive to PDOF and yet it is 
the most difficult measurement to obtain. The NASS 
investigator considers the general flow of sheet metal 
crush of the vehicle, weight and impact speed, pre 
and post impact trajectories and occupant kinematics 
to determine the PDOF.   In NASS/CDS, PDOF is 
estimated to the nearest 10 degrees and entered as an 
improved PDOF to the clock direction specified in 
columns 1 and 2 of the CDC.  The PDOF estimated 
from the CDC clock direction may be off by as much 
as 30 degrees.  
 
The heading angle is the direction of travel and it 
specifies the orientation of the vehicle at the impact 
location.  For vehicle-to-vehicle impacts, the 
WinSMASH requires that the Force Vectors on the 
vehicle must be within 15 degrees of perfectly 
collinear or along the same line.  The WinSMASH 
performs a collinearity check before proceeding with 
the calculation and an error message is displayed if 
the PDOFs are apart by more than 15 degrees. 
 
CDC 
 
The CDC value is used to determine the type of 
collision that occurred in the crash, e.g. frontal, side, 
rear or rollover.  The CDC is a seven character alpha-
numeric code that describes the vehicle deformation 
detail concerning the direction, location, size of the 
damage area, and extent of damage.    A CDC is 
required for each vehicle for a WinSMASH run.  The 
program uses CDC information to validate the 
consistency of PDOF and crush measurements.  The 
information is also used to properly locate the 
damage on the vehicle diagram.  If the vehicle is not 
available for measurement, WinSMASH has an 

option to use CDC information to compute a crude 
estimate of delta-V.  The CDC is completely 
described in SAE Recommended Practice (SAE J224 
MAR 80). 
 
Vehicle Stiffness Coefficients d0 and d1 
 
In WinSMASH, the stiffness characteristics of 
vehicles are defined by coefficients d0 and d1 as 
opposed to A, B and G in CRASH3.  The stiffness 
parameters for passenger cars are categorized 
according to the wheelbase in similar ways as in 
CRASH3.  The stiffness category automatically 
assigns the generic d0 and d1 according to the general 
structural characteristics of the vehicle. 
 
The CRASH3 assumption, vehicles of similar size 
have similar stiffness characteristics, also applies to 
WinSMASH. The program assumes a homogeneous 
stiffness along the front, side and rear structures of 
the vehicle.  The vehicles are divided into nine sets of 
stiffness coefficients (d0, d1) corresponding to seven 
vehicle size categories.  The data from NHTSA’s 
crashworthiness database that contains data from 
mostly New Car Assessment Program (NCAP) and 
Compliance crash tests is used to compute the 
stiffness coefficients for each category.  First, a 
method developed by Prasad [4,5,6] is used to 
compute the d0 and d1 values for each vehicle in the 
database. The method is based on using two data 
points on the straight line describing 

w
E2 A

vs. 

crush to determine the intercept d0 and slope d1.  A 
zero crush intercept is used for the low speed data 
point and the high speed data point is obtained from 
the NHTSA’s crash test.  For frontal impacts, a low 
speed data point is assumed to be zero crush at 12 
kmph.  The NCAP tests at 56 kmph and Federal 
Motor Vehicle Safety Standard (FMVSS) No. 208 
tests at 48 kmph are used for the high speed data 
point.   For rear impacts, a low speed data point is 
assumed to be zero crush for the impactor speed of 
16 kmph (i.e. delta-V of 8 kmph).  The FMVSS No. 
301 tests at 48 kmph and 80 kmph are used for the 
high speed data point.  For side impacts FMVSS No. 
214 tests at 54 kmph are used for the high speed data 
point.  The value of d0 is assumed to be 
63.3 Newton  (which is equivalent to a barrier 
approach velocity of approximately 16 kmph with 
vehicle and barrier weighing 1360 kg. each) [6].  This 
data point provides a reasonable estimate for low 
speed impacts and avoids the errors introduced by 
curve-fitting multiple data points clumped together at 
48-56 kmph. 
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Figure 5 shows the crush energy relationship for a 
2005 Volvo V70 which is a NHTSA frontal NCAP 
test number 5242. 
 

2005 Volvo V70

y = 8.4302x + 102.98

0

100

200

300

400

500

600

0 20 40
Crush (cm)

En
er

gy

60

 
 Figure 5 Crush Energy plot for NHTSA test 5242  
 
Once the stiffness coefficients for all the vehicles are 
computed, the vehicles are then assigned to six 
passenger car categories (1 to 6) according to 
wheelbase and two categories for vans (category 7) 
and pickups (category 8).  A generic set of d0 and d1 
values are computed for each category by averaging 
the known values in that category.  The generic 
stiffness coefficients used in WinSMASH are listed 
in Tables 1 and 2.  For frontal impacts, a separate 
stiffness category (category 9) is used for front wheel 
drive (FWD) vehicles.  The stiffness in category 9 is 
the average of all the front wheel drive passenger 
cars. 
 
For side impacts, all vehicles including pickup trucks 
and vans are divided into six stiffness categories 
based on wheelbase size. 
 
The NHTSA’ crashworthiness database is constantly 
updated as newer models are tested by NHTSA for 
Compliance and NCAP.  The generic stiffness 
coefficients shown in Tables 1 and 2 were created in 
1995 using test data from NHTSA’s crashworthiness 
database.  The stiffness coefficients are currently 
being updated to include later model year vehicles 
which have been crash tested by NHTSA. 
 

Table 1. 
Vehicle Size Categories 

Category Wheelbase (cm) 

1 <=    – 240.8 

2 240.8 – 258.0 

3 258.0 – 280.4 

4 280.4 – 298.4 

5 298.4 – 312.9 

6      >  – 312.9 

7 (vans) 276.8 – 330.2 

 
Table 2. 

Generic Vehicle Stiffness Categories 
Front Rear Side 

d d dd d d0 1 0 1 0 1Cat. 
Newton Newton Newton

cm
Newton

cm
Newton

cm
Newton

   
   

1 91.4 6.7 93.88 5.43 63.3 6.83 
2 97.0 7.22 96.23 5.28 63.3 8.02 
3 102.1 7.25 99.49 5.56 63.3 7.50 
4 107.0 6.36 99.99 5.37 63.3 7.21 
5 109.6 6.18 99.97 4.50 63.3 5.19 
6 116.0 5.75 74.86 6.94 63.3 5.69 
7 109.7 8.51 98.69 7.79 - - (vans) 
8 105.7 7.98 101.42 7.77 - - (pickup)
9 99.18 6.46 - - - - (FWD) 

 
NASS/CDS Application 
 
The damage analysis option is used most often by 
NASS investigators to estimate the delta-V because it 
can be accomplished from the vehicle inspection 
alone and it does not require scene data.   It is a 
practical means of independently determining the 
delta-V of a vehicle when good accident site data are 
unavailable.  For 2000-2005 NASS/CDS cases, 
fifty-three percent of the highest severity impacts (by 
vehicle) have delta-V values.  The other unknown 
delta-Vs could not be computed for reasons including 
non-horizontal impacts, side swipe, rollover, severe 
over-ride, overlapping damage, insufficient data, 
vehicle beyond scope, and no vehicle inspection. 
Ninety-nine percent of those coded delta-V are 
computed using one of the options of the damage 
analysis algorithm including Standard 
(vehicle-to-vehicle impacts), Barrier 
(vehicle-to-object impacts), Missing Vehicle or 
CDC-Only.  Of those coded delta-Vs, about 
fifty-eight percent are calculated using the standard 
or barrier option also known as Damage-Only in 
NASS/CDS. 
 
Input Fields for Substitution of Default Data  
 
The CRASH3 program used generic vehicle 
parameters based on vehicle size category.  These 
data represent an average within a specified 
wheelbase range.  A specific vehicle sometimes has 
properties which differ significantly from the generic 
data.  The vehicle dimension can result in incorrect 
computation of damage offset, h.  These inaccuracies 
can cause inaccuracy in the computed delta-V.  The 
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Missing Vehicle Option WinSMASH has a facility to substitute for the 
generic data.  

The missing vehicle option is used to estimate the 
delta-V when the damage to one of the vehicles is 
unknown in a vehicle-to-vehicle impact.  The missing 
vehicle algorithm, OLDMISS of CRASH3 has been 
reformulated and completely integrated in 
WinSMASH.  The new algorithm uses a simple 
expression directly relating the energies absorbed by 
the known vehicle and missing vehicle, bypassing the 
need to estimate the crush profile of the missing 
vehicle, and then integrate across that profile.   The 
method also accounts for the energy absorbed by the 
induced damage.  The new algorithm is based on 
crash tests conducted at VRTC to update the 
CRASH3 damage algorithm [8].  The new missing 
vehicle algorithm uses the following expressions to 
estimate the energy of the missing vehicle: 

 
The use of vehicle-specific dimensions and inertial 
properties has improved the WinSMASH results.  
The radius of gyration used in the reformulated 
damage algorithm of WinSMASH is based on an 
investigation done at VRTC as a part of the Crash 
Avoidance Inertial Parameter Measurement Program 
and is given by  
 
k = 0.3 x (vehicle length)        (7). 
 
The generic d0 and d1 stiffness coefficients 
automatically assigned by the crush stiffness category 
may not apply for all collisions.  As in the case of 
bumper over-ride and under-ride crashes, the frames 
of one vehicle engage with the softer part of the other 
vehicle.  The WinSMASH allows for replacement of 
generic coefficients with the vehicle specific stiffness 
coefficients.   The NHTSA’s Special Crash 
Investigation (SCI) teams use vehicle specific 
coefficients when available.  However, NASS/CDS 
only uses generic stiffness coefficients in 
WinSMASH for delta-V estimations. 

 
For an impact involving damage to only the front or 
rear of vehicle: 
 

measured
missing

2
1

measured
2
1

missing E
)d(
)d(E =    (8). 

  Correction Factor For an impact involving damage to sides and front of 
the vehicles:  

During the vehicle inspection, the depths of the crush 
are measured from the original outline of the vehicle 
to the final crush position in a perpendicular 
direction.  However, in oblique impacts the distance 
through which the PDOF act is greater than the 
measured crush.  Therefore, in CRASH3 the value of 
the energy absorbed by the vehicles is multiplied by a 
correction factor given by ( ) where α is 
the angle between the PDOF and surface normal. The 
usage of correction factor (C

Case 1: Vehicle with front/rear damage available, 
side damage missing: 
 

measured
missing

2
1

measured
2
1

missing E
)d(
)d(1.2E =   (9). 

 α2
f tan1C +=

Case 2: Vehicle with side damage available, 
front/rear damage missing 

f,) increases the value of 
absorbed energy (E

(2.1)
E

)d(
)d(E measured

missing
2
1

measured
2
1

missing =
A) and therefore, causes CRASH3 

to over-predict the value of delta-V in the oblique 
side impacts.  In reconstructing an oblique side 
impact that has α of 45

  (10). 

o, eliminating the correction 
factor reduced the delta-V error to less the 10 percent 
from 40 percent [5].   

 
The damage analysis algorithm is used to compute 
the absorbed energy for the measured vehicle.  Once 
the energy absorbed by the missing vehicle is 
computed, the total energy (E

 
In WinSMASH, the user can specify whether to use 
or ignore the correction factor.  An option “End 
Shift” can be checked to include the correction factor 
in the damage algorithm of WinSMASH.  In 
NASS/CDS the end shift is only used for oblique 
impacts where the vehicle end structure (both frame 
rails) shifts more than 10 cm.   

T) is used in equation 3 
and 4 to estimate the delta-V.  In NASS/CDS thirty 
seven percent of the coded delta-Vs are computed 
using the missing vehicle option of WinSMASH.  
This option only requires the vehicle specifications 
and damage location for the un-inspected or missing 
vehicle. 
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CDC-Only Option 
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2+ injuries occurred at Delta-V of 38 kmph and 
ss. 

 

The BES is calculated using mass and energy 
absorbed by each vehicle.  No information is required 
of collision partner for BES calculations.  Whereas, 
total amount of energy (both vehicle 1 and vehicle 2) 
is required to calculate approach delta-V.   

 
The CDC-Only option is used for vehicle-to-v
collisions when insufficient damage data are 
documented for one of the vehicles.  The option 
requires a complete CDC for both vehicles, a
complete damage data for one vehicle.  The 
algorithm computes the crush profile of the second
vehicle by using the damage length and damage 
extent coded in CDC.  Only four percent of the code
NASS delta-Vs are computed usi

 
For each vehicle the BES is given by, 
 

M
E2BES Aγ=          (11). 

 o
Since 1995 the NASS/CDS was coding BES for all 
cases where delta-V estimates were available.  The 
vehicle collisions with yielding objects, moving 
trains, larger trucks, large animals, pedestrians and 
cyclists that results in a measurable crush to the 
vehicle are set-up with the Barrier option and only 
the BES is coded for the vehicle. 

 
B
 
The WinSMASH also estimates the Barrier 
Equivalent Speed (BES) for each vehicle. The BES is 
defined as the speed with which a vehicle would hav
to collide with a fixed barrier in order to absorb the 
same amount of energy or produce same amount o
crush to the vehicle as in the crash.  The BES is a 
direct representation of the amount of energy t
vehicle structure has to absorb and therefore 
approximates the amount of crush sustained by the 
vehicle.  The same energy absorption could com
of collisions with different delta-Vs, leading to 
different potential for injuries.  The BES therefo
typically a more appropriate way of co

 
Pole Option 
 
The WinSMASH also has an option to set up vehicle 
impacts with a pole.  This option uses the same 
damage analysis algorithm described above.  
However, the categorical stiffness coefficients are 
modified by multiplying the values by a correction 
factor.  These factors are computed based on a series 
of repeated centered pole impact tests carried out on 
eight late model year (1987-1992) vehicles.  The 
results were compared to the performance of these 
vehicles in full frontal impacts.  An examination of 
the d

collisio
    
Nonetheless, BES is also considered a reliable 
indicator of crash severity.  The NASS/CDS cases are 
used in Figure 6 to show the injury relationship with 
the delta-V and BES.  The cumulative frequency of 
MAIS 2+ injuries to the belted occupant in crashes 
that have an air bag deployment is plotted against 
delta-V and BES of the vehicles.  The chart shows 
sixty percent of the MAIS2+ injuries occurred at BES
of 34 kmph and less.  Similarly, sixty percent of the 
MAIS

0 data showed that the values for pole impacts 
are much smaller than the values for full front 
impacts.  For the pole option d0 is set to zero and 
value for d1 is multiplied by 1.5 for small cars and 2.0 
for all other cars. 
 
The pole option is not validated and is not used by 
the NASS researchers to calculate delta-V.  All pole 
impacts are set up with barrier option in NASS/CDS. le
 
Validation of Damage Algorithm  MAIS 2+ Injuries
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The accuracy of the reformulated damage algorithm 
of WinSMASH was assessed by comparing the 
delta-V estimates from the software with the delta-V 
from the crash tests conducted under controlled 
conditions.  These staged crash tests were based on 
both vehicle-to-barrier impacts and vehicle-to-vehicle 
impacts.  The vehicles were instrumented with 
accelerometers at various locations for direct 
computation of delta-V.  The algorithm was validated 
by reconstructing nine staged vehicle-to-vehicle 
impacts and five crash tests involving oblique and 

 
Figure 6. The cumulative distri
in
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rear impacts.  The details of validation are available 
in a report by VRTC [5].  Since, the damage 
algorithm in WinSMASH only estimates the velocity 
change in the approach period, delta-V at the point of 
common velocity was compared for validation. 
 
For frontal impact tests, overall on average, the 
WinSMASH underestimated the delta-V by 5 
percent.  For 10 of 11 frontal impact tests, the errors 
in delta-V from WinSMASH were well below 10 
percent.  
 
For rear impact tests, overall on average, the 
WinSMASH underestimated the delta-V by 11 
percent.  For two of the three rear impact tests, the 
errors in delta-V from WinSMASH were less than 5 
percent.  
 
For validating the WinSMASH in side impacts, seven 
vehicle-to-vehicle 270 degree side impacts and five 
oblique impacts were reconstructed.  These tests 
involved both vehicles moving prior to the impact.  
In eight of the twelve tests the percent errors in 
delta-V were less than or close to 10 percent.  Overall 
on average, WinSMASH overestimated the delta-V 
by 12 percent for side impacts. 
 
Real World Collisions 
 
The real world collisions are complex and very 
seldom match the perfect configuration of staged 
collisions used for software validation.  The 
WinSMASH software was developed to compute the 
delta-V estimates of the vehicles involved in real 
world collisions and hence, the accuracy of the 
program should be assessed for these crashes.  The 
EDR now installed as standard equipment by several 
vehicle manufacturers, provide a direct measurement 
of the delta-V of the crashed vehicle. Several authors 
have investigated and written about the accuracy of 
delta-V estimates from EDR [9,10].  
 
In a study of 121 real world crashed vehicles, Niehoff 
and Gabler compared the delta-V measured by EDRs 
with the delta-V estimated by WinSMASH, and 
found that WinSMASH underestimates longitudinal 
delta-V by 25 percent on average [12].  A similar 
analysis was carried out in parallel at NHTSA using 
135 NASS files from year 1997-2003.  In this 
analysis, the NASS cases with questionable 
WinSMASH delta-V estimates were excluded.  The 
delta-V estimates ranged from 20 kmph to 50 kmph. 
The overall average difference between the 
WinSMASH and EDR delta-V was about 21 percent.  
Figure 7 compares the delta-V estimated by 
WinSMASH using generic stiffness coefficients 

[Table 2] with the corresponding delta-V computed 
from EDR data.   The symbols falling on the dotted 
line drawn diagonally across the plot are cases where 
the EDR and WinSMASH delta-V perfectly matched 
with each other.  The symbols falling below this line 
represent underestimated WinSMASH delta-V, that 
is, the WinSMASH delta-V estimate is lower than the 
EDR delta-V.  The other two dashed lines correspond 
to +/- 20 percent difference between the WinSMASH 
and EDR delta-V.   
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Figure 7.  EDR vs. WinSMASH delta-V using 
generic stiffness. 
 
The average difference was lower in NHTSA’s 
analysis because the cases with questionable 
WinSMASH runs were excluded in their analysis. As 
mentioned earlier in the paper, the damage algorithm 
in WinSMASH only estimates the delta-V in the 
approach period, i.e. at the point of common velocity.  
This may have contributed to the difference seen in 
the comparison of delta-V from WinSMASH and 
EDR.  The consideration of restitution may improve 
the WinSMASH results. 
 
The stiffness coefficients of WinSMASH are best 
applicable to crash configurations that match with the 
crash tests used to develop the coefficients.  The 
offset impacts, side impacts at the wheel and axle, 
under-ride and over-ride impacts should be examined 
carefully. The WinSMASH was not designed to be a 
simulation program but rather a consistent, uniform 
method of judging accident severity in terms of the 
change in velocity.  It should be emphasized that the 
WinSMASH program, as CRASH3, should be 
statistically valid for a large number of cases; it may 
not provide accurate results in a particular case.  The 
software should only be used with caution for 
individual cases. Good engineering judgment must 
always be used to ensure the validity of any 
simulation results. 
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RECENT DEVELOPMENTS IN WinSMASH 
 
Abandoning Stiffness Category 9 
 
In WinSMASH, for frontal impacts, a separate 
stiffness category (category 9) is used for front wheel 
drive passenger cars.  The stiffness coefficients for 
category 9 are computed by averaging the known 
stiffness coefficients of all the front wheel drive 
passenger cars. 
 
The data used to compute the average generic 
stiffness for each category suggest that drive axle 
(front or rear) is no longer a distinguishing feature.  
The larger cars tend to be rear wheel drive cars and 
smaller cars tend to be front wheel drive.  In 
WinSMASH, the average stiffness in each category is 
calculated from crash tested vehicles that are mostly 
front wheel drive. To test the applicability of the 
category representing the front wheel drive vehicles, 
the NHTSA barrier crash tests of front wheel drive 
vehicles from size categories 2, 3 and 4 [Table 1] 
were reconstructed with WinSMASH.  Each crash 
test was reconstructed twice, first using stiffness 
category based on wheelbase size and again using 
stiffness category 9.  All data except the stiffness 
category were the same for both reconstructions.  The 
delta-V estimates from using category 9 were six 
percent lower than the delta-V estimates using size 
based stiffness categories 2 and 3 [Table 2].   
 
Based on these observations, the category 9 has been 
eliminated in NASS/CDS since data collection year 
2006.  The category 9 is absorbed in wheelbase size. 
 
A new class of vehicles known as Sports Utility 
Vehicles (SUV) has emerged since the WinSMASH 
categories were developed.  The computed average 
stiffness coefficients for SUVs matched closely to the 
stiffness coefficients of vans.  Therefore, category 7 
is currently used for SUVs until a separate category is 
created for SUVs. 
 
Using Vehicle Specific Stiffness Coefficients 
 
The 135 NASS/CDS cases used in the real world 
collision validation were selected to study the effect 
of replacing the generic stiffness coefficients with the 
vehicle specific coefficients in WinSMASH.  
Figure 8 compares the delta-V estimated by 
WinSMASH using vehicle stiffness coefficients with 
the corresponding delta-V computed from EDR data.  
Again symbols falling on the dotted line drawn 
diagonally across the plot are cases where the EDR 
and WinSMASH delta-V perfectly match with each 

other.  The other two thin lines correspond to +/- 20 
percent difference between the WinSMASH and 
EDR delta-V estimates.  The plot clearly shows that 
more cases moved between the 20 percent error 
bounds (dashed lines) after the vehicle specific 
coefficients were used in the WinSMASH runs. 
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Figure 8.  EDR vs. WinSMASH delta-V using 
vehicle specific stiffness. 
 
The overall average difference between the 
WinSMASH and EDR delta-V is reduced to about 17 
percent from 21 percent.  This accounts for an 
improvement of about 4 percent, when vehicle 
specific coefficients were used in the WinSMASH 
software.  The study also examined and compared the 
data by different impact and crash configurations 
including front-to-front, front-to-side, and front-to-
barrier and pole crashes.  In those cases, the 
WinSMASH delta-V estimates in longitudinal 
direction improved by about 4 percent on average for 
different crash configurations. 
 
Various studies have shown that a high degree of 
variation exists in the stiffness characteristics of 
different vehicles. The results from this study also 
suggest that using the same stiffness coefficients for 
different vehicles with the same wheelbase may 
underestimate the WinSMASH delta-V.  The results 
of this analysis suggest the advantage of the use of 
vehicle specific coefficients. 
 
The WinSMASH was developed to utilize the vehicle 
specific stiffness coefficients. The main source of 
vehicle stiffness data is NHTSA’s vehicle crash test 
database which contains detailed information on over 
5000 crash tests involving primarily the vehicle 
models from year 1975 to current model year. The 
vehicle specific coefficients for front, side, and rear 
structure are computed for more than 2000 vehicle 
models from year 1975 to 2006.  Additionally, since 
the main body structure of the vehicle model does not 
change every year, the same stiffness coefficients can 
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dbe used for the years during which the model 
structure has not changed.  The stiffness coefficients 
for the tested vehicles can also be applied to its 
sister/clone models.   

1 =  14.4057 - 0.1307*AGE - .00001665*VEHLEN + 
0.0018371*VEHWT - 0.0003816*WHLBAS -
0.0006609*VEHWID - 0.0010748*VEHCG - 0.0453959*F 

 
The estimates produced by the fitted model are 
evaluated through simulation study.  A sub-sample of 
100 cases is randomly selected from the set of 1204 
crash tested vehicles with known d

 
The frontal stiffness coefficients of 1395 vehicles, 
rear stiffness coefficients of 299 vehicles, and side 
stiffness coefficients of 600 vehicles have been 
computed. However, it represents only a fraction of 
the number of vehicles in the current fleet. There is a 
need to be able to reconstruct impacts involving 
vehicle models not tested by the agency. 

0 and d1.  Those 
100 tests are treated as non-tested vehicles and are 
not used in the general linear model for the 
simulation study.  The fitted model developed in the 
above analysis is used to predict the stiffness 
coefficients of selected cases.  The actual values are 
compared with the model predicted coefficients and 
with the current wheelbase based categorical 
coefficients. 

 
Estimating d0 and d1 for vehicle not tested
 
In 1991, Prasad proposed a linear regression model 
based on the correlation between the vehicle 
parameters and stiffness coefficients of crash tested 
vehicles to estimate the stiffness coefficients of 
non-tested vehicles [6].  Since then the crash test data 
on more vehicles has become available in the 
NHTSA data base. The use of a statistical modeling 
scheme is examined to improve the estimates of the 
frontal stiffness coefficients for vehicles that are not 
crash-tested. 

 
The average difference between the model based 
predicted and actual was 0.9 percent for d0 and 13 
percent for d1.  The average difference between the 
current categorical based and actual was 4 percent for 
d0 and 17 percent for d1.  Figure 9 compares the 
actual d1 with the d1 predicted by the general linear 
model and d1 from the wheelbase based category for 
passenger cars. The wheelbase based d1 is shown by 
triangular symbols.   
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Twelve variables from 1300 frontal vehicle crash 
tests with computed d0 and d1, are used for this 
analysis.  The variable chosen for this study are: 
Vehicle Age (w.r.t. model year 2006),  body type 
(BT), distance between the side rails (E), engine 
displacement  (ENGDSP), front overhang (F), C.G. 
(VEHCG), length (VEHLEN), width (VEHWID),  
weight (VEHWT), wheelbase (WHLBAS), d0 and d1.   
 
An exploratory data analysis is performed by using 
scatter plots, correlation coefficients and descriptive 
statistics in SAS to see if there are any patterns, 
relationships, or trends the variables might hold. 
Then, a general linear model is fitted to predict d  

0 and 
d Figure 9. Comparison of d1.  From the full model with all independent 
variables, statistically insignificant independent 
variables are removed one by one by using 
Multivariate Analysis of Variance until all 
independent variables are statistically significant in a 
fitted model.  A final fitted general linear model is 
developed to predict d

1 predicted by general 
linear model and wheelbase base category. 
 
A similar analysis is currently being carried out for 
side and rear stiffness coefficients.  The details of the 
general linear models will be presented in a separate 
paper. 0 and d1 from predictor 

variables including vehicle age, length, weight, 
wheelbase, width, c.g., front overhang and body type. 
The body type is a categorical variable that divides 
the vehicles into four categories: passenger cars, 
pickup trucks, SUVs and vans. 

 
The analysis showed that the general linear model is 
a better predictor of the stiffness coefficients of 
non-tested vehicles than the average values used over 
a wheelbase category.  In the current model for 
stiffness category, a wrong stiffness could be 
assigned to a vehicle if its wheelbase is close to the 
upper or lower end of the wheelbase range.  The 
vehicle’s other characteristics such as weight, length, 

 
For passenger cars the fitted general linear model for 
d1 is: 
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As with CRASH3, NHTSA maintains that 
WinSMASH is intended as a statistical tool to 
identify and isolate problems in motor vehicle safety, 
not as a simulation program, and should be used 
accordingly.  

and front overhang could match with the cars in the 
next higher or lower size category.  The new method 
considers four categories of vehicle body type 
namely, passenger car, pickups, SUVs, and vans.  For 
each category, relevant vehicle parameters are used to 
compute the stiffness coefficients of the vehicle.  It 
eliminates the errors associated with assigning a 
stiffness category to the vehicles that fall in the upper 
or lower range of wheelbase size.  If all the vehicle 
parameters used in the general linear model are 
known, the model will give a better estimate of 
stiffness coefficients of a vehicle than the average 
stiffness coefficients obtained from wheelbase based 
categories. 
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enhancements are being implemented.  The new 
stiffness selection method entails: 

9. Niehoff, P., Gabler, H.C., Brophy, J. 
Chidester, A., Hinch, J., and Ragland, C., 
“Evaluation of Event Data Recorders in Full 
System Crash Tests”, Proceedings of the 
Nineteenth International Conference on 
Enhanced Safety of Vehicles, Paper No. 05-
0271, Washington, DC (June 2005)  

10. Chidester, A. “Chip”, Hinch, J., Mercer, 
Thomas C., Schultz, Keith S., “Recording 
Automotive Crash Event Data”, 
International Symposium on Transportation 
Recorders, Arlington, VA 1999. 

1) Use of vehicle specific stiffness, if available. 
2) If the search process in step 1 does not reveal 

any vehicle, sister/clone information will be 
used to obtain stiffness of a compatible vehicle. 11. Niehoff, P. and Gabler, H.C., “The 

Accuracy of WinSMASH Delta-V 
Estimates: The Influence of Vehicle Type, 
Stiffness, and Impact Mode”, 

3) Otherwise, use the general linear model to 
estimate stiffness coefficient. 

4) Use wheelbase based categories, if 1, 2 and 3 
above can not be used. 

50th Annual 
Proceedings of the Association for the 
Advancement of Automotive Medicine, 
Chicago, IL (October 2006).

 
The software is currently being tested and will be 
made available to the public once all features are 
implemented. 
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ABSTRACT 
 
A field operational test (FOT) was recently 
completed to determine the potential safety benefits 
of advanced safety systems for heavy trucks.  The 
safety systems in the FOT included a rear-end 
collision warning system (CWS), adaptive cruise 
control (ACC), and an electronically controlled brake 
system (ECBS), which included air disc brakes 
(ADB). These systems were developed to help reduce 
the frequency and severity of rear-end collisions, 
which accounted for 13% of all crashes involving 
heavy trucks in 2003.   
 
The FOT was funded under the United States 
Department of Transportation (USDOT) Intelligent 
Vehicle Initiative (IVI) and was managed by the 
National Highway Traffic Safety Administration 
(NHTSA).  The industry team that conducted the test 
was led by Volvo Trucks North America.  Battelle 
performed an independent evaluation of the FOT. 
 
This paper is a summary of the FOT and independent 
evaluation final reports, and includes the results of 
safety benefit and benefit-cost analyses based on data 
collected during the FOT.  Driver acceptance, 
performance, durability, reliability, and maintenance 
costs of the safety technologies are also reviewed. 
 

INTRODUCTION 
 
This paper summarizes the results of an Intelligent 
Vehicle Initiative (IVI) Field Operational Test (FOT), 
as well as an independent evaluation of the FOT, 
sponsored by the United States Department of 
Transportation (USDOT). 
 
In September of 1999, the Federal Highway 
Administration (FHWA) initiated the FOT to 
determine the potential safety benefits of advanced 
safety systems on heavy trucks.  The National 
Highway Traffic Safety Administration (NHTSA) 
managed the FOT, and it was conducted by an 
industry team led by Volvo Trucks North America, 
Inc.  The team also comprised US Xpress Leasing, 
Inc., the fleet operator, Eaton VORAD, Eaton Bosch, 
and the Aberdeen Test Center, as described in [8] 
Volvo. 
 
The safety systems in the FOT included a rear-end 
collision warning system (CWS), adaptive cruise 
control (ACC), and an electronically controlled brake 
system (ECBS), which included air disc brakes 
(ADB).  These systems were developed to help 
reduce the frequency and severity of rear-end 
collisions.  According to NHTSA General Estimates 
System (GES) 2003 data, rear-end collisions 
accounted for 13% of all crashes involving heavy 
trucks (including single-unit and combination trucks, 
GVWR over 10,000 lbs., striking another vehicle). 
 
The objectives of the FOT were: 

• Evaluate the performance of the safety systems 
as operated in a real-world environment 

• Accelerate the deployment of the systems 
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• Help forge strategic partnerships in the 
transportation industry as a model for public-
private cooperation for the development and 
deployment of advanced transportation safety 
technologies 

• Assess the state-of-the-art in safety benefits 
analysis for vehicle-integrated advanced safety 
systems. 

 
Beginning in January 2001, 100 new Volvo tractors 
were operated in normal revenue-generating service 
with US Xpress for 3 years throughout the 
contiguous United States.  The trucks were organized 
into 3 fleets and equipped with the advanced safety 
systems as shown in Table 1 below.   
 

Table 1. 
3 Fleets, Number of Trucks, and Safety System(s) 

Installed 
 

Safety System Fleet No. 
CWS ACC ECBS/ADB

Baseline* 20    

Control 50    

Test 50    
*Baseline vehicles were a 20-vehicle subset of the Control 
vehicles, operated for part of the FOT with the CWS display 
disconnected. 
 
The USDOT contracted with Battelle to perform an 
independent evaluation of the FOT (see [1] Battelle).  
Specifically, the goals of the independent evaluation 
were: 

• Estimate safety benefits 
• Perform a benefit-cost analysis 
• Assess driver acceptance of the new technology. 

 
This paper is a summary of the FOT and independent 
evaluation final reports.  It includes the results of 
safety benefit and benefit-cost analyses based on data 
collected from on-board vehicle data acquisition 
systems (DAS) during the FOT.  Data collected from 
the DAS on each tractor were combined with 
historical crash data to perform the analyses.  A 
known characteristic of the safety benefit calculation 
is that the statistical uncertainty of the estimated 
crash reduction rate varies as the conflict definition 
changes.  For this reason, crash reduction calculations 
were performed at 3 different levels of conflict 
severity for 3 combinations of the safety systems.  In 
addition, driver acceptance, performance, durability, 
reliability, and maintenance costs of the safety 
technologies are reviewed. 
 

Description of the Technologies 
 
 Collision Warning System (CWS) – The 
commercially available Eaton VORAD® EVT 300 
CWS was installed on all 100 of the FOT vehicles.  
The system transmits and receives radar signals using 
a forward-facing, front-end mounted radar antenna.  
The CPU uses the data from the antenna to determine 
the distance and relative speed between the host 
vehicle and objects in front.  The system provides 
audible and visual alerts on the display unit (see 
Figure 1 below) to warn drivers of potentially 
dangerous situations when other vehicles are within 
predefined distances or closing times.  This gives 
drivers more time to react and, hopefully, avoid a 
rear-end collision through avoidance maneuvers. 
 
 
 

         
 
 A:  System operation indicators 
 B:  Volume control knob & on/off switch 
 C:  Visual alert indicators & speaker 
 D:  Range setting knob 
 E:  Light sensor 
 F:  Driver ID card slot 
 
Figure 1.  Eaton VORAD® Display Unit. 
 
 Adaptive Cruise Control (ACC) – ACC utilizes 
conventional cruise control (CCC) and the CWS 
forward-facing radar in a combined function.  With 
the system operational, no vehicle in the same lane as 
the host vehicle, and no target within range of the 
radar, the system operates like CCC by maintaining a 
speed set by the driver.  If the radar detects a vehicle 
ahead of and in the same lane as the host vehicle, 
ACC will maintain a pre-set minimum following 
interval, expressed in seconds, between the lead 
vehicle and the host vehicle.  The following interval 
is set using the range knob on the CWS driver display 
unit (see Figure 1 above).  The system maintains the 
following interval by adjusting vehicle speed via the 
engine control module, thereby helping the driver 
avoid a situation that could lead to a collision. 
 
The ACC system installed for this FOT was not 
capable of actively controlling the vehicle’s brakes.  
ACC operation modes are illustrated in Figure 2 
below. 

A
E

F 

C D B
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Figure 2.  Operation Modes of ACC. 
 
 Electronically Controlled Brake System 
(ECBS) with Air Disc Brakes (ADB) – ECBS 
builds on existing antilock brake system (ABS) 
technology in that the air signal traditionally used by 
ABS to control the activation of the vehicle 
foundation brakes is replaced by an electronic signal.  
This reduces the time needed to activate the brakes, 
resulting in faster vehicle response time and, 
potentially, a shorter stopping distance.  The brake 
torque generated at each wheel is still provided by air 
pressure delivered to the brake chamber, but the air 
pressure is applied and controlled electronically.  To 
provide the brake control redundancy required by 
current Federal Motor Vehicle Safety Standards 
(FMVSS 121), ECBS is overlaid on a dual air-brake 
system, resulting in two pneumatic control circuits 
and one electronic control circuit (2P/1E).  The 
ECBS used in this FOT was provided by Eaton 
Bosch. 
 
During both normal and full-treadle emergency 
braking, ECBS can apply the brake at each wheel 
individually, providing: 

• Improved dynamic brake force distribution, 
resulting in fewer ABS events and reduced pad 
wear 

• Improved vehicle stability through wheel-by-
wheel adjustment of braking in response to real-
time conditions 

• Improved combination vehicle brake balance and 
compatibility (if both the tractor and trailer are 
equipped). 

 
ECBS also has self-diagnostic capabilities including 
lining wear and brake fade warnings. 
 
The ECBS evaluated in the FOT included a new 
generation of ADB designed and provided by Volvo.  
In general, disc brakes are known to generate a linear, 
stable, and fade-resistant brake torque output.  Volvo 
claims their latest design offers more braking 
capability, shorter stopping distances, and improved 
durability and reliability than previous designs.  The 

ADB assembly used in the FOT is illustrated in 
Figure 3 below.  Note that FOT vehicles not 
equipped with ECBS/ADB were equipped with drum 
brakes and standard ABS. 
 

 
Figure 3.  Air Disc Brake (ADB) and Hub 
Assembly. 
 
On-Board Vehicle Data Collection 
 
The basic locations of the advanced safety systems 
installed on the FOT vehicles are illustrated below in 
Figure 4.   
 

 
Figure 4.  Installation Locations of Advanced 
Safety Systems and DAS. 
 
Also shown is the location of the DAS, an on-board 
computer with data collection and communication 
capabilities.  It was used to collect data from: 

• J1939 and J1587 vehicle data buses 
• VORAD CWS data bus 
• Global Positioning System (GPS) sensor 
• Steering wheel position sensor 
• Biaxial accelerometer (in the DAS). 

 
The data were stored on a solid-state flash memory 
card and could be transferred to a remote location 
wirelessly, or by removing the memory card.  The 

ECBS 

(all axles) 
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data collected were used as inputs to the safety 
benefits analysis, a summary of which follows. 
 
SAFETY BENEFITS ANALYSIS 
 
The safety benefits of the advanced safety systems 
were estimated using a statistical model that 
determined crash rates based on the frequency and 
severity of rear-end conflicts encountered during the 
FOT.  The fundamental steps involved in this 
analysis are summarized below. 
 
Data Reduction 
 
     Select Conflict Events – During the FOT, data 
were collected in 15-s time history files when 
specific trigger conditions were met, creating a 
triggered event.  Conditions which triggered data 
collection are listed below.  Trigger conditions are 
explained in detail in [8] Volvo. 

• Longitudinal deceleration >0.25 g with brakes 
applied 

• Lateral acceleration >0.20 g 
• Kinematic motion event (an algorithm which 

considers lead- and following-vehicle velocity, 
acceleration, and relative distance) 

• Time to collision <4 s 
• Following interval <0.5 s 
• ABS activation. 

 
Not all triggered events represented a true conflict.  
These non-threatening events were identified and 
filtered out of the database.  Non-threatening events 
were defined as those where: 

• The lead vehicle was present for <1 s for a 
stopped lead vehicle, or <2 s for a moving lead 
vehicle 

• The truck was in a curve (yaw rate >2 deg/s for 3 
s) and the lead vehicle was stopped or on-coming 

• The lead vehicle was in a different lane (lateral 
distance to target >2 ft) 

• The lead vehicle crossed in front of the truck, 
e.g., at an intersection, 

• The lead vehicle was so close to the truck that an 
unreasonable (>0.4 g) lateral acceleration would 
be required to avoid a crash 

• There was no driver reaction to the event 
• The lead vehicle was moving away from the 

following vehicle after the time of trigger. 
 
     Conflict Severity – A driving event recorded in 
the FOT data was considered a conflict if the event 
would require a “quick reaction” or “hard braking” 
maneuver by the driver of the following vehicle in 
order to avoid a collision with the lead vehicle.   
 

Most conservatively, a “quick reaction” was defined 
as a scenario in which the driver must brake within 
1.5 s, and “hard braking” was defined as a scenario in 
which the driver must brake with a deceleration rate 
of at least 8 ft/s2 (0.25 g) to avoid a rear-end crash. If 
these thresholds were exceeded the event was 
identified as a “conservative” conflict.  If the event 
did not meet the most conservative threshold, it was 
discarded.   
 
Three conflict threshold levels were defined in the 
analysis as indicated below in Table 2.  Conflicts that 
satisfied the medium and aggressive thresholds were 
actually subsets of the conservative conflicts, since 
they also satisfied that threshold. 
 

Table 2. 
Rear-end Driving Conflict Thresholds 

 

Threshold 
Reaction 

Time  
(s) 

Required 
Deceleration  

(ft/s2) 

Percent of  
Conflicts 

Conservative 1.5 8 100% 

Medium 1.0 10 24% 

Aggressive 0.5 12 7% 

 
In the analysis summarized here, the driving conflicts 
meeting the conservative threshold above were also 
required to meet a secondary criterion that they 
would have resulted in an actual collision if the driver 
had waited up to 15 s to react (See “Kinematic 
Analysis for Determining Lag Time” in [1] Battelle).  
If the driver had waited more than 15 s to react and a 
collision would not have occurred, the conflict was 
discarded.  This secondary, more-restrictive 
requirement results in a comparison of more severe 
conflicts that are more likely influenced by the safety 
technologies, and therefore an improved safety 
benefits estimate. 
 
Conflict Classification 
 
After the data reduction steps were completed, the 
remaining valid conflicts were classified by conflict 
type.  Table 3 below describes the 5 conflict types 
that are common among rear-end crashes recorded in 
GES. 
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Table 3. 
Rear-End Conflict Types in GES 

 
Conflict 

Type Label Description* 

1 Overtaking Slower 
Vehicle 

Truck is traveling at a constant 
speed, encounters a slower 
vehicle (at constant speed) 

2 Overtaking While 
Slowing 

Truck is decelerating,  
encounters another vehicle 

3 Changing Lanes 
Truck is changing lanes or 
merging, encounters a slower 
vehicle (at constant speed) 

4 Stopped Lead Vehicle Truck encounters a stopped 
vehicle in its lane 

5 Slowing Lead Vehicle 
Truck is traveling at a constant 
speed, encounters a decelerating 
vehicle 

*GES does not differentiate between constant speed and 
acceleration. 
 
These conflict types can also be defined by the 
kinematic conditions of the lead and following 
vehicles, as shown below in Table 4.  Also shown is 
the corresponding relative frequency with which each 
conflict precedes a tractor-trailer rear-end crash 
recorded in GES, and the conflict percentage 
determined from analysis of the data collected in the 
FOT. 
 

Table 4. 
Relative Frequency of Conflict Types for Tractor-

Trailer Combination Vehicles 
 

Kinematic Condition* Relative 
Frequency Conflict 

Type 
Lead Vehicle Following 

Vehicle GES FOT 

1 Constant Constant 14% 34% 
2 Constant/Decel. Decelerating 4% 30% 
3 Constant Changed Lanes 2% 22% 
4 Stopped Constant/Decel. 40% 7% 
5 Decelerating Constant 26% 7% 

*GES does not differentiate between constant speed and 
acceleration. 
 
As is evident in Table 4, the relative frequencies of 
conflict types observed in the FOT are significantly 
different from the relative frequencies of conflicts 
preceding crashes reported in GES.  One obvious 
reason for this difference is that, unlike the GES 
relative frequencies, the FOT conflict percentages are 
not conditional on a crash having occurred.  It may be 
inherently easier to maneuver around a lead vehicle 
or object when involved in some conflict types, 
thereby avoiding a crash, and amounting to fewer 
recorded conflicts preceding crashes in GES. 
 

These differences may also be due to variations in 
data processing and interpretation of the data.  
Conflicts defined from GES data are based on 
information in police reports of actual crashes, while 
the FOT classification is derived from kinematic 
criteria applied to time histories.  There might also be 
variability in the definition of the pre-crash 
movements of the truck.  For example, some 
individuals may define the event by the kinematics of 
the vehicles immediately before impact, while others 
define it by the kinematics just before evasive action 
was taken. 
 
Further, it is possible that the filters used in the FOT 
data reduction process to remove non-threatening 
time histories from the pool of driving conflicts were 
too restrictive for some conflicts, causing valid 
events to be discarded.  If the algorithms were biased 
towards a particular conflict type, intentionally or 
not, the recorded number of FOT conflicts could be 
significantly less. 
 
Finally, it should be mentioned that the amount of 
FOT data collected for conflicts 4 and 5 was 
insufficient to complete a proper safety benefits 
analysis.  Considering all of these differences, a 
decision was made to combine the 5 conflict types 
defined above into 3 categories as shown below in 
Table 5.  The relative frequencies of the revised 
conflict categories observed in the FOT data better 
match the corresponding relative frequencies of 
conflicts preceding crashes reported in GES. 
 

Table 5. 
Re-classification of 5 Conflict Types into 3 

Categories 
 

Conflict Type Relative 
Frequency Category 

No. Description 

Kinematic 
Condition of 
Following 

Vehicle GES FOT

1 Overtaking 
Slower Vehicle 

1.  Constant 
Speed: 
Overtaking at 
constant speed 5 Slowing Lead 

Vehicle 

Constant 40% 41%

2 Overtaking 
While Slowing 2. Slowing: 

Overtaking 
while slowing 4 Stopped Lead 

Vehicle 

Decelerating 44% 37%

3.  Lane 
Change 3 Changing 

Lanes Lane Change 2% 22%
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Safety Benefits Equation 
 
The number of rear-end crashes that occur each year 
defines the opportunities for crash reduction using 
any of the advanced safety systems in the FOT.  The 
safety benefits equation (1) is used to calculate the 
estimated percentage of rear-end crashes that can be 
prevented by the safety systems.  This equation was 
developed by NHTSA and FHWA, together with the 
Volpe National Transportation Systems Center (see 
[4][5][6] Najm and daSilva, [7] Najm).  Further, 
application of (1) to FOT data was considered in [3] 
McMillan et al. 
 

[ ]ii
i

iwowo ERPRCSPNB ⋅−⋅⋅= ∑ 1)|(             (1). 

 
 
 
 

where   
)|(
)|(
iwo

iw
i

SCP
SCPPR =                                   (2). 

 

             
)(
)(
iwo

iw
i

SP
SPER =                                         (3). 

 
For all equations, wo indicates a conflict or crash 
without safety systems installed, and w indicates a 
conflict or crash with safety systems installed.  Nwo is 
the annual number of rear-end crashes in a particular 
fleet, without safety systems installed.  Si (i = 1,2,3) 
are the 3 rear-end driving conflicts categorized in 
Table 5.  Pwo(Si | C) is the probability (without the 
safety systems installed ) that driving conflict Si 
precedes a rear-end crash.  PRi is the prevention ratio, 
and ERi is the exposure ratio, for driving conflict Si. 
 
The prevention and exposure ratios are defined by (2) 
and (3), respectively.  Pw(C | Si) is the probability 
(with safety systems installed) that a rear-end crash 
occurred, given that driving conflict Si occurred.  
Pwo(Si) is the probability (without safety systems 
installed) that driving conflict Si occurred.   
 
The prevention ratio, PR, is a measure of the ability 
of an advanced safety system to prevent crashes after 
a particular driving conflict has occurred.  PR <1 
suggests the safety system helps the driver avoid 
crashes in that type of driving conflict.  The exposure 
ratio, ER, compares the probabilities that a driver will 
encounter a particular driving conflict, with and 
without advanced safety systems.  ER <1 suggests the 
safety system helps the driver avoid that type of 
driving conflict. 

The safety benefits calculation is covered in detail in 
the FOT independent evaluation report ([1] Battelle).  
The results are presented in the next section. 
 
Percent Reduction in Crashes 
 
The prevention and exposure ratios were used to 
calculate the percent reduction in crashes (the term  
1 – PRi  · ERi in the benefits equation) for each 
conflict category.  The overall percent reduction in 
crashes was calculated as the weighted average of 
percent reduction in crashes for each category, using 
the relative frequency of occurrence of each conflict 
category in Table 5.   
 
The percent reduction in crashes was calculated for 
the 3 combinations of safety systems across the 3 
conflict threshold levels, as shown below in Table 6.   
The estimated percent reduction in crashes for each 
combination of safety systems was determined by 
comparing the estimated crash rates for drivers who 
used them with the corresponding rates for drivers 
who did not.  The statistically significant result is 
shown in bold.  A 28% reduction in rear-end crashes 
is associated with the deployment of the 3 systems 
bundled together; although the majority of this 
benefit (21%) appears to come from the effect of 
CWS.  
 

Table 6. 
Estimated Percent Reduction in Rear-End 

Crashes from Deployment of Advanced Safety 
Systems at 95% Confidence Interval (Mean ± Two 

Standard Errors) 
 

Selected Safety System(s) 
Threshold 

CWS ACC+ 
ECBS/ADB 

CWS+ACC+ 
ECBS/ADB 

Conservative -1.9 ± 20.8% 9.4 ± 12.4% 7.2 ± 16.8% 

Medium 20.7 ± 24.2% 12.0 ± 28.4% 28.1 ± 21.0% 

Aggressive 25.3 ± 44.0% 9.8 ± 53.6% 29.9 ± 39.6% 

 
These results are also illustrated graphically in Figure 
5 below.  Statistically significant data are hatched.  
Note the confidence bounds become narrower as the 
threshold becomes more conservative.  This is 
because there are more driving conflicts which satisfy 
the conservative threshold than the medium or 
aggressive thresholds.  This larger sample size leads 
to tighter confidence bounds in the safety benefits 
calculation.   
 

Number of relevant 
crashes (from GES) 

Percent reduction in 
crashes for each 
conflict category 
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Figure 5.  Estimated Percent Reduction in Rear-
End Crashes from Deployment of Advanced 
Safety Systems at 95% Confidence Interval. 
 
Application to Nationwide Fleet 
 
The safety results observed in this FOT were used to 
estimate the benefits (reductions in crashes, injuries, 
and fatalities) that could be achieved if the safety 
systems were deployed on all 1.8 million Class-7 and 
Class-8 tractor-trailer vehicles nationwide.  Data 
from the GES and the Fatality Analysis Reporting 
System (FARS) for the 5-year period from 1999 
through 2003 were examined to determine the 
average annual number of trucks involved in rear-end 
crashes as well as the number of injuries and 
fatalities.  Each year, the approximately 1.8 million 
tractor-trailer vehicles in the U.S. are involved in 
23,000 rear-end crashes, resulting in: 

• 12,000 associated injuries 
• 304 fatalities. 

 
Because the trucks involved in this FOT were also 
tractor-trailer vehicles, it is reasonable to project that, 
if the same safety systems (CWS + ACC + 
ECBS/ADB) were deployed in the 1.8-million-truck 
nationwide fleet, each year the technologies could 
prevent approximately: 

• 6,500 rear-end crashes 
• 3,400 injuries 
• 122 fatalities. 
 

Note that more fatalities are avoided than the 28.1% 
predicted in Table 6 due to the distribution of 
fatalities in GES among various conflict types.  
 

Deployment of the CWS alone in the 1.8-million-
truck fleet is projected to prevent: 

• 4,700 rear-end crashes 
• 2,500 injuries 
• 96 fatalities. 

 
BENEFIT-COST ANALYSIS 
 
The Volvo IVI FOT independent evaluation team 
performed a benefit-cost analysis (BCA) to determine 
the net economic benefits of deploying the advanced 
safety systems.  Following is a general, high-level 
analysis of all identifiable benefits and all costs at the 
societal level.  The analysis is not targeted 
specifically to the motor carrier industry, truck 
manufacturers, or other private-sector entities.  The 
specific hypothesis tested in the BCA is that the total 
cost to society of deploying and maintaining each of 
the safety systems is less than the combined value of 
all the benefits.  If the hypothesis is true, the result 
would be a benefit-cost ratio (BCR)>1, and the 
deployment of the advanced safety systems would be 
considered economically justifiable. 
 
Cost Assessment 
 
Costs to deploy and maintain the advanced safety 
systems include one-time costs and recurring costs, 
as listed in Table 7 below. 
 

Table 7. 
Costs Related to Advanced Safety System 

Deployment 
 

Cost Measure 

Dollar value of capital equipment and software 

Dollar value of initial driver training One-Time 
Dollar value of start-up services, installation, 
consulting, administration, etc. 

Dollar value of annual operating and maintenance 

Dollar value of new/replacement driver training Recurring 

Dollar value of recurring replacement hardware 

 
The quantitative cost information estimated to be 
incurred during real-world deployment and operation 
of the safety systems was obtained from the FOT 
partners and other industry sources.  Specific cost 
information is not included in this paper, but can be 
found in [1] Battelle. 
 
Cost Savings (Benefits) Assessment 
 
The deployment of the advanced safety systems is 
expected to result in cost savings by avoiding 

CWS ACC+ 
ECBS/ADB 

CWS+ACC+ 
ECBS/ADB 
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crashes.  No other major cost savings to fleet 
operators or to society are anticipated.  The benefits 
identified in the analysis are listed below in Table 8. 
 

Table 8. 
Cost Savings (Benefits) Related to Advanced 

Safety Systems Deployment 
 

Benefit Measure 

Reduced numbers of crashes 

Crash severity 

  - Change in severity 

  - Effect on injury/fatality rates 

Dollar value of a crash 

Avoided fatalities, personal injury, property and 
infrastructure damage per crash 

Safety 

Avoided costs of emergency services (police, fire, 
EMS) per crash 

Mobility Improved public mobility (reduced traffic 
delays/congestion from a crash) 

 
It is possible that long-range savings may be realized 
through enhanced driver satisfaction (resulting in 
reduced rates of driver turnover and increased 
savings of funds normally devoted to recruitment, 
driver training, etc.), reduced insurance rates, and 
other benefits. These kinds of indirect savings, 
however, are difficult to quantify and document in an 
FOT and were not evaluated. 
 
The numbers of crashes, injuries, and fatalities that 
could be prevented through the deployment of the 
advanced safety systems were estimated through 
statistical modeling and analysis based on national 
historical crash statistics, and also engineering data 
from the FOT.  The costs associated with each crash, 
injury, and fatality were determined through industry 
literature reviews. 
 
Two different safety system deployment options 
(CWS and CWS+ACC+ECBS/ADB) were modeled 
for all 1.8 million Class-7 and Class-8 tractor-trailer 
vehicles nationwide across the 3 different conflict 
severity thresholds (conservative, medium, and 
aggressive) for 2 different current cost assumptions 
(low and high), resulting in 12 total scenarios.  Both 
low and high cost assumptions were made due to the 
wide range in current equipment and installation 
prices.  As might be expected, industry research 
revealed that prices varied by supplier, manufacturer, 
amortization volume and timeframe, etc. 
 
Additional scenarios were modeled with potential 
future reductions in capital and operating and 

maintenance costs (future low cost assumptions), 
resulting in 6 more scenarios, for a total of 18.  The 
BCR was calculated for each in year 2005 dollars 
over a 20-year service window, and displayed 
graphically in Figure 6 below.  As noted before, 
values of BCR>1 indicate an economic return on 
investment where deployment of the advanced safety 
systems could be justified. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 6.  20-Year Benefit-Cost Ratios Across 
Nationwide Fleet Using Multiple Cost 
Assumptions and Conflict Thresholds. 
 
The following observations are worth noting: 

• Little difference in BCR was observed between 
the medium and aggressive conflict thresholds. 

• The only positive societal returns on investment 
occur if CWS or the bundled system is deployed 
on all tractor-trailers under the current or future 
low cost assumptions. 

 
USER ACCEPTANCE 
 
According to driver surveys, most drivers agreed that 
all 3 technologies helped them drive more safely and, 
as shown in Figure 7 below, most preferred to drive 
trucks equipped with these systems.  Over 80% of 
drivers preferred trucks equipped with CWS.  Many 
drivers reported that CWS made them more vigilant, 
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 Medium       Future Low Costs 
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 Conservative       Current Low Costs 
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 Aggressive       Current Low Costs 
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helped them maintain a safe following distance, and 
improved their reaction time and general awareness.  
Despite a relatively high rate of warnings from non-
threatening objects, driver acceptance of CWS was 
high. 
 
Over 90% of drivers preferred trucks equipped with 
ECBS/ADB.  Drivers said they felt more secure when 
using the system because they did not have to apply 
as much pedal pressure to stop the truck.  This is 
because ECBS controls braking using parameters 
monitoring vehicle deceleration.  For a given brake 
pedal position, vehicles equipped with ECBS 
decelerate at a fixed rate, regardless of the load on the 
tractor and trailer.  With a conventional braking 
system, however, the driver must apply more brake 
pressure to stop a heavier load than what is required 
for a lighter load. This feature of ECBS avoids the 
need for drivers to adjust their braking demand as a 
function of truck load and brake condition.  The fade 
resistance of ADB also contributes to maintaining a 
constant deceleration rate. 
 
The attitudes about ACC were mixed.  About half of 
those interviewed said ACC helped them maintain 
safe following distances and improved reaction time.  
A few drivers reported that ACC made them more 
relaxed.  However, some were uncomfortable with 
the system taking control away from the driver.   
 

 
Figure 7.  Drivers’ Preference for Driving Trucks 
Equipped with Advanced Safety Systems. 
 
Drivers were generally satisfied with the performance 
of all 3 systems.  Most drivers did not have 
recommendations for improvements, but of those 
who did (38%), some wanted more detailed 
information on CWS indicators (e.g., distances 
associated with each warning indicator), volume 
controls for alerts, and better training. 
 

PERFORMANCE SUMMARY 
 
Analyses of the driving conditions under which these 
systems were used revealed that the systems were 
most effective at helping to avoid rear-end crashes 
when the truck was operating at highway speeds.  It 
was found that drivers using CWS tended to maintain 
greater following distances than drivers without the 
system, and drivers without CWS warnings 
experienced more high-closing rate conflicts.   
 
As shown in Figure 8 below, the average following 
distance for drivers using CWS was approximately 
15 ft greater than for drivers without CWS.  This 
finding was supported by the results of the driver 
interviews (discussed in detail in [2] Battelle.)  
Drivers using CWS along with ACC and ECBS/ADB 
had slightly shorter following distances than drivers 
with CWS alone.  This may be due to increased 
confidence drivers had in their ability to stop with 
ECBS/ADB; however, there is no data to directly 
support this theory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Average Following Distance for Each 
Fleet. 
 
Baseline vehicles (no safety systems) exhibited an 
average of 11.9 ABS events per million miles with a 
time to collision less than 0.5 s.  For Control vehicles 
(CWS only) and Test vehicles (CWS+ACC+ 
ECBS/ADB), the average number of ABS events was 
7.9 and 2.1, respectively.  Figure 9 below 
summarizes this data graphically.  The relatively low 
number of ABS events for Test vehicles suggests that 
vehicles equipped with ECBS/ADB had a lower rate 
of ABS activation in hard braking events than 
vehicles with all-pneumatic systems; however, the 
effects from ECBS/ADB cannot be isolated from 
those of ACC in this FOT design.   
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Figure 9.  Number of ABS Events per Million 
Miles with Time to Collision < 0.5 s. 
 
DURABILITY, RELIABILITY, AND 
MAINTENANCE COSTS 
 
The average frequency of repair for CWS was 0.59 
repairs per million miles of travel.  Replacement parts 
for the radar antenna (mounted on the front bumper) 
accounted for most of the system repair costs, which 
were $475 on average per million miles of travel. 
 
Brake system repair frequency varied by foundation 
brake type.  The average drum brake repair frequency 
of 1.31 repairs per million miles was higher than the 
average disc brake repair frequency of 0.76 repairs 
per million miles.  However, the average disc brake 
repair cost per million miles ($703) was higher than 
for drum brakes ($230).  This was due to the 
relatively high cost of pre-production disc brake 
components and repair technician unfamiliarity with 
disc brake repair procedures. 
 
The average frequency of repair per million miles 
was similar for ECBS (1.51) and ABS (1.31).  
However, the average repair cost per million miles 
for ECBS ($741) was higher than for ABS ($253) 
due to the relatively high cost of pre-production 
electronic control units.  Replacement of the wheel 
speed sensor accounted for the majority of repairs for 
both systems. 
 
CONCLUSION 
 
During the 3 years of data collection in the FOT there 
were no major failures of the advanced safety 
systems.  The durability, reliability, and performance 
of the advanced safety systems were as good as or 
better than comparable standard systems, 
demonstrating that they are ready for commercial 
deployment.  The maintenance costs for the advanced 
safety systems were higher than for comparable 

standard systems; however, these costs are expected 
to decrease to a competitive level with higher 
production volumes. 
 
Deployment of the advanced safety technologies is 
economically justifiable if CWS or the bundled 
system (CWS+ACC+ECBS/ADB) is deployed on the 
nationwide fleet of 1.8 million tractor-trailer vehicles 
under current or future low system cost assumptions. 
 
A statistically significant, 28% reduction in rear-end 
crashes associated with the deployment of the 3 
safety systems bundled together was found, although 
the majority of this benefit (21%) came from the 
effect of CWS.  
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ABSTRACT 
 
Side air bags are becoming more of a standard feature 
in the emerging vehicle fleet.  These systems appear 
to offer superior protection in side crashes.  Vehicle 
manufacturers are increasingly adding larger curtains 
that cover the entire window and two or three rows of 
seating.  Currently, there are not any Federal Motor 
Vehicle Safety Standards (FMVSS) performance 
requirements related to the side out-of-position 
(OOP) performance with respect to side air bags.  
Therefore, the National Highway Traffic Safety 
Administration (NHTSA) conducted research tests to 
monitor this performance in both the front seat and 
rear seat positions where side air bags deploy. 
 
The NHTSA has been monitoring this performance in 
recent model years, guided by the Technical Working 
Group (TWG) Procedures, a document that describes 
a voluntary set of OOP procedures with the main 
focus on side air bags, primarily in the front seats.  
This study uses the Hybrid III 3-year-old, 6-year-old 
and SID-IIs (5th percentile adult female side impact 
dummy) dummies in different OOP test modes for all 
rows in the vehicle.  The dummy responses from tests 
of side air curtains were all below the injury 
assessment reference values (IARVs).  The dummy 
responses from tests of door and seat-mounted side 
air bags were also generally below the IARVs, but 
some OOP orientations in some vehicles did result in 
responses that were elevated or exceeded the IARVs. 
 
As more vehicles add side air bags as standard 
features, the NHTSA is monitoring vehicles through 
Vehicle Safety Research (VSR) and the New Car 
Assessment Program (NCAP). The agency will 
continue to monitor how the air bags are affecting the 
OOP occupants in all near-side seating positions as 
air bag technology changes resulting from voluntary 
and federal upgrades.  Currently, the NHTSA relies 
on the manufacturers to provide voluntary feedback 
on whether they have passed the TWG procedures, in 
addition to the testing done by VSR and NCAP.   

 
INTRODUCTION 
 
Side air bags started emerging in the vehicle fleet in 
the mid-to-late 1990s for side occupant protection.  In 
1999, the NHTSA asked the Alliance of Automobile 
Manufacturers (Alliance) and the Association of 
International Automobile Manufacturers (AIAM) to 
develop a guideline for vehicle manufacturers to 
assess the risks associated with side air bags and 
children.  The procedures they produced, along with 
the Insurance Institute of Highway Safety (IIHS) and 
the Automotive Occupant Restraints Council 
(AORC), were the “Recommended Procedures for 
Evaluating Occupant Injury Risk from Deploying 
Side Air Bags” [1].  This set of guidelines was 
released to the public in August of 2000.   
 
The NHTSA studied these procedures by procuring 
several vehicles and conducting numerous tests in 
both the front and rear seating positions along with 
various child restraints.  The original study used a 
Hybrid III 3-year-old, 6-year-old, 12-month-CRABI, 
and a SID-IIs Build Level C dummy.  The NHTSA 
used the Technical Working Group (TWG) 
procedures as a guideline and recommended several 
changes to the TWG.  These results were documented 
in the 2001 ESV paper of reference 2.  In July of 
2003, the TWG document was updated with some of 
the changes and is currently being used as a guideline 
by both the NHTSA and the manufacturers for side 
air bag OOP testing.  
 
In December of 2003, the Auto Alliance announced a 
voluntary commitment to enhance protection for 
occupants in side-struck vehicles by improving head 
protection, which includes making side curtains 
standard features in most vehicles [3].  In May of 
2004, a Notice of Proposed Rulemaking (NPRM) 
was issued to upgrade the current FMVSS Number 
214 “Side Impact Protection”.  The proposed rule 
will upgrade the current test procedure and also add 
an additional side impact test, the oblique pole test.  
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Manufacturers may need to add or enhance the 
current side occupant protection designs.  This may 
or may not include side air bags, including roof rail 
or curtain air bags.   
 
The NHTSA is monitoring these changes to vehicles, 
especially in the second and third rows of the 
vehicles.  The results presented in this paper are from 
a small sample of the vehicle fleet from MY2000, 
MY2004, and MY2005.  The OOP tests were 
conducted by using the TWG procedures as a 
baseline for the testing and adding additional tests 
where deemed necessary. 
 
TEST MATRIX 
 
     Vehicle Selection – Table 1 shows the vehicles 
chosen for this study and the styles of air bags and 
their location. 
 

Table 1. 
Vehicle Selection 

 
        Seat Mounted Door 

Mounted 
Roof 
Mounted 

Thorax 
bags 

Head/Thorax 
bags 

Thorax 
bags 

Head Bags 

2004 
Honda 
Accord 

2005 Subaru 
Forester 

2000 BMW 
528i (Front 
and rear) 

2000 BMW 
528i (Front 
only) 

2004 
Volvo 
XC90 

2005 Saab 93 
Convertible 

 2004 
Honda 
Accord 

2004 
Toyota 
Sienna 

  2004  
Volvo 
XC90* 

2005  
VW Jetta 

  2004 
Toyota 
Sienna* 

2005 
Honda 
CRV 

  2005  
VW Jetta 

2005 
Toyota 
Corolla 

  2005 
Honda 
CRV 

2005 
Ford 500 

  2005 
Toyota 
Corolla 

   2005  
Ford 500 

* These vehicles have curtain air bags that cover the 
3rd row. 
 
The MY2004 and 2005 vehicles chosen were based 
on sales, style and safety features.  The 2000 BMW 

528i used in this study was an original test vehicle 
used in the previous 2000 study.   
 
All of the vehicles had air curtains and thoracic bags, 
except for the 2005 Subaru Forester and 2005 Saab 
93 convertible.  These two vehicles were equipped 
with combination (head and thorax) air bags.   
 
The 2004 Volvo XC90 and 2004 Toyota Sienna were 
the only two vehicles in the test matrix that had a 
third row and that had an air curtain that reached its 
third row occupant area.   
 
     MY2000 
The 2000 BMW 528i had thoracic door-mounted air 
bags in both the front and rear seats.  The roof-
mounted air bag was a tubular inflatable head 
protection system that only deployed in the front 
occupant area.  This vehicle was tested using only the 
SID-IIs dummy because the previous study tested 
with the Hybrid III 3- and 6-year old dummies. [2] 
 
     MY2004 
There were three vehicles in the MY2004 test matrix: 
Honda Accord, Toyota Sienna, Volvo XC90.  The 
focus of the testing was to compare how the TWG 
positions could be used in other rows.  All three 
vehicles had thoracic seat mounted air bags in the 
front seats and roof-mounted air bags that spanned all 
of the rows.  The 2004 Toyota Sienna had 2nd and 3rd 
rows with adjustable seat backs.  The curtain spanned 
all three rows.  The Volvo XC90 had 2nd and 3rd rows 
with non-adjustable seat backs.  The curtain spanned 
the front and 2nd rows, and it also had a separate 
curtain that covered the 3rd row only. 
 
    MY2005  
The vehicles used in the MY2005 test matrix were a 
Volkswagen Jetta, Honda CRV, Toyota Corolla, Ford 
500, Subaru Forester and Saab 93 convertible.  The 
testing conducted with the MY2005 vehicles focused 
on the rear seats and how the roof rail mounted air 
bags affected the occupants.  The thoracic air bags in 
the front seats were also tested.  Four of the six 
vehicles used in the study had an air curtain.  The 
other two vehicles had a combination seat-mounted 
air bag. 
 
   Test Setup 
All of the TWG procedures were used, except the 
thoracic seat-mounted position for a Hybrid III 3- 
year-old, TWG 3.3.3.4 - Lying on the seat.  This test 
mode was not tested because the thoracic bags would 
only slightly touch the dummy when fully inflated 
and were therefore deemed unnecessary for this 
testing.  



 Louden, 3 

 
Table 2. 

Test Matrix 

*NHTSA Procedures 
 
 

   Vehicles 

   

2004 
Honda 
Accord 

2004 
Volvo 
XC90 

2004 
Toyota 
Sienna 

2005 
Subaru 
Forester 

2005  
VW 
Jetta 

2005 
Honda 
CRV 

2005 
Toyota 
Corolla 

2005  
Ford 
500 

2005 
Saab 93 
Conv. 

2000 
BMW 
528i 

3YO 

TWG 3.3.3.1 Fwd 
Facing on Booster 
Block X X X X X X X X X n/a 

3YO 

TWG 3.3.3.2:  Rwd 
Facing (peek-a-
boo) X X X X X X X X X n/a 

3YO 
TWG 3.3.3.3:  
Head on Armrest X X X n/a n/a n/a n/a n/a n/a n/a 

R
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ht
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nt
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t T
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c 
A

ir 
B

ag
 

3YO 
TWG 3.3.3.4: Lying 
on Seat n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

6YO 

TWG 3.3.3.5: Fwd 
Facing on Booster 
Block X X X X X X X X X n/a 

R
ig

ht
 F

ro
nt

 S
ea

t 
Th

or
ac

ic
 A

ir 
B

ag
 

SIDIIs 
TWG 3.3.3.6: 
Inboard Facing X X X X X X X X X X 

6YO 

TWG 3.3.5.1: 
Inboard Facing on 
Booster Block X X X n/a X X X X n/a   

SIDIIs 

TWG 3.3.5.2:  Fwd 
Facing on Raised 
Seat X X X n/a X X X X n/a X 

R
oo

f R
ai

l F
ro

nt
 S

ea
t 

 A
ir 

B
ag

 

SIDIIs 

TWG 3.3.5.3:  
Inboard Facing on 
Raised Seat X X X n/a X X X X n/a X 

3YO* Back Against Door n/a n/a X n/a X X X X n/a n/a 

3YO* 
On Knees Looking 
Out n/a n/a X n/a X X X X n/a n/a 

3YO* 
Leaning Sideways 
on Booster n/a n/a n/a n/a X X X X n/a n/a 

6YO 

TWG 3.3.5.1: 
Inboard Facing on 
Booster Block X X X n/a n/a n/a n/a n/a n/a n/a 

6YO* 
Leaning Sideways 
on Booster n/a n/a n/a n/a X X X X n/a n/a R

oo
f R

ai
l 2

nd
 R

ow
 S

ea
tin

g 

SIDIIS 
TWG 3.3.5.2: Fwd 
Facing X X X n/a n/a n/a n/a n/a n/a X 

3YO* Back Against Door n/a n/a  X n/a n/a n/a n/a n/a n/a n/a 

3YO* 
On Knees Looking 
Out n/a   n/a X n/a n/a n/a n/a n/a n/a n/a 

6YO 

TWG 3.3.5.1: 
Inboard Facing on 
Booster Block n/a X X n/a n/a n/a n/a n/a n/a n/a 

R
oo

f R
ai

l 3
rd

 R
ow

 S
ea

tin
g 

SIDIIs 
TWG 3.3.5:2 Fwd 
Facing n/a X X n/a n/a n/a n/a n/a n/a n/a 
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 The setup for the right front passenger seat followed 
the TWG guidelines as follows:  Seat in the lowest 
and rearmost position unless there was interference 
with the B-Pillar, in which case the seat was moved 
forward to avoid this interference.  The seat back 
angle was set at the manufacturer’s design or 25 
degrees.  The Toyota Sienna had adjustable seat 
backs in the 2nd and 3rd rows, which were adjusted 3 
notches rearward when testing with the SID-IIs 
dummy.  Otherwise, they were tested in the full 
upright position.  
 
     Test Positions - The test configurations were 
based on the TWG document, July 2003.  When the 
TWG guidelines were written, they focused mainly 
on the front seat occupant and thoracic style of air 
bags.  Curtain air bags were relatively new when the 
procedures were first written.  They now are common 
features in the existing fleet and deploy into more 
than one row.  This study looked at the front 
passenger seat as well as the 2nd and 3rd rows.   
 
The TWG procedures were slightly modified when 
used in the 2nd and 3rd rows of the vehicles.  Table 2 
shows the test matrix, and Appendix A has a brief 
summary of the TWG test procedures.  
 
     NHTSA Positions – The TWG document does 
not have any recommended test procedures for the 
roof rail system with a Hybrid III 3-year old and is 
limited to only one test mode for the Hybrid III 6-
year-old.  In order to fully evaluate the roof rail 
systems, the NHTSA tested using a few more seating 
positions.  The new seating positions were based on 
the TWG thoracic seating positions. 
 
The new positions were for the roof rail system for 
the 2nd and 3rd rows were as follows: 
 

3YO Back Against Door on Booster 
Block:   
Sitting perpendicular to the vehicle door on 
a foam booster block with the back against 
the door and with the center of gravity of the 
head aligned with roof rail air bag opening 
(Figure 1). 
 

 
Figure 1.  3YO Back Against Door on 

    Booster Block. 
 

3YO On Knees Looking Out Side 
Window:   
Kneeling, facing out the window, and 
leaning against door or side window with 
the center of gravity of the head aligned with 
the roof rail air bag opening (Figure 2). 
 

 
Figure 2.  3YO On Knees Looking Out  
Side Window. 

 
3YO Leaning Sideways on Booster Block:  
Sitting on a foam booster block with back 
against the seat back, with the dummy’s 
head leaning sideways, aligning the center 
of gravity of the head with the roof rail air 
bag opening (Figure 3).  
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                    Figure 3.  3YO Leaning 

Sideways on Booster Block. 
 

6YO Leaning Sideways on Booster Block:  
Sitting on a foam booster block with back 
against the seat back, with the dummy’s 
head leaning sideways, aligning the center 
of gravity of the head with the roof rail air 
bag opening (Figure 4). 
 

            
Figure 4.  6YO Leaning  

      Sideways on Booster Block. 
 

The objective was to gather more information on how 
small occupants react with the curtain style air bags 
in various positions in the rear seats.  See Appendix 
A for the details of the new seating positions.   
 
     Dummy Instrumentation 
The Hybrid III 3- and 6-year-old dummies are frontal 
impact dummies, and the SIDIIs is a side impact 
dummy.  There are no federalized 3-or 6-year-old 
side impact dummies available.  These are the 
dummies suggested for use in the TWG guidelines. 
 
The Hybrid III 3- and 6-year-old dummies used in the 
testing had the following instrumentation: 
accelerometers in the head, shoulder, chest, ribs, 

spine and pelvis; upper and lower 6-axis neck load 
cells; and a chest displacement potentiometer.  
 
The SID-IIs dummy was instrumented with the 
following: accelerometers in the head, shoulders, 
chest, ribs, spine, and pelvis; load cells in the upper 
and lower neck and shoulder; and displacement 
potentiometers in the ribs and chest. The study started 
with the FRG (floating rib guide) dummy (tests 
SIDIIs_001-018) and finished with Build Level D 
dummy (SIDIIs_019-037).   
 
    Injury Criteria (IARVs) 
Table 3 shows the corresponding injury assessment 
reference values (IARVs) used to determine the 
probability for injury for each of the dummies.   The 
values represent approximately a 5 percent risk of 
AIS 4 or greater injury for the head and thorax and an 
AIS 3 or greater injury for the neck [1].  For each 
test, the calculated values for 15ms Head Injury 
Criterion (HIC) and Neck Injury Criterion (Nij), 
along with the measured peak values for chest 
deflection, rib deflection, and neck tension and 
compression were evaluated based on their respective 
IARV.  See the Tables in Appendix B for the 
normalized dummy responses for each dummy and 
test configuration. 
 

TABLE 3. 
Injury Assessment Reference Values (IARV) 

 
  

15ms 
HIC 

Chest/ 
Rib* Def. 

(mm) 

 
 

Nij 

Neck 
Tension 

(N) 

Neck 
Comp. 

(N) 
3YO 570 36 1.0 1130 1380 
6YO 723 40 1.0 1490 1820 

SIDIIs 779 34 1.0 2070 2520 
*Rib Deflection used for SIDIIs 
 
TEST RESULTS 
 
There were 96 tests conducted on ten vehicles using 
three dummies, and three test configurations 
exceeded one or more IARV.  These results were 
with the Hybrid III 3-year-old and/or 6-year old 
dummies, and all of these were from the thoracic air 
bags.  There were seven other tests that had elevated 
responses (above 80% of the normalized IARV), but 
did not exceed an IARV.  The test data with the 
normalized responses are shown in Appendix B. 
 
     Thoracic Air Bags (seat and door mounted): 
All of the vehicles used in this study had a type of 
thoracic air bag for the front occupant.  Seven of the 
ten vehicles had a thoracic only seat mounted air bag 
that was located in the front seats.  One vehicle, the 
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2000 BMW 528i, had thoracic door mounted air bags 
in the front and rear doors (Figure 5).  The other two 
vehicles, a 2005 Subaru Forester and 2005 Saab 93 
convertible had a combination air bag located in the 
front seat (Figure 6).  Of the 42 tests conducted with 
thoracic air bags, only three tests exceeded the IARV 
and seven tests had elevated responses in the chest 
and/or rib deflection or with the neck injury.  All of 
the 15ms HIC values were negligible.   
 

       
Figure 5.  2000 BMW  Figure 6.  2005 Subaru 
528i Door Mounted           Forester Combination  
Air Bag.   Air Bag. 
 
TWG 3.3.3.1 (Figure 7) places the Hybrid III 3-year-
old against the seat edge with its head/neck junction 
at the top edge of the air bag module.  This test mode 
produced neck responses that were elevated or 
exceeded the IARV in one of the nine vehicles tested 
in this mode.  The Hybrid III 3-year-old exceeded the 
neck tension IARV and had an elevated Nij response 
in the test mode TWG 3.3.3.1 for the 2005 Honda 
CRV.  As the air bag deployed it punched through the 
seat cover and caused direct loads onto the neck.   
 

 
Figure 7.  Hybrid III 3-year-old  

                Position TWG 3.3.3.1. 
 
TWG 3.3.3.2 (Figure 8) places the chest at the top 
edge of the air bag module.  It also produced higher 
responses, with four of the nine vehicles having chest 

deflections, Nij, or Neck Tension responses that were 
elevated or that exceeded the IARV.   
 

 
Figure 8.  Hybrid III 3-year-old  

                Position TWG 3.3.3.2. 
 

The Hybrid III 3-year old exceeded the chest 
deflection IARV in the 2005 Subaru Forester test 
with a normalized response of 1.03.  The 2004 Volvo 
XC90 had elevated response in the front passenger 
seat for the chest deflection, Nij, and neck tension 
with normalized response values of 0.88, 0.87, and 
0.97, respectively.  The 2005 Ford 500 had an Nij 
response of 0.84, while the chest deflection for the 
2004 Toyota Sienna was 0.90.  As the air bag 
emerges from the seat, the dummy’s chest is directly 
loaded causing higher responses. 
 
TWG 3.3.3.5 places the Hybrid III 6-year-old 
dummy’s neck/torso junction with the top edge of the 
air bag module.  The 2005 Subaru Forester exceeded 
the Nij response and the 2004 Honda Accord had an 
elevated response with this test mode.  As the air bag 
was deployed, the torso moved forward and the neck 
was put into extension.  Figure 9 shows the Hybrid 
III 6-year-old during the Subaru Forester test.  
Similar dummy kinematics were also seen with the 
Hybrid III 3-year-old in the test mode of TWG 
3.3.3.1. 
 

 
Figure 9. Hybrid III 6YO (Test no. 6YO_015) 
With Deploying Air Bag. 
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The 2000 BMW 528i was only tested with the SID-
IIs dummy, which resulted in elevated responses of 
the rib deflection for both the front and rear door 
mounted air bags, test condition TWG 3.3.4.5.   
 
The two vehicles that exceeded the IARV responses 
were 2005 Subaru Forester and 2005 Honda CRV.  
These vehicles were certified by the manufacturer, 
and reported to the NHTSA, as meeting all of the 
qualified TWG guidelines [6]. Further research and 
comparison testing would be needed to explain the 
different results. 
  
  Curtain Air Bags (roof rail mounted): 
There were 54 tests conducted on eight vehicles with 
the roof rail systems resulting in low response values 
(below 70% of all of the IARVs).  Thirty-two tests 
were conducted with the Hybrid III 3-year-old and 6-
year old dummies.  Twenty-two of the tests were 
conducted with the SID-IIs dummy.  The 15ms HIC 
responses were negligible for all three dummies. 
 
The new NHTSA procedures used with the Hybrid 
III 3-year-old and 6-year-old dummies, positioned the 
heads in various locations.  All the normalized 
responses were below 60% of the Nij IARV values.  
The 2004 Toyota Sienna Hybrid III 3-year-old 
NHTSA position “Back against door” in the second 
row had the highest response with a 0.60 Nij 
response value.  
 
The Hybrid III 6-year-old and SID-IIs dummies were 
tested in all three rows of the 2004 Volvo XC90 and 
Toyota Sienna.  The test modes were TWG 3.3.5.1 
and TWG 3.3.5.2.  The dummies were positioned 
according to the TWG guidelines in all three rows, 
which typically placed the head in the same lateral 
plane in all three rows.  The air bag produced similar 
responses when tested with the same dummy and 
same seating positions for the various rows.   
 
The 2004 Toyota Sienna had a curtain that spanned 
all three rows.  The Nij responses for the Hybrid III 
6-year-old dummy were similar for all three rows.  
When tested with the SID-IIs dummy, the 2nd row 
produced slightly lower responses for both the Nij 
and Neck Compression. (Figure 10)   
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Figure 10.  Hybrid III 6YO TWG 3.3.5.1 and SID-
IIs TWG 3.3.5.2 Responses for the 2004 Toyota 
Sienna. 
 
The 2004 Volvo XC90 produced similar findings 
except that the 3rd row positions produced higher 
results than the 1st and 2nd rows (Figure 11).  There is 
an individual curtain for the 3rd row that is deployed 
at the same time as the 1st and 2nd row curtain. See 
Figures 12 and 13. 
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Figure 11. Hybrid III 6YO TWG 3.3.5.1 and SID-
IIs TWG 3.3.5.2 Responses for the 2004 Volvo 
XC90. 
 

   
Figure 12.  2004 Volvo  Figure 13.  2004 Volvo 
XC90 2nd row curtain. XC90 3rd row curtain. 
   
Five vehicles were tested by positioning the SID-IIs 
dummy in the test condition TWG 3.3.5.2 with the 
curtain and the thoracic air bags both deployed.  This 
resulted in one vehicle, the 2000 BMW 528i, with an 
elevated response in the rib deflection.   This elevated 
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response was from the thoracic bag and not the 
curtain bag. 
 
In some instances, the curtain pushed the dummy 
toward the side window, which placed the dummy in 
between the side window and the curtain (Figure 14). 
This occurred in approximately 30% of the roof rail 
tests conducted.  The vehicles in which this result 
occurred were the 2004 Honda Accord, 2005 Toyota 
Corolla, 2005 VW Jetta, and 2005 Honda CRV. 
 
This may be a finding that will require further 
investigation of OOP testing conditions and how the 
dummy is positioned for the curtain test.  Currently, 
the center of gravity of the dummy’s head is aligned 
with the deployment path of the roof rail module.  
Therefore, the trajectory of the dummy upon curtain 
deployment may be sensitive to the precise impact 
location relative to the dummy head center of gravity.  
In that case, just slight variations in dummy 
positioning or the direction of curtain deployment 
may affect the outcome.   
 

    
 

   
Figure 14.  Curtain deployments in different 
vehicles with the different dummies. 

 
OBSERVATIONS 
 
Even though there is not an FMVSS performance 
requirement for side air bags, the out of position 
testing showed these air bags generally should not 
produce serious injury to small occupants in all rows 
of the vehicle.  Ninety-seven percent (97%) of the 

tests conducted met or passed all of the proposed 
injury values.    
 
Of the 42 tests conducted with thoracic air bags, only 
three tests exceeded an IARV, and seven other tests 
had elevated responses in the chest and/or rib 
deflection or with the neck injury.   
 
Two of the three tests that exceeded an IARV were 
with the Hybrid III 3-year-old in the 2005 Honda 
CRV and the 2005 Subaru Forester.  The third was 
with the Hybrid III 6-year-old, also in the Forester. 
 
The curtain or roof rail mounted air bags produced 
relatively low numbers in all rows with all three 
dummies.  The 15ms HIC values were negligible in 
this testing for all three dummies.  The neck injury 
values were somewhat higher, but still relatively low.  
The highest Nij and neck tension values were 60% 
and 70% of the IARV, respectively. 
 
The curtain air bags in the 2004 Volvo XC90 and 
Toyota Sienna generally produced similar results 
between the rows when tested with the SID-IIs and 
Hybrid III 6-year-old dummies.  The exception was 
the 3rd row air curtain in the Volvo, which was a 
separate bag than that for the first two rows.  It 
produced neck responses somewhat higher than the 
curtain for the front rows. 
 
The TWG seating procedure guidelines can be used 
in all the rows with little or no modifications.  
Additional test positions for the roof mounted air 
bags, such as the NHTSA procedures with the Hybrid 
III 3- and 6-year-old dummies introduced in this 
paper, would provide a more thorough OOP 
evaluation.   
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The Technical Working Group Guidelines:  “Recommended Procedures for Evaluating Occupant Injury Risk from Deploying Side Air Bagss”, July 2003 
revision document was used in this research study.  The following is a brief seating summary for reference purposes.   
 
Tests Conducted following TWG guidelines: 
 
Hybrid III 3YO 

• TWG 3.3.3.1:  Sitting on seat edge on a booster, with head neck junction aligned with the top edge of the air bag module 
• TWG 3.3.3.2:  Kneeling on seat edge facing rearward, upper rib aligned with the top edge of the air bag module 
• TWG 3.3.3.3:  Lying on seat, perpendicular to the door, with the head on the armrest, with the center of gravity of the head aligned with the vertical 

centerline of the air bag module.  
 
Hybrid III 6YO 

• TWG 3.3.3.5:  Sitting on seat edge on a booster, with the lower neck junction aligned with the top edge of the air bag module 
• TWG 3.3.5.1:  Sitting on foam booster perpendicular to door, with the center of gravity of the head aligned with the deployment path of the roof 

mounted air bag 
 
SID-IIs 

• TWG 3.3.3.6:  Sitting on the outboard seat edge, perpendicular to the door, with the center of the first rib aligned with the top of the air bag module. 
• TWG 3.3.5.2:  Sitting on the outboard seat edge facing forward, with the center of gravity of the head aligned with the deployment path of the roof 

mounted air bag; dummy may be leaning slightly outboard.  
• TWG 3.3.5.3:  Sitting perpendicular to the door at the outboard edge of seat, with the center of gravity of the head aligned with the deployment path of 

the roof module at the forward most point to minimize the vertical distance. 
 
The new NHTSA Test Procedures were created using the TWG seating as a baseline.  The following is a brief summary of how the dummies were seated.  
 
Hybrid III 3YO and 6YO: 

3YO Back Against Door on Booster Block:  Sitting on a foam booster block, perpendicular to the vehicle door, with the back resting against the door, 
and with the center of gravity of the head aligned with the roof rail air bag opening. 

 
3YO On Knees Looking Out Side Window:  Kneeling, facing outward, and leaning against the door or side window with center of gravity of the head 
aligned with the roof rail air bag opening. 
 
3YO Leaning Sideways on Booster Block:  Sitting on a foam booster block, with back against the seat back and leaning sideways, with the center of 
gravity of the head aligned with the roof rail air bag opening.  
 
6YO Leaning Sideways on Booster Block:  Sitting on a foam booster block, with back against the seat back and leaning sideways, with the center of 
gravity of the head aligned with the roof rail air bag opening. 
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Table A:  Hybrid III 3YO Normalized Test Results 

           Exceeds IARV         Elevated Response (80% to 99% of IARV)     Under 80% of IARV 
 
 

Vehicle Test Number Test Position Air bag deployed Seating position 15ms HIC 
Chest 

Def.(mm) NIJ 
Neck 

Tension(N)
Neck 

Comp.(N) 

04 Honda Accord 3YOSOOP_01 TWG 3.3.3.1 Thoracic Ps Front Seat 0.10 0.06 0.32 0.53 0.25 
04 Toyota Sienna 3YOSOOP_07 TWG 3.3.3.1 Thoracic Ps Front Seat 0.01 0.07 0.32 0.16 0.16 

04 Volvo XC90 3YOSOOP_04 TWG 3.3.3.1 Thoracic Ps Front Seat 0.11 0.08 0.57 0.37 0.28 
05 Ford 500* 3YO_036 TWG 3.3.3.1* Thoracic+Curtain RT FR Seat 0.04 0.06 0.52 0.58 0.16 

05 Honda CRV 3YO_038 TWG 3.3.3.1 Thoracic RT FR Seat 0.12 0.13 0.95 1.04 0.17 
05 Saab 93 3YO_028 TWG 3.3.3.1 Combination RT FR Seat 0.04 0.09 0.53 0.59 0.15 

05 Subaru Forester 3YO_035 TWG 3.3.3.1 Combination RT FR Seat 0.09 0.11 0.73 0.54 0.22 
05 Toyota Corolla* 3YO_031 TWG 3.3.3.1* Thoracic+Curtain RT FR Seat 0.03 0.03 0.28 0.19 0.07 

05 VW Jetta 3YO_033 TWG 3.3.3.1 Thoracic RT FR Seat 0.01 0.04 0.28 0.25 0.04 

04 Honda Accord 3YOSOOP_02 TWG 3.3.3.2 Thoracic Ps Front Seat 0.00 0.37 0.32 0.29 0.04 
04 Toyota Sienna 3YOSOOP_08 TWG 3.3.3.2 Thoracic Ps Front Seat 0.00 0.90 0.36 0.42 0.06 

04 Volvo XC90 3YOSOOP_05 TWG 3.3.3.2 Thoracic Ps Front Seat 0.12 0.88 0.87 0.97 0.14 
05 Ford 500 3YO_037 TWG 3.3.3.2 Thoracic RT FR Seat 0.02 0.70 0.84 0.74 0.01 

05 Honda CRV 3YO_039 TWG 3.3.3.2 Thoracic RT FR Seat 0.00 0.15 0.25 0.17 0.05 
05 Saab 93 3YO_030 TWG 3.3.3.2 Combination RT FR Seat 0.01 0.48 0.58 0.37 0.03 

05 Subaru Forester 3YO_015 TWG 3.3.3.2 Combination RT FR Seat 0.04 1.03 0.49 0.64 0.06 
05 Toyota Corolla 3YO_032 TWG 3.3.3.2 Thoracic RT FR Seat 0.00 0.08 0.19 0.10 0.02 

05 VW Jetta 3YO_034 TWG 3.3.3.2 Thoracic RT FR Seat 0.01 0.36 0.67 0.45 0.16 

04 Honda Accord 3YOSOOP_03 TWG 3.3.3.3 Thoracic Ps Front Seat 0.02 0.01 0.10 0.10 0.10 
04 Toyota Sienna 3YOSOOP_09 TWG 3.3.3.3 Thoracic Ps Front Seat 0.00 0.00 0.05 0.06 0.03 

04 Volvo XC90 3YOSOOP_06 TWG 3.3.3.3 Thoracic Ps Front Seat 0.01 0.01 0.13 0.24 0.07 

04 Toyota Sienna - 3YO_011 Back against Door Curtain 2nd Row Seat 0.01 0.01 0.60 0.04 0.48 
04 Toyota Sienna - 3YO_010 Back against Door Curtain 3rd Row Seat 0.00 0.01 0.22 0.03 0.19 

05 Ford 500 3YO_025 Back against Door Curtain RT RR Seat 0.01 0.01 0.30 0.01 0.11 
05 Honda CRV 3YO_019 Back against Door Curtain RT RR Seat 0.01 0.01 0.14 0.03 0.17 

05 Toyota Corolla 3YO_022 Back against Door Curtain RT RR Seat 0.01 0.01 0.14 0.05 0.18 
05 VW Jetta 3YO_016 Back against Door Curtain RT RR Seat 0.01 0.00 0.08 0.03 0.07 
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Table A:  Hybrid III 3YO Normalized Test Results Continued 

Exceeds IARV         Elevated Response (80% to 99% of IARV)     Under 80% of IARV 
 
 

 

Vehicle Test Number Test Position Air bag deployed Seating position 15ms HIC 
Chest 

Def.(mm) NIJ 
Neck 

Tension(N)
Neck 

Comp.(N) 
05 Ford 500 3YO_027 Leaning Sideways on Booster Curtain RT RR Seat 0.00 0.06 0.20 0.00 0.28 

05 Honda CRV 3YO_021 Leaning Sideways on Booster Curtain RT RR Seat 0.01 0.01 0.07 0.00 0.01 
05 Toyota Corolla 3YO_024 Leaning Sideways on Booster Curtain RT RR Seat 0.00 0.00 0.10 0.05 0.08 

05 VW Jetta 3YO_018 Leaning Sideways on Booster Curtain RT RR Seat 0.00 0.01 0.25 0.02 0.21 

04 Toyota Sienna - 3YO_012 On knees looking out Curtain 2nd Row Seat 0.01 0.00 0.28 0.03 0.31 
04 Toyota Sienna - 3YO_013 On knees looking out Curtain 3rd Row Seat 0.00 0.00 0.11 0.04 0.12 

05 Ford 500 3YO_026 On knees looking out Curtain RT RR Seat 0.00 0.00 0.14 0.01 0.14 
05 Honda CRV 3YO_020 On knees looking out Curtain RT RR Seat 0.02 0.02 0.54 0.16 0.36 

05 Toyota Corolla 3YO_023 On knees looking out Curtain RT RR Seat 0.02 0.01 0.32 0.04 0.43 
05 VW Jetta 3YO_017 On knees looking out Curtain RT RR Seat 0.00 0.00 0.18 0.08 0.17 
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Table B:  Hybrid III 6YO Normalized Test Results 

 

Vehicle Test Number. Test Position Air Bag Deployed Seating position 15ms HIC 
Chest 

Def.(mm) NIJ 
Neck 

Tension(N)
Neck 

Comp.(N) 

04 Honda Accord 6YOSOOP_02 TWG 3.3.3.5 Thoracic Ps Front Seat 0.01 0.05 0.80 0.28 0.27 
04 Toyota Sienna 6YOSOOP_08 TWG 3.3.3.5 Thoracic Ps Front Seat 0.00 0.04 0.25 0.04 0.12 

04 Volvo XC90 6YOSOOP_03 TWG 3.3.3.5 Thoracic Ps Front Seat 0.01 0.05 0.67 0.22 0.31 
05 Ford 500 6YO_027 TWG 3.3.3.5 Thoracic RT FR Seat 0.01 0.04 0.66 0.37 0.15 

05 Honda CRV 6YO_028 TWG 3.3.3.5 Thoracic RT FR Seat 0.01 0.02 0.64 0.20 0.12 
05 Saab 93 6YO_024 TWG 3.3.3.5 Combination RT FR Seat 0.01 0.04 0.46 0.33 0.06 

05 Subaru Forester 6YO_015 TWG 3.3.3.5 Combination RT FR Seat 0.07 0.09 1.20 0.47 0.39 
05 Toyota Corolla 6YO_025 TWG 3.3.3.5 Thoracic RT FR Seat 0.01 0.03 0.41 0.13 0.16 

05 VW Jetta 6YO_026 TWG 3.3.3.5 Thoracic RT FR Seat 0.00 0.01 0.22 0.04 0.15 

04 Honda Accord 6YOSOOP_01 TWG 3.3.5.1 Curtain Ps Front Seat 0.01 0.01 0.47 0.00 0.43 
04 Honda Accord 6YOSOOP_05 TWG 3.3.5.1 Curtain Ps Rear Seat 0.00 0.13 0.16 0.01 0.21 
04 Toyota Sienna 6YOSOOP_07 TWG 3.3.5.1 Curtain Ps Front Seat 0.04 0.01 0.38 0.01 0.35 
04 Toyota Sienna 6YOSOOP_09 TWG 3.3.5.1 Curtain 2nd Row 0.01 0.01 0.37 0.20 0.38 
04 Toyota Sienna 6YOSOOP_10 TWG 3.3.5.1 Curtain 3rd Row 0.00 0.00 0.36 0.00 0.37 

04 Volvo XC90 6YOSOOP_06 TWG 3.3.5.1 Curtain Ps Front Seat 0.00 0.00 0.22 0.01 0.19 
04 Volvo XC90 6YOSOOP_04 TWG 3.3.5.1 Curtain 2nd Row 0.00 0.00 0.15 0.00 0.12 
04 Volvo XC90 6YOSOOP_11 TWG 3.3.5.1 Curtain 3rd Row 0.05 0.01 0.52 0.00 0.70 

05 VW Jetta 6YO_016 Back against Door Curtain RT RR Seat 0.00 0.01 0.19 0.06 0.16 
05 Honda CRV 6YO_018 Back against Door Curtain RT RR Seat 0.01 0.01 0.27 0.01 0.24 

05 Toyota Corolla 6YO_020 Back against Door Curtain RT RR Seat 0.00 0.01 0.17 0.04 0.23 
05 Ford 500 6YO_022 Back against Door Curtain RT RR Seat 0.01 0.00 0.34 0.01 0.35 

05 VW Jetta 6YO_017 
Leaning Sideways on 

Booster Curtain RT RR Seat 0.01 0.01 0.22 0.02 0.25 

05 Honda CRV 6YO_019 
Leaning Sideways on 

Booster Curtain RT RR Seat 0.00 0.01 0.23 0.01 0.25 

05 Toyota Corolla 6YO_021 
Leaning Sideways on 

Booster Curtain RT RR Seat 0.01 0.01 0.20 0.01 0.29 

05 Ford 500 6YO_023 
Leaning Sideways on 

Booster Curtain RT RR Seat 0.00 0.00 0.43 0.01 0.51 
Exceeds IARV         Elevated Response (80% to 99% of IARV)     Under 80% of IARV 
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Table C: SID-IIs Normalized Test Results 

          
Vehicle Test Number Test Position Air Bag Seating position 15ms HIC Rib Def. (mm) NIJ Neck Tension(N) Neck Comp.(N)

04 Honda Accord SOOP_SID2S_003 TWG 3.3.3.6 Thoracic Ps Front Seat 0.00 0.22 0.18 0.06 0.08 
04 Toyota Sienna SOOP_SID2S_010 TWG 3.3.3.6 Thoracic Ps Front Seat 0.00 0.29 0.09 0.06 0.06 

04 Volvo XC90 SOOP_SID2s_018 TWG 3.3.3.6 Thoracic Ps Front Seat 0.00 0.39 0.15 0.10 0.14 
05 Subaru Forester SIDIIs_036 TWG 3.3.3.6 (LSC) Combination Ps Front Seat 0.00 0.39 0.22 0.18 0.07 
05 Subaru Forester SIDIIs_037 TWG 3.3.3.6 (LSC) Combination Ps Front Seat 0.00 0.39 0.21 0.13 0.08 

05 Ford 500 SIDIIs_031 TWG 3.3.3.6 (LSC) Thoracic Ps Front Seat 0.00 0.05 0.10 0.06 0.06 
05 Honda CRV SIDIIs_033 TWG 3.3.3.6 (LSC) Thoracic Ps Front Seat 0.00 0.30 0.09 0.07 0.08 

05 Saab 93 SIDIIs_032 TWG 3.3.3.6 (LSC) Thoracic Ps Front Seat 0.01 0.57 0.12 0.15 0.07 
05 Toyota Corolla SIDIIs_035 TWG 3.3.3.6 (LSC) Thoracic Ps Front Seat 0.00 0.23 0.12 0.06 0.11 

05 VW Jetta SIDIIs_034 TWG 3.3.3.6 (LSC) Thoracic Ps Front Seat 0.00 0.21 0.08 0.04 0.08 
00 BMW 528i SIDIIs_019 TWG 3.3.4.5 (RSC) Thoracic Door Ps Front Seat 0.00 0.93 0.07 0.09 0.10 
00 BMW 528i SIDIIs_020 TWG 3.3.4.5 (RSC) Thoracic Door Ps Rear Seat 0.05 0.88 0.21 0.51 0.17 

04 Honda Accord SOOP_SID2S_001 TWG 3.3.5.2 Curtain Ps Front Seat 0.00 n/a 0.48 0.00 0.70 
04 Toyota Sienna SOOP_SID2S_008 TWG 3.3.5.2 Curtain Ps Front Seat 0.01 n/a 0.53 0.02 0.40 

04 Volvo XC90 SOOP_SID2s_005 TWG 3.3.5.2 Curtain Ps Front Seat 0.00 n/a 0.16 0.01 0.16 
04 Volvo XC90 SOOP_SID2s_013 TWG 3.3.5.2 Curtain 2nd Row 0.00 n/a 0.13 0.00 0.18 
04 Volvo XC90 SOOP_SID2s_014 TWG 3.3.5.2 Curtain 3rd Row 0.02 n/a 0.41 0.01 0.37 

04 Toyota Sienna SOOP_SID2S_011 TWG 3.3.5.2 Curtain 2nd Row 0.00 n/a 0.30 0.02 0.35 
04 Toyota Sienna SOOP_SID2S_017 TWG 3.3.5.2 Curtain 3rd Row 0.02 n/a 0.51 0.00 0.59 

05 Ford 500 SIDIIs_029 TWG 3.3.5.2 (R S C) Curtain + Thoracic Ps Front Seat 0.00 0.13 0.09 0.05 0.21 
05 Honda CRV SIDIIs_023 TWG 3.3.5.2 (R S C) Curtain + Thoracic Ps Front Seat 0.02 0.31 0.29 0.05 0.63 

05 Toyota Corolla SIDIIs_025 TWG 3.3.5.2 (R S C) Curtain + Thoracic Ps Front Seat 0.01 0.01 0.11 0.14 0.25 
05 VW Jetta SIDIIs_027 TWG 3.3.5.2 (R S C) Curtain + Thoracic Ps Front Seat 0.01 0.17 0.29 0.06 0.66 

04 Honda Accord SOOP_SID2S_015 TWG3.3.5.2 Curtain Ps Rear Seat 0.00 n/a 0.14 0.01 0.16 
04 Honda Accord SOOP_SID2S_016 TWG3.3.5.2 Curtain Ps Rear Seat 0.00 n/a 0.14 0.02 0.15 

00 BMW 528i SIDIIs_021 TWG 3.3.5.2 (RSC) Curtain + Thoracic Ps Front Seat 0.02 0.88 0.34 0.02 0.63 
04 Honda Accord SOOP_SID2S_002 TWG 3.3.5.3 Curtain Ps Front Seat 0.01 n/a 0.46 0.00 0.43 
04 Toyota Sienna SOOP_SID2S_009 TWG 3.3.5.3 Curtain Ps Front Seat 0.07 n/a 0.28 0.01 0.34 

04 Volvo XC90 SOOP_SID2s_006 TWG 3.3.5.3 Curtain Ps Front Seat 0.00 n/a 0.18 0.01 0.25 
00 BMW 528i SIDIIs_022 TWG 3.3.5.3 (RSC) Curtain Ps Front Seat 0.01 0.04 0.31 0.00 0.68 
05 Ford 500 SIDIIs_030 TWG 3.3.5.3 (RSC) Curtain Ps Front Seat 0.00 0.00 0.10 0.00 0.14 

05 Honda CRV SIDIIs_024 TWG 3.3.5.3 (RSC) Curtain Ps Front Seat 0.01 0.01 0.16 0.04 0.28 
05 Toyota Corolla SIDIIs_026 TWG 3.3.5.3 (RSC) Curtain Ps Front Seat 0.02 0.01 0.45 0.23 0.65 

05 VW Jetta SIDIIs_028 TWG 3.3.5.3 (RSC) Curtain Ps Front Seat 0.01 0.01 0.27 0.01 0.62 
   Exceeds IARV         Elevated Response (80% to 99% of IARV)     Under 80% of IARV 
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ABSTRACT 
 
The safety of children in motor vehicle crashes is a 
major concern. Although Child Restraint Systems 
(CRS) are required by law for their protection, 
children are still exposed to the risk of injuries 
ranging from minor to fatal. The effect of restraint 
use is studied under different risk scenarios 
consisting of some possible contributors to injury 
risk: the restraint use, impact type, injury severity, 
and age of crash involved children. The data are 
analyzed at rather a micro level to estimate the 
relative risks associated with risk scenarios and test 
for possible risk factor interactions. Specifically, 
children of age groups: infants, 1 to 3, 4 to 8, and 9 to 
12 year olds, who were either uninjured, or sustained 
minor to fatal injuries in frontal, side, rear-end, or 
rollover crashes, formed the study population. Some 
data concerns are also raised in course of the study. 
 
The analysis dataset is extracted from the National 
Automotive Sampling System– Crashworthiness 
Data System (NASS-CDS). The study population is 
segmented, based on three injury risk factors: age 
group, restraint use, and impact crash mode. Clusters 
of data are identified in which the quantity of data are 
limited or contains insufficient ‘information’, thereby 
suggesting the importance of collecting more data in 
certain segments of the population. Injury risk factors 
may have an individual as well as joint influence on 
the outcome (injury severity) of a crash. The 
significance of the overall association between these 
factors is tested by the contingency analysis. This, 
however, provides only a broad picture of the 
phenomenon. Configural frequency analysis is used 
to identify the factor-based clusters of the children 
population that show strong to complete absence of 
factor association. The estimates of the relative risks 
associated with different clusters are obtained to 
compare the two groups of children: restrained and 

unrestrained. In general, the restrained children were 
found much safer against injuries.  
 
1. INTRODUCTION 
 
In motor vehicle crashes, the use of child restraint 
systems is as important a safeguard for children against 
crash impacts as the safety belt use is for adults. 
Research has shown that the proper restraint use can 
considerably reduce the injury risk to a child (1986, 
1996.)  The recognition of this fact led to mandatory 
requirement of restraint use. Nevertheless, children are 
still injured in crashes. The question, therefore, arises 
as to why they are injured and what saves them from 
being injured. This could be merely ‘due to chance’ or 
attributable to certain risk factors, such as age, impact, 
and restraint use. This study conducts an in-depth 
analysis of the crash data to identify those sectors of 
the data in which the injury severity can be attributed 
to some general risk factors. In the course, some other 
issues, such as sample size etc. are also discussed.  
 
Statistical analysis based on ten years of data brings 
out some interesting facts about restraint use and its 
effectiveness in protecting children in crashes. This can 
provide guidelines for further improvement in restraint 
use and give some ideas about further research in this 
area. The study starts with the rationale of segmenting 
the data into clusters based on some potential risk 
factors, such as age, restraint use, impact etc. This is 
done in Section 2 as a preparation of the analysis data. 
In Section 3, it is established whether or not there is an 
overall dependence among these risk factors. To 
compare restrained and unrestrained children of 
different age groups with respect to the risk factors, 
relative risk is estimated for all data clusters in Section 
4. The cell sample sizes are assessed for sufficiency in 
Section 5. The analysis continues in Section 6, where 
the strength of association among risk factors is tested 
for clusters of the data. Section 7 summarizes the 
findings of this study.   
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2. DATA 
 
The present study is focused on injury severity risk to 
children 12 years and under. Both experimental and 
field data are available on child safety restraint use. 
The experimental data, however, is based on a 
limited number of conditions used under a controlled 
experimental environment.  The data thus generated 
can reflect only a part of what happened in real life 
conditions and lack capability of generalizing the 
results to the entire population of children.  The field 
data, on the other hand, has inherent in them the 
characteristics of a probabilistic phenomenon under 
which crashes occurred and the crash-involved 
children sustained injuries due to different types of 
crash impacts.  Ten years of NASS-CDS field data 
(1994 through 1996 and 1998 through 2004) are used 
in the study.  Studying the effectiveness of restraint 
systems in mitigating children’s injury severity is of 
concern. Many factors are likely to play a role, 
individually or jointly. The effects of these factors, if 
present, can bring variation into the data. In order to 
explain if the variation is actually due to these factors 
or is merely due to chance, it is important to take 
them into account in the analysis. This was done by 
segmenting the data at several layers.  
 
It is recommended that for best possible protection 
children use age appropriate child restraints in the 
back seat. In this study, age is used as one of the 
criteria for data segmentation. This was done based 
on the following guidelines recommended by 
NHTSA: Infants (less than a year) – Rear-facing 
infant seat, 1≤ Age <4 (forward facing seat), 4≤ Age 
< 8 (booster seat), and 8≤ Age < 13 (adult seat belt). 
Specifically, the data were segmented in four age 
groups: 0 to <1 year, 1 to 3 (<4) years, 4 to 8 (<9) 
years and 9 to 12 (<13) years old children. Each of 
these age groups, characterized by the presence or 
absence of restraint use, forms a population in itself.  
In the subsequent analysis and discussion, the data 
pertaining to these age groups are treated as 
independent (with respect to restraint use) 
populations. 
 
The next layer of data segmentation consisted of 
classifying the children in each age category, based 
on the restraint use status, i.e., whether the child was 
restrained or unrestrained. To account for the child 
injury severity, the data in each of these categories 
were segmented into three sub-categories, depending 
on the maximum injury severity on the Abbreviated 

Injury Scale (MAIS). Three levels of injury severity 
were considered: MAIS=0 (no injury), MAIS=1 (minor 
injury), and MAIS=2+ (moderate to severe or fatal 
injury). Research shows that a child’s (restrained or 
unrestrained) injury severity also depends on the type 
of impact. To account for this variation in the data, four 
types of impacts: Frontal, Side, Rear-end, and Rollover 
were considered as another layer of segmentation. This 
sets up the analysis data for this study. 
  
3. ANALYSIS: INDEPENDENCE OF RISK 

FACTORS: RESTRAINT, MAIS, IMPACT  
 
Based on three classification criteria, restraint use at 2 
levels, MAIS at three levels, and impact at 4 levels, the 
segmented data were arranged in a 2x3x4 contingency 
table of 24 cells. Each cell in this table can be 
identified by a combination of the levels of these 
factors, to be referred to as a ‘crash scenario’ or 
‘configuration’. In the subsequent discussion, these 
terms will be used alternatively.  
 
The analysis data as explained above can be thought of 
as a sample from a multivariate population with 
various probabilities and partitions of the categories 
subject to restrictions, in addition to those of the 
multinomial distribution. In studying the effectiveness 
of restraint use, the data were first analyzed to confirm 
if there were actually an interaction effect of the three 
factors, i.e., testing the hypothesis of dependence of the 
three classifications.  
 
Consider the events, defining the incidences related to 
Restraint, MAIS, and Impact.  
  
Restraint = 1, if the child was restrained, 
  = 2, if the child was unrestrained; 
 

MAIS   = 1, if child suffered no injury (MAIS=0) 
 = 2, if child suffered minor injury (MAIS=1) 
 = 3, if child suffered moderate to fatal or 
    serious injury (MAIS=2+) 
 

Impact   = 1, if the crash impact was Frontal, 
       = 2, if the crash impact was Side, 
  = 3, if the crash impact was Rear-end, 
  = 4, if the crash impact was Rollover. 
 
Also, define the joint and marginal probabilities of 
these events. 

1,2,3,4k 1,2,3;j 1,2;i    

},kpactIm,jMAIS,iintstra{ReobPrpijk

===

====
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Using these definitions, the hypotheses of 
dependence among risk factors can be expressed as 
   

  (Impact). 4 3, 2, 1, k and

 (MAIS),  3 2, 1, j ),(Restraint  1,2  i,1p

          k, j, i, oneleast at for  ,p  pp   p : H

ijk

..k.j.i..ijk0

=

===

≠

∑∑∑     (1) 

Alternatively, the hypothesis of independence can be 
expressed as 

    pe)(impact ty  4 3, 2, 1, k and , levels) (MAIS

3 2, 1, j , )(restraint  21,  i , p .pp   p : H ..k.j i..ijk1

=

===
        

(2) 
The hypothesis H0 was tested against H1 using the 
information measure  
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The information measure in (3) is, basically, a 
measure of the joint relation among row-, column-, 
and depth categories [3]. If row, column, and depth 
classifications are independent, the quantity )2:1(I2 is 
asymptotically distributed as χ2 with 17 degrees of 
freedom . Based on the analysis data, the 
information, )2:1(I2  = 2981.9 (Infants), 4983 (1 to 3 
year-olds), 2612 (4 to 8 year-olds), and 6532 (9 to 12 
year-olds) is highly significant at 95% confidence 
level, in favor of H0. This shows a strong evidence of 
overall interrelationship among three factors for all 
age groups.  
 
Having inferred the interrelationship among three 
classifications, it is of further interest to identify 
those clusters of the data where this relationship is 
more significant as compared with other sectors of 
the data. A micro level categorical analysis can 
reveal this and in turn can highlight those risk 
scenarios where the use of restraint systems can be 
more or less effective.  
 

4. RELATIVE RISK COMPARISON OF 
RESTRAINED VS. UNRESTRAINED 
CHILDREN  

 
The relative risk (RR), in general, is a measure of how 
much a particular risk factor influences the risk of a 
specified outcome (say, injury sustained by a child due 
to being unrestrained and having been involved in a 
frontal impact). For example, a relative risk of 2 
associated with this risk factor means that children with 
that risk factor (unrestrained in a frontal impact) have a 
2 fold increased risk of having been injured to the level 
associated with the configuration as compared to 
children without that risk factor. Similarly, a relative 
risk of 0.5 means that the children with the risk factor 
have half the risk as compared to the children without 
the risk factor.   
 
Estimation of Relative risk: 
In the present context, the risk factor is the 
combination of Restraint use (i = 1, 2), Injury level 
(k=1, 2, 3), and Impact type (j=1, 2, 3, 4). As an 
example, 111R is the relative risk associated with 
infants, for instance, who were restrained, uninjured 
and involved in frontal impact.   The relative risk 
associated with the ijk-th configuration is given by 

 
ijk

ijk
ijk E

N
R =              (5)  

where ijkN and ijkE are, respectively, the observed 

and expected frequencies corresponding to Restraint = 
i,  MIAS= j, and Impact = k [4]. In terms of the 
probabilities defined in (2), the relative risk ijkR  can be 
alternatively expressed as 

1,2,3,4k 1,2,3,j1,2,i, 
..kp.j.pi..p

ijkp 

ijkR ====           (6) 

 
Interpretation of results: 
The purpose of the analysis in this section is to 
compare groups of restrained children (with selected 
injury levels and impact types) to the unrestrained 
children with the same injury levels and impact types 
to see if the risk factors have contributed to the level of 
injury sustained by a child under different risk 
scenarios. Table 1 through Table 4 show risk factors 
and the associated relative risks. As an aid for 
comparison of injury risk for the two groups: restrained 
and unrestrained, the relative risks are shown as bars 
on a logarithmic scale in Figure 1 through Figure 4.  
While interpreting the results presented in these tables 
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and figures, it is important to remember that Rijk >1 
shows that more cases were observed than were 
expected under the assumption of no factor 
interaction in the ijk-th risk factor combination, also 
referred to as configuration. On a logarithmic scale in 
these figures, this case emerges as an upward bar. 
Similarly, Rijk <1, shows that less than expected 
cases were observed for the ijk-th risk factor 
combination. The bars in the figures for such 
scenarios show as dropping bars. Obviously, in case 
of no injury (MAIS=0), evidence goes in favor of the 
restraint use if more than expected children were 
observed uninjured, i.e., Rijk >1 or if Rijk (restrained) 
> Rijk(unrestrained). However, in case of minor or 
serious injury, evidence goes in favor of restraint use 
if less than expected children were observed injured, 
i.e., Rijk <1 or if Rijk (restrained) < Rijk(unrestrained) .    
 
4.1 Relative Risk Comparison of Restrained and 

Unrestrained Children Under 1 
 
Table 1 shows risk factors and the corresponding 
relative risk for the restrained and unrestrained 
infants. Correspondingly, the results are also 
presented in Figure 1. The values of RR for MAIS=0 
being greater than 1 (relative risk bars in Figure 1 
rising above 1) shows that the restrained infants were 
protected against any type of injury in frontal, side, 
and rear-end crashes. Although in rollover crashes, 
the relative risk for the restrained group is slightly 
less than 1, it is much greater than the unrestrained 
group, thereby showing that being unrestrained is 
much more riskier in rollover crashes.   
 
Similarly, the values of RR being less than 1(relative 
risk bars in Figure 1 dropping below 1,) the 
restrained infants have low risk of having minor 
injury in frontal, side, and rear-end crashes. The 
relative risk of 9.9 of minor injury in rollover crashes 
for the unrestrained and 1.4 for the restrained group 
shows that an unrestrained infant is much more 
susceptible (about 10 times) to minor injuries as 
compared with restrained group in rollover crashes. 
 
The third segment in Figure 1 shows that restraint 
use did provide protection to infants against 
moderate to serious injuries in frontal and rear-end 
crashes. The relative risk of 29.1 for the unrestrained 
and 1.6 for the restrained group in rollover crashes 
shows that an unrestrained infant is much more at 
risk (about 18 times) of sustaining moderate to 
serious injuries as compared with a restrained infant.  

 
Table 1. Risk factors and the associated Relative risks 
for restrained and unrestrained infants. 
 

RISK FACTOR RELATIVE RISK (RR) 

MAIS IMPACT RESTRAINED UNRESTRAINED

0 Frontal 1.0109 0.5365 

0 Side 1.0782 0.7705 

0 Rear-end 1.1062 0.5666 

0 Rollover 0.8709 0.0444 

1 Frontal 0.8726 4.631 

1 Side 0.7438 0.0452 

1 Rear-end 0.6186 0 

1 Rollover 1.3997 9.0908 

2+ Frontal 0.9157 4.3601 

2+ Side 0.3087 0.4559 

2+ Rear-end 0.3866 2.7414 

2+ Rollover 1.6161 29.0755 

      Data source: NASS-CDS, NHTSA 
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Figure 1. Risk scenarios and the associated Relative risks 
presented as bars for Restrained and Unrestrained Infants. 
 
4.2 Relative risk comparison of Restrained and 

Unrestrained children of ages 1 to 3 years 
 
Table 2 shows risk factors and the corresponding 
relative risk for restrained and unrestrained children of 
ages 1 to 3 years. Correspondingly, the results are also 
presented in Figure 2. The relative risks 0.303, 0.349, 
and 0.76 for MAIS=0 in frontal, side and rollover 
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crashes, respectively, show that there are low 
chances of protection against injuries for these 
children when they are unrestrained. In a rollover 
crash, the relative risk 1.74 of being uninjured for an 
unrestrained child is higher than 1.09 for a restrained 
child.  
 
In the case of minor injury, the relative risks 0.88, 
0.79, 0.51, respectively, in frontal, side, and rear-end 
crashes are indicative of low risk of minor injury to 1 
to 3 year olds in these types of crash modes. In 
rollover crashes, the relative risk 10.33 of minor 
injury to an unrestrained child is about 7 times higher 
than the relative risk 1.42 to a restrained child.  
 
Table 2. Risk factors and the associated Relative risks for 
restrained and unrestrained children of ages 1 to 3 years. 
 

RISK FACTOR RELATIVE RISK (RR) 

MAIS IMPACT RESTRAINE
D 

UNRESTRAINE
D 

0 Frontal 1.0882 0.3032 

0 Side 1.058 0.3459 

0 Rear-end 1.0904 1.74 

0 Rollover 0.6188 0.7599 

1 Frontal 0.8854 1.5969 

1 Side 0.7958 3.2671 

1 Rear-end 0.5112 0.1483 

1 Rollover 1.4225 10.3345 

2+ Frontal 0.7167 1.6512 

2+ Side 0.9222 2.2707 

2+ Rear-end 0.8828 1.9386 

2+ Rollover 1.4773 10.4377 

        Data source: NASS-CDS, NHTSA 

 
The third segment of Figure 5 shows a comparison of 
the two groups with respect to moderate to serious 
injuries. The situation for this injury level is 
somewhat the same as for other levels of injury. The 
results for this case in Table 5 and Figure 5 again 
show that the restrained children have low relative 
risks of serious injury; being 0.71, 0.92, and 0.88, 
respectively, for frontal, side, and rear-end crashes.  

The risk (10.44) to an unrestrained child in rollover 
crashes is about 10 times higher than the relative risk 
(1.48) to a restrained child.   
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Figure 2. Risk scenarios and the associated Relative risks 
presented as bars for Restrained and Unrestrained children of 
ages 1 to 3 years. 
 
4.3 Relative risk comparison of Restrained and 

Unrestrained children of ages 4 to 8 years 
 
Table 3 and Figure 3 show risk factors and the 
corresponding relative risks for restrained and 
unrestrained 4 to 8 year olds. Comparison of relative 
risks for the two groups: restrained and unrestrained in 
Table 3 or the corresponding Figure 3 shows that in 
side, rear-end, and rollover crashes, these children have 
greater chance (RR>1) of being uninjured when they 
are restrained. The relative risk 0.95 of no injury for 
the restrained group and 0.47 for the unrestrained in 
frontal crashes show that there are lower chances of an 
unrestrained child being uninjured as compared with a 
restrained child. In the case of minor injury, the 
restrained children showed a low risk in side, rear-end, 
and rollover crashes. These children have a higher risk 
1.6 of sustaining minor injury in frontal crashes when 
they are unrestrained as compared with restrained 
children who have a relative risk of 1.15. Also, the 
restrained children of this age group have much lower 
relative risks of moderate to serious injuries: 0.47 in 
frontal, 0.80 in side, 0.15 in rear-end, and 0.24 in 
rollover crashes. In fact, correspondingly, the relative 
risks for the unrestrained group were, respectively, 7.7, 
7.6, 13.3, and 23.6 times higher than the restrained 
children.  
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Table 3. Risk factors and the associated Relative risks for 
restrained and unrestrained children of ages 4 to 8 years. 
 

RISK FACTOR RELATIVE RISK (RR) 

MAIS IMPACT RESTRAINED UNRESTRAINED

0 Frontal 0.9534 0.4716 

0 Side 1.25284 0.52181 

0 Rear-end 1.42773 0.3928 

0 Rollover 1.03627 0.98064 

1 Frontal 1.15827 1.59928 

1 Side 0.63271 0.84333 

1 Rear-end 0.48905 0.55191 

1 Rollover 0.64491 3.00161 

2+ Frontal 0.47209 3.62583 

2+ Side 0.80188 6.1002 

2+ Rear-end 0.15117 2.00729 

2+ Rollover 0.24525 5.79946 

       Data source: NASS-CDS, NHTSA 
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Figure 3. Risk scenarios and the associated Relative risks 
presented as bars for Restrained and Unrestrained children 
of ages 4 to 8 years. 
 
4.4 Relative risk comparison of Restrained and 

Unrestrained 9 to 12 years old children 
 
Table 4 shows risk factors and the corresponding 
relative risks for restrained and unrestrained children 
of ages 9 to 12 years old. These results are also 
presented in Figure 4. The relative risks (>1) of no 
injury: 1.07 in frontal, 1.13 in rear-end, and 1.45 in 
rollover crashes for the restrained group show that 
the restraint use provided protection against injuries 
to these children in frontal, rear-end, and rollover 
crashes. Also, the relative risk of sustaining injuries 

for these children in side impacts was higher for the 
unrestrained children.  
 
The relative risks of minor injury in the case of frontal, 
side, and rollover crashes being smaller than 1, the 
restraint use was beneficial in these types of impacts. 
The relative risks of serious to moderate injuries: 0.81 
in frontal, 0.87 in side, 0.68 in rear-end, and 0.79 in 
rollover crashes for the restrained group show that the 
restraint was protective for  9 to 12 years old children 
against moderate to serious injuries in these types of 
crashes 
 
Table 4. Risk factors and the associated Relative risks for 
restrained and unrestrained children of ages 9 to 12 years. 
 

RISK FACTOR RELATIVE RISK (RR) 

MAIS MAIS RESTRAINED UNRESTRAINED

0 Frontal 1.07126 0.67079 

0 Side 0.88159 0.68854 

0 Rear-end 1.12815 0.86815 

0 Rollover 1.45299 0.27941 

1 Frontal 0.98574 1.17309 

1 Side 0.89873 2.6549 

1 Rear-end 1.00757 0.53779 

1 Rollover 0.51268 0.8082 

2+ Frontal 0.81206 1.16263 

2+ Side 0.87419 1.76099 

2+ Rear-end 0.67774 0.75465 

2+ Rollover 0.78829 5.36293 

       Data source: NASS-CDS, NHTSA 
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Figure 4. Risk scenarios and the associated Relative risks 
presented as bars for Restrained and Unrestrained children of 
ages 9 to 12 years. 
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5. IDENTIFICATION OF CLUSTERS WITH 
LIMITED DATA 

 
Sample sizes in some of the 24 cells appeared to be 
small. However, whether a cell sample size is 
actually small depends on the purpose for which it is 
used. In the present context, the end objective is to 
compare injury risk to a restrained and unrestrained 
child under different risk scenarios. This was done by 
comparing the relative risks associated with the risk 
scenarios considered in this study. It is, therefore, 
important to precisely estimate RR. An important 
concept embodied in the confidence limits of an 
estimate is the precision of estimation. The wider the 
confidence interval, the less is its precision. This 
concept was exploited to assess the precision of RR 
for different configurations, using the width of the 
confidence limits as a yardstick for comparison. 
Using the normal approximation for the probability 
distribution of RR, defined in (5), the 95% 
confidence limits were computed for each of the four 
age groups. Figure 5 shows the lower and upper 
limits of RR associated with each configuration for 
the four age groups.  
  
The results (width of the confidence interval) show 
that the sample sizes in segments: 11, 15, 18, 20, 22, 
23, and 24 for age group 0≤Age<1; 15, 19, 22, 23, 
and 24 for age group 1≤Age≤3; 11, 15, and 23 for 
age group 4≤Age≤8; and 11, 15, 19, and 24 for age 
group 9≤Age≤12 were not sufficiently large to 
precisely estimate RR. Therefore, care must be taken 
to interpret results for these scenarios. 
 
6. CONFIGURAL FREQUENCYANALYSIS: 

STRNGTH OF FACTOR ASSOCIATION 
FOR EACH RISK SCENARIO  

 
The multivariate analysis technique, Configural 
Frequency Analysis (CFA) was used to examine 
every configuration, i.e., risk scenario (e.g., an 
unrestrained child who suffered severe injury in 
frontal impact crash) to determine how close the  
observed frequencies are to the expected frequencies.  
A first order CFA model was used, meaning that the 
variables (factors) are totally independent of each 
other, i.e., they are assumed to be not associated in  
pairs or triplets in every configuration. However, 
main effects are assumed to exist. For this analysis, 
alpha, the significance levelα , was set to 0.05, 
which after the  
 
 

 
Figure 5. 95% confidence limits for 24 configurations in four 
age groups: infants, 1 to 3, 4 to 8, and 9 to 12 year olds. 
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Bonferroni adjustment reduces to *α 0021.0= , where  
ionsconfiguratofNumber/α .  Z-test (Standard normal 

test) was applied to determine if the deviation of an 
observed (N) frequency from an expected (E)  
 
frequency is significantly large to conclude the 
presence of factor interaction for a risk scenario.  
Assuming  EN :H ijkijk0 = is true, the statistic 
 

4,3,2,1k,3,2,1j,2,1i,
E

EN
Z

ijk

ijkijk ===
−

= ,    (7) 

 
is distributed as standard normal. This test statistic 
will be used to test the hypothesis H0 against the 
alternative HA: Nijk ≠ Eijk meaning the presence of 
factor interaction for the ijk-th configuration.  The 
results for four age groups of crash-involved children 
are presented in Table 5 through Table 8 that show 
risk scenarios and the corresponding Z- and p-values.   
 
A positive or negative significant Z-value (with p-
value smaller than α*= 0.0021) corresponding to a 
risk scenario is indicative of the presence of factor 
interaction in the corresponding cluster of children in 
an age group. 

6.1 Risk factor association for Infants 
 
Table 5 shows risk scenarios and the corresponding 
Z- and p-values for infant population. Comparison of 
p-values with the adjusted level of significance 

0021.0* =α  shows that for all but one configuration, 
‘111’, the deviations are significant.  
 
However, the configurations 111, 133, 134 in the 
restrained category and 213, 214, 222, 223, 224, 232, 
233, and 234 in the unrestrained cases will be 
omitted from discussion of results due to 
insufficiency of their sample sizes, as assessed in the 
previous section. Significant positive values of Z for 
configurations 112 and 113 and significant negative 
Z-values for the configurations 121, 122, 131, and 
132, show strong evidence in favor of the 
hypothesis  EN :H ijkijkA ≠ . This in turn means that 
in clusters of infant population as defined by these 
configurations, in addition to main effects, there is an 
evidence of significant interaction of the factors: 
restraint use, injury level, and crash impact mode. 
 
 

Table. 5  95% Significance of difference between observed 
and expected frequencies of configurations and relative risk 
for infants 
 

CONFIGU-
RATION 

RESTRAINT
STATUS 

MAIS 
 

IMPACT Z-
VALUE

p-
VALUE

111 Restrained 0 Frontal 2.8076 0.002 

112 Restrained 0 Side 14.3067 0 

113 Restrained 0 Rear-end 10.0471 0 

114 Restrained 0 Rollover -11.7849 0 

121 Restrained 1 Frontal -12.818 0 

122 Restrained 1 Side -18.3208 0 

123 Restrained 1 Rear-end -14.1039 0 

124 Restrained 1 Rollover 14.2687 0 

131 Restrained 2+ Frontal -3.1204 0.0009

132 Restrained 2+ Side -18.188 0 

133 Restrained 2+ Rear-end -8.3477 0 

134 Restrained 2+ Rollover 8.0932 2.2E-16

211 Unrestrained 0 Frontal -30.1682 0 

212 Unrestrained 0 Side -10.6158 0 

213 Unrestrained 0 Rear-end -10.3713 0 

214 Unrestrained 0 Rollover -22.0752 0 

221 Unrestrained 1 Frontal 92.399 0 

222 Unrestrained 1 Side -17.2721 0 

223 Unrestrained 1 Rear-end -9.3571 0 

224 Unrestrained 1 Rollover 73.0809 0 

231 Unrestrained 2+ Frontal 31.4632 0 

232 Unrestrained 2+ Side -3.6221 0.0001

233 Unrestrained 2+ Rear-end 5.9959 1E-09 

234 Unrestrained 2+ Rollover 93.315 0 

  Data source: NASS-CDS, NHTSA 

6.2 Risk factor association for 1 to 3 year old 
children 

 
Table 6 shows risk scenarios and the corresponding Z- 
and p-values for children in the age group: 1 to 3 years. 
Comparison of p-values with the adjusted level of 
significance 0021.0* =α shows that the Z-values 
(positive or negative) for all configurations are 
significant. However, this inference for configurations 
133, 213, 214, 223, 233, 234 is not based on sufficient 
sample size as shown in an earlier section. These 
configurations will therefore be excluded in the 
following discussion.  
 
Following the same argument as for infants, significant 
positive Z-values for 111, 112, 113, 124 and significant 
negative value of Z for configurations 114, 121, 123 
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131, and 132 show strong evidence for significant 
factor interaction in clusters of 1 to 3 year olds 
population, as defined by these configurations.  
 
Table. 6  95% Significance of difference between 
observed and expected frequencies of configurations 
and relative risk for 1 to 3 Years Old Children   
 

CONFIGU-
RATION 

RESTRAINT 
STATUS 

MAIS 
 

IMPACT Z-
VALUE

p-
VALUE

111 Restrained 0 Frontal 42.218 0 

112 Restrained 0 Side 22.69 0 

113 Restrained 0 Rear-end 21.45 0 

114 Restrained 0 Rollover -69.03 0 

121 Restrained 1 Frontal -29.098 0 

122 Restrained 1 Side -42.434 0 

123 Restrained 1 Rear-end -61.553 0 

124 Restrained 1 Rollover 40.615 0 

131 Restrained 2+ Frontal -20.931 0 

132 Restrained 2+ Side -4.707 1.2E-06

133 Restrained 2+ Rear-end -4.293 8.8E-06

134 Restrained 2+ Rollover 13.349 0 

211 Unrestrained 0 Frontal -103.239 0 

212 Unrestrained 0 Side -79.302 0 

213 Unrestrained 0 Rear-end 54.368 0 

214 Unrestrained 0 Rollover -13.467 0 

221 Unrestrained 1 Frontal 46.946 0 

222 Unrestrained 1 Side 145.889 0 

223 Unrestrained 1 Rear-end -33.215 0 

224 Unrestrained 1 Rollover 277.861 0 

231 Unrestrained 2+ Frontal 14.901 0 

232 Unrestrained 2+ Side 23.793 0 

233 Unrestrained 2+ Rear-end 10.65 0 

234 Unrestrained 2+ Rollover 81.742 0 

  Data source: NASS-CDS, NHTSA 

6.3 Risk factor association for 4 to 8 years old 
children 

 
Table 7 shows risk scenarios and the corresponding 
Z- and p-values for 4 to 8 year olds. Comparison of 
p-values with the adjusted level of significance 

0021.0* =α shows that only for configuration 214 the 

z-value is not significant. Of the remaining clusters, 
sample sizes for configurations 133, 213, and 233 are 
not large enough as established earlier. The results for 
all other risk scenarios in Table 7 show significant 
factor interaction in clusters of 4 to 8 year olds 
population.    
 
Table 7.  95% Significance of difference between observed 
and expected frequencies of configurations and relative risk 
for 4 to 8 Years Old Children   
 

CONFIGU-
RATION 

RESTRAINT
STATUS 

MAIS 
 

IMPACT Z -
VALUE

p-
VALUE

111 Restrained 0 Frontal -25.665 0 

112 Restrained 0 Side 90.224 0 

113 Restrained 0 Rear-end 80.71 0 

114 Restrained 0 Rollover 10.142 0 

121 Restrained 1 Frontal 63.506 0 

122 Restrained 1 Side -95.484 0 

123 Restrained 1 Rear-end -70.239 0 

124 Restrained 1 Rollover -72.327 0 

131 Restrained 2+ Frontal -61.778 0 

132 Restrained 2+ Side -15.021 0 

133 Restrained 2+ Rear-end -34.032 0 

134 Restrained 2+ Rollover -44.836 0 

211 Unrestrained 0 Frontal -111.908 0 

212 Unrestrained 0 Side -65.616 0 

213 Unrestrained 0 Rear-end -44.058 0 

214 Unrestrained 0 Rollover -2.082 0.018 

221 Unrestrained 1 Frontal 92.465 0 

222 Unrestrained 1 Side -15.661 0 

223 Unrestrained 1 Rear-end -23.687 0 

224 Unrestrained 1 Rollover 156.776 0 

231 Unrestrained 2+ Frontal 118.162 0 

232 Unrestrained 2+ Side 148.697 0 

233 Unrestrained 2+ Rear-end 15.529 0 

234 Unrestrained 2+ Rollover 109.636 0 

  Data source: NASS-CDS, NHTSA 

6.4 Risk factor association for 9 to 12 years old 
children 

 
Table 8 shows risk scenarios and the corresponding Z- 
and p-values for crash involved children of ages 9 to 12 
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years. Comparison of p-values with the adjusted level 
of significance α* = 0.0021 shows that except 
configuration 123, the z-values for all configurations 
are significant. However, of the remaining clusters, 
clusters defined by configurations 133, 213, 223, and 
234 have insufficient sample sizes. Thus, except for 
these clusters and the one corresponding to 
configuration 123, the factor interaction is 
significant.  
 
Table 8.  95% Significance of the difference between 
observed and expected frequencies of configurations and 
relative risk for 9 to 12 Years Old Children   
 

CONFIGU-
RATION 

RESTRAINT 
STATUS 

MAIS 
 IMPACT Z-

VALUE
p-

VALUE

111 Restrained 0 Frontal 28.41 0 

112 Restrained 0 Side -33.392 0 

113 Restrained 0 Rear-end 24.125 0 

114 Restrained 0 Rollover 93.482 0 

121 Restrained 1 Frontal -4.649 0 

122 Restrained 1 Side -23.353 0 

123 Restrained 1 Rear-end 1.165 0.12208

124 Restrained 1 Rollover -82.231 0 

131 Restrained 2+ Frontal -21.884 0 

132 Restrained 2+ Side -10.363 0 

133 Restrained 2+ Rear-end -17.72 0 

134 Restrained 2+ Rollover -12.761 0 

211 Unrestrained 0 Frontal -62.795 0 

212 Unrestrained 0 Side -42.024 0 

213 Unrestrained 0 Rear-end -11.876 0 

214 Unrestrained 0 Rollover -71.147 0 

221 Unrestrained 1 Frontal 26.997 0 

222 Unrestrained 1 Side 182.581 0 

223 Unrestrained 1 Rear-end -34.042 0 

224 Unrestrained 1 Rollover -15.485 0 

231 Unrestrained 2+ Frontal 9.061 0 

232 Unrestrained 2+ Side 29.99 0 

233 Unrestrained 2+ Rear-end -6.455 0 

234 Unrestrained 2+ Rollover 125.82 0 

  Data source: NASS-CDS, NHTSA 

7. DISCUSSION OF RESULTS 
 
It is generally believed that an age appropriate restraint 
system, if used properly according to NHTSA’s 
guidelines, ‘Child Passenger Safety- A Parents primer’ 
http://www.boosterseat.gov/CPSpostcard.pdf can 
provide protection to a child against different types of 
crash modes. Based on ten years of field data, this 
study statistically investigated how restrained and 
unrestrained children were injured in different crash 
modes. Preliminary statistical screening of the 
segmented data (based on age, restraint, injury, and 
impact mode) revealed that sample sizes in some 
sectors of the data were not large enough to statistically 
validate the findings. The reason for limited or 
insufficient data could either be the rare occurrence of 
certain risk factor combinations or the result of 
insufficient attention in collecting the pertinent data. 
This shows the necessity of collecting more data in 
such sectors of the data so that valid conclusions could 
be drawn about restraint systems effectiveness. The 
question, however, remains as to how much and how 
these sample sizes should be increased. The research 
on this issue is underway at NHTSA.  
 
As regards the effectiveness of restraint use, it was 
found, in general, that for both infants and 1 to 3 year 
olds, restraint use was effective in all crash modes.  For 
4 to 8 year olds, being restrained was beneficial in side 
as well as rear-end impacts. The relative risk of injury 
to these children in frontal and rollover crashes was 
greater when they were unrestrained. The restrained 9 
to 12 years old children were found safer against 
injuries in frontal, rear-end, and rollover crashes and 
had higher risk of injuries in side impacts. The results 
show the overall effectiveness of restraint use in 
protecting the children from different crash impacts. As 
minor injuries typically result from things, such as 
flying glass, interior surfaces, etc., a considerably large 
number of cases falling in the category of MAIS=1 
shows success of CRS in protecting children.  
  
The level of injury to a child may further depend on 
whether the frontal impact was full, offset, or center 
and side impact was near-side or far-side. Although 
accounting for these details was considered important 
while conducting this study, due to the resulting 
smaller cell sample sizes, the results could not be 
statistically validated. In addition, factors, such as 
impact speed and vehicle incompatibility are some of 
the vehicle related parameters that can be considered in 
the model.  
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ABSTRACT 
 
When discussing oversteer of a vehicle, reference is 
made to results of the SAE J266 circle test or 
gradually increasing steer test.  However, these tests 
demonstrate the vehicle’s characteristics at a quasi-
static condition and do not consider the dynamic 
effects of the moment of inertia of the vehicle or of 
the wheelbase and tire characteristics during yaw 
accelerations occurring in transient maneuvers.  
Frequently, there are discussions of the transitional 
effects on oversteering of the vehicle and reference 
may be made to the radius of gyration squared versus 
the product of the front and rear distances from the 
axles to the CG.  This particular relationship, 
however, assumes that the tire lateral capabilities on 
the front and the rear are the same.  This paper will 
discuss the comparison of the “Ackermann yaw rate” 
versus the measured yaw rate in transient steer 
maneuvers such as the step steer.  The Ackermann 
yaw rate will be the yaw rate developed if the vehicle 
were to track exactly along the direction that the 
wheels are pointing.  If this theoretical yaw rate is 
compared to the measured yaw rate, a vehicle’s 
transitional handling characteristics can be 
quantified.  An example where there has been 
considerable discussion is with the 15-passenger van.  
Loss of control of these vans, attributed to oversteer 
when attempting an accident avoidance maneuver, 
has been discussed extensively by government and 
private groups.  That oversteer occurs even though 
these vans exhibit understeering characteristics when 
tested with the J266 protocol up to a transition to 
oversteer at the vehicle’s lateral adhesion limit.  The 
technique described here allows the transitional 
oversteer characteristic of any vehicle to be 
quantified.  This will help to explain and quantify the 
characteristic causing loss of control of these vans 
and other similar vehicles. 
 
INTRODUCTION 
 
Recent discussion concerning 15-passenger vans 
states that these vehicles are oversteer at higher 
lateral accelerations [NHTSA, 2004].  However, 
testing of a 15-passenger van, using the SAE J266 
circle test, illustrates that these vehicles are definitely  

 
 
understeer up to the limit of lateral acceleration 
where they transition to oversteer (see  Figure 1). 
 

 
 
Figure 1.  Steer angle versus lateral acceleration 
for Ford E-350. 
 
Nevertheless, it continues to be asserted that these 
vehicles are oversteer, and in defense of this claim, 
driving a fully loaded van certainly feels unstable and 
there is a tendency to wander on some models. The 
reason that a 15-passenger van does not oversteer in 
this quasi-static circle test is that the moment of 
inertia of the cargo box is not affecting handling 
during that maneuver, since there is very little or no 
angular acceleration during the maneuver.  Even 
though the center of gravity moves rearward as the 
load of the van increases, the force on the rear tires 
also increases which will increase their lateral load 
handling capacity.  Also, with the large rear 
overhang, as the load moves beyond the rear axle the 
front axle actually begins to unload.  This would tend 
to cause the front end to drift out in the circle test, 
causing classic understeer. 
 
However, during the transitional phase of a turn, the 
vehicle has a yaw acceleration.  Once the yaw rate 
approaches the Ackermann yaw rate as defined by 
the steering angle, velocity, and wheel base (see 
Equation 1), the angular inertia of the vehicle tends 
to cause the vehicle to overshoot the Ackermann yaw 
rate.  This overshoot is what is felt by the driver and 
is in fact an instability.  

QUANTITIVE MEASURE OF TRANSIENT OVERSTEER OF ROAD VEHICLES 
 
David A. Renfroe 
Paul T. Semones 
Alex Roberts 
Engineering Institute, LLC. 
United States 
Paper Number 07-0217 



Renfroe, 2 

In an attempt to quantify this instability as a form of 
oversteer, measured yaw rate will be compared to an 
ideal yaw rate or “Ackermann yaw rate.”  The 
Ackermann yaw rate (AYR) is the theoretical ideal.  
This would be the yaw rate that would occur with no 
lateral slip in the tire.  The AYR would be strictly a 
function of the wheel base (W), steering angle (A), 
and velocity (V). 
 

 
Figure 2.  The bicycle model in a constant radius 
turn. 
 
The resulting function would be: 
 

( )
W

AV
AYR

tan⋅=  

 
The actual (i.e., measured) yaw rate can then be 
compared to this AYR to quantify the transitional 
oversteer or understeer of the vehicle by observing 
the undershoot or overshoot of the measured yaw rate 
to the AYR.  Since most maneuvers are conducted 
with a dropped throttle resulting in a decreasing 
velocity during the maneuver, the AYR can be 
calculated and plotted over time with respect to the 
measured velocity of the vehicle.  Such a comparison 
of the theoretical to the actual yaw rates has been 
discussed previously by Ellis [Ellis, p. 162, 1969] and 
Blundell [Blundell, p. 411, 2004].  When discussing 
the comparison of the ideal path and the actual path a 
car takes including any transient effects, Ellis states, 
“The actual path will not be coincident with the ideal 
path due to the finite response times of the car, but 
the divergence can be measured as a lateral 
displacement or path error and a difference in 
heading angles, the course error.” Blundell calls the 
Ackermann yaw rate the idealized or geometric yaw 
rate and provides his definition of understeer as the 
geometric yaw rate divided by the actual yaw rate.  
When this quotient is less than 1 the vehicle is 
oversteering.  Stonex described the same method of 
observing transient understeer and oversteer in his 
paper published in 1940 [Stonex, 1940]. Using these 

definitions the handling characteristic of vehicles will 
be investigated for the transient reaction of a 
maneuver to determine what is occurring with the 
vehicle versus what a driver may be feeling. 
Generally, the characteristic that will contribute to a 
transient oversteer will be the yaw radius of gyration 
versus the wheel base.  Dixon quantifies this 
relationship as  

 
ab< k2 

 
where a is the distance from the center of gravity 
(CG) to the front wheels, b is the distance to the rear 
wheels from the CG, and k is the radius of gyration 
about the z axis [Dixon, p 469].  He says, “If ab<k2, 
it [the rear slip angle] will initially develop in the 
wrong direction and will undergo a reversal before 
reaching steady state.”  The results of this testing will 
illustrate this effect. To correct for this problem 
Dixon states that moving the wheels out to the 
corners increases the ab of the vehicle and therefore 
the vehicle becomes more agile. Similar observations 
were made in the 1930’s by Olley and reported in a 
1962 monograph published at General Motors, then 
published for the public in 2002 [Milliken, p. 250, 
2002].  He said, “What is clear is that, for positive 
[‘good’ or ‘desirable’] handling – without ‘faking’ 
the geometry by exaggerated roll understeer at the 
rear tires – it is essential to have an adequate 
wheelbase, and that this should give a k2/ab ratio 
considerably less than 1.0.” 
 
Another way of reducing the transient oversteer of 
the vehicle is to increase the lateral stiffness of the 
rear tires.  In the case of the 15-passenger van, this 
can be done by installing dual tires.  These effects 
will also be illustrated. 
 
TRANSIENT OVERSTEER IN J-TURN 
MANEUVERS 
 
A J-Turn is a standard maneuver used to test for the 
transient response of a vehicle to a step input.  For 
any dynamic system, the response to a step input is 
observed by measuring the rate that the system 
approaches the steady state condition. In this case, 
that steady state condition is defined by the steering 
angle of the front wheels.  Response time and 
overshoot are typical observations for dynamic 
systems. One can describe a system by the length of 
time it takes for the response to approach the steady 
state, the magnitude of the overshoot or the number 
of oscillations around the prescribed steady state 
condition of the new trim of the system.  Figure 3 
illustrates a typical underdamped dynamic system 
with significant overshoot. 

W 

 A 

 r 
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Figure 3.  Typical dynamic response to a step 
input. 
 
However, in a standard J-Turn the response will not 
be an approach to a horizontal line on a graph. Yaw 
rate versus time during a typical sub-limit (low 
speed) J-Turn would step up to the AYR determined 
by the steering angle, wheel base and velocity, then 
decrease with time as the velocity decreases as shown 
in Figure 4. 
 
In a standard 35 mph J-Turn test with 300 degrees of 
steering input, the steering input graph will appear as 
shown in Figure 5. For the particular case shown, a J-
Turn test utilizing a 2001 Ford E-350 15-passenger 
van, the yaw rate response is shown in Figure 6. 
 
Upon gross comparison of the two curves, the 
vehicle’s yaw rate response actually appears to 
undershoot the expected steady-state response to a 
typical step input.  However, in the above case, 
velocity falls off to zero after four seconds because 
the J-Turn test protocol involves a sudden reduction 
of accelerator input to zero simultaneously with the 
steering input. Thus, the vehicle coasts to a near stop 
(and approximately zero measurable yaw rate) a few 
seconds after the steering is applied. 
 
When this linear deceleration throughout the J-Turn 
maneuver is accounted for, it becomes clear that the 
yaw rate response in the particular case shown at 
right is in fact a transient overshoot of the ideal yaw 
rate expected from the twin step inputs of steering 
and accelerator release. For, while the steering is a 
classic step input, the ideal yaw rate will actually be a 
declining curve as velocity bleeds off to zero. 
 
Oversteer is evident after about 2.7 seconds in Figure 
7, as the measured yaw rate exceeds the ideal yaw 
rate expected from the steering input and 
deceleration.  It could be argued that the vehicle is 
always transiently oversteering in this case if the 

slope of the Ackermann yaw rate versus time is 
compared to the converging slope of measured yaw 
rate versus time. 
 
In this particular case, there was no tipping or 
significant loss of contact between tires and the 
ground as the vehicle oversteered. 
 

 
 
Figure 4.  Measured yaw rate versus time in a low-
speed J-Turn. 
 

 
  
Figure 5.  Representative J-Turn Steering Input. 
 

 
 
Figure 6.  Typical yaw response observed with a 
loaded 15-passenger van. 
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Figure 7.  AYR versus Actual yaw rate. (Data 
from same test as shown in Figures 5 and 6.) 
 
TRANSIENT OVERSTEER IN RAPID 
REVERSAL MANEUVERS 
 
Transient oversteer behavior was analyzed in several 
rapid reversal steering tests conducted with Ford E-
350 15-passenger vans. All tests were conducted 
featuring initial left turns followed rapidly by right 
steering inputs, and frame-by-frame video analysis 
was conducted to match vehicle behavior (such as 
incidence of wheel lift or outrigger contact) with 
recorded data to determine whether vehicle events 
were occurring during phases of oversteer or 
understeer, as plotted from the collected data. 
  
Testing illustrated in Figure 8 was conducted with an 
initial velocity of approximately 33 mph and 
exhibited oversteer in both the left and right steering 
phases. In the right steer (the second steering phase 
of the test), the right front wheel lifted off the ground, 
which would normally cause understeer. However, 
the van began to oversteer during the first instance of 
wheel lift. 
 
The test illustrated in Figure 9 was conducted with an 
initial velocity of approximately 39 mph and 
exhibited oversteer in both the left and right steering 
phases. In the latter phase, the vehicle tipped over 
and loaded the outriggers. However, the onset of 
oversteer occurred before wheel lift.  Note how the 
higher speed causes greater transient oversteer. 
 
Testing on a 1997 E-350, illustrated in Figure 10, 
was conducted with an initial velocity of 
approximately 35 mph and exhibited oversteer in the 
initial steering phase. In the latter phase, oversteer 
was also observed after the vehicle had tipped over 
and loaded the outriggers. (Velocity data was lost 
after approximately 5 seconds, and thus the 
Ackerman yaw rate is not shown beyond that point in 
Figure 10.) 

 
 
Figure 8.  Test 1 – NHTSA Fishhook at 33 MPH. 
 

 
 
Figure 9.   Test 2 – NHTSA Fishhook at 39 MPH. 
 

 
 
Figure 10.  Test 3 – NHTSA Fishhook at 35 MPH. 
(Velocity data was lost after ~5 s.) 
 
In comparing the three tests, a trend was observed in 
the relationship between the duration of initial phase 
oversteer and when the onset of oversteer occurred in 
the second phase after steering reversal. For the test 
with the briefest oversteer in the initial left turn, Test 
3 (Figure 10), oversteer in the second phase did not 
occur until after the vehicle had already tipped over 
onto the outriggers and committed to rolling over. 
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The test with the next longest initial oversteer, Test 1 
(Figure 8), oversteer in the second phase began 
earlier, during the first lift of the right front wheel. 
The test with the longest initial oversteer of the three, 
Test 2 (Figure 9), saw onset of oversteer in the 
second phase soonest of the three tests, oversteering 
before any wheel lift had occurred, and the vehicle 
ultimately tipped over onto its outriggers and 
committed to roll. 
 
In summary, the trend observed in these three tests 
showed that the longer the period of initial oversteer, 
the earlier oversteer would occur in the reverse steer 
phase. Further frame-by-frame video analysis of 
available test data would have to be conducted to 
confirm the general validity of this trend. 
 
EFFECT OF INCREASING LATERAL 
STIFFNESS OF THE REAR AXLE ON 
TRANSIENT OVERSTEER 
 
Oversteer/understeer behavior was analyzed on two 
Fishhook tests conducted with a 1995 Ford E-350 15-
passenger van, both before and after the installation 
of dual wheels on the rear axle to increase the lateral 
stiffness. Both tests were conducted on the same day 

with the same vehicle. The first test (see Figure 11) 
was conducted with an initial velocity of 
approximately 35 mph and involved right-then-left 
steering inputs. The vehicle exhibited transient 
oversteer in the initial turn, then in the second turn 
began to transiently oversteer, lifted the inside wheels 
and rolled onto the outriggers.  
 
After installation of dual wheels on the rear axle of 
the test vehicle, a second test (see Figure 12) was 
conducted with an initial velocity of approximately 
40 mph, and followed the same Fishhook maneuver 
as the first test. The vehicle exhibited brief oversteer 
in the initial turn, but remained well within the 
understeer range throughout the second phase of the 
maneuver. The right front wheel lifted off the 
pavement at least twice during the second phase. 
 
The video frame captures provided in Figures 11 and 
12 represent approximately identical locations on the 
test track, and demonstrate the significant difference 
in vehicle behavior before and after installation of 
dual wheels on the rear axle. The video frame shown 
of the dual-equipped van in Figure 12 captures the 
instant of maximum wheel lift visible in the test, and 
additional video analysis showed no evidence that the 

 

 
Figure 11.  Test 4 – NHTSA Fishhook with 
unmodified vehicle and single rear wheels. 

 

 

 
 
 
 

Figure 12.  Test 5 – NHTSA Fishhook after 
installation of dual rear wheels. 
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right rear tires ever lost contact with the pavement. 
While the frame provided here appears to show open 
space between the right rear outer tire and the 
pavement, frames examined 1/25th of a second before 
and after the provided frame show the tires 
apparently in full contact with the pavement. 
 
EFFECT OF FULL LOAD VERSUS LIGHT 
LOAD 
 
As reported by NHTSA [NHTSA, 2001], the center 
of gravity of a fully loaded 15-passenger van moves 
several inches rearward and upward when compared 
with a lightly loaded (e.g., driver only) condition. 
The fact that a full load of passengers increases the 
van’s propensity to roll over was demonstrated with 
two 1995 Ford E-350 15-passenger vans in 40 mph 
Fishhook Maneuvers.  Quasi-static 
understeer/oversteer characteristics are still shown to 
be understeer with oversteer at the limit even for the 
fully loaded van as was shown in Figure 1.  Here it 
will be shown the effect of loading the van on the 
transient oversteer characteristics. 
 

 
 
Figure 13.  Test 6 – NHTSA Fishhook with vehicle 
at light loading condition. 
 

 
 
Figure 14.  Test 7 – NHTSA Fishhook with full 
ballast loading. (Velocity data lost after ~6 s.) 

In the Fishhook test conducted without passengers, 
the steering inputs were approximately 270° and 
360°, and neither wheel lift nor transient oversteer 
occurred (see Figure 13). In the Fishhook test 
conducted at this speed and fully loaded with ballast 
in all passenger positions, the result was tipover and 
rapid transition to oversteer in a maneuver with 
steering inputs of approximately 180° and 360° (see 
Figure 14). 
 
A PROPOSAL FOR QUANTIFYING THE 
TRANSIENT OVERSTEER 
CHARACTERISTIC 
 
With transient oversteer characteristics now 
demonstrated as being observable in terms of 
traditional dynamic system response, a metric for 
quantifying the magnitude of the characteristic will 
now be proposed. Over a set of ten tests of Ford E-
350 15-passenger vans, the metric shows good 
correlation to a range of desirable and undesirable 
vehicle responses. 
 

 
 
Figure 15.  Test 4 (see Figure 11) with transient 
oversteer metric applied. 
 
The metric is developed by plotting the difference 
between Ackermann and measured yaw rates. This 
difference is shown as the yellow plot in Figures 15-
17. A portion of the difference plot is selected for 
examination (highlighted in bright blue in the figures) 
and a linear curve fit applied. As will be explained 
below, the slope of the examined portion is taken as a 
transient oversteer metric due to its physical 
relevancy to vehicle behavior. 
 
In cases of rapid reversal steering maneuvers such as 
the Fishhook or Road Edge Recovery tests, the 
examined portion of the difference plot is bounded by 
two clearly defined points. (See Figure 15 above.) 
The first is the point at which the measured yaw rate 
crosses zero at the start of the second half of the 
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steering maneuver, or equivalently, the point at which 
the difference plot equals the Ackermann yaw rate. 
The second point is defined as the location where the 
difference curve equals zero, or equivalently, the 
point at which the Ackermann and measured yaw rate 
plots intersect (if, indeed, they do). 
 
(For some maneuvers, such as the single J-Turn test 
evaluated, the first point of interest was simply 
identified as the peak of the difference curve, since it 
had no clear intersection with the Ackermann curve. 
This method is shown in Figure 16. For other 
maneuvers, the second point of interest was identified 
as the minimum of the difference curve, since it 
never reached zero, and this method is shown in 
Figure 17.) 
 
In purely theoretical terms, the intersection of the two 
yaw rate lines represents the switch from theoretical 
understeer to theoretical oversteer, although it should 
be noted that the transient oversteer characteristic of 
the actual vehicle behavior is intrinsic to the entire 
dynamic response portion of the curve. But in the 
sense that the difference plot represents the actual 
vehicle’s deviation from the theoretical ideal, the 
metric proposed here evaluates that portion of the 
curve that is “understeer”: that is, the portion over 
which the measured yaw rate is less than the 
Ackermann yaw rate. It is the rate at which this 
measured yaw rate approaches (and often overshoots) 
the Ackermann yaw rate that is the fundamental 
characteristic quantified by this proposed metric.  
 
In a mathematical sense, the slope of the examined 
portion of the difference curve has units of angular 
acceleration (deg/s2), and corresponds to the physical 
rate of change of the vehicle’s yaw angular velocity. 
Its significance to transient oversteer characteristics 
and undesirable vehicle responses, such as tipping 
over, is that it allows transient oversteer to be 
described as the rate at which a vehicle’s yaw 
response overtakes the declining ideal yaw rate in 
dropped-throttle, limit steering maneuvers. 
 
In the ten examined E-350 van tests, a high absolute 
value for the metric (i.e., a steep slope to the 
examined portion of the difference curve) correlated 
well to high oversteer and/or rollover to outrigger 
contact. A low absolute value for the metric (i.e. a 
shallow slope) correlated to successful tests in which 
all four of the vehicle’s tires remained in contact with 
the ground. 
 
The values of this transient oversteer metric 
computed for the ten tests are presented in Table 1 on 
the following page. Absolute values ranged from 2.8 

to 55.0. All three tests with metrics of 4.9 or less 
resulted in no wheel lift. All seven remaining tests 
had metrics of 7.5 or greater, and all but two of those 
resulted in tipping over. One of the two exceptions 
resulted in single wheel lift only, and that run had the 
lowest tested speed (30 mph) of the set. The other 
exception was the sole J-Turn examined, which did 
not result in wheel lift, but did result in significant 
oversteer. 
 

 
 
Figure 16.  J-Turn test (see Figure 7) with 
transient oversteer metric applied. 
 

 
 
Figure 17.  Test 6 (see Figure 13) with transient 
oversteer metric applied. 
 
The metric correlates well to the loading conditions 
of the 15-passenger vans tested, confirming the 
relationship between unsafe vehicle responses and a 
full load of passengers. Three of the four tests with 
the lowest metric were those tests with the lowest 
loading condition – either driver/instruments only or 
ballast loading short of the full 15-passenger 
complement. The remaining test was fully loaded but 
had the modification of dual wheels installed on the 
back axle, dramatically improving its rollover 
resistance and minimizing any transient oversteer. 
 
The transient oversteer metric could be only weakly 
correlated to test speed or maneuver type, but does 
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suggest that a 15-passenger van’s loading condition is 
a greater influence on rollover propensity than the 
speed of an emergency steering maneuver. 
 
The results suggest that a metric value between 4.9 
and 7.5 represents the boundary between desirable 
and undesirable vehicle handling response.  This 
value boundary may be particular to the 15-passenger 
van, whereas other vehicles may have different 
values for acceptable performance. 
 
CONCLUSION 
 
A simple method for the quantification of transient 
oversteer has been illustrated.  By comparing the 
theoretical or Ackermann yaw rate to the actual 
measured yaw rate, the overshoot of a step input or a 
series of inputs can be analyzed.  As has been shown 
here, when the yaw moment of inertia increases, so 
does the transient oversteer. As the yaw momentum 
increases due to vehicle velocity, so does the yaw 
overshoot. Control of the yaw overshoot to the 
steering input can be gained by increasing the lateral 
stiffness of the rear tires as has been predicted in the 
previous literature. This tool will allow the analysis 
of testing results to quantify what may have 
heretofore been heuristic results reported by the 
drivers of the vehicle and reported as merely a 
subjective score. 
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Table 1. 

Transient oversteer metrics for a suite of 10 steering tests  
on late model Ford E-350 15-passenger vans. 

 

Test Name Maneuver Loading Speed Result 

Transient 
Oversteer 
Metric* 

EV093 Road Edge Recovery Ballast in all positions 40 mph Tipped 55.0 

EVN31 Fish Hook Ballast in all positions 35 mph Tipped 37.9 

EV092 Road Edge Recovery Ballast in all positions 30 mph Wheel Lift 31.1 

EVN82 Fish Hook Ballast in all positions 40 mph Tipped 27.7 

EV094 J-Turn Ballast in all positions 35 mph (No Lift) 18.9 

EVM19 Fish Hook Ballast in all positions 35 mph Tipped 17.6 

EVN60 Fish Hook Ballast in 12 positions 35 mph Tipped 7.5 

EVN42 Fish Hook Ballast in all, DUALS 40 mph (No Lift) 4.9 

EVN56 Fish Hook Driver only 35 mph (No Lift) 3.9 

EVN57 Fish Hook Driver only 40 mph (No Lift) 2.8 
 

*Given in absolute values.  
Actual computations result in negative quantities. 
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ABSTRACT 
 
The current test procedures described in European 
and Japanese side impact regulations and ratings are 
conducted so that a non-crabbed Mobile Deformable 
Barrier (MDB) strikes a stationary test vehicle. 
However, in real-world accidents, many struck 
vehicles are not stationary but moving when the 
collision occurs. In consequence, it is advantageous 
to consider the velocity of the struck vehicles as well 
as that of the striking vehicles. 
Accordingly, data of accidents occurring in Europe 
and Japan was analyzed. This accident data analysis 
showed that in both regions, more accidents 
occurred when struck vehicles were moving than 
when stationary. Consequently, car-to-car side 
impact tests were conducted using a moving target 
vehicle to comprehend the real-world deformation 
characteristics of the struck vehicle. Two side impact 
tests were then conducted using the Advanced 
European - Mobile Deformable Barrier (AE-MDB) 
Ver. 3.3, which represents the front-end stiffness of 
vehicles in Europe and Japan. The tests were 
conducted so that the AE-MDB struck both 
stationary and moving vehicles to compare the 
differences between the two scenarios. The test 
results indicated that larger and more severe peak 
intrusion level can be seen on stationary vehicles, 
but different types of deformation mode were seen 
between the stationary and moving vehicles. Based 
on these results, a new side impact test procedure 
using AE-MDB Ver. 3.3 was devised. The AE-MDB 
trolley was moved at a crabbed angle to reflect the 
moving condition of the target vehicle. This 
procedure represents a more common accident 
scenario that occurs in the real-world, and it allows 
for the direction of load applied to the struck vehicle 
to be taken into consideration. Such a test procedure 
that represents a more common real-world accident 
scenario is useful to further advance vehicle safety in 
side impacts. 
 
INTRODUCTION 
 
Since the fatalities in side impact accidents have not 
decreased in comparison with that of frontal impact 
accidents, many research institutes and vehicle 
manufacturers are examining various aspects of 
vehicle safety in side impacts. As one of these 
aspects, it can be stated that the existing ECE 
regulatory side impact test procedure (R95) is 
becoming less representative of the impact severity 

observed in recent accident data [1]. It has also been 
stated that side impact tests should be made more 
severe than the R95 procedure in order to represent a 
more severe side impact crash as found in real-world 
side impact accidents. Yonezawa [2] et al. 
investigated vehicle front-end characteristics and 
clarified the differences between them and the 
existing R95 barrier. Based on this data, the Japan 
Automobile Manufacturers Association, Inc. 
(JAMA) and the Japan Automobile Standards 
Internationalization Center (JASIC) developed 
AE-MDB Ver. 3.3 to represent the front-end stiffness 
of recent vehicle [3]. In addition, after researching 
accident data in the Co-Operative Crash Injury Study 
(CCIS) and considering the repeatability and 
reproducibility of tests, the European Enhanced 
Vehicle-safety Committee Working Group 13 
(EEVC WG13) developed a new side impact test 
requirement using AE-MDB [1]. 
However, the CCIS accident data researched at that 
time was out of date and did not reflect recent 
accidents, additionally the accident data were not 
collected from other regions. 
For these reasons, this paper presents a new test 
procedure using AE-MDB Ver. 3.3. The procedure 
represents a more common side impact accident 
scenario based on real-world accidents and research 
into vehicle characteristics conducted in Europe and 
Japan. 
 
ANALYSIS OF ACCIDENTS AND VEHICLE 
CHARACTERISTICS 
 
The European and Japanese accident databases used 
in this research are from CCIS (2002/1-2005/12), the 
German In-Depth Accident Study (GIDAS: 
2003/1-2005/12), and the Institute for Traffic 
Accident Research and Data Analysis (ITARDA: 
1994/1-2003/12). 
Research requirements: 

1. Accident cases involving car-to-car side 
impacts, and resulting in fatality or injury 
(MAIS 2+) were extracted. 

2. Regardless of fastening seatbelt or not. 
3. Curb weight of striking and struck vehicles 

is 2500 kg or less. 
4. Non-multiple accidents. 
5. Cases resulting in fatality or injury due to 

side slipping were omitted. 
Supplementary explanations: 
In CCIS database, cases resulting in fatality or injury 
occurred in roundabout were omitted. 
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In CCIS and GIDAS data that correspond to the 
requirements listed above, based on investigations 
into the sketch, account, and photo of each accident, 
cases in which cabins of struck vehicles were not 
deformed, and collision configurations which were 
not considered as side impacts were omitted.  
In addition, accident data that did not contain the 
sketch nor account of each accident were also 
omitted. 
 
Impact Direction 
The impact direction in side impact accidents was 
analyzed. The angle at which the struck and striking 
vehicles are configured on impact is defined as the 
impact direction. In real-world accidents, vehicles 
are most likely to be struck from the directions 
around 3 or 9 o’clock (90 degrees) (Figure 1). 
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Figure 1.  Frequency of Impact Direction in Side 
Impact Accidents. 
 
Impact Velocity of Striking Vehicle 
Next, the impact velocity of striking vehicles was 
analyzed. This data is available from GIDAS and 
ITARDA, since these databases have impact velocity 
data. The values from GIDAS are estimated or 
calculated, and those from ITARDA are based on 
evidence given by drivers or are estimated from 
brake marks. ITARDA, which contains a larger 
amount of data than GIDAS, shows that the highest 
percentage of fatality or injury can be seen when the 
impact velocity is approximately 55 km/h (Figure 2). 
 

0
5

10
15
20
25
30
35
40

0

≤1
0

≤2
0

≤3
0

≤4
0

≤5
0

≤6
0

≤7
0

≤8
0

≤9
0

95
<

Velocity (km/h)

P
er

ce
nt

ag
e

0

25

50

75

100

R
el

at
iv

e 
cu

m
ul

at
iv

e
fre

qu
en

cy
 (%

)

 
Figure 2.  Velocity Distribution in Side Impact 
Accidents. 
 
Accident Situation 
Accident situations were also analyzed. The CCIS 
data shows that the highest percentage of side impact 
accidents occurred while the struck vehicle was 

turning right or left. On the other hand, the GIDAS 
and ITARDA data show that the highest percentage 
of side impact accidents occurred while the struck 
vehicle was traveling in a straight line. The 
percentage of side impact accidents that occurred 
while the struck vehicle was stationary is low in all 3 
databases (Figure 3).  
 

0
10
20
30
40
50
60
70
80

Turn Straight Stationary Unknown

Pe
rc

en
ta

ge

CCIS (n=52)
GIDAS (n=22)
ITARDA (n=88)

 
Figure 3.  Frequency of Struck Vehicle 
Condition in Side Impact Accidents. 12 1
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Velocity Ratio 
As Figure 3 indicates, few accidents occurred when 
the struck vehicle was stationary. For this reason, the 
velocity ratio of the striking vehicles to the struck 
vehicles was analyzed. This was calculated based on 
the data from GIDAS and ITARDA, since these 
databases have impact velocity data. Consequently, a 
high percentage of velocity ratios between 1 and 
3.73 were found in these databases (Figure 4). 
Converting the ratios to the direction of load applied 
to the struck vehicle obtained an angle of about 30 
degrees. This direction is seen most often in 
real-world accidents. 
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Figure 4.  Frequency of Velocity Ratio of 
Striking Vehicle to Struck Vehicle. 
 
Vehicle Weight 
In order to obtain recent vehicle weights, weight data 
was researched based on vehicle sales data collected 
in each region. This research did not use accident 
data. (Research requirements - Europe: 2005 sales 
data from 19 countries, vehicle models ranked in the 
top 10 of sales volume of each segment; Japan: 2003 
sales data, vehicle models that sold more than 
20,000). The result shows that in both Europe and 
Japan, around 90 % of vehicles sold weighed 1500 
kg or less (Figure 5). Accordingly, it can be said that 
most of the striking vehicles in real-world accidents 
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would also weigh 1500 kg or less. 
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Figure 5.  Relative Cumulative Frequency of 
Curb Weight. 
 
REPRESENTING REAL-WORLD ACCIDENTS 
 
Test Conditions 
Car-to-car tests were conducted in order to 
reproduce real-world accidents. 
The test conditions were defined as follows based on 
previous research (Figure 6). 
 
1. Impact Direction - The longitudinal centerline of 
the bullet vehicle perpendicular to the longitudinal 
centerline of the target vehicle when the bullet 
vehicle strikes the target vehicle. 
2. Impact Velocity of Striking Vehicle - The velocity 
of the bullet vehicle was 55 km/h, which is the same 
velocity specified in J-NCAP. In addition, half of 
side impact accident fatalities and injuries in Japan 
occur when the striking vehicles were traveling at 55 
km/h or less, as shown in Figure 2. 
3. Velocity Ratio - In the real-world, many struck 
vehicles are side impacted at an angle of 30 degrees 
in the direction of applied load. Therefore, the 
velocity ratio between the target and bullet vehicles 
was specified to be 1 to 2. 
4. Vehicle Weight - The bullet vehicle weight was 
specified to be 1500 kg. 
5. Impact Point - The impact point was specified at a 
position where the bumper beam of the bullet 
vehicle does not contact the front pillar and rear 
wheelhouse of the target vehicle during the impact 
development, in order to apply the most severe 
deformation to the target vehicle. 
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Figure 6.  Test Conditions. 

 
Conducting Representation Test 
     Bullet Vehicle Models - The 1500 kg 
Passenger Car (PC) was used as the baseline bullet 
vehicle. In addition, more severe tests using the 2000 
kg PC and 2000 kg Sport Utility Vehicle (SUV) as 
the bullet vehicles were also conducted to obtain 
reference data. When the front-end stiffness of these 
three bullet vehicle models was examined, it was 
found to be close to the AE-MDB Ver. 3.3 corridor 
(Figure 7). 

JapanEurope JapanJapanEuropeEurope
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Figure 7.  Vehicle Front-End Stiffness. 
 
     Target Vehicle Model - Another 1500 kg PC 
was used as the struck vehicle. The PC equipped 
with side airbags and curtain shield airbags. 
 
     Anthropometric Test Devices - Since the 
ES-2 dummy, which is seen as being an 
improvement over the EuroSID-1, is used in 
Euro-NCAP, it was also used in this research. 
 
     Test Observations - The deformation in the 
struck side of the target vehicle after the baseline test 
is shown in Figure 8. There was no indication that 
the bumper beam of the bullet vehicle intruded far 
enough to contact the front pillar and rear 
wheelhouse. This indicates that the test met test 
condition 5, “Impact Point”. 
 

Figure 8.  Struck Side of the Target Vehicle. 
 
Representation with AE-MDB Ver. 3.3 
Subsequently, three types of test procedures were 
considered to define their potential to help represent 
a severe real-world side impact accident using 
AE-MDB Ver. 3.3 (Table 1). 
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Table 1 
AE-MDB Test Matrix 

Name MtM CtS MtS 

Config-
uration 

   

Impact 
point 
(mm) 

SRP-66.5 SRP-66.5 SRP+250

Velocity 
(km/h) 27.5 x 55 62 55 

MtM = Moving trolley to moving vehicle 
CtS = Crabbed moving trolley to stationary vehicle 
MtS = Moving trolley to stationary vehicle 
SRP = Seating reference point 

 
The trolley weight for the three tests was 1500 kg. 
A 1500 kg PC was used as the target vehicle. This 
was the same target vehicle as that used in the 
car-to-car test.  
The ES-2 dummy was used. 
 
     MtM Test - The MtM test was conducted in 
accordance with the car-to-car test conditions 
previously explained. The impact point was arranged 
as the position where the beam element of the 
AE-MDB was deemed not to contact with the front 
pillar and rear wheelhouse of the target vehicle 
during the impact development. 
 
     CtS Test - In the CtS test, the crab angle was 
specified to be 27 degrees, reflecting the velocity 
ratio of 1 to 2. The impact velocity was calculated 
from the relative velocity of the MtM test condition. 
The impact point was the same as that of the MtM 
test. 

 
     MtS Test - In the MtS test, the impact velocity 
was specified to be 55 km/h. This is the same as that 
of the bullet vehicle specified in the MtM test. The 
impact point was specified to be SRP+250 mm, 
based on the research paper of Ellway [1] et al. 
 
Vehicle Intrusion Profiles 
In all of the tests conducted, the geometrical 
characteristics of each target vehicle were mapped 
before and after each impact. The measurement lines 
for these tests are shown in Figure 9. Regarding the 
front and rear door panels, the inner panels were 
measured. 
The post-test deformation profiles for each line were 
shown in Figure 10. The data set contains the results 
of the six tests explained previously. 
 

 
Figure 9.  Measurement Lines of the Target 
Vehicle. 
 

Figure 10.  Intrusion Profiles of the Target 
Vehicle. 
 
In the MtM test, although the peak intrusion level of 
the Fr dummy line was 36 mm smaller than that in 
the baseline test, the deformation mode was very 
similar. 
In the CtS test, the intrusion level of the Fr dummy 
line was almost the same as that in the MtM test. 
This indicates the MtM test and the CtS test are 
essentially equivalent.  
On the other hand, in the MtS test, the intrusion level 
of any point in the Fr dummy line was larger than 
that in the baseline test, and the peak intrusion level 
of the Rr dummy line was 192 mm larger than that in 
the baseline test. Especially, for the deformation at 
the lower lines, the center pillar intrusion level was 
almost the same as that in the baseline test, but the 
deformation mode at the front part of the front door 
inner and the rear part of the rear door inner was 
much different. 
 
Front and Rear Dummy Responses 
The percentages of measured injury values to injury 
criteria are shown in Figure 11. The injury criteria 
are defined in R95. The data set contains the results 
of the six tests explained previously. 
In the MtM test, the values for pelvis injury in the 
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rear dummy were higher than those in the baseline 
tests, whereas the values for other body part injuries 
were at similar.  
In the CtS test, the results were similar to those in 
the MtM test. There was no major difference 
between the results in the baseline test, except the 
value for pelvis injury in the rear dummy.  
However, in the MtS test, the values for pelvis injury 
in both the front and rear dummies were higher than 
those in the baseline test, and the maximum 
deflection at the thorax in the rear dummy was lower 
than that in the baseline test. 
 

Baseline
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Figure 11.  ES-2 Dummy Responses. 
 
DISCUSSION 
 
This paper integrates the results of research on 
real-world accidents and vehicles into test conditions 
to define their potential to develop a more 
representative test condition using AE-MDB Ver. 
3.3. 
 
In the case of the baseline test, the deformation 
mode at the door inner and center pillar on the target 
vehicle showed an arc. Similar results were seen 
after impact from different bullet vehicles. This 
result implies that the bullet vehicle does not 

perpendicularly intrude into the target vehicle, but 
instead slides to the rear of the target vehicle and 
intrudes into the target vehicle in accordance with 
the velocity component of the target vehicle. 
In contrast, in the case of the three tests using 
AE-MDB Ver. 3.3 as the bullet vehicle, the door 
inner and the center pillar appeared to be intruded 
parallel to the pre-test configuration. Especially in 
the MtS test, larger deformation was seen at the rear 
part of the rear door. This result is totally different 
from the one in the car-to-car test. However, in the 
MtM and CtS tests, the velocity component of the 
target vehicle was considered, and the deformation 
mode was more similar to that in the car-to-car test. 
 
In the MtM test, the dummy responses were more 
similar to those in the baseline test than those in the 
MtS test. In the CtS test, the dummy responses were 
similar to those in the MtM test. 
In the MtS test, the value for pelvis injury was 
higher than that in the baseline test. This is assumed 
to be because a higher intrusion level at the door 
inner was seen in the MtS test than that in the 
baseline test.  
According to analysis of Japanese accident data as 
researched by Yonezawa [2] et al., chest injuries 
occur more than pelvis injuries in side impact 
accidents. However, in the MtS test, the value for 
maximum deflection at thorax for the rear dummy 
was lower than that in the baseline test. This result is 
different from the trend of injured body part that 
occurred in real-world side impact accidents. 
For these reasons, it is believed that the test 
conditions of the MtM or CtS tests, which represent 
the values for injury tendency seen in real-world 
accidents, are more effective than the those of the 
MtS test for occupant protection. 
 
Since the CtS test considers the direction of load 
applied to the target vehicle of the MtM test, the 
vehicle intrusion level, deformation mode, and 
dummy responses are very similar in the two test 
conditions. This result indicates that the CtS test 
conditions can be used as a substitute for the MtM 
test conditions. 
 
Tests were also conducted using AE-MDB Ver. 3.3. 
After the tests, it was found that the beam element of 
AE-MDB Ver. 3.3 was bent. This result caused a 
lower intrusion level at the center pillar than that in 
the baseline test. Consequently, JAMA and JASIC 
have developed a new generation barrier by applying 
a frontal plate to the beam element of AE-MDB Ver. 
3.3 to increase the strength of the element. With the 
new generation barrier, it is thought that the 
intrusion level at the center pillar will be more 
similar to that found in the baseline test. 
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FUTURE RESEARCHES 
 
In this research, only one vehicle model was used as 
a target vehicle. In the future, various types of 
vehicles should be investigated to verify the same 
tendency. 
 
In addition, when the MtM and CtS tests were 
conducted, lateral bending and shear were found on 
the AE-MDB. In the car-to-car test, lateral bending 
was found at the front side rail on the bullet vehicle. 
Therefore, it is necessary to study to make the lateral 
mechanical properties of the AE-MDB correspond to 
those of the bullet vehicles. 
 
CONCLUSIONS 
 
1. Based on real-world accident analysis research 

in Europe and Japan, a side impact test 
procedure using AE-MDB Ver. 3.3 was 
devised. 

 
2. In an MtM test using AE-MDB, the trends of 

deformation mode for the target vehicle and the 
injury values provide a more representative test 
condition than the MtS test condition, when 
compared to recent real-world accident data. 

 
3. Based on the research completed, the CtS test 

can be conducted as a substitute for the MtM 
test. 
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ABSTRACT

Surveys of automotive child restraint use in various
countries have repeatedly shown that many parents
do not select the correct type of restraint for the
child and lack knowledge about correct restraint
selection. Advice to parents is based on the
dimensions of the child, usually weight, but such
prescriptions may be difficult for parents to
remember, and parents often do not know the
weight of their children. The child's age might be
preferable for promotion and regulation because
parents know it. Using a dataset of the distribution
of children’s weights at one-month intervals of age,
and assuming that all children change from one
restraint device to another at a particular age, we
demonstrate the trade-off between the number of
children too large for the smaller device and the
number too small for the larger device. This is used
to suggest an optimum transition age. The
regulatory jurisdictions of Australasia, Europe and
the United States of America are compared. The
analysis shows that in Australasia, where there are
currently significant overlaps in the weight ranges
of each type of restraint, recommendations to make
restraint transitions at 6 months and 4 years of age
would mean that about 10% of all children under
the age of 8 would be in a restraint unsuited to their
weight. Corresponding figures for the European
and United States Standards are 6% and 16%.
Instead of battling to get parents to use child’s
weight as the criterion for restraint selection, it
might be better to promote exact ages as the
transition criteria, and to write the Standards for
child restraints on the basis that this will happen.

INTRODUCTION

Surveys of automotive child restraint use show that
children often graduate from one type of restraint
to the next at too young an age. This is so whether
we are referring to different types of child
restraints, to belt-positioning booster seats, or to
adult belts (Apsler et al., 2003; Brown et al., 2005;
Durbin et al., 2001; Ebel et al., 2003a; Simpson et
al., 2002).
 Interventions to increase correct restraint use often
contain an education element designed to increase
knowledge about criteria for restraint selection and

use (e.g. Apsler et al., 2003), and the Association
for the Advancement of Automotive Medicine sees
education as an integral part of a strategy to
improve the safety of children in automotive
crashes (Durbin et al., 2003). Efforts to instil
knowledge in parents can lead to increased rates of
correct restraint use (Ebel et al., 2003b). However,
in the present paper, we take an alternative
approach. We will accept that parents often do not
know either the weight of their child, or the weight
range for which a given restraint is suitable. But
they do know the age of their child. Therefore we
ask how serious it would be – in terms of the
number of children inappropriately restrained – if
restraint selection were based on child’s age, not
weight.

There are two kinds of error that may occur in the
restraint selection process: a child in restraint type
A when they have outgrown it, or one who has
progressed to restraint type B while still too small.
For a given specification of the restraint in terms of
the child’s weight, an age-based transition will
involve a trade-off between these two types of
error.

The next Section will give some further
introduction to the Standards for child restraints
and to the strategies for promoting their use that
have been adopted by various jurisdictions. Then a
methods Section will describe the calculation of the
numbers of children who would fall outside the
weight ranges of the Standards, were graduation
from one restraint to another to occur at a particular
age. This calculation is based upon published data
on the weights of children of different ages. Then
come results, discussion and conclusions Sections.

RESTRAINT STANDARDS AND ADVICE TO
PARENTS

Whether or not a selection error has occurred is
determined by a combination of the child’s size
(usually weight) and the standard under which the
restraint was designed and manufactured. All child
restraint standards are written to require restraints
of a certain class to adequately protect children of a
certain size range. Table 1 shows the classification
of major restraint types in several standards used in
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the USA, the EU and Australia/New Zealand.
FMVSS 213 is does not explicitly categorise
restraints in the way that UN ECE R44 and
AS/NZS 1754 do. However, the weight categories
listed in Table 1 reflect the most straightforward
interpretation of FMVSS 213.

Notable in the various standards is the fact that
restraint requirements are defined in terms of
weight, and sometimes height (not listed in Table
1), rather than age. The logic of this is seemingly
obvious given that the requirements of a design
standard are engineering ones, and that
manufacturers must ensure that their products can
adequately protect children of the relevant sizes.
But while the objective of any design standard on
child restraints is to ensure adequate levels of
protection offered by a compliant restraint, the
objective of promotion and education is rather
different: it is to assist in maximising the rate of
correct restraint selection and use.

Restraint promotion aims to improve compliance.
Practices vary from country to country. For
example, the (U.S.) website BoosterSeat.gov
suggests promoting children from infant carriers
after they are 12 months of age, from a forward
facing child restraint at 40 pounds weight and from
a booster at 8 years. Recent practice in Australia
has been to promote use on the basis of the child’s
weight, in a way that clearly represents the criteria
contained within the applicable Australian
Standard. In Australia, age-based recommendations
on child restraint transition have fallen out of
favour, and the most important factor was the
perception that age is too crude a proxy for the
dimensions of a child that really matter in relation
to appropriate restraint fit.

However, AS/NZS 1754 specifies overlaps in
weight between restraint types. The intent of this

might have been to allow all children to graduate to
a restraint at a similar age, with the lower and
upper ends of the weight range chosen to cater for
the smallest and largest children graduating to that
restraint at the specified transition age. (And if that
was not the intent, at least it is a coherent strategy.)
If so, the consequence of promoting restraint use on
the basis of age, in conjunction with a well-
coordinated design standard, should be that
relatively few children beyond the low or high end
of each weight range should be using any particular
class of restraint. Promoting the weight ranges
themselves may in fact be inconsistent with one of
the purposes of such design standards, given the
pressure from children themselves to graduate from
something that is more babyish to something that is
more adult.

Some aspects of the promotion of restraint
selection based on the child’s weight are
advantageous: the advice is a straight rendering of
the relevant design standard, and variation in
children’s sizes by age becomes irrelevant.

However, there are also disadvantages to weight-
based promotion and advantages to age-based
promotion.

Firstly, where overlapping weight ranges exist and
are promoted, advice is ambiguous and might be
confusing: where within the transitional weight
range should the transition to the next restraint be
made? It is possible that such advice might,
because of its ambiguity, encourage transition at
too early a stage – as children typically want! And
there is empirical evidence that the advice is not
memorable. A recent survey in Adelaide, Australia,
found that the large majority of respondents could
not cite the weight criteria (Edwards et al., 2006).

Secondly, surveys of restraint use have found that

Table 1.
Weight ranges by restraint categories in child restraint Standards

Restraint type FMVSS 2131 UN ECE R44.04  AS/NZS 1754:2004
Infant restraint 0-10 kg 0-10 or 13 kg2 0-9 kg

Forward facing child restraint 10-18 kg 9-18 kg 8-18 kg

Larger restraint/booster seat 18-29.5 kg 15-36 kg3 14-26 kg

1 FMVSS 213 does not strictly categorise seat types except for infant-only restraints. Rather,
weight specifications for individual seat models determine what dummies should be used for
compliance testing. And concerning the upper weight limit of the booster seat, this has been
inferred from the requirement of the seat to accommodate a weighted 6-year-old dummy in a
dynamic test (NHTSA, 2006). (Models of seat rated to well beyond the limit are available in
the US market, and hence 29.5 kg represents a conservative upper limit for booster seat use in
the USA.)
2 Two types specified: Group 0 and Group 0+
3 Seats fitting into Group 2 and Group 3
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many parents do not know even the approximate
weightes of their children (Apsler et al., 2003;
Edwards et al., 2006). Quite low skill of parents in
estimating the weight of their children is also
documented in the context of deciding upon an
appropriate dosage of medication (Leffler and
Hayes, 1997; Goldman et al., 1999; Harris et al.,
1999). An average figure from that literature is that
parents are in error by more than 10 per cent in 27
per cent of cases. In a similar vein, child restraint
surveys also find that many drivers are unable to
suggest the height of the children they are
transporting (Edwards et al., 2006; Ebel et al.,
2003a). To follow weight and height guidelines,
parents would need to regularly monitor the weight
and height of their children (which in turn
necessitates having the tools at their disposal to do
so).

Thirdly, it may be easier for the parent to get the
child to accept waiting until a concrete figure such
as 4 years, rather than the ill-defined moment
implicit at the present. (With the present concern
over childhood obesity, it is obviously
unacceptable for the concrete figure to take the
form of a weight.)

Criteria for restraint transition should be simple,
definite, and memorable (e.g. 12 months, 4 years
and 8 years). This would make promotion of child
restraints and the specification and enforcement of
legislation easier than at present.

However, there would be some negative
consequences of using age-based
recommendations, and these should be quantified.
It is unlikely that every child would be catered for
and the smallest and the largest children might be
misclassified by such an approach. The level of
misclassification depends upon the relevant design
standard, the age chosen for transition from one
restraint type to another and the distribution of
weights (and other dimensions) at various ages.
The following analysis quantifies the
misclassification with respect to weight that would
arise using age-based advice.

METHODS

Anthropometric data

A convenient source of data on the distribution of
children’s weights is provided by the U.S. Centers
for Disease Control and Prevention (Ogden et al.,
2002), which is based on the US National Health
and Nutrition Examination Survey
(http://www.cdc.gov/nchs/nhanes.htm). This source
is easy to use because it summarises the weights of
each one-month age cohort using three parameters..
Although the dataset describes children in the

USA, it is also used in Australia as a reference for
normal growth patterns in children (Department of
Human Services, State Government of Victoria,
2006). It could be replaced by data from other
jurisdictions if required.

Summary of each weight distribution is by the
LMS method (Cole, 1990). For each one-month
age cohort of surveyed children, Ogden et al.
(2002) calculated three parameters: the coefficient
of the Box-Cox transformation (L), which
transforms the data to a nearly normal distribution,
the median (M) and the generalised coefficient of
variation (S). For a given weight u, the proportion
of children of a certain age, weighing more or less
than u, can be obtained by determining the z-score
corresponding to the age cohort i. Given L, M and
S, the z-score is given by

z = [(u/M)L –1]/LS (2)

After calculating z, it is straightforward to find the
proportions that lie either side of u, using statistical
tables or a computer package. These proportions
are the functions Fi(u) and 1 - Fi(u).

The growth data from the CDC is tabulated
separately for boys and for girls, and so proportions
are calculated for girls and boys, then averaged.

Trade-off analysis

We envisage a sharp age transition between
restraint types, not a band of ages (because,
children being what they are, this will degenerate to
the youngest age in the band). We will examine the
numbers of children who would be in the wrong
restraint for their weight. To do this, we use a
dataset giving the distribution of weight amongst
the population of male and female children at each
month of life. For each potential transition age, we
calculate the number of children that would be in
the wrong restraint (misclassified) according to
their weight: those under the transition age but too
large for the pre-transition restraint, and those over
the transition age but too small for the post-
transition restraint. Any choice of a transition age
will entail a trade-off between the two classes of
misclassification, but an age can be chosen that
minimises their sum. We shall examine these
numbers in relation to the three design standards
given in Table 1: FMVSS 213, UN ECE R44.04
and AS/NZS 1743:2004.

Consider the following situation.
• A child progresses from one restraint

(device A) to a larger restraint (device B)
at some well-defined and precise age y.

• The relevant design standard is written to
ensure that A is satisfactory for children
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who have a dimensional value (e.g.
weight) of u = a or less.

• Similarly, B is satisfactory for a child with
a dimensional value of u = b or greater.

Note that b may be less than a, providing some
transitional overlap. However, the overlap may be
non-existent (a = b) or even negative (a <  b).

Our notation will be that the proportion of children
with a dimensional value less than u within the age
cohort i is Fi(u). The convention we shall adopt is
that a child in their ith month of life is in the one-
month cohort i. The transition between restraint
types occurs at the end of month y. (For example, a
transition at 6 months of age occurs at the end of a
child’s 6th month of life.)

If all children progress from the first restraint to the
second at age y, the number of children in an
“incorrect” restraint, P, is given by

(1)

The total number of children misclassified (in units
of the number of children in a month cohort) is the
sum of children that are aged less than y that are
too large for A, and those that are aged more than y
that are too small for B. Hence, P in Equation 1
describes the total misclassification, while the two
sums refer to the number of children using A who
are too large and the number of children using B
who are too small. These quantities are illustrated
in Figure 1.

It is possible to determine P and its two
components for different choices of the transition
age y. The two sums, representing the number of
children too large for A and the number of children
too small for B, represent the trade-off that must be
made if restraint transition is to be made at a
certain age. Plotting one sum against the other
shows how the trade-off is affected by the choice of
transition age and indicates the age at which the
total P is minimised. The trade-off graph is
illustrated in Figure 2.

We assume that for children of weight less than a,
restraint A is satisfactory. Further, that for children
of weight greater than a, restraint A is
unsatisfactory. And we assume a sharp change for
B also. This is unrealistic; it is likely that
“satisfactory” is correct and “unsatisfactory” is an
exaggeration, and thus our results will overstate the
true number of inappropriately restrained children.
However, it is not the aim here to examine actual
rates of so-called appropriate restraint use that
might ensue from age-based transitions, but to

examine how children’s weights would comply
with restraint specifications.
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Figure 1. The shaded area is the total number of
children that would be misclassified (according
to their size) into restraints A and B, if all
children were to move from restraint A to
restraint B at age y.
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Figure 2. The trade-off graph showing the two
proportions shaded in Figure 1 plotted against
one another for different values of the transition
age y (in months).

Incidentally, it not necessary that a and b describe
the same dimension: one may describe weight, and
the other seated height or any other relevant
measurement. All that is required is knowledge of
the distribution of the dimension at different ages.

The number of
all children too
small for
restraint B

The number of all
children too large
for restraint A

1-Fi(a)Fi(b)

y
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An extended interpretation of Equation 1

When considering the effects of misclassification,
the following two assumptions make a natural
starting point.

• There is a sharp change from a restraint
being satisfactory to being unsatisfactory
if the child is fractionally too small or too
large was assumed.

• Being too big for device A and being too
small for device B are equally serious.

We will express our results above in terms of the
numbers of children of an age range who fall
outside the specification of a restraint, and thus are
misclassified by age to an inappropriate restraint
type. The above assumptions will thus be by-
passed. Nevertheless, let us sketch how they may
be relaxed, so that the effects of misclassification
could be studied. This may be done by introducing
the idea of a misfit penalty function.

For device A, let the penalty from misfit be a non-
decreasing function of child’s dimension u, MA(u),
for u > a and 0 for u < a. And for device B, it is a
non-increasing function of u, MB(u), for u < b and 0
for u > b. Earlier, in writing Equation 1, MA(u) and
MB(u) were in effect both taken as 1. The total
misfit for children younger than y but bigger than a
is the sum over all weights bigger than a and all
ages younger than y of the product fi(u)MA(u),
where fi(u) is the proportion of children of age i
who are of weight u. Similarly, the total misfit for
children older than y but smaller than b is the sum
over all weights less than b and all ages older than
y of the product fi(u)MB(u). A trade-off graph
similar to Figure 2 could be obtained by making
several different choices of y.

Ideally, MA and MB would reflect the increase in
risk associated with being too small or too big for
the restraint, but this probably goes beyond what
current data can support.

RESULTS

Transition from infant restraints to forward
facing child restraints

AS/NZS 1754:2004 requires infant restraints to
satisfactorily restrain children from birth to 9 kg in
weight. It requires forward facing child restraints to
satisfactorily restrain children whose weight lies in
the range of 8 to 18 kg. Therefore, to examine the
transition from infant restraints to forward facing
child restraints we calculate P by setting a = 9 kg
and b = 8 kg.

UN ECE R44,04 differs from AS/NZS 1754 in that
infant restraints built under those standards are
required to accommodate children to 10 kg, and

forward facing child restraints from 9 kg. For this
standard, P will be calculated by setting a = 10 kg
and b = 9 kg.

FMVSS 213 is less prescriptive about restraint
classes. However, we believe the usual
interpretation is that infants should be transported
in rear facing infant restraints to 22 pounds and in
forward facing car child restraints from 22 pounds
to 40 pounds.

Note that both AS/NZS 1754 and UN ECE R44.04
nominate a one-kilogram overlap weight range,
while U.S. practice  provides an exact transition
weight and no range.

The results of the trade-off analysis are shown in
Figure 3. It shows the number of children less than
b kg (Fi(b)) plotted against those greater than a kg
(1 - Fi(a)), for various transition ages. The three
lines correspond to AS/NZS 1754, UN ECE
R44.04 and FMVSS 213.
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Figure 3. Trade-off graph for age-based
transitions from an infant carrier to forward
facing child restraint. The data points are
labelled with the transition age (months). The
three lines refer to (from bottom to top)
Australia (b = 8 kg, a = 9 kg), the EU (b = 10 kg,
a = 9 kg) and the US (a = b = 10 kg).

To illustrate the utility of this Figure, consider a
recommendation under AS/NZS 1754 to move
children from an infant restraint to a forward facing
child restraint at 6 months of age. Figure 3 shows
that a very small number will have exceeded the
upper weight limit of the infant carrier at this stage;
it is a number equivalent to 0.06 of a one-month
cohort of children. On the other hand, a larger
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number of children do not satisfy the minimum
weight specified for a forward facing child
restraint: a number equivalent to 1.5 one-month
cohorts of children are not yet heavy enough. It
might also be seen from Figure 3 that about one-
third of these children will not reach the minimum
weight after a further 2 months, but very few are
still too light at 11 months of age.

If the calculations could be performed for transition
ages of fractional months, each line in Figure 3
would be a smooth curve and the optimum would
be where its slope equals –1. For AS/NZS 1754,
this is evidently at about 8 months of age.
Changing the transition age from 6 months to 8
months would theoretically reduce the number of
children in forward facing child restraints who are
too light by two-thirds. The trade-off would be an
increase in the number of children in infant
restraints that exceed the upper weight limit. The
total misclassification (the number in the wrong
restraint for their weight) for a transition at 8
months of age would be equivalent to a single one-
month cohort. For 6 months it is 1.5 one-month
cohorts.

Now consider the range 9-10 kg specified by UN
ECE R44.04. It may be noted that:

• The optimum transition age given the
specifications in UN ECE R44.04 is 11
months, rather than 8 months under
AS/NZS 1754.

• The total number of children in the
incorrect restraint, P, is equivalent to 1.4
one-month cohorts. Transition ages of 10
months and 12 months produce similar
numbers for P (1.5 and 1.6).

• Overall, the trade-off line for UN ECE
R44.04 lies to the right of, and above, the
trade-off line for AS/NZS 1754, despite
both Standards specifying a one-kilogram
overlap of weights. This is because the
variance of the weights of a cohort of
children increases as they get older. Hence
a greater overlap of weights is required for
a higher transition age, y.

Age transition at 12 months under UN ECE R44.04
would mean that 1.15 one-month cohorts would be
too large for their restraint. Of children in forward
facing child restraints, 0.44 one-month cohorts
would be under 9 kg, but the majority of these
children would become 9 kg or greater within two
months.

Finally, in the line in Figure 3 representing FMVSS
213, we can see the effect of providing no weight
overlap. Because FMVSS 213 and UN ECE
R44.04 specify the same upper weight limit (10 kg)

the ordinate value for each transition age is the
same under each Standard. However the abscissa
values of the transitions ages are different. For
example, given a transition age of 12 months under
FMVSS 213, the number of children occupying
forward facing child seat that are too light for the
seat is three times the number under UN ECE
R44.04.

• The optimum transition age given the
specifications in FMVSS 213 is 12
months.

• The total number of children in the
incorrect restraint, P, is equivalent to 2.9
one-month cohorts.

Transition from forward facing child restraints
to booster seats

As mentioned above, as a cohort of children age,
the variance in their weights increases and so we
should expect an age-based transition from the
forward facing child restraint to a booster seat to
require a larger overlap than the transition from an
infant carrier to a forward facing child restraint.
Overlap of specifications for a forward facing child
restraint and a booster seat differs from one
standard to another: 14-18 kg in AS 1754, 15-18 kg
in UN ECE R44 and no overlap with FMVSS 213.
Figure 4 shows the number of children less than b
kg (Fi(b)) plotted against those greater than a kg
(1 - Fi(a)), for various transition ages. The three
lines correspond to AS/NZS 1754 (b = 14, a = 18
kg) UN ECE R44.04 (b = 15 kg, a = 18 kg) and
FMVSS 213 (a = b = 18 kg).

The optimum age transitions, where P is
minimised, are close to 4 years (48 months) for AS
1754 and UN ECE R44.04. For FMVSS 213, the
optimum is close to 5 years of age (60 months),
and it is clear that P is much larger for FMVSS 213
specifications than for the other two Standards.
About five times as many children would be
misclassified for an age based transition under
FMVSS 213 as under AS/NZS 1754. Note also that
advice mentioning the use of forward facing child
seats to 4 years of age  (e.g. NHTSA, 2005) is not
consistent with FMVSS 213, as many more
children are below 18 kg than over 18 kg at this
age. The value of P under each Standard is as
follows:

FMVSS 213 Py=60 = 10.4 one-month cohorts
UN ECE R44.04 Py=48 = 3.4 one-month cohorts
AS/NZS 1754 Py=48 = 1.9 one-month cohorts
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Figure 4. Trade-off graph for age-based
transitions from a forward facing child restraint
to a booster seat. The data points are labelled
with the transition age (months). The three lines
refer to (from bottom to top) Australia (b = 14
kg, a = 18 kg), the EU (b = 15, a = 18 kg) and the
US (a = b = 18 kg).

Transition from booster seat to adult seat belt

The transition from use of a booster seat to use of
an adult seat belt is a subject that may have been
given less attention than it deserves, with Standards
for child and adult restraints not being fully
coordinated with one another. However, we have
not conducted a trade-off analysis for this as the
design and specification of the adult seat belt is
outside the scope of the three child restraint
Standards considered in this paper.

Summarising the effect of aged based transitions

Having estimated separately the errors resulting
from age-based transitions between infant carriers
and forward facing child restraints, and between
forward facing child restraints and booster seats,
we now summarise the effect and examine the
temporal course of misclassification errors. The
stage at which a child should cease use of a booster
seat is unclear, and may depend of the geometry of
the adult restraint specific to the vehicle, but 8
years of age is often used as a guideline. Hence we
will examine the error up to that age.

It is straightforward to estimate the proportion of
children at each age that exceed the upper weight
specification of the booster seat under each
Standard by just considering the sum 1 - Fi(a). The

value of a (the upper weight specification) for
booster seats is 26 kg under AS/NZS 1754
(currently under review) and 32 kg under UN ECE
R44.04. The application of FMVSS 213 extends to
children weighing 65 pounds or 29.5 kg (some
models of restraints may accommodate children of
a higher weight).

Figure 5 shows the error for each month cohort,
when child restraint selection is made on the basis
of the ages indicated. Included in this Figure are
those children under 8 years of age who are heavier
than the upper weight specification of the booster
seat.

AS/NZS
1754

UN
ECE
R44.04

FMVSS
213

Figure 5. Proportion of each one-month cohort
misclassified (too heavy or too light) under the
three Standards AS/NZS 1754, UN ECE R44.04,
and FMVSS 213, for restraint transitions at the
ages indicated (months of life), for all children
aged 0-8 years.

In interpreting Figure 5, note that the population to
8 years of age is represented by the area of the
shaded boxes, and the coloured areas represent the
proportion of the population incorrectly classified
to the restraint type. The numbers of children
represented by the coloured areas in Figure 5 are
given in Table 2, while the proportion of children
correctly restrained (represented by the remaining
grey area in Figure 5) is given in Table 3.
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DISCUSSION

The ability of age-based transitions to classify
children into the correct restraint differs across the
three design standards considered in this analysis.
The average error ranges from 6.3% of the relevant
population (UN ECE R44.04) to 16.3% (FMVSS
213), though the latter estimate is somewhat
pessimistic as many models of booster are rated to
beyond 29.5 kg. The average errors are not high,
although the peaks in the temporal error, occurring
around the transition ages can be much higher – up
to 50% of a one-month cohort in the case of
FMVSS 213 where there is no overlap of weight
range between restraint types. It has not been the
purpose of this analysis to make conclusions on the
increase in risk this error would represent. Rather,
we are examining how the compliance of children
with seat weight specifications would be affected
by recommending a transition on the basis of their
age. That is, our purpose has been to explore the
consequences of age-based transitions, rather than
to positively advocate them. Many children
incorrectly classified to restraint types are within 1
or 2 kg of the limit of the weight specification, and
it is unlikely that these children are unprotected by
their restraints. Noting the transient nature of the
error (children growing into the restraint, or
graduating to a more advanced restraint), it is
unlikely that the increase in risk over the first eight
years of life would be substantial.

The differences in the error between restraint types
mean that advice to use or refrain from using age in
restraint advice is not necessarily transferable
between jurisdictions. For example, if a
recommendation were to be made to parents to
move their children to a booster seat at age 4 in
Australia, the consequence for correct restraint
selection would be rather different from a similar
piece of advice recommending restraint transition
at 5 years of age in the United States.

To balance, and perhaps outweigh, the error that
age-based transitions produce, two further factors
should be considered.

• First, children who obviously outgrow
their restraints before the transition age
may be graduated to the next restraint by
their parents earlier, thus limiting the
extent of the problem.

• Second, and more central to this analysis,
is the current high rate of incorrect
restraint selection that is reported in nearly
all surveys of restraint use. Even in
Australia where age-based promotion is
discouraged, parents consistently and
naturally want to nominate an age to
identify the stage at which to make the
transition from one restraint to the next.
And many of those who know weight and
height are important are unable to report

Table 2.
Number of children (in one-month cohorts) misclassified to child restraint types according to their weight,

when transitions are made on the basis of age

Number misclassified
Infant carrier Child seat Booster seat Total

Type of misclassification

Percentage
of children

under 8Standard Transition
ages

Too
light

Too
heavy

Too
light

Too
heavy

Too
light

Too
heavy

AS/NZS
1754

6 m, 4 y,
8y - 0.06 1.53 1.21 0.71 6.28 9.79 10.2%

UN ECE
R44

12 m, 4 y,
8 y - 1.15 0.44 1.21 2.15 1.13 6.08 6.3%

FMVSS
213

12 m, 5 y,
8 y - 1.15 1.75 5.43 4.96 2.32 15.61 16.3%

Table 3.
Proportion of children in each restraint type who are in the correct mass range, when transitions are

made on the basis of ages

Proportions correctly classified by restraint type
Standard Transition

ages Infant carrier Child seat Booster seat
Proportion of

children
under 8

AS/NZS 1754 6 m, 4 y, 8 y 99.0% 93.5% 85.4% 89.8%
UN ECE R44 12 m, 4 y, 8 y 90.4% 95.4% 93.2% 93.7%
FMVSS 213 12 m, 5 y, 8 y 90.4% 85.0% 84.8% 83.7%
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the size of the relevant dimensions
contained in recommendations.

The transition ages we have chosen to examine in
this analysis were 6 months, 12 months, 4 years
and 5 years. In some cases these do not exactly
align with the optimum age for the weight
specifications of each kind of seat. However, if age
advice is to be given, it seems reasonable to choose
ages that are simple to remember. Any
improvements that might be gained by
recommending a less memorable transition age
would probably be negated by a lower rate of
compliance.

Weight is not the sole determinant of correct
restraint fit, but the analysis here may be repeated
with other anthropometric dimensions to guide all
aspects of restraint design. For example, if the
distribution of seated shoulder height were known
as a function of age in the population, a trade-off
analysis could be performed to examine the
minimum and maximum slot heights for the
shoulder belt harness.

The analysis has taken the Standard as given, and
has examined the effect of age-based transitions. A
further step would be to take an aged-based
transition as given (e.g. at 4 years), and quantify
the effect of different overlaps in the Standards.
This would remove some of the factors that make it
difficult for parents to comply with restraint
guidelines, and shift the task to the engineer who is
designing the seat. We propose that it should
therefore be possible to decide on a simple message
for parents – transition on the basis of age – and to
then create a design standard to accommodate the
large majority of children who complied with the
recommendation.

We should also note that a similar method of
analysing trade-offs between two types of error
could conceivably be applied outside of the child
restraint context – to child-proof gates for
swimming pools (given the distributions of heights
of children and adults), or to child-proof caps for
medicine bottles (given the distributions of
strengths of children and adults).

CONCLUSIONS

• The consequences for recommending
transition on the basis of age are different
depending on which standard applies.

• In all cases, the average error is low –
16.3% of children under 8 years of age
would be incorrectly specified to their
restraint type under FMVSS 213. Lower
error rates are produced by specifications
AS/NZS 1754 and UN ECE R44.04.

• Even small increases in the overlap of
weight ranges specified for restraint types
can drastically reduce the error.

• It is possible to use age as the transition
criterion if the Standard is designed to
support it.

• Overlap of weight ranges optimised for a
given age transition can mean that age
based transitions can be used with
confidence, opening up possibilities for
improved promotion, compliance,
regulation and enforcement.

• The trade-off analysis presented here may
be applied to other anthropometric
measures.
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ABSTRACT 
 
Recent cars are more and more equipped with 
advanced driver assistance systems (ADAS). The 
design of useful and safe ADAS requires real driving 
behavior data in particular for their specification and 
their tune-up. Our study is focused on the 
improvement of adaptive cruise control (ACC) 
design. The specification of such a system requires 
drivers’ profiles using driver’s actions and vehicle 
dynamic data (speed, acceleration…) as well as 
information about close traffic in longitudinal 
regulation situations. An experiment on real road is 
currently carried out with 120 common subjects 
driving an instrumented car. To ensure that 
representative road situations are taken into account, 
data are recorded in ecological conditions, with 
common drivers using a non-ACC equipped car on a 
250 km real road. Four data types are recorded: 
drivers’ actions and comments, car dynamic and road 
environment characteristics. Drivers’ profiles 
presented in this paper are based on objective data 
like headways or speed choices in some relevant 
driving situations. This experimental method has the 
advantage to allow understanding both the driver’s 
real need (and not what the technology enables) and 
his/her real dynamic use of the car. As for any 
experimental procedure, it is essential to be aware of 
some biases which could impact the study 
conclusions. The data collected from this study and 
also from other ones should enable building an 
“intelligent” driving algorithm able to classify any 
driver in a pre-defined category of profile in order to 
configure automatically the best ACC functioning 
mode. 
 
INTRODUCTION 
 
Over the past 15 years major technological changes 
emerged in the field of automotive industry. New 
advanced driver assistance systems (route planning, 
obstacle detection, speed control…) equip more and 
more recent cars. 

Most of the time, in the development of some of 
these systems, only technological capacities are taken 
into account. Seldom, human factor aspects are gone 
into detail. The use of these assistances can have 
adverse effects if the behavior of the driver does not 
correspond to the one anticipated by designers [8]. 
In this paper, we focus on the improvement of 
adaptive cruise control (ACC) design. ACC system 
uses sensor to detect the presence of a preceding 
vehicle and to determine its distance and speed. If a 
preceding vehicle is detected, the speed of the ACC-
equipped vehicle is adjusted to maintain a preset safe 
distance or time headway.  
This kind of systems has not to disturb the driver in 
his driving task. That is why the specification of such 
a system requires driver’s actions and vehicle data as 
well as information about close traffic in longitudinal 
regulation situations. To build a real world database, 
our laboratory is conducting a large scale experiment 
on drivers’ behavior on real road with 120 subjects 
driving an instrumented car. This experimental 
method has the advantage to allow understanding 
both the driver’s real need (and not what the 
technology enables) and his/her real dynamic use of 
the car. Collected database helps driving assistance 
designers to take into account simultaneously what 
the technology allows and also drivers’ profiles.  
 
EXPERIMENTAL DESIGN 
 
Participants 
 
Our objective is to constitute a knowledge database 
of drivers’ real behavior. Only healthy subjects were 
selected in order to avoid biases due to pathologies. 
The study includes 120 participants (60 women and 
60 men). They were recruited via a local paper and 
then distributed in three age groups: 20 to 35, 40 to 
55 and more than 60 years. Only persons, who drove 
more than 5000 km/year and had a driving license for 
more than 2 years, were chosen. As of January 2007, 
36 (among 120 foreseen) persons took part in the 
experiment. 
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Vehicle 
 
In the study of real drivers’ behavior, two approaches 
at least are generally used: directly using his/her own 
car or using one or a few instrumented cars. As the 
first approach is difficult to carry out and does not 
permit us to instrument the vehicle as we desire, we 
have chosen the second method in which all 
interesting measures can be recorded.   
Since most people in our sample drive superminis to 
small family cars, a large family car such as the 
Renault Laguna (See Figure 1) we used may have 
interfered with drivers’ habitudes. However it seems 
mandatory to use a car in the range corresponding to 
the primary target market of ACC systems, and 
subjects had a period to get accustomed to driving a 
bigger car, which should reduce a potential bias.  

   
Figure 1: Test vehicle instrumentation 
 
Environment 
 
ACC systems have been designed to be used 
essentially on motorway or highway. Our 250 km 
route (See Figure 2) is composed of 80% of these two 
kinds of road. The first 30 minutes of driving allow 
the drivers to adapt themselves to the vehicle. For the 
remaining route, we consider that the driver has a 
natural behavior. The experiment takes place in 
daytime during the same hours to limit the bias due to 
the traffic. We have to take into account that all the 
subjects did not have the same meteorological 
conditions. 
 

 
Figure 2: Road route of 250 km 
 
Experimental schedule 
 
The experiment takes place on three meetings. 
During the first meeting, the participants are 
interviewed by a psychologist and some 
questionnaires have to be filled before a medical 

examination. Driving on a real road is realized during 
the second meeting. The subjects are accompanied by 
an experimenter (a psychologist). They drive between 
11 a.m. and 6 p.m. including breaks among one of 
about 2 hours. During the last meeting, another 
interview is organized. The subjects view parts of the 
video recordings and have to explain their actions in 
very specific driving scenarios. Other 
neuropsychological and personality tests are also 
realized. 
 
Acquisition of subjective and objective data 
 
For the data acquisition four methods were used in 
the study: questionnaires, interview, behavioral and 
dynamic measurements, and video recordings. 
During the second meeting, the instrumented car was 
designed in order to measure at a frequency of 100Hz 
some indicators of the drivers’ actions (use of the 
brake, accelerator…), car dynamics (speed, 
acceleration…) and close vehicles thanks to radars 
used for ACC systems (relative velocity, 
headway…). A video recording (See Figure 3) of 4 
views (visual scene, rear scene, the face and the 
hands of the driver) encountered along the route was 
made simultaneously with drivers’ comments. This 
observation technique, combining a video recording 
of the driving scene with the simultaneous recording 
of different indicators, allows an “exhaustive” 
analysis of drivers’ behavior in all met real driving 
situations.  

 
Figure 3: Video recording 
 
RESULTS 
 
Only results based on objective data will be presented 
in this paper.  
 
Descriptive statistics 
 
Some descriptive statistics on time headways were 
realized (See Table 1). 
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Table 1. 
Descriptive statistics on observed time headways 

(THW) on highways limited to 110 kph 
Variable Mean Std 

Mean THW 2.72 1.34 
Min THW 1.72 1.32 
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Figure 4. Histogram representing the distribution 
of the mean time headways in the phases of follow-
up on highway limited at 110 kph 
 
In 41% of follow-ups, the mean time headway is 
under the legal limitation of 2 seconds in France. 
They are 11% to have a mean time headway lower 
than 1 second (see Figure 4). 
Compared to a study made on the roads of Normandy 
[1], in 23% of cases, the drivers have time headways 
lower than 2 seconds. They are 9% to have headways 
lower than 1second on all types of road.  
Another study, published by the ONISR [6], 
presented the following results: 28% of time 
headways are lower than 2 seconds and in 7% of 
follows-ups, the mean time headway is lower than 
1 second on dual-lane sections. 
In our study, more people have small time headway 
compared to those obtained in the two other studies 
probably due to our limited sample, but also because 
of the difference between infrastructures’ types in the 
three studies. 
 
Typologies of drivers 
 
The research of drivers’ typologies is useful for many 
reasons. Indeed, they can help road safety organisms 
to develop targeted information campaigns or 
improve the driving learning. For car manufactures 
and suppliers, these kinds of information could be 
used in the specification of ADAS. 
Using objective data collected in our experiment, 
data analysis was performed by a principal 

components analysis (PCA) in order to search for 
drivers’ behavior typologies. 
 
     Data analysis method: principal components 
analysis   
In statistics, principal components analysis (PCA) is 
a technique for simplifying a dataset, by reducing 
multidimensional datasets to lower dimensions for 
analysis [5]. Technically speaking, PCA is a linear 
transformation that transforms the data to a new 
coordinate system such that the greatest variance by 
any projection of the data comes to lie on the first 
coordinate (called the first principal component), the 
second greatest variance on the second coordinate, 
and so on. PCA can be used for dimensionality 
reduction in a dataset while retaining those 
characteristics of the dataset that contribute most to 
its variance, by keeping lower-order principal 
components and ignoring higher-order ones. Such 
low-order components often contain the "most 
important" aspects of the data. But this is not 
necessarily the case, depending on the application. 
 
     Variables’ choice 
To characterize driver’s behavior, we chose 
47 variables taking into account  : 
� dynamic use of the vehicle : longitudinal 

regulation (speed, time headways, 
acceleration, deceleration…) and lateral 
control (lateral acceleration…); 

� drivers’ actions on the controls (fuel 
consumption, braking…). 

With such a number of variables, it is too difficult to 
give a meaning to the axes (See Figure 5). So the 
number of variables is reduced by studying 
correlations and contributions to the construction of 
principal axes. At the end of the process (See Figure 
6) only ten variables were kept (see Table 2). 
 

 
Figure 5. Projection of variables on factorial plane 
1x2. 
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Figure 6. Pattern of the process of variables’ 
selection 
 
     Significance of axes 
The three first principal components explain 60% of 
informations included in the data. To determine the 
most important aspects of the data contained in these 
components, we studied the contribution of each 
variable to their construction.  
 

Table 2. 
Listing of variables 

 

Mean time headway 

Maximal  lateral acceleration in bend 

Minimum time headway before overtaking 

Mean Speed in roundabouts 

Maximal lateral acceleration at the end of overtakings 

Mean main road speed 

Passed time over the speed limitation 

Number of brakings 

Mean fuel consumption 

Maximal longitudinal acceleration 

 
The mean speed on main roads allows to determine if 
the driver has a “slow”, a “moderate” or a “fast” 
driving. The mean fuel consumption shows if the 
driver is thrifty. Time headways and time spent over 
the speed limit allows to determine if the driver 
respects the driving rules. 
The figure 7 show that 5 variables (mean time 
headway, mean speed on main road, passed time over 
the limitation, lateral acceleration in bends and mean 
consumption) are strongly correlated to the first axis 
(See Table 2). We can group the last four variables. 
This cluster opposes to the mean time headway (See 

Figure 7), which could let think that the first factor 
represents the “risk taking” of the driver. Indeed, the 
faster the driving is, the smaller time headways are. 
We can assume that a driver, with a fast drive and 
small time headways, takes risks and conversely.  
The maximal lateral acceleration in curves, the lateral 
acceleration during overtaking, minimum time 
headway before overtaking and the speed in 
roundabouts allows to determine the driving 
“sportivity”. 
The minimum time headway before overtaking, the 
lateral acceleration at the end of overtaking and the 
speed practised in roundabouts have the strongest 
contributions for the construction of the second axis. 
Our study aims at discribing longitudinal regulation 
and not lateral control. Altough distribution within  
sinuous road and straight main lines is not equal, the 
second axe could explain the lateral control and thus 
if the subject is a "sporty" driver in lateral control.  
Indeed, the higher the lateral acceleration is, the 
smaller time headways before overtaking are. A 
subject, with small transerve acceleration and big 
time headway before overtaking, is not considered as 
a “sporty” driver.  
 

 
Figure 7. Projection of variables on factorial plane 
1x2. 
 
An important number of brakings allows to 
characterize a nervous driving. 
The longitudinal acceleration and the number of 
brakings are correlated in the third axis (See Figure 
8). This one could then allow to characterize a 
nervous driving. A driver that often brakes and has 
high longitudinal accelerations has a nervous driving. 
On the contrary, a driver, with a small longitudinal 
accelerations and few number of brakings, has a 
relaxed driving. 
 

Analysis of variables 
contributions to the 
construction of axes  

Reduction of the number 
of variables 

PCA 

If variables are 
correlated  

Variables 

Explanation of axes and 
determination of drivers’ 

typologies 

Else 
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Figure 8. Projection of variables on  plane 1x3. 
 
 
     Determination of drivers’ typologies  
To determine typologies of drivers, we formed 
clusters of subjects from their projection on the 
factorial axes. 
 

 
Figure 9. Projection of subjects on factorial plane 
1x2 
 
The analysis of the subjects’ projections on factorial 
axes allows us to difference eight driver’s behavior 
(see Figures 9 and 10): 
 
� Cluster 1 (surrounded in red): slow, “not 
sportive” and relaxed driving  

Four drivers have a rather slow driving and keep 
important safety distances with the other vehicles. 
They have no “sportive” driving because they have 
low transversal accelerations on road and during 
overtaking and they anticipate their overtakings. 
Their driving is relaxed. Indeed they do not press 
completely on the accelerator and do not often brake. 
� Cluster 2 (surrounded in blue): moderate, “not 
sportive” and relaxed driving 
Eight drivers have a moderate driving in terms of 
speed and THW. As the previous class, they have no 
“sportive” driving because they have low transversal 
accelerations on road and during overtaking and they 
anticipate their overtakings. Their driving is relaxed. 
Indeed they do not press completely on the 
accelerator and do not often brake. 
� Cluster 3 (surrounded in cyan): moderate, 
“sportive” and nervous driving 
One driver has a moderate driving in terms of speed 
and THW. He has a “sportive” driving because he 
has high transversal accelerations on road and during 
overtaking and he has small time headway before 
overtakings. He presses completely on the accelerator 
and he often brakes, what lets think that he has a 
rather nervous driving. 
� Cluster 4 (surrounded in rose): fast, “not 
sportive”, and relaxed driving 
Eight subjects have a fast driving and small THW. 
They have no "sportive" driving because they have 
low transversal accelerations on road and during 
overtaking and they anticipate their overtakings. 
Their driving is relaxed. Indeed they do not press 
completely on the accelerator and do not often brake. 
� Cluster 5 (surrounded in green): fast, sportive 
and relaxed driving 
Four subjects have a fast driving and small THW. 
They have a “sportive” driving because they have 
high transversal accelerations on road and during 
overtaking and they have small time headway before 
overtakings. Their driving is relaxed; they do not 
press completely on the accelerator and do not often 
brake. 
� Cluster 6 (surrounded in purple): fast, “not 
sportive” and nervous 
One subject has a fast driving and small THW. He 
has no "sportive" driving because he has low 
transversal accelerations on road and during 
overtaking and he anticipates his overtakings. He 
presses completely on the accelerator and he often 
brakes, what lets think that he has a rather nervous 
driving. 
� Cluster 7 (surrounded in yellow): moderate, “not 
sportive” and nervous   
Five drivers have a moderate driving in terms of 
speed and THW. They have no "sportive" driving 
because they have low transversal accelerations on 



Dubart 6 

road and during overtaking and they anticipate their 
overtakings. They press completely on the accelerator 
and they often brake, what lets think that they have a 
rather nervous driving. 
� Cluster 8 (surrounded in orange): moderate, 
sportive and relaxed driving. 
Three drivers have a moderate driving in terms of 
speed and THW. They have a “sportive” driving 
because they have high transversal accelerations on 
road and during overtaking and they have small time 
headway before overtakings. Their driving is relaxed; 
they do not press "profoundly" on the accelerator and 
do not often brake. 
 

 
Figure 10. Projection of subjects on factorial plane 
1x3 
 

Table 3. 
Typologies of drivers 

Cluster
Slow, 

Moderate or 
Fast driving?

Sportivity of 
the driving

Nervous or 
relaxed 
driving?

Number 
of 

subjects
1 Slow Not sportive Relaxed 4
2 Moderate Not sportive Relaxed 8
3 Moderate Not sportive Nervous 1
4 Moderate Sportive Relaxed 8
5 Moderate Sportive Nervous 4
6 Fast Not sportive Relaxed 1
7 Fast Not sportive Nervous 5
8 Fast Sportive Relaxed 3  

 
Comparison with others typologies 
 
All precedent studies related to driving typologies 
found in the literature use only subjective data. These 
data is gathered through questionnaires and 
interviews. For example, [2] proposes a typology 
based on drivers’ errors in order to improve their 
behavior. [9] bases his typology on drivers’ feelings 
during the driving. These two typologies are based on 

parameters that we did not include in our present 
study, so we can’t compare them directly with our 
results. [4] is interested in drivers’ behavior and their 
actions. He proposes a typology of drivers in five 
clusters: 
-  (1) Slow, disciplined and thrifty drivers (26%) 
-  (2) Moderate and rather thrifty drivers (28%) 
-  (3) Fast but far-sighted drivers (23%) 
-  (4) Fast, "sports" and not thrifty drivers (15%) 
- (5) Very fast, aggressive and high roller drivers 
(8%) 
This typology is based on three different axes: speed, 
discipline and fuel thrifty. Some of our variables 
describe these axes. We wanted to verify if we found 
the same typology with our data. 
For the first axe, the average speed in main roads 
characterizes the first parameter “speed”, according 
to 3 modalities: slow, moderate or fast driving. 
To characterize the discipline, four variables can be 
used: the average time headway, the time over the 
limitation, the occurrence of another vehicle cuting in 
front of the subject’s vehicle and the longitudinal 
acceleration. The study of these four variables allows 
us to determine if the subject is “disciplined”. 
We can determine if the subject is fuel thrifty thanks 
to the fuel consumption. 
If we combine all the possibilities for these three 
parameters, we obtain 12 possible clusters of drivers, 
but only 6 are actually found (see Table 4): 
- (a) Slow, disciplined and fuel thrifty drivers (32%)  
- (b) Slow, disciplined and not fuel thrifty drivers 
(9%) 
- (c) Moderate, sportive and fuel thrifty drivers (14%) 
- (d) Moderate, sportive and not fuel thrifty drivers 
(12%) 
- (e) Fast, sportive and fuel thrifty drivers (9%) 
- (f) Fast, sportive and not fuel thrifty drivers (23%) 
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Table 4. 
Repartition of our subjects according to the three 

principal indicators of Labiale’s typology [4]  

Speed Disciplined 
Fuel 

thrifty 
Nb of 

subjects 
Yes 11 

Yes 
No 3 
Yes 0 

Slow 
No 

No 0 
Yes 0 

Yes 
No 0 
Yes 5 

Moderate 
No 

No 4 
Yes 0 

Yes 
No 0 
Yes 3 

Fast 
No 

No 8 
 

Table 5. 
Association and comparison of our clusters and 

Labiale’s clusters 
Our clusters [Labiale] Clusters 

(a) 32% (1) 26% 
(b) 9%  
(c) 14% (2) 28% 
(d) 12% (3) 23% 
(e) 9% (4) +(5) 23% 
(f) 23%  

 
The repartition is slightly different but the same 
tendencies are observed (see Table 5). The 
differences must be due to a differential number of 
subjects (1006 vs. 34) and a different methodology of 
data acquisition (questionnaires vs. objective data).  
 
DISCUSSION 
 
Our experiment allows us to build a knowledge 
database of driver’s real behavior. However, we are 
aware of some biases which could impact the study 
conclusions. 
Concerning the drivers’ sample, we have only chosen 
120 healthy drivers. A bigger sample with some 
people presenting any pathologies would have been 
more representative of the drivers’ population. 
Being observed in a experimental setup can modify 
the driver’s behavior. [2] found that the behavior of 
moped riders did not change when they knew that 
they were being observed. On the other hand, [6] 
found that subjects, driving an instrumented car with 
an experimenter, had a 1-2kph lower mean speed 
when the experiment leader was present. They further 
found that acceleration and deceleration smoothed 
down and lateral acceleration was reduced. We found 

no differences in the drivers’ behavior with or 
without an experiment leader in a precedent study 
conducted by the LAB in 2006. 
Different meteorological conditions can pull different 
behaviors. It is slight easy to control the potential 
effect of this parameter as the weather is coded in this 
study. It is also possible to make separate analysis.  
The density of traffic influences speeds and 
headways. Here, the traffic was fluid, so headway 
could be larger than in a dense traffic. In order to 
improve the representativeness of the database, we 
are currently studying the drivers’ behavior on the 
Parisian ring road to obtain headways in a dense 
traffic. 
As a data analysis method, we used the PCA in this 
study. Other methods such as multiple 
correspondence analysis or classification methods 
will be also tested. 
 
CONCLUSIONS 
 
Our experimental study is complementary to 
statistical studies from “road safety” agencies. 
Indeed, these organisms record only one data per 
driver but for thousand vehicles. In this experiment, 
we chose to have much more data per driver in order 
to characterize the behavior of the driver in 
longitudinal regulation. 
Concerning the research of drivers’ typologies, most 
of studies are based on questionnaires and interviews. 
A few published studies use “objective data” to 
determine typologies. Our approach allows us to find 
eight clusters of drivers. These results based on only 
34 drivers are not representative but they allow 
validating the used method. At the end of the 
experimentation, we will have to validate our drivers’ 
typologies with the data of 120 subjects. It is difficult 
to compare our results with the others, because we do 
not study the same aspects of the driving. But by 
using our data and clusters constructed thanks to 
Labiale’s criteria [4] we observe the same tendencies. 
We aim to combine “objectives data” and intentions 
of drivers collected thanks to verbalization to propose 
the most drivers adapted ADAS. 
The results can be used in the specification of driving 
assistances taking into account the real use and need 
of drivers, like helping them to better estimate safety 
distances, using information systems (safety distance 
warning) or dynamic ones (ACC for example). 
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ABSTRACT 

Recently, the general public in Japan is attaching 
increasing importance to the wearing of seatbelts by 
rear seat occupants. Some projects have been 
launched to have more rear seat occupants wear 
seatbelts in Japan. The National Agency for 
Automobile Safety and Victim's Aid (NASVA), for 
example, conducted a research project to evaluate the 
effectiveness of wearing a seatbelt based on crash 
tests. Full-width rigid barrier tests were conducted 
using Hybrid III AF05 and 3YO dummies in belted 
or unbelted conditions in the rear seat. This paper 
summarizes the analyses of crash tests in this project. 

For the belted AF05 and 3YO in the rear seat, the 
injury criteria were relatively low since contact with 
the car interior was prevented by a seatbelt, though 
the chest deflection of AF05 was large by the 
shoulder belt. However, when the AF05 was not 
belted, the knees and the head made contact with the 
seatback of the front seat and the head of the front 
seat dummy, respectively. The injury criteria were 
extremely high and exceeded the injury assessment 
reference values (IARVs). Due to this impact by the 
AF05, the injury criteria of the driver dummy 
became high. The unbelted Hybrid III 3YO was 
thrown around inside the passenger compartment, 
making contact at several locations. It was 
demonstrated that a seatbelt is useful for preventing 
hard contact with the vehicle interior. However, 
some challenges remain, one of which is that the 
loading by the conventional seatbelt is too large for 
the Hybrid III AF05 chest. 

INTRODUCTION 

In general, the percentage of rear seat occupants 
wearing seatbelts is small compared to that of front 
seat occupants. For example, according to the 

investigation by the Japan Automobile Federation 
(JAF) in 2005, the percentage of front seat occupants 
wearing seatbelts was 92.4%, against a mere 8.1% in 
rear seat occupants in Japan [1]. Because of these 
low percentages as well as the wide age distribution 
of occupants in the rear seat, the target population is 
limited, which makes it rather difficult to conduct a 
statistical analysis to investigate injuries to the rear 
seat occupants.  

Many accident analyses have demonstrated the 
effectiveness of wearing a seatbelt for injury risks to 
occupants in rear seat. Morgan [2] reported that the 
reduction of fatalities is 32% based on the Fatality 
Analysis Reporting System (FARS) in the US. In the 
UK, Cueradan [4] reported 41% for the reduction of 
MAIS 1+ injuries using the Co-operative Crash 
Injury Study (CCIS). Shimamura [3] estimated the 
effect of seatbelt for rear seat occupants by applying 
logit model to the national accident data in Japan 
(1995-2000). If the unbelted rear seat occupants 
changed to belted, the number of fatalities of rear 
seat occupants would decrease by 45%.  

Some features are observed in injury body regions 
for rear seat occupants. According to the accident 
analyses by Cuerdan [4], the frequency of chest 
injuries by shoulder belt is largest in the belted 
occupants in the rear seat. He also reported the 
frequencies are high in head and lower extremity 
injuries due to contact with the front seatback in 
addition to whiplash injuries. In unbelted rear seat 
occupants, the frequency of head injuries was largest, 
and the injury sources were front seats, head 
restraints and external objects. 

Parenteau and Viano [5] also examined the injury 
risks to occupants over age 13 who were in rear seats 
and involved in frontal impacts using the US 
accident data (NASS-CDC 1991-1998, FARS 
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1988-1996). For occupants with a 3-point seatbelt in 
the rear seat, the frequency of chest injury was 
largest. For unbelted occupants, injuries to various 
body regions such as upper extremities, head and 
upper extremities occurred frequently. Based on 
these results, they concluded that a seatbelt force 
limiter and energy absorption of the front seatback 
and of the vehicle interior would be effective for the 
protection of rear seat occupants. 

The influences of the behavior of the rear seat 
occupants on the injury risks in front seat occupants 
were investigated. Using the national accident data in 
Japan, Ichikawa et al. [6] showed that the injury risks 
to front occupants were five times higher when there 
were occupants in the rear seat. Broughton [7] also 
examined the increasing injury risks to front seat 
occupants based on the UK accident data, and found 
that the injury risks increased by 1.79 times for driver 
and by 1.73 times for front passenger when there 
were rear seat occupants. Based on the logit model 
by Shimamura [3], the number of driver and front 
passenger fatalities would decrease by 25% and 28%, 
respectively. 

Using in-depth accident data of ITARDA (Institute 
for Traffic Accident Research and Data Analysis), 
Shimamura [8] also examined 123 rear-seat unbelted 
occupants. He classified the behavior of unbelted 
101 rear seat occupants whose contact location was 
identified, into three categories. First is the case 
where the rear seat occupants are stopped by the 
seatback of the front seat (82 cases). Second is when 
the rear seat occupants are thrown over the front seat 
(6 cases). And third is when the rear seat occupants 
are moved through either side of the front seats (13 
cases). There were several accidents in which the 
front seat occupants sustained injuries to the chest 
and abdomen since the rear seat passengers impacted 
the front seatback and the front seat occupants were 
compressed by the deformation of the front seatback. 

At present, the adult occupants are not positioned in 
the rear seat in the frontal crash test regulation. For 
the rear seat, there are no airbags, and many vehicles 
have only conventional seatbelts without a 
pretensioner or force limiter. Accordingly, the injury 
risk to rear seat occupants is likely to be higher than 
to front seat occupants. Recently, the injury risk to 
rear occupants has probably been increasing because 

the vehicle acceleration is inclined to be high due to 
the stiff passenger compartment. 

The National Highway Traffic Safety Administration 
(NHTSA) has a research program focusing on rear 
seat occupant safety [9]. In the research, the Hybrid 
III AM50 (adult male 50th percentile) and AF05 
(adult female 5th percentile) dummies in the rear seat 
showed larger injury criteria than those in the front 
seat, especially for HIC15, neck (tension and Nij) 
and chest deflection. Transport Canada also has a 
research project dealing with rear seat safety [10]. 
The Hybrid III AF05, 6YO (year-old) and 3YO were 
tested, and the Hybrid III AF05 in the rear seat was 
likely to have a large chest deflection, and depending 
on the location of seatbelt anchor, the lap belt could 
intrude into the abdomen. 

The seatbelt design method for rear seat occupant 
safety has been analyzed. Zellmer et al. [11] 
examined the behavior and injury risk of rear seat 
occupants based on Hybrid III AM50 test and 
MADYMO analysis. It was shown that a seatbelt 
pretensioner and force limiter were effective for 
reduction of chest loadings, and they proposed that a 
6-kN force limiter be used to reduce both chest 
loadings and head excursion. Kawaguchi et al. [12] 
tried an optimized design for various size occupants 
in the rear seat. They concluded that to reduce the 
injury criteria of various size dummies, a seatbelt 
force limiter of 3.5 kN and belt outlet of 0-200 mm 
retractor were useful. 

In May 2006, the Council of Transport Policy 
Council, Road Traffic Working Group in Japan 
published a report for the future road traffic safety 
underscoring the need for measures to encourage the 
use of safety devices among car users in order to 
reduce the number of traffic fatalities. The use of 
seatbelts by rear seat occupants is one of the 
important issues to be tackled, even though widely 
recognized. The National Agency for Automotive 
Safety & Victims' Aid (NASVA) conducted a 
research project for rear seat occupant safety. This 
paper summarizes the results of crash tests in this 
NASVA research project to demonstrate the 
effectiveness of seatbelts for the safety of rear seat 
occupants.  
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METHOD 

Test Conditions 

The effect of a seatbelt in a rear seat was investigated 
based on crash tests using a crash dummy seated in a 
rear seat with and without seatbelt. Figure 1 shows 
the test condition. Two tests (test 1 and 2) were 
carried out. Full-width rigid barrier tests were 
conducted at 55 km/h in the same condition as the 
JNCAP (Japan New Car Assessment Program) test. 
In a full-width rigid barrier test, since the vehicle 
acceleration is high and the dummy loading is great, 
this test is suitable for the evaluation of a restraint 
system. A compact wagon (curb mass 1220 kg, 
engine displacement 1498 cc) was used in the test. 
Three-point seat belts were installed in the rear seat. 
In both tests, in the rear seat, the Hybrid III AF05 
was seated behind the driver seat, and the Hybrid III 
3YO dummy behind the front passenger seat. The 
Hybrid III AF50 was seated in the driver and front 
passenger seats.  

In test 1, the Hybrid AF05 wore a three-point seat 
belt, and the Hybrid 3YO was restrained in the 
forward-facing child restraint system (CRS) in the 
rear seat. In test 2, the Hybrid III AF05 did not wear a 
seat belt. The Hybrid III 3YO was seated on the CRS 
without a CRS harness strap restraint, though the 
CRS was fixed on the rear seat with a seatbelt. Figure 
2 shows the seating posture of dummies in the rear 
seat. In both tests, the Hybrid III AM50 was seated in 
the driver and passenger seat while wearing a 
seatbelt. To examine the influence of the rear seat 
occupants on the injury risk to the front seat 
occupants, injury criteria of the driver dummy were 
compared to those in the JNCAP full-width rigid 
barrier test without rear seat occupants. 

 
Figure 1. Test conditions. 

  
Hybrid III AF05                      Hybrid III 3YO 

(a) Test 1 

  
Hybrid III AF05                      Hybrid III 3YO 

(b) Test 2 

Figure 2. Rear seat dummies in test 1 and 2. 

Injury Criteria 

Injury criteria of dummies in the rear and front seats 
were examined. Injury assessment reference values 
(IARVs) from FMVSS 208, ECE R94 and the 
literature by Mertz [13] were used. The IARV of 
chest deflection depends on the loading 
configuration on the chest. For the unbelted Hybrid 
III AF05 and 3YO dummies, the IARV of the chest 
deflection by the distributed load were used from 
FMVSS 208. The IARV of the distributed load was 
also used for the Hybrid III 3YO in the CRS because 
the load on the Hybrid III 3YO chest is likely to be 
distributed in the 5-point harness CRS. The IARV of 
chest deflection in the concentrated load due to the 
shoulder belt was applied from the ECE R94 to the 
belted AM50 dummy, and the IARV in the literature 
[13] was applied to the belted AF05 dummy.  

The probability of injury was also calculated based 
on the injury criteria of the crash dummy. Basically, 
injury risk curves were adopted from those used in 
the JNCAP to calculate scores. The injury risk curve 
of the head was from Mertz et al. [13], and that of the 
chest and the femur was according to Viano and 
Arepally [14]. For unbelted occupants, the risk curve 
of the chest injury due to the distributed load was 
from Mertz et al. [13]. To calculate the probability of 
injury for AF05 and 3YO from that of AM50, their 
scale factors indicated by Mertz et al. [13] were used. 

55 
km/h 
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(b) TEST 1 
Belted occupants in 

rear seat 
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Unbelted occupants in 

rear seat 
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Hybrid III 
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Hybrid III 
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3YO 

Hybrid III 
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RESULTS 

Car Deformation and Acceleration 

Figure 3 presents photos of the deformed cars after 
crash. The passenger compartment was intact, and 
the intrusion was small. The acceleration-time 
histories are shown in Figure 4. Since the vehicle 
deceleration in JNCAP, test 1 and test 2 were similar, 
the inertial loads applied to the occupants are likely 
to be similar in the three tests. 

  
(a) JNCAP 

  
(b) Test 1                                 (c) Test 2 

Figure 3. Car deformation. 
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Figure 4. Car acceleration-time histories. 

Occupant Kinematics 

Test 1 (belted rear seat occupants) 
The behavior of belted-in occupants is restrained 
during impact. Figures 5 and 6 present the behavior 
and readings for the dummies in the rear seat. Under 
the restraint of the seatbelt, the torso and neck of both 
dummies flexed. The chest acceleration of the AF05 
has a maximum value at 65 ms, although no contact 
of the dummy with the car interior was observed 
from a high-speed video. The head accelerations and 
excursions of both dummies are maximal at 88 ms 
and at 102 ms, respectively. The chin made contact 
with the sternum (105 ms), which led to high head 
acceleration, especially for 3YO. In the rebound 

phase, both dummies moved backward in the initial 
seated position (1000 ms). Since the Hybrid III AF05 
was restrained by the seatbelt, the head contacted 
neither the vehicle interior nor the front seat 
dummies. The Hybrid III 3YO in the CRS also did 
not make contact with the car interior, except for the 
contact between the feet and the seatback. Judging 
from the kinematics of the lower extremities, the 
impact force is probably small.  

 
Figure 5. Kinematics of belted dummies in rear 
seat (test 1). 
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Figure 6. Dummy readings in test 1. 
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Test 2 (unbelted rear seat occupants) 
Because the rear seat occupants were not restrained, 
the moved forward under impact. Occupant 
movement was decelerated by impact with several 
locations in the car interior until the occupant moved 
with the same velocity as the car. Figures 7 and 8 
show the unbelted occupant kinematics in the rear 
seat. Figure 9 plots the acceleration of the dummies. 

The Hybrid III AF05 dummy moved forward in the 
initial seated posture. Its knees made contact with the 
front seatback (70 ms), and the femur force and 
pelvis acceleration were maximal (86 ms). The upper 
body started to rotate around the knee in the forward 
direction (100 ms), then was thrown over the front 
seat. The chest made contact with the seatback, and 
the face of the Hybrid III AF05 hit the pole of the 
head restraint at 47 km/h (120 ms). The Hybrid III 
AF05 also hit the occipital region of the driver 
dummy head at 36 km/h (122 ms). The Hybrid III 
AF05 continued to rotate forward, and the back 
region and the head hit the roof and the windshield, 
respectively (192 ms). 

The unbelted Hybrid III 3YO also moved forward in 
the initial seated posture, and the foot soles and knees 
made contact with the seatback of the front passenger 
seat at 60 ms and 86 ms, respectively. Then the upper 
body rotated and was thrown over the front seat. The 
head traveling velocity was about 44 km/h based on 
the video analysis. The head hit the roof header at 
135 ms, and the back region hit the roof at 170 ms. Its 
head struck the windshield, and finally dropped on 
top of the instrument panel at 200 ms. 

 
Figure 7. Kinematics of unbelted Hybrid III 
AF05 in rear seat (test 2). 

 
Figure 8. Kinematics of unbelted Hybrid III 3YO 
in rear seat (test 2). 

For the driver dummy, there are peaks in the chest 
acceleration (90 ms) due to the impact by the rear 
seat Hybrid III AF05. Energy absorption of the 
airbag was almost finalized at 125 ms. However, the 
driver head was impacted from the rear by the face of 
the rear seat Hybrid III AF05, after which the driver 
head was thrown against the steering wheel (Figure 
7). 

 

Time (ms) 

R
es

ul
ta

nt
 a

cc
el

er
at

io
n 

(m
/s

2 ) 

Head acc.
Chest acc.
Femur force right
Femur force left Fem

ur force (kN
)

Time (ms) 

(a) AF05 (rear seat, unbelted) 

(b) 3YO (rear seat, unbelted) 

Re
su

lta
nt

 a
cc

el
er

at
io

n 
(m

/s2 ) 

0 50 100 150 200

-1000

0

1000

2000

3000

4000

0 50 100 150 200
-5

0

5

10

15

20
Compression

Tension

0 50 100 150 200

Time (ms) 

Re
su

lta
nt

 a
cc

el
er

at
io

n 
(m

/s2 ) 

(c) AM50 (driver, belted) 

0

500

600

400

200

300

100

0

500

1000

1500

2000

2500

3000

Head
Chest

Head
Chest

 
Figure 9. Dummy readings in test 2. 
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Injury Criteria 

Injury criteria of dummies in the rear seat and in the 
front seat are shown in Tables 1 and 2, respectively. 
Based on these criteria, the ratio of injury criteria to 
the IARVs and the probability of injury are shown in 
Figures 10 and 11. 

When the Hybrid III AF05 was belted in the rear seat, 
the head and chest injury criteria were relatively 
larger than the IARVs. For the unbelted AF05, the 
HIC15 and the femur forces were extremely high. 
Based on the injury criteria, the probability of head 
injury is 95% for AIS 4+ and that of femur fracture is 
99.8%. Thus, serious injuries are very likely to occur.  

For the belted Hybrid III 3YO, the injury criteria of 
head and chest were less than IARVs. The HIC15 
and chest deflection of the unbelted Hybrid III 3YO 
were far less than IARVs. The chest acceleration (3 
ms clip) took a maximum value of 470 m/s2 when the 
back region of the Hybrid III 3YO made contact with 
the roof (see Figure 9), though this value was also 
less than the 539 m/s2 prescribed in the FMVSS 208.  

The injury criteria of the driver dummies in the 
JNCAP and in the test 1 are similar, which indicates 
that the belted rear-seat occupants have little 
influence on the injury criteria of the dummies in the 
front seat. When the Hybrid III AF05 in the rear seat 
was not belted, the HIC15 of the driver dummy 
exceeded the IARV due to impact by the AF05 head. 
In this case, the chest of the driver dummy was 
compressed, and chest deflection of the driver 
dummy was also larger than in other tests, because 
the front seatback was struck by the impact of the 
rear-seat Hybrid III AF05. 

Table 1. Injury criteria (rear seat dummies) 

 Rear seat AF05 Rear seat 3YO 

 Belted 
(Test 1)

Unbelted 
(Test 2) 

Belted 
(Test 1) 

Unbelted
(Test 2)

HIC15(1) 972 
(700*) 

2403 
(700*) 

466 
(570*) 

138 
(570*) 

Chest deflection (mm) 49.5 
(41**) 

1.0 
(52*) 

25.2 
(34*) 

6.6 
(34*) 

Femur force right (kN) 0.1 
(6.8*) 

14.3 
(6.8*) NA NA 

Femur force left (kN) 0.2 
(6.8*) 

6.8 
(6.8*) NA NA 

Parentheses show injury reference values from * FMVSS 208 and 
**Mertz et al. [13]. 

Table 2. Injury criteria (driver dummy) 

 Belted driver dummy (AM50)  

Rear seat dummy No dummy 
(JNCAP) 

Belted AF05 
(Test 1) 

Unbelted AF05
(Test 2) 

HIC15 358 
(700*) 

344 
(700*) 

1218 
(700*) 

Chest deflection (mm) 27.2 
(50**) 

25.8 
(50**) 

29.2 
(50**) 

Femur force right (kN) 0.3 
(10.0*) 

0.4 
(10.0*) 

0.4 
(10.0*) 

Femur force left (kN) 1.8 
(10.0*) 

1.7 
(10.0*) 

1.6 
(10.0*) 

Parentheses show injury reference values from *FMVSS 208 and 
**ECE R94. 
 
 

 
Figure 10. Ratio of injury criteria to IARVs. 
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Figure 11. Probability of injury calculated based 
on IARVs. 

DISCUSSION 

In test 2, the unbelted Hybrid III AF05 and 3YO in 
the rear seat were thrown over the front seat. The 
Ministry of Land, Infrastructure and Transport, 
Japan conducted a full-width rigid barrier test with 
two unrestrained Hybrid III AM50 dummies in the 
rear seat [15]. In the test, the Hybrid III AM50 in the 
rear seat collided against the seatback of the front 
seat and rebounded into the rear seat. JAF also 
conducted offset frontal impact tests with the Hybrid 
III AF05 and 3YO in the rear seat under conditions 
similar to those used in test 1 and 2. The Hybrid III 

3YO moved in between the driver seat and the front 
passenger seat. Based on the in-depth accident 
analysis by Shimamura [3], 81% of the unbelted 
rear-seat occupants were stopped by the front seat, 
and 19% were thrown over the front seat. In this 
accident data, many low velocity accidents were 
probably included, which made for the high 
frequency with which rear seat occupants returned to 
their original position after collision. Therefore, the 
behavior of the unbelted rear-seat dummy varies 
with its body size, impact velocity and impact force 
direction. Depending on the collision situation, an 
unbelted occupant can even be ejected from the 
passenger compartment. 

The HIC15 and chest deflection of the belted Hybrid 
III AF05 exceeded the IARVs, though there were no 
significant contacts between the dummy and the car 
interior. It is not clear whether the HIC15 can be 
applied to assess the head injury to rear seat 
occupants when there is no hard head contact. The 
chest acceleration of belted Hybrid III AF05 was also 
high in the initial phase before flexion of torso 
occurred (see Figure 6), though the force path for this 
high acceleration is not clear. Even though the injury 
criteria were relatively high for the belted AF05, the 
safety effectiveness of the seatbelt for the rear 
occupant injury risk is clear. The injury criteria of 
unbelted AF05 in the rear seat were extremely high 
due to contact with several locations in light of the 
uncontrolled behavior.  

The unbelted Hybrid III 3YO was thrown around 
inside the passenger compartment, and gradually 
decelerated by impact with several locations. 
Surprisingly, all measured injury criteria were less 
than IARVs. However, it is difficult to say that the 
injury risks of the unbelted Hybrid III 3YO were 
small based on this test since various body regions of 
the Hybrid III 3YO made contact with the interior of 
the car, and the injury risks were difficult to 
determine.  

It was demonstrated that the injury to the front seat 
occupant could be affected by the unbelted occupants 
in the rear seat. Under the rear occupant impact into 
the seatback of the front seat, the chest acceleration 
and chest deflection of the front seat occupant can 
become large. It is not clear that such great injury 
criteria really reflect injury risks to front seat 
occupants from the rear impact because of the 
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Hybrid III limitation. However, accident analysis has 
demonstrated that the injury risks to front occupants 
increase when there are unbelted rear-seat occupants 
[3,6,7,8]. 

The kinematics and injury criteria of the dummy in 
the rear seat were probably affected by various 
factors such as car acceleration, initial posture, and 
the size and properties of dummies. Further 
investigation of the safety of the rear-seat occupants 
is warranted taking into account the various sizes of 
rear seat occupants. 

CONCLUSIONS 

The Hybrid III AF05 and 3YO dummies were seated 
in the rear seat in the belted or unbelted condition, 
and full-width rigid barrier tests were carried out at 
55 km/h. The conclusions may be summarized as 
follows: 
1. The injury risk was low for the belted AF05 in 

the rear seat because the contact with the car 
interior was prevented by the seatbelt, though 
the chest deflection was large by the shoulder 
belt. When the AF05 was not belted, risks of 
head injury and femur fracture were particularly 
high due to contact with several locations in the 
car interior.  

2. When the Hybrid III 3YO was restrained by the 
CRS, the only contact with the car interior was 
between the feet and front seatback. The 
unbelted Hybrid III 3YO was thrown over the 
front seat, making contact with the front seat, 
roof and instrument panel.  

3. When the Hybrid III AF05 in the rear seat was 
belted in, the AF05 did not affect the driver 
dummy behavior. However, the unbelted AF05 
made contact with the rear seatback and the 
driver head, which could result in severe injuries 
to the head and chest of the driver dummy. 
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ABSTRACT 
 
Nearside occupants in side impact crashes often 
sustain severe injuries resulting in significant 
economic burden.  Continual advancements in safety 
technology, including reinforced door structures, 
torso and head curtain air bags, compatibility 
improvements and other advancements, attempt to 
provide increased protection to occupants in these 
side impact crashes.  Despite these advancements, 
serious injuries continue to occur at low delta-V�s.  In 
this paper, detailed analysis of field crash data will 
show which factors have the most influence on 
occupant outcome in these side impact crashes. 
 
One-hundred and eighty-nine side impact crashes 
from the Crash Injury Research and Engineering 
Network (CIREN), National Automotive Sampling 
System/Crashworthiness Data System (NASS/CDS), 
and Special Crash Investigation (SCI) databases were 
selected based on crash criteria including a delta-V 
below 40 km/h and a principal direction of force 
(PDOF) between 2 and 4 o�clock or 8 and 10 o�clock.  
Cases were also restricted to those in which the front-
row nearside occupant sustained an AIS 3+ injury to 
the head, torso, abdomen or lower extremity.  
Analyzing anatomical injury in conjunction with the 
vehicle damage patterns allows for the development 
of injury causation scenarios, which can speak 
directly to the interaction of the occupant and the 
components of the vehicle during the crash.  These 
findings may identify trends which could be 
investigated for potential areas of improvement in 
future side impact testing and design of 
countermeasures. 
 
INTRODUCTION 
 
Nearside crashes have higher serious injury and 
fatality risks as compared to all crash modes [Samaha 
and Elliot, 2003].  Nearside occupants are at 
increased risk of significant injury due to their 

limited ride down space and proximity to the 
intruding vehicle structures.  The limited crush space 
and intervention time to protect the nearside occupant 
in a lateral crash makes the development of effective 
occupant protection features a difficult task.  The 
challenges are even greater with recent shifts in the 
composition of the U.S. fleet towards a greater 
proportion of higher-riding trucks and utility 
vehicles.  Dalmotas et al [2001] stated that passenger 
car occupants struck by vehicles with higher ride-
heights put nearside occupants at elevated risk for 
head, chest and abdomen injuries. 
 
Frontal collisions have long been the predominate 
type of crashes occurring on U.S. roadways.  
Occupant protection in frontal collisions has been 
aggressively pursued with mandated air bags, 
advanced seat belts, crumple zones and other energy 
absorbing technologies in the struck vehicle as well 
as in the striking vehicle [Barbat, 2005].  Nearside 
occupants involved in lateral crashes are currently 
protected by rigid structures in their door and 
possibly by some type of side air bag (SAB) designed 
to protect the occupant (or a body region of the 
occupant) in a lateral crash.  A recent study of SAB 
effectiveness by the Insurance Institute for Highway 
Safety (IIHS) found that the presence of a SAB did 
indeed lower the risk of death to drivers in left-side 
impacts [McCartt and Kyrychenko, 2006].  
Unfortunately, even with modern occupant protection 
features, serious injuries and fatalities are still 
occurring in a sizeable number of nearside crashes. 
 
The NASS/CDS weighted data between 1999 and 
2005 indicates that 16% of all crash occupants in the 
United States were in the nearside seating position of 
side impact crashes for the most significant (Rank 1) 
impact event.  When the same nearside crashes are 
analyzed by the delta-V for the nearside impact event 
(Rank 1) using 40 kmph (25mph) as a threshold, the 
breakdown shows 62% of the crashes occurring with 
a delta-V less than or equal to 40 kmph and 14% over 
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40 kmph with the remaining 24% having unknown 
delta-V�s as displayed in Table 1.  For the nearside 
crashes occurring at or below 40 kmph, the incidence 
of AIS3+ injury is 3.33% (17,212 out of 516,165 
occupants). 
 

Table 1. 
Nearside Delta-V Distribution 

(NASS/CDS 1999-2005) 
 

Delta V Percent of Nearside Crashes 
<= 40 kmph 62 
> 40 kmph 14 
Unknown 24 

 
Due to the incidence of serious injuries to nearside 
occupants in side impacts at low speeds, this study 
was undertaken to better understand modern vehicle 
crash performance and occupant response.  The 
objective was to identify trends in injury patterns in 
order to develop target areas for further side impact 
research. 
 
METHODS 
 
To maximize case count all of the NHTSA crash 
investigation data systems were queried for side 
impact cases matching the study�s inclusion criteria.  
Cases were pulled from the NASS/CDS, CIREN and 
SCI databases. 
 
The following inclusion criteria are utilized; 

• AIS > 3 injury to head, chest, abdomen or 
lower extremity 

• Occupant age >16 years 
• Rank 1 event is nearside to the study 

occupant 
• Rank 1 event < 40 kmph 
• Model year of the study vehicle is >1998 
• No rollover events are recorded for the study 

vehicle in subsequent crash events 
• Row 1 occupants only 
• All crash configurations are vehicle to 

vehicle 
• The following Crash Deformation 

Classification (CDC) [SAE, 1980] values 
are used � 

o O�clock direction of force is 2-4 or  
8-10 (CDC columns 1-2) 

o General area of deformation must 
equal Right or Left (CDC column 
3) 

o Longitudinal damage location must 
equal P, Y, Z, D, F (CDC column 
4) 

 
The NASS and SCI data systems were queried from 
1999 to 2004 and the CIREN data system was 
queried from 1998 to 2005.  Since all three of these 
systems utilize the same investigation and coding 
standards the same crash and injury fields could be 
extracted from all systems in the same manner.  Once 
the base variables were collected, all of the cases 
were reviewed individually to collect detailed injury 
and vehicle damage data not typically available in 
hard coded fields.  The majority of the additional 
vehicle details were derived from inspection of the 
vehicle photos.  The case occupant�s radiology 
images/reports and operative reports in CIREN and 
the mannequin illustrations and annotation fields 
available in NASS and SCI were utilized to capture 
injury detail not otherwise coded.   
 
Crash data were augmented by manual review of the 
case vehicle to classify several different aspects of 
the vehicle and the crash damage.  The lower rocker 
panel or sill was evaluated on each case vehicle to 
evaluate any possible underride or override 
characteristics in the crash.  Door deformation was 
reviewed on each vehicle to evaluate crush patterns.  
Patterns similar to those used by Tencer et al [2005] 
in their analysis of side impact crashes were utilized.  
The external crush pattern was also reviewed for 
engagement of the major structural pillars in the side 
plane.  The vehicle interior photographs were also 
reviewed to establish the general geometry of the 
inside panel of each door as well as the existence of a 
row 1 center floor mounted console.  If SAB(s) 
deployed during the crash event, these air bags were 
categorized into general protection types based on 
whether they were intended to protect the head, torso, 
or both. 
 
The standard injury data were bolstered by a detailed 
review of the chest and pelvic injuries.  The thoracic 
injury detail consisted of the actual number of 
fractured ribs, as well as the actual location of the rib 
fractures in the anterior-posterior direction along the 
curvature of the rib and in the inferior-superior 
direction by the anatomical rib number(s) fractured.  
Evidence and location of actual contact to the 
exterior chest wall was sought in all cases, but 
documented evidence was difficult to find in a 
majority of the cases.  Evidence of thoracostomy 
procedures (chest tube) was also sought to determine 
whether pneumothorax (PTX) or hemothorax (HTX) 
injuries to the thorax were significant enough to 
warrant invasive intervention.  Many times small 
amounts of blood and/or air in the thoracic cavity will 
be recorded, which can result in an increase in the 
severity of the injury coding.  However, the presence 
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of a chest tube is a better indicator for aggressive 
evacuation of intra-thoracic air and/or blood which 
may be life threatening.  Attempts to capture chest 
tube procedures on occupants sustaining a PTX 
and/or HTX proved quite difficult in the NASS and 
SCI data.  Pelvic fractures were reviewed to extract 
fracture pattern detail as well as the actual location 
and number of fractures.  Although the pelvis is 
usually referred to as a single bone, it is actually three 
separate bony structures connected by very strong 
ligaments.  The symmetric hemi-pelves comprise two 
of the three bony structures and better known by their 
substructures, which are the pubic, ischium and iliac 
bone(s).  The hemi-pelves establish the right and left 
aspects of the pelvic ring.  The third component 
completing the pelvic ring, or girdle, is the sacrum, 
which constitutes the posterior part of the pelvic ring.  
Each of these bony structures was reviewed in each 
case for fractures and/or dislocations.   
 
Several different approaches were taken in reviewing 
the data with regards to the occupant�s injuries and 
their interaction with the vehicle and other crash 
parameters.  Along with the detailed review of the 
study group, a general comparison was undertaken on 
the study group and the weighted NASS/CDS data 
for nearside crashes with delta-V�s of 40 kmph or 
below.  The weighted data reviewed included all 
nearside occupants from NASS/CDS 1999-2005 with 
a 3+ maximum abbreviated injury score (MAIS).  
 
RESULTS 
 
A total of 189 occupants meeting the inclusion 
criteria were extracted from NASS, CIREN and SCI.  
The general demographics of the study group are 
displayed in Table 2.  Fifty-six percent of the 
occupants were female and the mean age was 47 
years (range 16-93).  The case occupants in the study 
group averaged 170 cm (67 in.) in height with an 
average weight of 76 kg (168 lbs).  Gender 
differences indicated (as expected) taller and heavier 
males compared to females, with the male population 
being older by seven years on average. 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. 
Demographic Data 

 

n 189 
 Mean Range 
Age 47 years 16-93 years 

Height 
170 cm 
67 in 

150-193 cm 
59-76 in 

Mass 
76 kg 
168 lb 

39-133 kg 
86-293 lb 

Gender Female Male 
n 105 84 
% of group 56% 44% 
Mean Age 44 years 51 years 
Mean 
Height 

165 cm 
65 in 

178 cm 
70 in 

Mean Mass 
69 kg 
153 lb 

85 kg 
187 lb 

 
General crash and injury parameters are detailed in 
Table 3.  The study occupant was the driver in 76% 
of the 189 cases captured for review.  The delta-V�s 
for the study group ranged from 5 kmph (3 mph) to 
40 kmph (25 mph) with a mean of 29 kmph (18 
mph).  One-hundred and forty-five occupants (77%) 
were belted in 3-point manual belts.  Thirty-one of 
the occupants (16%) had some form of deployed 
SAB at their seating position.  In an additional four 
cases, SAB were available, but did not deploy.  
Impact angles were generally described as oblique or 
lateral.  Left or driver�s side impacts with a principal 
direction of force (PDOF) between 260 and 280 
degrees and right or passenger�s side impacts with a 
PDOF between 80 and 100 degrees are classified as 
lateral.  All other cases are classified as an oblique 
impact.  During the manual case review, intrusions 
were evaluated for each study vehicle.  Intrusions at 
the study occupant�s position were reviewed to 
determine the maximum value applicable to each 
case occupant.  The vehicle component with the 
highest intrusion value for each of the study occupant 
positions was captured, and this value would override 
larger intrusion values that occurred at non-study 
seating positions.  The mean maximum occupant 
intrusion measure for the study group was 25 cm (10 
in.).  Although the CIREN enrolls only occupants 
transported to a level 1 trauma center, the occupant 
intrusion measures and delta-V�s were lower on 
average for the CIREN cases compared to the 
NASS/CDS and SCI cases.  Intrusion averaged 
23.6cm (9.3 in) in the CIREN cases and 26cm (10.2 
in) for NASS/CDS and SCI.  Delta-V�s followed the 
same trend with the CIREN average at 27.8 kmph 
(17.3 mph) and the NASS/CDS and SCI average at 
29.5 kmph (18.3 mph).  
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Table 3. 

Crash and Injury Data 
 

Occupant Seating Position 
Driver (Left Front) 143 (76%) 

Restraint Status 
Belted 145 (77%) 
Side air bag deployed 31 (16%) 

Impact 

Mean Delta-V  
29 kmph 
(18 mph) 

Impact angle 
     Oblique1 121 (64%) 
     Lateral2 68 (36%) 
Crash Configuration 
     Car3-Car 76 (40%) 
     Car3-LTV 86 (45%) 
     LTV3-Car 7 (4%) 
     LTV3-LTV 20 (11%) 
Mean maximum intrusion at 
occupant position  

25 cm 

1 � oblique crashes with PDOF between 30º -80º 
or 280º -330º 
2 � lateral crashes with PDOF between 80º-100º 
or 260º -280º 
3 � indicates study vehicle 
 
Injury Summary 
 
All injury data were extracted on the study occupants 
and initially evaluated on the general categories of 
Maximum Abbreviated Injury Scale (MAIS), Injury 
Severity Score (ISS), and the individual AIS codes.  
The MAIS mean for the group was 3.7 and the mean 
ISS was 23, indicating significant injury in multiple 
body regions (Table 4).  
 

Table 4. 
Injury Severity 

  

Mean ISS 23 
Mean MAIS 3.7 

 
The percent of AIS3+ injury by individual body 
regions indicated that the chest and lower extremity 
are the two most severely injured body regions in the 
study group.  Sixty-three percent of the study group 
sustained an AIS3+ injury to the chest.  The lower 
extremity body region ranked second with 42% 
sustaining AIS3+ injury.  Interestingly, the head 
ranked third in our group with a 26% injury rate at an 
AIS3+ level.  Figure 1 demonstrates the findings for 
all body regions in the current study.  The abdomen 
was the only remaining body region with an injury 
rate in the double digits with a 17% occurrence. 
 
Ribs and Pelvis 
 
Utilizing the AIS and volume of coded injuries, the 
chest and lower extremities are the two most severely 
injured body regions in the study group.  The 
distribution of injured organs within each of these 
body regions indicated a significant concentration of 
rib and pelvic fractures (Figures 2 and 3) within each 
of the general body regions. 
 
Study Group vs. Weighted NASS/CDS 
 
The NASS weighted data extract was compared to 
our study group by occupant age, fatality and MAIS.  
The age distribution from the weighted data is shown 
in Figure 4 along with that from the current study 
group. The NASS distribution was similar to that of 
the study group, with the exception of the 16-25 and 
the 36-45 groups. 
 
The fatality rates for the weighted data were 
considerably lower than the study group.  The 
weighted data indicates a 5.9% (16% unweighted) 
fatality rate for the nearside crashes below 40 kmph 
when a nearside occupant sustains an AIS3+ injury, 
whereas the study group had a 13% fatality rate.  It is 
generally understood that weighted data from the 
NASS/CDS sampling underestimates actual fatality 
risk for a given group. 
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Figure 1.  Percentage of cases with AIS 3+ injuries by body region. 
 
 
 
 
 
 

Breakdown of AIS 3+ Chest Injuries
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Figure 2.  Breakdown of serious chest injuries by 
organ. 

Figure 3.  Breakdown of serious lower                     
extremity injuries by organ 
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Figure 4.  Age distribution of study group vs. weighted NASS/CDS.  
 
Crash Compatibility 
 
The effects of the geometry mismatch between 
passenger cars and light trucks were examined by 
looking at the prevalence of serious injuries for 
different crash configurations.  Figure 5 shows the 
percentage of cases with AIS 3+ head, chest, 
abdomen and lower extremity injuries for passenger 
cars (PC) and light trucks (LTV), depending on their 
striking vehicle.  The average ISS was also shown on 
the graph.  The differences in ISS were small overall, 

although the LTV occupants struck by passenger cars 
did have the highest average ISS of 23.7.  Serious 
chest injuries were more common among passenger 
car occupants than LTV occupants, with those struck 
by LTVs having AIS 3+ chest injuries 71% of the 
time.  The manual case reviews indicated over 25% 
of the case vehicles exhibited minimal to no rocker 
panel engagement.  In the car struck by LTV group, 
the rate of minimal to no engagement was 26%. 
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Figure 5.  Percentage of occupants sustaining serious (AIS 3+) injuries by crash configuration and body 
region for current study group.  The first vehicle type is the struck vehicle and the second is the striking 
vehicle.  Some less-severely-injured body regions have been omitted for clarity. 
 
Side Air Bags 
 
A small subset of the study group (16%) had a SAB 
deploy to aid in mitigating the forces of the crash.  
Comparison of these thirty-one occupants to the 
remaining study group (without SAB deployment) 
indicates serious injury can still occur (see Table 5) 
in body regions with SAB protection. 
 
The head injury group indicated 39% occurrence of 
AIS3+ injury when a SAB was deployed compared to 
only 23% when no SAB was present.  The chest 
injury group indicated a slight advantage with SAB 
protection, with 55% AIS3+ injury compared to 65% 
when there was no SAB available. 
 
Since the SAB type was captured during the manual 
case reviews, the injury analysis was revised to take 
into consideration the exact type of protection 
provided by each type of SAB in our study group.  
For example, if the SAB was intended to protect the 
head based on the position of the bag (head/thorax 
combo bag, head tube, or side curtain), it was 
considered to have a head SAB in the secondary 
analysis.  Those cases with only a thorax bag were 
not considered to offer any head protection.  The 

findings did not show a big improvement for the head 
injury group with head SAB.  Thirty-one percent of 
the cases with head SAB sustained an AIS3+ injury 
to the head.  An analysis of the chest injury severity 
for cases with and without thorax SAB protection 
shows that 52% of the cases with chest protection 
sustained AIS3+ injury to the chest.  These findings 
are detailed in Table 5. 
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Table 5. 
Crash and Injury Data for Cases With and 
Without Side Air Bag (SAB) Deployment 

 

 
With SAB 

(n=31) 

Without 
SAB 

(n=158) 
Mean Age 52 46 
Mean MAIS 3.8 3.6 
Mean ISS 22 25 

Mean Delta-V 
29 kmph 
(18 mph) 

29 kmph 
(18 mph) 

% of occupants with serious (AIS 3+) injury 
    Head 39% 23% 
    Face 3% 1% 
    Neck 0% 0% 
    Chest 55% 65% 
    Abdomen 19% 17% 
    Spine 13% 4% 
    Upper  
    Extremity 

0% 9% 

    Lower  
    Extremity 

48% 41% 

Head SAB1 n=16 n=173 
    Head 31% 25% 
Thorax SAB2 n=29 n=160 
    Chest 52% 65% 
1 � Cases with SAB intended for head protection 

(combination head/thorax, head tube or head 
curtain) 

2 � Cases with SAB intended for thorax protection 
(thorax, combination head/thorax) 

 
In an attempt to gain clarity into these perplexing 
results, the cases were further divided by the impact 
angle classifications previously described.  When 
each of the two groups are sub-divided by impact 
angle of the striking vehicle (oblique vs. lateral), a 
more distinct pattern appears as shown in Table 6.  
The lateral impacts with SAB deployments appear to 
be more protective of the head and chest when 
compared to the oblique impacts.  These new groups 
were again divided by the exact type of protection 
design available.  The group with SAB designed to 
protect the head (N=10) indicated a 40% occurrence 
of AIS3+ head injury in oblique crashes while those 
in lateral crashes (N=6) sustained AIS3+ head injury 
at a rate of 17%.  The chest injury group had less 
dramatic differences between impact angles with 
58% of the oblique group sustaining AIS3+ chest 
injury compared to 40% in the lateral group.  
However, the difference may not be as impressive as 
the basic fact that 58% of the oblique and 40% of the 
lateral cases sustained an AIS3+ chest injury when an 

advanced countermeasure was present in a crash of 
moderate severity. 
 

Table 6. 
Crash and Injury Data for Cases With and 
Without Side Air Bag (SAB) Deployment by 

Crash Configuration 
 

 With SAB 
(n=31) 

Without SAB 
(n=158) 

Impact  
Angle1 

O 
(n=20) 

L 
(n=11) 

O 
(n=101) 

L 
(n=57) 

Mean 
MAIS 

3.9 3.7 3.6 3.6 

Mean 
ISS 

25.5 24.4 22.9 21.9 

% of occupants with serious (AIS 3+) injury 
  Head 45% 27% 26% 19% 
  Face 5% 0% 1% 0% 
  Neck 0% 0% 0% 0% 
  Chest 60% 45% 65% 6%3 
  Abd. 15% 27% 15% 21% 
  Spine 15% 9% 5% 4% 
  Up. 
  Ext. 

0% 0 12% 5% 

  Low. 
  Ext. 40% 64% 36% 51% 

Head 
SAB2 

n=10 n=6 n=111 n=62 

  Head  40% 17% 28% 21% 
Thorax 
SAB3 

n=19 n=10 n=102 n=58 

  Chest 58% 40% 66% 64% 
1 � O: oblique crashes 30º -80º or 280º -330º, L: 
lateral crashes 80º-100º or 260º -280º 
2 � Cases with SAB intended for head protection 
(combination head/thorax, head tube or head 
curtain) 
3 � Cases with SAB intended for thorax protection 
(thorax, combination head/thorax) 
 
Since the chest (ribs) and lower extremity (pelvis) 
comprised the highest percentage of AIS3+ injured 
body regions, the data were analyzed for severity by 
fracture count.  When the fracture details for the ribs 
are broken down by number of fractured ribs, impact 
angle and the presence of a chest protection SAB, 
oblique crashes produced an overall higher degree of 
severity (Table 6).  Although the n values were low, 
there were no rib fracture counts above five for any 
occupant with a SAB in a lateral crash.  Conversely, 
for the occupants with a SAB designed to protect the 
chest and an oblique impact angle, 21% (4/19) 
sustained 6 to 12 rib fractures per occupant.  Even in 
the cases where no SAB was available only 9% of the 
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lateral crashes sustained 6 or more rib fractures per 
occupant and 20% of the oblique crashes sustained 6 
or more rib fractures per occupant.  Of the four 
groups indicated in Table 7, it should also be noted 
that the highest percentage of occupants with no rib 
fractures (60%) was the lateral impact group with a 
deployed SAB.  The lateral impact group without an 
available thorax SAB indicated only 34% of the 
occupants did not sustain any rib fractures.  
 

Table 7. 
Rib Fracture Count for Cases With and 

Without Thorax Side Air Bag (SAB) 
Deployment by Crash Configuration 

 

 With Thorax 
SAB2 (n=29) 

Without Thorax 
SAB (n=160) 

Impact  
Angle1 

O 
(n=19) 

L 
(n=10) 

O 
(n=102) 

L 
(n=58) 

Rib fx 
count 

% of occupants with rib fracture 

0 42% 60% 44% 34% 
1-2 16% 20% 11% 29% 
3-5 16% 20% 16% 17% 
6-12 21% 0% 15% 7% 
13+ 0% 0% 5% 2% 
Multiple 
Unknown 

5% 0% 10% 10% 

1 � O: oblique crashes 30º -80º or 280º -330º, L: 
lateral crashes 80º-100º or 260º -280º 
2 � Cases with SAB intended for thorax protection 
(thorax, combination head/thorax) 
 
The pelvic fracture detail indicates more fractures in 
the lateral impact group with a deployed SAB than 
any other group (Table 8).  Only 30% of the lateral 
impact cases with a thorax SAB did not sustain a 
pelvic fracture.  In contrast, the oblique impact group 
without a SAB indicated the best pelvic results with 
57% sustaining no pelvic fracture. 
 
Intrusion Level with Side Air Bag 
 
Injury severity was evaluated relative to the 
maximum occupant intrusion level and whether or 
not a SAB deployed (Figure 6).  Although there is a 
general trend of higher ISS for higher levels of 
intrusion, low severity scores were present in some of 
the more severely intruded cases and some cases with 
little or no intrusion produced relatively high injury 
severity scores.  Cases with SAB deployment did not 

produce a trend that was noticeably different except 
at intrusion levels below about 15 cm. 
 
 

Table 8. 
Pelvis Fracture Count for Cases With and 

Without Thorax Side Air Bag (SAB) 
Deployment by Crash Configuration 

 

 With Thorax 
SAB2 (n=29) 

Without Thorax 
SAB (n=160) 

Impact  
Angle1 

O 
(n=19) 

L 
(n=10) 

O 
(n=102) 

L 
(n=58) 

Pelvic fx 
count 

% of occupants with pelvis fracture 

0 47% 30% 57% 41% 
1-2 16% 40% 23% 34% 
3+ 37% 30% 21% 24% 
1 � O: oblique crashes 30º -80º or 280º -330º, L: 
lateral crashes 80º-100º or 260º -280º 
2 � Cases with SAB intended for thorax protection 
(thorax, combination head/thorax) 
 
Age Factor 
 
The study group matched up well by age with the 
national data with the exception of the two age 
groups previously mentioned.  The data analysis 
included the age of the study group in relation to 
injury severity.  Figure 7 is a distribution of body 
region injury severity by age.  Although an increasing 
level of severity is expected as age increases, several 
spikes in the plot were interesting.  The highest 
percentage of serious head injuries was in the 16-25 
year old group.  The highest percentage of lower 
extremity injuries fell into the 56-65 year old group.  
Quite surprisingly, the highest percentage of chest 
injuries was in the 36-45 year old group at a rate of 
85%.  The same analysis was run on the weighted 
CDS data of nearside AIS 3+ occupants.  The 
findings are detailed in Figure 8.  The study group 
clearly demonstrates a greater level of severity than 
the weighted CDS data in almost every body region 
in every age group.  The CDS data indicates the 
expected general rise in severity, with the majority of 
body regions, with age. There is a clear spike at age 
36-45 for lower extremity injury.  There is also a 
substantial spike at age 66+ for chest injury. 
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Figure 6.  Injury Severity Score for occupants with and without side air bags by maximum intrusion at 
occupant seating position. 
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Figure 7.  Percentage of occupants sustaining serious (AIS 3+) injuries by age group and body region for 
current study group.  No occupants sustained AIS 3+ neck injuries. 
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Figure 8.  Percentage of occupants sustaining serious (AIS 3+) injuries by age group and body region for 
weighted NASS/CDS data. 
 
Fatalities 
 
The cause of death was determined for each of the 25 
cases in which the occupant did not survive.  The 
fatal cases were reviewed, and the injury region most 
likely responsible for the fatality was selected based 
on injury severity coding and rank as well as 

biomechanical and clinical factors.  The ages of the 
fatally-injured occupants are plotted in Figure 9 and 
grouped by the body region where the fatal injury 
occurred.  Most of the older occupants died of 
thoracic injuries, while most of the younger 
occupants died of head trauma. 
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Figure 9.  Body region linked to cause of death by age.  Crash delta-V, SAB type, and ISS are shown in each 
bar. 
 
DISCUSSION 
 
The issue of side impact crashes continues to be a 
complicated problem with a multitude of factors 
contributing to occupant injury risk.  The final study 
group was comprised of crashes with both pure 
lateral and oblique impact angles.  The delta-V�s, as 
calculated by the WinSmash algorithm place the 
study group at or below the delta-V�s observed in 
sixty-two percent of nearside crashes in the United 
States. 
 
Based on prior knowledge, it was expected that the 
analysis of the study group would yield certain facts 
about occupant injury and vehicle compatibility.  
These expected results included elderly drivers 
sustaining more severe thoracic injuries, an overall 
increase in injury severity with increased intrusion 
levels, greater injury for passenger car occupants 
struck by LTVs, distinct structural deformation 
differences among passenger cars struck by LTVs, 
less severe injuries in LTV occupants and an overall 
protective effect from SAB deployment.  In general, 
these preconceived thoughts were supported by the 
results, but a number of unexpected results were also 
discovered throughout the analysis. 
 

Because of changes in bone properties and skeletal 
structure, the chest tolerance of older persons 
decreases making them more susceptible to higher 
severity thoracic injuries [Kent et al, 2003].  The age-
based incidence of serious chest injuries shown in 
Figure 7 does indicate an increase in prevalence with 
increasing age, but the 36-45 year old group stands 
out as having the greatest percentage of AIS 3+ chest 
injuries.  While the data do support the expectation of 
increased severity with increased age, the spike 
shown for the 36-45 year old group was not well 
understood.  Overall, AIS 3+ chest injuries occurred 
frequently.  Serious chest injuries were seen in 63% 
of the cases, which is similar to findings in other side 
impact studies [Samaha and Elliot, 2003].  Attempts 
to break down the detail of the chest injuries proved 
difficult beyond the organ level.  Although the count 
and general location of the rib fractures were 
available for most cases, it was evident from the 
occupant�s outcome and minimal hospital stay that 
the chest injury may not have been quite as life-
threatening as the AIS code would suggest.  Rib 
fractures are coded in conjunction with or without the 
presence of PTX and/or HTX.  When a PTX and/or 
HTX is present, the AIS severity is increased one 
level.  Many of the PTX and HTX are quite small and 
warrant no intervention with the exception of a 
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follow-up radiological scan to determine if it has 
become worse.  When a PTX and/or HTX are of 
sufficient size and severity, the medical intervention 
typically involves insertion of a chest tube to allow 
for decompression of the thoracic cavity.  The lack of 
this data in the SCI and NASS cases hampered the 
ability to discern if the chest injuries scaled by AIS 
were truly as life-threatening as coded.  The newest 
version of AIS [AAAM, 2005] has adopted a new 
method of separating the PTX/HTX diagnosis from 
the rib fractures which allows a greater level of 
sensitivity to the chest injury severity.  Future use of 
the new AIS 2005 in crash investigation data systems 
would benefit this issue along with other injury 
research. 
 
The head is typically the second most-seriously 
injured body region in nearside impacts [Samaha and 
Elliot, 2003].  The results of this study showed the 
lower extremity to be the second most-seriously 
injured region, with 42% of the cases resulting in an 
AIS 3+ lower extremity injury.  More in-depth 
analysis showed that pelvic fractures were 
responsible for the high prevalence of lower 
extremity injuries in the study group. 
 
Larger intrusion levels did tend to produce more 
serious injury, as evidenced by the upward trend in 
the ISS data in Figure 6.  Although the crashes in this 
study group were considered of minimal to moderate 
severity based on delta-V, large amounts of intrusion 
and crush were seen in most of the vehicles.  One 
finding of note is that the average maximum 
occupant intrusion of 10 inches is two inches less 
than the current American College of Surgeons Field 
Triage guidelines recommendation for immediate 
transport to a Level-1 trauma center [American 
College of Surgeons, 1999].  
 
The study group consisted of a large number of 
passenger cars struck by LTVs, which was useful in 
attempting to evaluate compatibility issues.  Injury 
results shown in Figure 5 indicate this group had the 
highest prevalence of serious chest injuries followed 
by the passenger cars struck by other passenger cars.  
This finding supports the original belief that 
passenger car occupants were more susceptible to 
thoracic injury, but the results for head injuries were 
not consistent.  The group of LTV occupants struck 
by passenger cars showed the highest percentage of 
serious head injuries, although this group had a small 
n value which may have amplified the percentage.  
The manual case review involved extensive analysis 
of photographic evidence for the case vehicles in an 
attempt to determine whether compatibility played a 
role in the injury causation.  These photograph-based 

estimations were required due to a lack of hard coded 
measurements determining override/underride in the 
side plane from the current field investigation 
techniques.  Although all crashes are coded with a 
CDC that describes the damage in a particular plane, 
this has limitations for researching override/underride 
scenarios.  It would be advantageous to develop new 
measurement techniques or hard-coded fields to 
identify override/underride in side impacts. 
 
Side impact air bags were only available in 16% of 
the case vehicles, but the comparison of cases with 
SAB deployment to those without produced some 
interesting results.  Overall, considering all crash 
types together and all SAB types together, there did 
not appear to be a large benefit from SAB 
deployment for the cases under study.  However, it 
should be noted that the small number of SAB cases 
made the percentages of serious injury much more 
sensitive than in the larger non-SAB group.  The 
mean MAIS was slightly higher in the group with 
SAB deployment, and the head and lower extremities 
sustained a greater percentage of serious injuries in 
the SAB-protected group.  The fact that head injuries 
were more prevalent in the group with SAB is 
counterintuitive.  One possible explanation might be 
multi-trauma injury patterns where one body region 
may benefit from SAB availability, yet others are not 
protected.  Yoganandan et al [2007] observed that 
chest injuries do not occur in isolation and are 
associated with a head injury in >90% of subjects 
with AIS ≥ 2 injuries in more than one body region.  
Once the SAB group is farther sub-divided by 
defined head and/or chest protection, head injury 
declines from sixteen percent to six percent.  
Decreased prevalence of serious thoracic and 
abdominal injuries was observed in those cases with 
SAB deployment.  After breaking the cases down by 
crash direction (lateral vs. oblique) and SAB type, the 
benefits and limitations of the SAB became more 
evident.  The lateral impacts with SAB resulted in 
better head and chest injury outcome compared to the 
oblique impacts, possibly indicating the occupant is 
missing the bag or not getting full benefit because of 
the longitudinal motion when the impacting vehicle is 
approaching at angles greater than +/- 10 degrees 
from pure lateral.  The portion of the study group 
with head-protective SAB had approximately two-
thirds seat-mounted torso-head combo SAB that may 
not give the same amount of protection coverage as a 
curtain type SAB.  Increased SAB size or improved 
position of the occupant by manual restraints may 
increase the effectiveness of SAB.  With increasing 
amounts of vehicles entering the fleet with SAB 
installed, future research on this issue will benefit 
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through increased exposure and the resulting 
improved data capture.  
 
The study population was assembled from every 
crash investigation data system available at NHTSA 
(NASS, CIREN and SCI).  The breakdown of the 
study group compared to the weighted NASS/CDS 
data indicates a substantial bias towards serious 
injury for the study group.  This discrepancy does not 
have a simple explanation.  Attempts to compare the 
raw NASS/CDS data indicated a discrepancy in 
injury severity as well, just not as large.  The most 
logical explanation for such a discrepancy is the 
study group is extremely biased toward serious multi-
trauma, whereas the weighted data may be more 
representative of single system serious injury.  
Although the distribution of injury was quite different 
between the study group and the weighted data, chest 
and lower extremity injury ranked 1 and 2 
respectively in both groups. 
 
CONCLUSION 
 
The side impact crash is a particularly harmful crash 
mode with many complicated factors creating a risky 
environment for the nearside occupant.  Even at 
relatively low delta-V�s, serious injuries and fatalities 
continue to occur in modern cars with side impact 
countermeasures.  The chest, pelvis and head are the 
primary body regions sustaining such life-threatening 
injuries, and the chest, in particular, accounts for 
many of the injuries across a broad age-range.  The 
current countermeasure of choice for this crash mode 
is a side impact air bag, which currently exists in 
several different forms.  The limited SAB cases 
included in this study indicated improved protection 
improvements were evident in the lateral crashes.  
The findings suggest the need to further investigate 
the role the SAB plays in side impacts with 
longitudinal acceleration components that potentially 
force the occupant away from the SAB coverage 
area. 
 
A small case study such as this one permits in-depth 
case review to determine SAB characteristics and 
compatibility factors, which are not hard-coded fields 
in the current data systems.  The manual review 
undertaken in this study allowed for a more complete 
evaluation of the exact type of countermeasures 
available to each occupant and how the crash and 
vehicle dynamics contributed to the occupant�s injury 
severity.  
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ABSTRACT 
 
This work develops a generalized linear skull fracture 
criterion, the skull fracture correlate, SFC, applicable 
to impacts by flat targets on the skull in any angle.  
The SFC is the averaged acceleration over the HIC15 
time interval based on data obtained from Hybrid-III 
headform impact tests.  For 15% or less probability 
of skull fracture the threshold is SFC < 124 g, with a 
95% confidence band of 96 < SFC < 144 g.  The SFC 
correlation is established based on logistic regression 
against an extensive set of post mortem human 
specimen (PMHS) data.  The biomechanical basis of 
SFC is validated by its good correlation with skull 
strain calculated using an anthropomorphic finite 
element model of the skull.  This work is an 
extension and refinement of recent research results 
including the use of newly obtained PMHS data 
combined with historical data.  Finite element model 
simulations were performed for all PMHS tests 
conducted for data comparison and statistical 
analysis. 
 
INTRODUCTION 
 
At present, in Europe, Japan, Australia, and the 
United States, a single Hybrid-III based Head Injury 
Criterion (HIC), is the standard for protection against 
generalized head injury in a frontal car crash.  
Current NCAP side impact crash tests use a side 
impact dummy (Part 572.F) with a Hybrid-III 
head/neck complex.   Recently, biomechanically 
based multi-component criteria have been developed 
to separately protect against DAI, SDH, and brain 
contusions [Takhounts, et al., 2003].  The 
development of multi-mode injury criteria has the 
potential to advance the science of head protection.  
 

Previous work by Hodgson and Thomas et al [1971 
and 1973] has provided historical skull fracture data 
for various impact speeds, target compliances, and 
surface curvatures. In their tests, embalmed whole 
body Post Mortem Human Specimens (PMHS) were 
placed on a hinged pallet pivoted at the feet of the 
specimen, with the head extending over the edge. 
Known head weights varied between 3.2 and 5.4 kg 
with an average of 4.7 kg, which is close to the 4.5-
kg weight of the 50th percentile male Hybrid-III 
headform. Impacts against flat targets, cylinders with 
large radius of curvature, and rubber targets produced 
primarily linear skull fracture while impact against 
rigid hemispheres and rigid cylindrical targets with 
small radius of curvature produced comminuted 
fracture. Impact speeds varied within ±20% of the 
theoretical free drop value with a standard deviation 
of 8%. 
 
Recently, a considerable amount of new skull 
fracture data have been obtained by the Medical 
College of Wisconsin (MCW) under the sponsorship 
of the US National Highway Traffic Safety 
Administration (NHTSA) using unembalmed free 
head drops against targets similar to those used by 
Hodgson and Thomas, including cylindrical and flat 
targets.  Compared to the hinged drop test method of 
Hodgson and Thomas, free drops of isolated head 
specimens would provide more accurate specification 
of impact conditions and allow for higher impact 
speeds. The softest target used by Hodgson and 
Thomas was durometer 60 (D60) neoprene.  The new 
tests extended the target compliance to softer 
materials.   
 
We have developed the linear skull fracture correlate 
(SFC) risk factor for skull fracture based on 
biomechanical understanding of the underlying injury 
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mechanism [Vander Vorst et al, 2003 and 2004]. In 
the case of the human skull, tensile strain in the 
compact tables is an indicator of fracture [Wood, 
1971]. Skull fracture depends on both the geometry 
and compliance of the impacting target material and 
the weight of the head. Together, these factors 
determine the stress and strain distributions generated 
in the skull. Fracture occurs when the ultimate strain 
is exceeded. However, skull strain data at the 
location of fracture is difficult to measure in an 
impact test but it can be calculated with a finite 
element model (FEM) using the PMHS test 
conditions as input.  Furthermore, it is desirable that 
a risk factor can be computed using data obtained 
from an anthropomorphic test device (ATD), such as 
the Hybrid-III headform. 
 
Vander Vorst et al [2003] first developed the 
biomechanically-based linear skull fracture correlate 
for frontal impact using PMHS data mostly from 
Hodgson and Thomas [1971, 1973] and some recent 
data from the Medical College of Wisconsin for 
correlation with Hybrid-III headform tests and finite 
element model simulations.  In this early work, FEM 
simulations were performed using an idealized 
spherical head model with a uniform skull layer of 
inner table, diploe and outer table.  SFC was 
established as the averaged headform acceleration 
over the HIC time interval. The main finding from 
this first work was that the skull strain calculated 
from the FEM, the fracture data and SFC all 
correlated well with one another with well defined 
confidence bands, hence validating the biofidelity of 
SFC. 
 
Further work was presented by [Vander Vorst et al, 
2004] in expanding the validity of SFC to lateral 
impact using more newly obtained PMHS data.  
Different from the earlier work, the work presented 
in 2004 by Vander Vorst et al used an 
anthropomorphic FEM of the head with the 
calculated strain again showing good correlation with 
PMHS data and SFC.  Since then, even more new 
PMHS data have been obtained that continue to 
validate the skull fracture data correlations with 
FEM-calculated strain and SFC.  The significance of 
using the SFC is that it can be computed easily using 
data obtained from the Hybrid-III headform that can 
be implemented in standard tests. 
 
The objective of this work is to develop a generalized 
linear skull fracture criterion for frontal and lateral 
impacts.  The main effort is to refine and bolster the 
skull strain and SFC correlations with fracture data 
by pooling all the PMHS data together for analysis.  

All frontal drop tests were simulated again using the 
same anthropomorphic FEM that was used for the 
lateral impact studies by [Vander Vorst et al, 2004].  
The results will lead to skull fracture criteria that are 
based on the most comprehensive dataset known to 
date.  
 
METHODS 
 
Frontal impact test cases exhibiting primarily linear 
skull fracture were extracted from the Hodgson and 
Thomas [1971 and 1973] data set. Tests against 
slender rods and hemispheres were excluded since 
they resulted in depressed comminuted fractures 
instead of the linear fractures caused by the flat and 
5-cm diameter cylindrical targets. Anomalous cases, 
as reported by Hodgson and Thomas, were also 
excluded.  The analysis of the data from Hodgson 
and Thomas has been presented in detail previously 
by Vander Vorst et al [2003]. 
 
New lateral impact tests were conducted at the 
Medical College of Wisconsin using isolated PMHS 
head specimens. They are hereafter referred to as the 
MCW tests.  A total of thirty-three unembalmed 
specimens free from HIV and Hepatitis B and C were 
tested. The intracranial contents were replaced with 
Sylgard Gel, except for four of the specimens which 
were left as is. The Institutional Review Board of the 
Medical College of Wisconsin approved the protocol. 
Pretest radiographs and computed tomography (CT) 
images of the specimens were obtained. Lateral 
impact tests were conducted by dropping the 
specimens against either flat or cylinder targets at 
velocities ranging from 2 to 10 m/s. Figure 1 shows a 
schematic diagram of the test set up.  The inferior-
superior axis of the specimen was situated at a 10-
degree angle with respect to the target, and the 
anterior-posterior axis was parallel with the target. 
The orientation of the PMHS head for lateral impacts 
was such that the same anatomical point, at the 
temporo-parietal junction, would always be 
impacted.  Because of individual anatomical 
differences, the skull had to be slightly tilted one way 
or the other by a few degrees to obtain the 
orientation.  We chose a head alignment angle that is 
known to produce linear skull fractures that are 
representative of what occurs in the real world 
[Yoganandan et al, 1995] 
 
Each specimen was impacted at increasing heights 
with a single impact at each height, and radiographs 
were obtained between drops. Impact force histories 
were recorded using a six-axis load cell. Signals were 
recorded using a digital data acquisition system (DTS 
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Technologies, Seal Beach, CA) at a sampling 
frequency of 12.5 kHz and filtered according to SAE 
Channel Class 1000 specifications [SAE, 1998]. 
Testing of a specimen was terminated when fracture 
was detected or the load cell limit was reached. The 
specimens underwent CT scanning after the final 
impact. Again, details of the analysis of the MCW 
data were previously presented by Vander Vorst et al 
[2004]. 
 

 
Figure 1. MCW test set up. 

 
Drop tests using a 50th percentile male Hybrid-III 
headform were conducted corresponding to all 
PMHS test conditions for calculation of SFC [Vander 
Vorst et al, 2003 and 2004]. Three repeated drops 
were made for each impact condition. Repeated tests 
were checked for consistency and computed risk 
factors were averaged for statistical analysis.  SFC is 
the averaged acceleration over the HIC time interval 
ΔTHIC  
 

HIC

HIC

T
V

SFC
Δ
Δ

=   (1) 

 
where ΔVHIC is the averaged velocity.  For the 
present work the HIC15 time interval was used but 
due to the short impact duration (few milliseconds) 
involved the use of HIC36 time interval would not 
change the SFC results.  
 
Simulations were carried out for all PMHS tests 
using the same anthropomorphic FEM presented by 

[Vander Vorst et al., 2004].  All frontal drops that 
were previously simulated using the spherical model 
were simulated again using the anthropomorphic 
FEM.  All new lateral drop tests performed since 
2004 were also simulated.  The model was composed 
of 24,000 elements resolving the outer and inner 
tables, diploe, brain, scalp, and face. The mass of the 
baseline model was 4.54 kg. The skull components 
were modeled using fully integrated thick shells and 
the brain, scalp, and face were modeled with fully 
integrated bricks. Since this model was based on CT 
imaging of a PMHS, the skull shape and thickness 
are anatomically correct. The thickness of the 
compact skull tables was set to be 1.3 mm uniformly, 
as they were too thin to be resolved from the CT 
scan. The 1.3-mm value was based on measurements 
of photographic cross-sections from the Visible Man 
project [National Library of Medicine, 2000]. The 
properties of the biological materials were taken from 
the open literature and previously presented [Vander 
Vorst et al., 2003]. All finite element model 
simulations were performed using Version 9.70 of 
LS-Dyna3d software [Livermore Software 
Technology Corporation, 2003]. 
 
For each PMHS drop test, the SFC calculated from 
the corresponding Hybrid-III test and the peak skull 
tensile strain from the inner and outer tables 
calculated from the finite element model along with 
the fracture outcomes of the test were placed in a 
database for statistical analysis. To account for 
varying head weights, SFC was normalized by the 
factor MH/4.54 kg, where MH is the actual mass of 
the test specimen in kg [Vander Vorst et al., 2003]. 
The data were analyzed by logistic regression 
[Hosmer and Lemeshow, 1989] using the 
longitudinal, population-averaged model with 
presumed failures [Zeger and Lian, 1986; Chan et al., 
2001]. The data were treated as longitudinal since 
each specimen proceeded through a test matrix from 
low to high drop heights with repeated testing. 
Hence, the specimen responses were not independent 
between tests. When a specimen fractured at a given 
drop height, it was presumed to fail at all higher drop 
heights. All statistical computations were carried out 
using the STATA software [Stata, 1999]. 
 
Statistical analysis was carried out by pooling the 
PMHS data from the Hodgson and Thomas and 
MCW tests together.  Analysis of the fracture 
outcomes and FEM results were carried out to 
evaluate the differences between impacts against 
cylindrical and flat targets for frontal and lateral 
drops.  As will be presented later, the generalized 
linear fracture correlations with SFC and skull strain 



Chan 4 

were established by using only the data obtained 
from the flat target tests. 
 
RESULTS 
 
The Hodgson and Thomas [1971 and 1973] tests 
contributed all the frontal drop data and some lateral 
drop data used for the present work. The MCW tests 
contributed the majority of the lateral drop data. 
Figure 2 shows an example of the three-dimensional 
reconstruction of the CT data before and after a test 
that resulted in fracture as performed by MCW. 

 

          
(a) Pretest scan 

 
  

 
(b) Posttest scan showing fracture 

 
Figure 2. Reconstruction of CT scans. 

 

Frontal vs. Lateral PMHS Skull Fracture 
 
Analysis of the selected outcomes obtained from tests 
conducted at the same drop height against the same 
target material suggests that frontal drops are more 
likely to cause fracture than lateral drops (Figure 3). 
For the D90 cylindrical target, a 48-in drop height 
resulted in 100% fracture for frontal impact vs. only 
50% for lateral impact, and it needed 72-in drop 
height for the lateral impact to result in 100% 
fracture (Figure 3a). For the D90 flat target, the 
frontal impact resulted in 100% fracture at 36-in drop 
height while the lateral impact resulted only in 33%, 
and it also needed 72-in drop height for the lateral 
impact to result in 100% fracture (Figure 3b).  For 
the drops against the rigid flat target, 100% fracture 
was observed for the frontal impact at 10-in drop 
height while only 45% was observed for the lateral 
impact, and it needed 15-in drop height for the lateral 
impact to produce 100% fracture (Figure 3c). For the 
drop outcomes against D90 cylindrical and flat 
targets shown in Figures 3a and b, respectively, the 
data for frontal drops are from Hodgson and Thomas 
while the data for lateral drops are from MCW, while 
the rigid target data shown in Figure 3c are solely 
from Hodgson and Thomas.   
 
Based on their own PMHS test results, Hodgson and 
Thomas had commented that “The head is strongest 
in respect to fracture in the rear, side and front in that 
order” [Hodgson and Thomas et al, 1971]. Because 
of biological variability for PMHS tests, logistic 
regression was performed to fully determine the 
difference between the frontal and lateral skull 
fracture resistance by pooling all the data together 
with confidence band determined.  Statistical 
correlations of the pooled dataset with FEM results 
and SFC were established as will be presented. 
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(a) D90 neoprene cylindrical target 

 

(b) D90 neoprene flat target 

(c) Rigid flat target 
 

Figure 3 Skull fracture data comparison. 
 

FEM Skull Strain 
 
The pattern of the outer table skull strain calculated 
from the FEM shows a peak compressive (negative) 
strain occurring at the impact site with the tensile 
(positive) strain peaking nearby but away from the 
impact site as illustrated in Figure 4.  This pattern 
holds true for frontal as well as lateral impacts 
against cylindrical and flat targets over the full range 
of target compliance tested. The contact between the 
head and target creates a large concentrated 
compression at the contact point (blue) while the 
skull bending creates large tensile strains in a nearby 
region (red) as expected from the perspective of 
bending mechanism (Figures 4a-d). 
 
For comparison, the corresponding principal strain 
patterns in the inner table are shown in Figure 5.  
Compared to the outer table (Figure 4), the 
compressive (negative) strains in the inner table are 
one to two orders of magnitude smaller and they 
occur around the rim of the inner table (Figure 5).  
The location of the peak tensile strain in the inner 
table is not too far from that in the outer table 
(Figures 4-5).  We use the maximum tensile strain 
from the inner and outer table as indicator for skull 
fracture and data correlations.  For the case shown in 
Figures 4c and 5c, the location of the peak skull 
tensile strain (red) in the outer and inner table as 
calculated from the finite element model occurs in 
close proximity to the location of the observed 
fracture (Figure 2b), which is consistent with the 
skull fracture mechanism proposed by [Wood, 1971]. 
 
Skull Fracture Correlations 
 
Logistic regression of the combined dataset suggest 
the frontal drops will have a higher risk of fracture 
than the lateral drops, and both frontal and lateral 
correlations have good confidence bands (Figures 6a-
b).  Based on the mean correlation, a skull strain of 
0.2 would result in 52% of fracture for frontal drops 
but only 13%  for lateral drops (Figures 6a-b).  This 
seems to be consistent with the trend of fracture 
outcomes shown in Figure 3.  Nonetheless, a strain-
fracture correlation with a fairly good confidence 
band can be obtained for the combined frontal and 
lateral drop dataset (Figure 6c).  The SFC correlation 
with fracture data also shows a similar trend as the 
strain correlation (Figure 7).  Figures 7a-b suggest 
frontal drops would result in a higher probability of 
fracture than lateral drops.  Again, a combined SFC 
correlation with fracture can still be obtained with a 
good confidence band (Figure 7c).  
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(a) Frontal impact, D40 flat target 

(b) Frontal impact, rigid cylinder target 

(c) Lateral impact, D90 flat target 

(d) Lateral impact, rigid cylinder target 
 

Figure 4.  Principal strain in outer table. 
 

 
 

(a) Frontal impact, D40 flat target 

 
(b) Frontal impact, rigid cylindrical target 

 
(c) Lateral impact, D90 flat target 

 
(d) Lateral impact, rigid cylindrical target 

 
Figure 5.  Principal strain in inner table.  
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(a) Frontal drop 

(b) Lateral drop 

(c) Combined frontal and lateral correlation 
 

Figure 6. Strain correlation with skull fracture 
data for all tests. 

 
 

(a) Frontal drop 

(b) Lateral drop 

(c) Combined frontal and lateral correlation 
 

Figure 7. SFC correlation with skull fracture data 
for all tests. 
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The SFC correlation with strain suggests that there is 
a different fracture trend between the impacts against 
cylindrical and flat targets.   Figure 8 shows that a 
good linear correlation between SFC and strain is 
established, especially when only the data for the flat 
plate target tests are considered.  As shown in Figure 
8, the data from the cylindrical target tests for both 
frontal and lateral drops deviate from the linear 
correlation for the flat target data quite significantly.  
If only the data for the flat plate targets are used, SFC 
correlates well with strain with the coefficient of R2 
of 0.95 (Fig. 8).   
 

Figure 8. SFC correlation with strain. 
 

Therefore, to establish a generalized correlation for 
linear fracture, we only used the flat target test data 
(Figure 9).  Based on the flat target data, Figures 9a-b 
show that the strain-fracture correlations for the 
frontal and lateral drops are quite close to each other 
with the frontal correlation slightly higher than the 
lateral one, but the confidence band for the lateral 
correlation is wider.   The strain-fracture correlation 
for the frontal impact is 
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and for lateral impact, 
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where P is the probability of fracture.  The strain of 
0.2% corresponds to 22% mean probability of 
fracture for frontal impact vs. 13% for lateral impact 
(Eq. 2 vs. 3 and Figure 9a vs. 9b). The difference in  

(a) Frontal impact 

(b) Lateral impact 

(c) Frontal and lateral data combined 
 

Figure 9. Skull strain correlation with fracture 
data for flat targets. 
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the strain-fracture correlation between frontal and 
lateral drops is small in terms of statistics, namely, 
the frontal correlation falls within the 95% 
confidence band of the lateral correlation (Figures 9a 
and b). 
 
A generalized correlation with a good confidence 
band is obtained by combining the frontal and lateral 
drop data for the flat targets (Figure 9c).  The 
generalized strain-fracture correlation for both frontal 
and lateral impacts is 
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The strain of 0.2% corresponds to 18% mean 
probability of fracture. 
 
Using only the flat target data, the SFC correlations 
with fracture are shown in Figure 10.   For frontal 
impact, the SFC correlation is  
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and for lateral impact, 
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The mean SFC correlations also show frontal impacts 
giving slightly higher risk of skull fracture (Figure 
10a vs. 10b) consistent with the strain-fracture 
correlations (Figure 9a vs. 9b). SFC of 150 g 
corresponds to 42% mean probability of fracture for 
frontal impact vs. 33% for lateral impact (Eq. 5 vs. 6 
and Figure 10a vs. 10b). 
 
It should also be noted that the difference in the SFC-
fracture correlations between frontal and lateral drops 
against flat targets is small in terms of statistics as it 
can be seen that their 95% confidence bands overlap 
each other (Figures 10a-b). Combining the frontal 
and lateral data together, a generalized SFC 
correlation for linear skull fracture becomes 
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(a) Frontal impact 

(b) Lateral impact 

(c)  Frontal and lateral data combined 
 

Figure 10. SFC correlation with fracture data for 
flat targets. 
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The confidence band of the generalized SFC 
regression is well behaved (Figure 10c).  The SFC of 
150 g corresponds to 37% mean probability of 
fracture. The 15% probability of generalized skull 
fracture, SFC15, occurs at 
 

gSFC 12415 =   (8) 
 
with a 95% confidence band of (Figure 10c) 
 

gSFC 14496 15 <<   (9) 
 
It should be mentioned that the generalized SFC15 of 
124g is slightly higher than the previously reported 
value of 120 g [Vander Vorst et al, 2004], while the 
new 95% confidence band can be considered 
comparable to the previous result of 73<SFC15<149g 
for lateral impact and 96<SFC15<133g for frontal 
impact. 
 
DISCUSSION 
 
By pooling the flat target data from frontal and lateral 
drops together, a generalized SFC is established (Eq. 
7), and its biofidelity is validated against peak skull 
tensile strain calculated using the FEM.  This 
generalized SFC is very close to the separate frontal 
and lateral impact correlations, with all 95% 
confidence bands overlapping each other (Figure 10).  
The use of the generalized SFC should be adequate 
since in real impact situations, it is impossible to 
determine or predict the impact angle accurately.  
The refined generalized SFC threshold for 15% mean 
probability of fracture is 124 g, which is very close to 
the previously estimated value of 120 g.  The present 
result is based on correlation with over 30% more 
PMHS data samples than before. 
 
The main reason why SFC correlates well with skull 
fracture data is that the effects of target compliance 
and contact area are well captured by SFC.  Details 
of those findings have been previously presented 
[Vander Vorst et al, 2003, 2004].   In contrast, 
previous findings have shown HIC correlates poorly 
with skull fracture data because the target compliance 
and contact area effects are not well captured by HIC 
[Vander Vorst et al, 2003, 2004].   
 
The hard nature of the cylindrical targets used for the 
PMHS tests may have exaggerated the difference in 
fracture risk between frontal and lateral drops.  Note 
that the cylindrical targets used for the frontal and 
lateral drops were of D90 and rigid nature.  The full 
range of target compliance was not used for the tests 

with cylindrical targets.  More future work is 
recommended to determine when focal or 
comminuted fracture begins, or when linear fracture 
does not apply. 
 
The use of finite element model simulations will play 
a key role in improving the generalized skull fracture 
criteria because the injury mechanism can be studied 
rigorously using the model.  Only through its good 
correlation with the FEM peak skull strain, can we 
establish the biomechanical basis of SFC.  However, 
the peak skull strain may still not be the best risk 
factor that can be derived from the FEM simulations.  
We hypothesize that an improved risk factor that is 
more fracture mechanics-based than just the peak 
tensile strain can be developed using the FEM that 
will truly bring the frontal and lateral fracture 
correlations together, including the incorporation of 
the cylindrical target data.  It is foreseeable that the 
generalized skull fracture criterion should be FEM-
based.  To accomplish that thin-film instrumentation 
placed on the headform is needed to measure the 
skull surface pressure distribution as input to the 
FEM for fracture prediction without the need for 
modeling the impacting target. 
 
For the present work, the effects of biological 
variability on the correlations are probably still not 
fully captured.  FEM simulations were not carried out 
using specimen-specific models, and only the 50th 
percentile Hybrid-III headform was used to collect 
data for all the PMHS drop tests.  It is known that 
there is considerable variation in the skull thickness 
between head specimens, and it will also require 
much higher computational resolution to resolve 
these details that are actually very important for 
fracture predictions.  Specimen mass was matched 
between the test specimen, the FEM, and SFC.  Mass 
scaling may be inadequate for resolving geometrical 
and structural details.   These effects are recognized 
as part of the limitations of the present work.  It will 
be valuable to construct specimen-specific FEMs for 
simulation with comparison to the actual fracture 
data outcome.  The FEM used did not involve a 
fracture material model.  The present work is still 
mostly based on statistical correlation of FEM results 
with ATD and PMHS test outcomes with limited 
detailed comparison of simulation results with 
posttest CT data. 
 
Another limitation of this work is that the generalized 
criteria developed were validated against flat target 
impact-induced, linear skull fracture data. Other 
fracture types, such as focal fractures, were not 
considered.  It is worth mentioning that a fairly large 
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dataset, perhaps the most extensive to date with over 
183 drops, has been used to establish the generalized 
skull fracture correlations. 
 
CONCLUSION 
 
A generalized injury criterion SFC, the average 
acceleration over the HIC time interval, is established 
for the flat target impact-induced, linear skull 
fracture for crashworthiness assessment. Its 
biomechanical basis is demonstrated by its good 
correlation with the skull strain regardless of impact 
locations or various target compliances. The criterion 
that the probability of skull fracture is less than 15% 
is SFC15 < 124 g. 
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ABSTRACT 
 
This study summarizes results from a preliminary 
evaluation of the Hybrid III Large Male Dummy.  
The paper reviews the dimensions, certification test 
responses, durability, and repeatability and 
reproducibility of two Hybrid III 95th Percentile 
Large Male dummies, each produced by a different 
manufacturer.  Response data from multiple repeats 
of the proposed Calibration and Inspection Test 
Procedure sections from the SAE Draft of the “User’s 
Manual for the HIII 95th Large Male Test Dummy” 
(SAE, 2003) are used as the basis for the analysis.  
An overview of the test methodologies employed is 
presented as well as an assessment of the compliance 
with the proposed certification specifications, 
durability at high energy test levels and repeatability 
and reproducibility.  Besides employing the typical 
repeatability measures of traditionally-calculated 
coefficients of variation, a new technique is proposed 
and discussed involving a time-variant method of 
calculating coefficients of variation.   
 
INTRODUCTION 
 
The first anthropomorphic representation of a large 
male was developed by the Sierra Engineering 
Company in the late 1940’s and early 1950’s under 
contract to the U.S. Air Force.  This 95th percentile 
anthropomorphic test device (ATD) known as “Sierra 
Sam,” was primarily used for early aerospace and 
high altitude parachute experimentation.  With the 
development of more biofidelic ATDs in the 1970’s 
and early 1980’s, such as GM’s Hybrid generation of 
50th percentile dummies, a foundation was 
established for the creation of a “family” of these 
advanced dummies. 
 
In 1987 the Center for Disease Control (CDC) 
awarded a grant to the Ohio State University for the 
development of this Hybrid III (HIII) family of 
dummies.  The SAE formed a task group of industry, 
government, and academic biomechanics experts to 
support this work through the generation of 
geometric and mass scale factors. These factors were 

applied to the HIII 50th percentile male specifications 
to develop dimensional, weight and impact 
performance requirements for 5th and 95th percentile 
HIII dummies. 
 
Although the HIII 5th percentile small female is 
currently regulated by the Code of Federal 
Regulations, Title 49, Part 572, the 95th Percentile 
Large Male is not; albeit a 95th surrogate is 
referenced in FMVSS No. 202 governing head 
restraints. 
 
The purpose of this evaluation is to support a future 
Federalization process by conducting a thorough 
inspection of component and full-dummy external 
dimensions of two HIII 95th large male dummies 
from different ATD suppliers.  In addition, 
preliminary evaluations of the repeatability and 
reproducibility (R & R) and laboratory durability of 
each dummy are also performed.  
 
Two draft documents currently being developed by 
the SAE Dummy Test and Evaluation Subcommittee 
are used as templates for the experimental aspects of 
this investigation.  A draft version of the SAE 
Engineering Drawing Package (SAE EA 32) is used 
as the basis for a common dimensional and weight 
inspection of both dummies.  The R & R test plan is 
based upon multiple repeats of the major certification 
tests enumerated in the SAE draft of the “Users 
Manual for the HIII 95th Large Male Test Dummy” 
(SAE, 2003).  The durability assessment is developed 
by scaling the certification tests to energy levels 
associated with proposed injury levels for the large 
male. 
 
For the purposes of this project two dummies were 
purchased from two manufacturers, one from Denton 
ATD (DATD) and one from First Technology Safety 
Systems (FTSS).  Dummy #077 is from DATD and 
dummy #226 is from FTSS. 
 
METHODS 
 
Inspection 
 
The drawing review process involves examining all 
of the engineering drawings for clarity and accuracy.  
These drawings are checked both by comparing the 
physical part dimensions to the drawing dimensions 
as well as by comparison to the contents of other 
federally regulated dummies, such as the HIII 50th 
percentile male dummy.  The inspection process is a 
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physical check of the dummy components in both 
segment weights and external dimensions.  This can 
also include the inspection of individual part 
dimensions to the corresponding drawing(s).  The 
segment weights and external dimensions of each 
dummy are listed in the Results section along with 
the specification. 
 
Certification Testing 
 
The certification tests utilized to determine the 
repeatability and reproducibility of the HIII 95th 
Large Male dummy are those as specified in the SAE 
User’s Manual.  These types of tests are the same as 
those specified for the 50th percentile Hybrid III 
dummy, but the dynamic response requirements have 
been scaled (Mertz, 1989) for a large male dummy 
based on geometric similitude.  The tests specified by 
the User’s Manual include frontal thorax impact, 
frontal neck flexion and extension tests, knee impact, 
and knee slider impact.    
 
     Head Drop Certification Test - Head drop 
certification tests are conducted by dropping an 
isolated head from a height of 376 mm onto a 50.8 
mm thick steel plate and measuring the triaxial 
acceleration at the center of gravity (CG) of the head.  
The resultant acceleration is calculated from the 
filtered acceleration time histories and according to 
the SAE User’s Manual should be between 220 – 265 
g at peak and the lateral acceleration (Y axis) should 
be less than 15 g in either direction (positive or 
negative Y axis).  Mertz et. al. (1989) specifies the 
same acceleration range for the head drop. 
 
     Neck Flexion Certification Test - The neck 
flexion and extension tests are conducted using a 
pendulum to which the neck and head are attached.  
The pendulum is released from a given height to 
produce a desired velocity at the bottom of the swing 
arc.  As it reaches the bottom vertical position it is 
arrested by an energy absorbing component.  
Although the pendulum arm motion stops, the inertia 
of the head causes the neck to flex in relation to the 
pendulum.  A six axis upper neck load cell was used 
to record the forces and moments generated about the 
occipital condyle (OC) joint while two rotary 
potentiometers and a connecting rod are used to 
determine the angle of the head in relation to the 
pendulum, which represents the torso.  This angle is 
known as D-plane rotation. 
 
The SAE User’s Manual specifies an impact velocity 
of 6.89 – 7.13 m/s at the pendulum CG and a pulse 
profile measured by the integrated pendulum 
acceleration, to define the energy absorbing 

component.  Mertz et. al. (1989) also specifies a 
corridor for the neck flexion response.  The corridor 
coordinates are shown in Table 1. 
 

Table 1. 
Mertz et. al. OC moment versus D-plane angle 

neck flexion corridor 
Upper Boundary 

Coordinates 
Lower Boundary 

Coordinates 
Moment 

[Nm] 
Rotation 

[deg] 
Moment 

[Nm] 
Rotation 

[deg] 
0 0 0 34 

83 14 37 53 
83 43 120 73 

120 64 258 77 
258 68   

 
 
     Neck Extension Certification Test - The SAE 
User’s Manual specifies an impact velocity of 5.90 – 
6.19 m/s at the pendulum CG and a pulse profile as 
measured by the integrated pendulum acceleration.  
Mertz et. al. (1989) also specifies a corridor for the 
neck extension response.  The corridor coordinates 
are shown in Table 2. 
 

Table 2. 
Mertz et. al. OC moment versus D-plane angle 

neck extension corridor 
Upper Boundary 

Coordinates 
Lower Boundary 

Coordinates 
Moment 

[Nm] 
Rotation 

[deg] 
Moment 

[Nm] 
Rotation 

[deg] 
0 0 0 -48 

-42 -19 -11 -77 
-42 -58 -92 -92 
-65 -77   
-92 -82   

 
 
     Thorax Certification Test - The thorax 
certification test is a frontal impact to the dummy 
chest centered midsternally with a 23.36 kg 
pendulum traveling at a velocity of 6.71 +/- 0.12 m/s 
at impact.  In addition to the peak response 
requirements stated in the SAE User’s Manual, Mertz 
et. al. specify a force versus deflection corridor 
(Table 3) for the entire impact.   
 
     Knee Impact Certification Test - Knee impacts 
are administered at velocities between 2.07 – 2.13 
m/s by a 5-kg pendulum to the knee of a flexed lower 
extremity.  It was assumed that both knees of the 
same dummy are the same and therefore only one 
knee from each dummy is compared. 
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Table 3. 
Mertz et. al. force versus deflection thorax 

corridor 
Upper Boundary 

Coordinates 
Lower Boundary 

Coordinates 
Force 
[kN] 

Deflection 
[mm] 

Force 
[kN] 

Deflection 
[mm] 

4.85 6.6 3.65 6.6 
5.07 26.4 3.78 2.64 
5.34 39.6 3.96 3.96 
6.05 64.8 4.45 6.07 
4.94 80.8 3.47 6.35 
3.47 85.9 0.98 5.41 
0.98 76.7   

 
 
     Knee Slider Certification Test - The knee slider 
certification test was conducted in nearly the same 
manner as the knee impact test.  However, the lower 
portion of the leg is removed and an impact fixture is 
attached to the knee slider.  A 12-kg pendulum 
strikes the fixture at velocities between 2.70 – 2.80 
m/s.  Rather than the SAE specified deflection 
response, Mertz et. al. specified a stiffness corridor, 
137 – 187 N/mm.   
 
Repeatability and Reproducibility 
 
In the traditional method for assessing the 
repeatability and reproducibility of a dummy design, 
a test is repeated a number of times and the average, 
standard deviation, and coefficient of variation (CV) 
of the peak of the response parameters are quantified.  
Accepted practice is that a CV between 0 – 5% is 
Excellent, 5 – 8% is Good, 8 – 10% is Acceptable, 
and > 10% is Unacceptable (Rhule 2005).  Once a 
dummy response is shown to be repeatable (by 
displaying an acceptable or better CV), the 
reproducibility is assessed by combining the results 
from all tests of all dummies and applying the same 
standard for CV.  This approach has several 
shortcomings and a modified approach will be 
followed in this study. 
 
The traditional approach for assessing dummy 
repeatability, as described above, has been to test a 
dummy several times, in identical configurations, and 
to calculate the CV at the maximum points of a 
relevant response parameter.  This approach assesses 
the dummy response at the point in time at which 
most certification criteria are established, e.g., 
maximum chest force or maximum neck rotation.  
The drawback to this approach is that the dummy 
response is a time history and the time at which the 
maximum value occurs, as well as the overall shape 

of the response, is important.  When comparing 
maximum response values from repeat tests the 
values may not be occurring at the same point in time 
and a small or large CV may not actually be a valid 
assessment of repeatability.  Further, it may be that 
the maximum values are the only point in time at 
which the dummy responses are similar and the 
repeatability is actually poor at all other points in 
time.  In this study of the 95th percentile male dummy 
an assessment of repeatability will be made over a 
portion of the response time history. 
 
A set of six force versus time response curves from 
the thorax certification tests conducted on dummy 
077 are shown in Figure 1. 
 

 
Figure 1.  Central portion of force versus time 
response for certification tests conducted on 
dummy 077. 
 
It can be seen that the curves are all quite similar but 
that there are slight differences in magnitude and 
timing of peaks, e.g., Test 1 curve versus Test 2 
curve.  A mean force versus time curve can be 
generated from these six digitized curves by 
averaging the force values at each time increment.  
Similarly, a standard deviation and a coefficient of 
variation for the six responses can also be generated 
at each time increment.  At the maximum mean force 
(0.0221 seconds) the CV is 1.1%; however, at 
another point in time near the maximum mean force 
(0.0157 seconds) the CV is 0.5%; less than half.  For 
the portion of the curve that is above half of the 
maximum value (i.e., all data above 50% of the peak 
value of the mean curve), the central portion of the 
response data, the CV varies from 0.5% to 8.5% with 
an average CV of 2.2%.  Although the majority of 
these CV values are below the accepted standard of 
5%, indicating very good repeatability, the CV 
calculated in the traditional manner (1.1%, see Table 
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13) is not representative of the CVs over the central 
portion of the curve. 
 
If it is assumed that the important part of a response 
curve is the central portion of the curve, a confidence 
interval band can be drawn around the mean based on 
the sample response curves obtained from the six 
tests.  It can be stated that we are 90% confident that 
the true mean lies within a confidence interval 
estimated from the sample responses we have.  The 
equation for calculating a confidence interval (CI) is 
(Bendat, 2000): 
 

( )
N

tS
CI 2/αμ ±=  (1) 

 
where S = the unbiased sample standard deviation as 

a function of time 
μ = the sample mean value as a function of time 
N = the number of tests 
tα/2 = the two-tailed t-statistic for 90% = 2.015. 

 
Thus, the confidence interval band (CIB) (the 
projected range of mean variation about the sample 
mean) can be defined as: 
 

( )
N

tS
CIB

2/2 α∗=  (2) 

 
In can be stated that one half of the confidence 
interval band divided by the sample mean is 
analogous to the CV 
 

( ) ( )
N

tCV

N

tSCIB 2/2/
2

α
μ
α

μ
==  (3) 

 
Note that the unbiased standard deviation divided has 
a denominator of N-1 whereas the biased standard 
deviation, with a denominator of N, is normally used 
in the traditional CV calculation ([N/(N-1)]=1.09 
times the biased CV yields the unbiased CV for 
N=6).  If the “excellent” value of CV=5% is used in 
the calculation, the 90% confidence interval is ±4.5% 
of the sample mean, as shown below. 
 

( )

( )( ) μμ

α

045.0
6

015.205.009.1

09.1
2

2/

==

=
N

tCVCIB

 (4) 

 
In other words, if the sample response data has a CV 
of 5%, we can be 90% confident that the true mean 

lies within a ±5% corridor (actually 4.5%) of the 
mean.  Practically speaking, it is 90% certain that the 
calculated mean is a good estimate of the true 
response.  Similarly, if the sample response data has a 
CV of 10%, we can be 90% confident that the true 
mean lies within a ±10% corridor (actually 9%) of 
the mean.  This analysis makes the usual assumptions 
of statistical independence and a normal distribution 
of response data.  It must be noted that the number of 
repeat tests in this example was limited by practical 
considerations to N=6. 
 
In this study repeatability will be assessed by 
calculating the CV at all points in the time history of 
the central portion and averaging all of these values 
to obtain a representative CV for that portion.  If the 
average CV is below 5% the repeatability will be 
considered to be excellent. 
 
Dummy to dummy reproducibility, where each 
dummy has already been shown to be repeatable, is 
assessed with a comparison of means by the Student 
t-test.  A null hypothesis is selected stating that the 
average of the absolute value of the paired 
differences between the two dummy means is greater 
than 10% of the mean of the means.  We will test this 
hypothesis using the one-tailed T statistic tested 
against the Student t-value at the 10% probability 
level (α = 0.05).  The degrees of freedom will be the 
number of pairs, which is large and can be considered 
as infinity when using the table of t-values.  The test 
statistic uses the standard error for the paired 
differences. 
 

( )( )[ ]
( )( )ddS

d

i
iii

T
∑
=

−−

= 1
211.0 μμμ

 (5) 

 
Where μ1 and μ2 are the sample means 
 μ = the mean of the means 
 d = the number of pairs of data points 
 Sd = the standard deviation of the differences. 
 
If the test statistic is larger than the t-value of 1.282 
the null hypothesis is rejected and we can assume the 
responses from the two dummies are from the same 
population and can be combined.  If the two sets of 
data are likely from the same population, it is 
reasonable to calculate a mean from all of the data for 
the dummy and apply the same procedure as was 
discussed previously for repeatability.  In the case of 
reproducibility we will apply the more liberal 10% 
standard of acceptable reproducibility.  If the two 
dummies are significantly different, i.e., if the null 
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hypothesis is not rejected, then the dummies are not 
reproducible. 
 
Durability 
 
To determine the durability of a dummy component, 
the input is incrementally increased to levels above 
the standard certification tests and the component 
inspected between test intervals.  All dummies are 
designed and created with the intention of being used 
in a situation that could potentially cause injury to a 
human.  Dummies are routinely subjected to events at 
or near the injury level in actual crash testing.  
Therefore it is necessary to have a dummy that is 
durable up to and beyond the injury levels that have 
been identified.   
 
Injury levels for the 95th Male dummy were either 
determined from the corridors in Mertz (1989) or by 
scaling the injury values for the Hybrid III 50th Male 
listed in 49 CFR 571.208 up to the 95th Male using 
the scale factors listed in Mertz.  It should be noted 
that the values employed are not the Injury 
Assessment Reference Values that would accompany 
a Final Rule for the 95th percentile dummy.  Rather 
they are simply values used to determine an upper 
level that the durability testing should attempt to 
reach.  The injury values that were determined to be 
sufficient for this testing are listed in Table 4. 
 

Table 4. 
Assumed injury levels for 95th Male dummy 

Body 
Segment 

50th Male 
Injury 
Level 

95th Male 
Injury 
Level 

95th Value 
Source 

Head HIC36 
1000 

HIC36 
1000 

49 CFR 
571.208  

Neck 
Flexion 

OC 
Moment 
190 Nm 

OC 
Moment 
258 Nm 

Assumed 
Mertz 
(1989) 

 Θ = 80° Θ = 77° Assumed 
Mertz 
(1989) 

Neck 
Extension 

OC 
Moment 
57 Nm 

OC 
Moment 
92 Nm 

Assumed 
Mertz 
(1989) 

 Θ = 95° Θ = 92° Assumed 
Mertz 
(1989) 

Thorax Deflection 
= 76 mm 

Deflection 
= 79 mm 

49 CFR 
571.208  

 Force = 
5.43 kN 

Force = 
6.05 kN 

49 CFR 
571.208  

Knee Force = 
10 kN 

Force = 
12.7 kN 

49 CFR 
571.208  

The data from Table 4 was then used to determine the 
inputs for durability testing.  Rhule et. al. (2005) 
simply increased the input energy by a nominal 30%.  
Doing this however did not guarantee that a test type 
would result in a response at or exceeding the injury 
values.  For the current study the outputs were used 
in a variety of engineering relations to determine the 
inputs required to produce a desired response.  For 
example, to achieve the thorax injury level of a force 
of 6.05 kN and a deflection of 79 mm, the 23.4 kg 
pendulum mass must impact the dummy chest at 
some as-yet-unknown velocity.  Conducting an 
energy balance calculation that relates the work done 
to the input energy, the input velocity can be 
determined.  The specific approach for each test type 
is described below. 
 
     Head Drop - The Head Injury Criteria (HIC36) is 
specified at 1000 for both the 5th percentile small 
female and the 50th percentile male dummies (49 
CFR 571.208), therefore there was no reason to 
change the injury level for the larger 95th percentile 
dummy.  HIC36 was calculated for several of the 
certification tests completed prior and it was noted 
that the values obtained were nearly at 1000.  As a 
result the maximum head drop distance was increased 
to the greatest height that the in-house drop fixture 
would allow to achieve HIC36 results above 1000.  
The head was then dropped from the standard 
certification test height (376 mm), an intermediate 
height (415 mm), and the highest height (450 mm). 
 
     Neck Flexion - Injury values for neck flexion 
were derived from the corridors specified in Mertz 
(1989).  The angle and moment were then used in an 
energy calculation to determine the input kinetic 
energy and thus the input pendulum velocity.  It was 
assumed that the input translational kinetic energy 
would be converted to the output rotational work in 
this test type.  Before the injury level velocity was 
determined a nominal loss term was calculated from 
the certification test averages so that losses could be 
approximated in the higher energy tests.  For 
example, the average input velocity was 6.99 m/s and 
the average moment and rotation were 125 Nm and 
61°, respectively.  Solving the energy equation for 
the loss portion gives 
 

θMmvLoss −= 2
2
1  (6) 

 
where m is the mass of the head and neck (6.65 kg), 
M is the moment, and θ the rotation,  
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radiansNm
s
mkgLoss 06.1*12599.6*65.6

2
1 2

−⎟
⎠
⎞

⎜
⎝
⎛= (7) 

 
which equals a loss of 30.1 joules.  Now if Equation 
6 is algebraically manipulated to solve for velocity 
and the injury level values and the loss term are 
input, it becomes 
 

( )LossM
m

v += θ2  (8) 

 

( )JradNm
kg

v 1.3034.1*258
65.6
2

+=  (9) 

 
The velocity required to produce the injury level is 
10.6 m/s.  Therefore the neck flexion tests would be 
performed at the certification test velocity (6.99 m/s), 
at an intermediate level (8.80 m/s), and at the injury 
producing level (10.6 m/s).  Unfortunately, the 
equipment available could only reach heights capable 
of producing a 7.50 m/s impact velocity.  It was 
decided to test at the certification velocity (6.99 m/s), 
an intermediate velocity (7.25 m/s), and the upper 
limit of the equipment (7.50 m/s). 
 
     Neck Extension - The same activity was 
completed for the neck extension test to determine 
the input required to produce an injury event in the 
dummy.  The injury values for extension were also 
assumed from the corridors specified in Mertz 
(1989).  Equation 6 was used again to determine the 
nominal loss in a standard neck extension 
certification test.  The average velocity for these tests 
was 5.99 m/s and the average moment and rotation 
were 67.4 Nm and 79.0°, respectively.  Solving 
Equation 6 with these inputs gives, 
 

radiansNm
s
mkgLoss 38.1*4.6799.5*65.6

2
1 2

−⎟
⎠
⎞

⎜
⎝
⎛=

 (10) 
 
where the loss equals 26.3 joules.  Similar to the neck 
flexion test, the injury level inputs and the loss term 
are used in Equation 8 to determine the velocity that 
would cause an injury reading 
 

( )JradNm
kg

v 3.2661.1*92
65.6
2

+=  (11) 

 
the required velocity was 7.24 m/s.  This velocity was 
attainable and the dummy necks were tested at the 

certification velocity (5.99 m/s), an intermediate level 
(6.60 m/s), and the injury level (7.24 m/s). 
 
     Thorax - The determination of the input energy 
for the thorax impact test to achieve injury level was 
similar to that of the neck flexion and extension.  For 
this test however, the input kinetic energy was related 
to the linear work output.  Also similar was the 
calculation of the nominal energy loss in the 
certification tests.  Using the average impact velocity, 
peak force, and peak deflection, the loss was 
calculated as follows 
 

FdmvLoss −= 2

2
1  (12) 

 
where m = 23.36 kg and v, F, and d are the averages 
from Table 10 to give 
 

mmkN
s
mkgLoss 7.67*79.575.6*36.23

2
1 2

−⎟
⎠
⎞

⎜
⎝
⎛= (13) 

 
which results in a nominal loss of 140 joules.  
Equation 12 is algebraically manipulated to solve for 
velocity  
 

( )LossFd
m

v +=
2  (14) 

 
and the injury level parameters are used to determine 
the velocity required 
 

( )JmmkN
kg

v 14079*05.6
36.23
2

+=  (15) 

 
which is 7.27 m/s.  The in-house equipment had the 
ability to conduct impacts at greater speeds and 
therefore it was decided to test at the maximum 
velocity the equipment could produce.  The thoraces 
of the dummies were tested at the certification 
velocity (6.75 m/s), an intermediate velocity (7.50 
m/s) which is near the injury level, and at the highest 
velocity attainable (8.33 m/s). 
 
     Knee Impact - The knee impact test does not 
measure a deflection, but rather just a force.  Instead 
of balancing the energy to determine the injury level 
input, the velocity requirement was found using 
conservation of linear momentum 
 

LossFdtmvmv if +=− ∫  (16) 

 



  Shaw 7 

where m is the mass of the pendulum and vf is 
approximately 0.73 m/s in the opposite direction after 
the impact.  The loss was accounted for in the 
standard certification test as follows 
 

( ) ∫−−= FdtvvmLoss if  (17) 

 

( )( )Ns
s
m

s
mkgLoss 645100475.5.10.273.05 −−⎟

⎠
⎞

⎜
⎝
⎛ −−=

 (18) 
 
and found to be 1.98 kgm/s.  The impulse was 
approximated by integrating a triangular waveform 
with a height equivalent to the average peak force 
and a base equivalent to the duration of the force 
pulse from the certification tests.  Now solving 
Equation 16 for vi to obtain the injury level output 
gives 
 

LossFdtmvmv fi −−= ∫  (19) 

 
with the final, or rebound, velocity being a product of 
the input velocity.  Therefore, the coefficient of 
restitution, ‘e’, was calculated from the certification 
parameters such that 
 

35.0
10.2

73.0
===

s
m

s
m

mv
mv

e
i

f  (20) 

 
which makes Equation 19 become 
 

LossFdtmevmv ii −−=− ∫  (21) 

 

( )em

LossFdt
vi −

−−
= ∫

1
 (22) 

 
Substituting the calculated loss, the desired force 
value and the mass into this equation allows for the 
determination of the velocity required to produce the 
injury level force response.  The duration of the force 
response was assumed to be equivalent to that of the 
certification tests.  Thus 
 

( )35.015
/17.1)12700(*00475.*5.

−
−−−

=
kg

skgmNsvi  (23) 

 
results in a velocity of 8.89 m/s.  This velocity is 
greater than the highest velocities attainable on the 
knee impact fixture.  Therefore the equation was 

solved using a different mass, indicating a different 
pendulum to be used.  The decision was made to use 
the 12 kg pendulum that was specified for the knee 
slider tests, rather than the standard 5 kg impactor, to 
reduce the required velocity.  Solving Equation 23 
again with a higher mass results in a velocity of 3.70 
m/s, a value much more reasonably attained.  Since 
the test velocity was to be incrementally increased 
from the certification velocity, it was decided to use 
the larger mass for all of the durability impacts rather 
than switching part of the way through the test plan.   
 
Therefore, the certification test velocity would have 
to be reduced to account for the larger mass.  The 
velocity was scaled based on kinetic energy from the 
5 kg, 2.10 m/s impact to the 12 kg impact.  This 
resulted in a 1.36 m/s impact required to maintain the 
input kinetic energy requirement.  The knee impact 
test velocity was incremented up to the injury level 
similar to the other tests.  The adjusted certification 
test velocity was completed first (1.36 m/s), then an 
intermediate velocity (2.53 m/s), and then the 
velocity required to produce injury (3.70 m/s). 
 
 
RESULTS 
 
Inspection 
The inspection of each dummy yielded a positive 
result.  The weights for all segments of both dummies 
were within the specifications.  The majority of the 
external dimensions were within the specification for 
both dummies, however the ‘hip pivot from backline’ 
and the ‘head circumference’ were outside of the 
specification on dummy 226.  The ‘reference location 
for chest circumference’ was also slightly high for 
both dummies.  The measurements for both dummies 
can be seen in Tables 5 and 6 and Figure 2. 
 
Certification Testing 
 
     Head Drop Test – The results for the head drop 
certification test are listed in Table 7 and the response 
time histories are shown in Figures 3 and 4 along 
with the SAE and Mertz corridors.  The head 
resultants for dummy 226 were at the top bound of 
the corridor while the resultants for dummy 077 were 
just slightly higher than the top bound of the corridor.  
Dummy 226 had essentially no differences in phase 
while dummy 077 had slight differences.  Both 
dummies had nearly the same duration for the 
impacts. 
 
     Neck Flexion – The results for the neck flexion 
certification test are listed in Table 8 and the response 
time histories are shown in Figures 5 and 6 along 
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with the SAE and Mertz corridors.  The neck flexion 
responses were similar for each dummy but were just 
short of the corridor.  Dummy 077 had three of the 
six tests enter the corridor but dummy 226 only had 
one test enter the corridor.  Dummy 226 only 
obtained one value for the OC Moment within the 
rotation interval and, as a result, an average, standard 
deviation, and CV could not be calculated.  
Subsequently a CV could not be calculated for 
reproducibility for this parameter.  All of the tests on 
both dummies did however match the Mertz corridor 
fairly well, with the peak portion being the exception. 
 
     Neck Extension – The results for the neck 
extension certification test are listed in Table 9 and 
the response time histories are shown in Figures 7 
and 8 along with the SAE and Mertz corridors.  The 
neck extension responses were quite similar but again 
were just short of being within the corridor.  None of 
the tests for either dummy entered the SAE corridor.  
Five of the six tests on dummy 077 produced a 
rotation that was within the specification, but all were 
below the minimum OC Moment.  This resulted in an 
average, standard deviation, and CV to be calculated, 
but the average was below the lower bound of the OC 
Moment specification.  None of the tests on dummy 
226 produced enough rotation to meet the 
specification, thus the OC Moment parameter does 
not have an associated average, standard deviation, or 
CV.  Likewise, a CV for reproducibility could not be 
calculated for the OC Moment parameter.  The 
majority of the tests on dummy 077 matched the 
Mertz corridor while most of the tests on dummy 226 
did not match the corridor, specifically in the peak 
region. 
 
     Thorax – The results for the thorax impact 
certification test are listed in Table 10 and the 
response time histories are shown in Figures 9 and 10 
along with the SAE and Mertz corridors.  The thorax 
impact responses were excellent and nearly all were 
within the corridor.  Five of the six tests on dummy 
077 and six of six tests on dummy 226 were within 
the SAE corridor.  In addition, all of the tests 
matched the Mertz corridor very well. 
 
     Knee Impact – The results for the knee impact 
certification test are listed in Table 11 and the 
response time histories are shown in Figures 11 and 
12 along with the SAE and Mertz corridors.  The 
knee impact responses for both dummies were all 
within the SAE corridor, but most were higher than 

the Mertz corridor.  All of the test results on dummy 
226 were within the SAE corridor but all were higher 
than the Mertz corridor.  Five of the six tests on 
dummy 077 were above the Mertz corridor but all 
were within the SAE corridor.  There were some 
slight variations in phase for each of the dummies. 
 
     Knee Slider – The results for the knee slider 
certification test are listed in Table 12 and the 
response time histories are shown in Figures 13 
through 16, along with the SAE and Mertz corridors.  
Nearly all of the knee slider deflections were within 
the SAE corridor and all very similar.  Six of six tests 
on dummy 077 and five of six tests on dummy 226 
were within the deflection corridor.  All of the tests 
for each dummy were similar in shape and phase for 
the deflection responses.  The knee stiffness for 
dummy 077 matched the Mertz corridor slightly 
better than dummy 226.  The majority of the stiffness 
response for dummy 077 matched the slope of the 
Mertz corridors while the loading portion of the 
stiffness response of dummy 226 did not match the 
Mertz corridor. 
 
Repeatability and Reproducibility 
 
The traditional CV based on peak values and the 
time-based average CV were calculated in the 
manner described previously for each of the response 
parameters from the certification tests. If both of the 
dummies were repeatable, the time-based means were 
then compared using the t-test.  If the two means 
were from the same population the twelve responses 
from both dummies were used to calculate a single 
time-based mean and the average CV for both 
dummies was calculated to assess reproducibility.   If 
the two dummies were found to be from different 
populations they are considered not reproducible. 
 
All of the repeatability and reproducibility CVs are 
presented in Table 13.  Under the heading of 
Repeatability the time-based average CV and the 
traditional peak CV are shown.  Under the heading of 
Reproducibility the t-statistic, the time-based average 
CV, and the traditional peak CV are shown.  If the t-
test indicated the two dummies were not from the 
same population the average CV was not calculated 
because the dummies were not reproducible.  The 
traditional CV for peak values is presented in 
parenthesis although the merit of these CV values is 
questionable since the two dummies were found to be 
from different populations. 
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Table 5. 
Dummy segment specification and actual weights 

Segment Weight Part # Specification [kg] Dummy 226 Dummy 077 
Head Assembly 880995-1100 4.94 +/- 0.05 4.92 4.94 
Neck Assembly 880995-1250 1.68 +/- 0.05 1.69 1.72 
Upper Torso Assembly 880995-1300 22.3 +/- 0.36 22.0 22.5 
Lower Torso Assembly 880995-1450 30.3 +/- 0.36 30.4 30.0 
Upper Arm, Left 880995-700 2.81 +/- 0.09 2.79 2.83 
Upper Arm, Right 880995-700 2.81 +/- 0.09 2.82 2.81 
Lower Arm, Left 880995-732 2.06 +/- 0.05 2.05 2.05 
Lower Arm, Right 880995-732 2.06 +/- 0.05 2.06 2.06 
Hand, Left 78051-208 0.57 +/- 0.05 0.55 0.56 
Hand, Right 78051-209 0.57 +/- 0.05 0.53 0.54 
Upper Leg, Left 880995-1513 8.21 +/- 0.09 8.20 8.17 
Upper Leg, Right 880995-1514 8.21 +/- 0.09 8.16 8.16 
Lower Leg, Left 880995-1513 5.75 +/- 0.09 5.81 5.83 
Lower Leg, Right 880995-1514 5.75 +/- 0.09 5.80 5.82 
Foot, Left 880995-1600 1.59 +/- 0.07 1.58 1.61 
Foot, Right 880995-1601 1.59 +/- 0.07 1.53 1.61 
TOTAL WEIGHT  101 +/- 1.63 101 101 

 
 
 
 

 
Figure 2.  Reference diagram for dummy external dimensions listed in Table 6. 
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Table 6. 
Dummy external dimension specification and actual measurements 

External Dimension Key Specification [mm] Dummy 226 Dummy 077 
Total Sitting Height A 919 +/- 15 921 927 
Shoulder Pivot Height B 536 +/- 15 532 541 
Hip Pivot Height C 102 +/- 5 94 97 
Hip Pivot from Backline D 155 +/- 5 142 152 
Shoulder Pivot from Backline E 91 +/- 5 97 93 
Thigh Clearance F 168 +/- 8 168 173 
Back of Elbow to Wrist Pivot G 310 +/- 8 311 312 
Head Back from Backline H 89 +/- 3 89 89 
Shoulder to Elbow Length I 363 +/- 10 356 353 
Elbow Rest Height J 213 +/- 10 210 216 
Buttock to Knee Length K 648 +/- 13 643 648 
Popliteal Height L 470 +/- 13 470 470 
Knee Pivot to Floor Height M 533 +/- 13 523 533 
Buttock Popliteal Length N 503 +/- 13 503 503 
Chest Depth O 246 +/- 8 246 246 
Foot Length P 264 +/- 8 269 264 
Buttock to Knee Length R 579 +/- 13 577 579 
Head Breadth S 155 +/- 5 160 156 
Head Depth T 196 +/- 5 201 199 
Hip Breath U 404 +/- 10 409 403 
Shoulder Breath V 475 +/- 10 472 475 
Foot Breath W 99 +/- 8 101 99 
Head Circumference X 572 +/- 5 584 574 
Chest Circumference with Jacket Y 1135 +/- 20 1130 1146 
Waist Circumference Z 1008 +/- 20 988 988 
Reference Location for Chest Circumference AA 483 +/- 5 508 508 
Reference Location for waist Circumference BB 203 +/- 5 203 203 

 
 
 

Table 7. 
Head drop certification test results for R&R 

Dummy No. Maximum Resultant Acceleration 
 220 – 265 g 

Average 278 
Std Dev 1.99 077 

%CV 0.72 
Average 265 
Std Dev 1.03 226 

%CV 0.39 
Average 271 
Std Dev 6.95 Both 

%CV 2.56 
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Figure 3.  Dummy 077 head drop response. 
 
 
 

 
Figure 5.  Dummy 077 neck flexion response. 
 
 
 

 
Figure 7.   Dummy 077 neck extension response. 
 
 

 
Figure 4.  Dummy 226 head drop response. 
 
 
 

 
Figure 6.  Dummy 226 neck flexion response. 
 
 
 

 
Figure 8.  Dummy 226 neck extension response. 
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Figure 9.  Dummy 077 thorax impact response. 
 

 
Figure 10.  Dummy 226 thorax impact response. 

 
 
 
 
 
 
 
 
 
 
 

Table 8.  Neck flexion certification test results for R&R

Impact 
Velocity Pendulum Velocity Profile 

Peak  
D-Plane 
Rotation 

OC 
Moment 
Peak in 

Rotation 
Interval 

OC 
Moment 
10 Nm 
Decay 

Peak OC 
Moment 

m/s m/s @ 
10ms 

m/s @ 
20ms 

m/s @ 
30ms deg Nm ms Nm 

 

6.89-7.13 2.2-2.7 4.0-5.0 5.7-6.9 61-75 110-130 77-97  
Dummy 077 

Average 6.99 2.44 4.60 6.62 62.1 123 80.3 123 
Std Dev 0.00 0.01 0.03 0.04 4.60 6.31 0.35 5.72 
CV % 0.00 0.56 0.75 0.60 7.40 5.13 0.44 4.63 

Dummy 226 
Average 6.99 2.50 4.62 6.53 59.9 N/A 79.7 126 
Std Dev 0.00 0.03 0.03 0.03 1.37 N/A 0.44 0.95 
CV % 0.00 1.31 0.74 0.48 2.29 N/A 0.55 0.75 

Both 
Average 6.99 2.47 4.61 6.58 61.0 N/A 80.0 125 
Std Dev 0.00 0.04 0.03 0.06 3.43 N/A 0.47 4.22 
CV % 0.00 1.54 0.76 0.85 5.63 N/A 0.59 3.38 
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Table 9. 
Neck extension certification test results for R&R 

Impact 
Velocity Pendulum Velocity Profile 

Peak  
D-Plane 
Rotation 

OC 
Moment 
Peak in 

Rotation 
Interval 

OC 
Moment 
10 Nm 
Decay 

Peak OC 
Moment 

m/s m/s @ 
10ms 

m/s @ 
20ms 

m/s @ 
30ms deg Nm ms Nm 

 

5.95-6.91 1.8-2.2 3.2-4.2 4.8-5.8 81-98 66-84 100-120  
Dummy 077 

Average 5.96 1.93 3.69 5.32 81.2 62.5 106 64.1 
Std Dev 0.02 0.02 0.03 0.05 2.02 0.90 1.48 1.10 
CV % 0.41 1.22 0.74 1.01 2.49 1.45 1.39 1.72 

Dummy 226 
Average 6.01 1.94 3.71 5.35 76.8 N/A 104 70.8 
Std Dev 0.00 0.06 0.04 0.04 1.75 N/A 1.11 2.13 
CV % 0.00 2.88 1.11 0.77 2.28 N/A 1.08 3.01 

Both 
Average 5.99 1.93 3.70 5.33 79.0 N/A 105 67.4 
Std Dev 0.03 0.04 0.03 0.05 2.91 N/A 1.80 3.89 
CV % 0.52 2.13 0.92 0.90 3.69 N/A 1.72 5.77 

 
 
 
 
 
 

 
Table 10. 

Thorax certification test results for R&R
Impact Velocity Chest Dmax Fmax in Defl Corridor Hysteresis Fmax 

m/s mm kN % kN  
6.59 - 6.83 66.0 - 76.0 5.10 - 5.91 69 - 85  

Dummy 077 
Average 6.75 68.6 5.89 71.7 5.90 
Std Dev 0.04 0.47 0.06 0.82 0.05 
CV % 0.53 0.68 1.06 1.14 0.84 

Dummy 226 
Average 6.75 66.8 5.56 73.7 5.68 
Std Dev 0.01 0.74 0.10 0.52 0.05 
CV % 0.15 1.11 1.86 0.70 0.90 

Both 
Average 6.75 67.7 5.74 72.7 5.79 
Std Dev 0.02 1.10 0.19 1.23 0.12 
CV % 0.35 1.62 3.33 1.69 2.15 
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Table 11. 
Knee impact certification test results for R&R 

Velocity Pendulum Force 
m/S N  

2.07 - 2.13 4900 - 7300 
Dummy 077 

Average 2.10 6190 
Std Dev 0.02 166 
CV % 0.78 2.68 

Dummy 226 
Average 2.10 6710 
Std Dev 0.00 148 
CV % 0.17 2.20 

Both 
Average 2.10 6450 
Std Dev 0.01 309 
CV % 0.54 4.80 

 
 
 

Table 12. 
Knee slider certification test results for R&R 

Velocity Knee 
Slider 

Pendulum 
Force 

m/S mm N  

2.7 - 2.8 15.0-18.3  
Dummy 077 

Average 2.75 17.6 3710 
Std Dev 0.02 0.18 86.7 

%CV 0.66 1.04 2.34 
Dummy 226 

Average 2.73 15.3 3920 
Std Dev 0.00 0.42 36.3 

%CV 0.00 2.74 0.93 
Both 

Average 2.74 16.4 3810 
Std Dev 0.02 1.22 129 

%CV 0.62 7.39 3.38 
 

 
Figure 13.  Dummy 077 knee slider deflection 
response. 
 

 
Figure 15.  Dummy 077 knee slider stiffness 
response. 

 
Figure 14.  Dummy 226 knee slider deflection 
response. 
 

 
Figure 16.  Dummy 226 knee slider stiffness 
response. 
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Figure 17.  Head drop response for both dummies 
at increasing drop heights. 
 
 

 
Figure 18.  Neck flexion response for both 
dummies at increasing pendulum velocities. 
 
 

 
Figure 19.  Neck extension response for both 
dummies at increasing pendulum velocities. 
 
 

 
Figure 20.  Thorax response for both dummies at 
increasing pendulum velocities. 
 
 

Figure 21.  Knee response for both dummies at 
increasing 12 kg pendulum velocities. 
 
 
 
DISCUSSION 
 
Certification Testing 
 
For the majority of the certification test types 
conducted the responses fit within the proposed SAE 
corridor.  The tests that did not result in a response 
that was inside the corridor could easily be made to 
fit the corridor with a slight adjustment of the 
corridor bounds.  For example, the head drop test 
could have the response corridor increased by 20g’s 
and then all of the tests that were conducted would be 
contained within the allowable region.  Likewise, the 
neck flexion response corridor could be moved so 
that the moment requirement is held the same, but the 
rotation requirement reduced by 7 – 10 degrees and 
all responses would fall within the corridor.  The 
neck extension corridor would have to be reduced 
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both in terms of moment, 6 Nm, and rotation, 6 – 7 
deg, so that all of the responses would fall within the 
corridor.  The thorax and knee impact tests already 
fall within the corridor and would not necessitate a 
change.  However, the knee slider deflection corridor 
could be reduced by 2 mm and all of the responses 
would be within the specification. 
 
Repeatability and Reproducibility 
 
In most instances the traditional approach to CV 
provides a lower value indicating a better 
repeatability or reproducibility than does the time-
based average CV.  This is illustrated by the knee 
impact force response CVs.  The traditional approach 
results in a CV of 2.7% and 2.2% for dummy 077 and 
226, respectively, while the time-based average CV 
results in a CV of 9.2% and 7.8% for dummy 077 and 

226, respectively, nearly four times higher.  This 
result can be explained by examining Figure 22.  The 
six force versus time curves are relatively similar in 
shape, duration, and especially peak values which 
translates into an excellent CV value from the 
traditional approach.  However a distinct difference 
in phase can be observed among the test results 
which is attributed to the knee itself and not the test 
setup (time zero defined by electrical contact switch).   
 
Figure 23 shows the time-based average curve and 
plus and minus one standard deviation curves for the 
same six knee force responses.  It can be seen that the 
standard deviation at the peak of the curves is smaller 
than at other times.  Further, it can be seen that the 
standard deviation on the sloped sections of the curve 
is essentially constant.  This is due to the phase shift 
among the curves seen in Figure 22.   

 
 
 
 
 

Table 13. 
Time series CV and peak CV comparison along with t-statistic for repeatability and reproducibility

 Repeatability  Reproducibility 
 CV Avg CV peaks T statistic CV Avg CV peaks 
Head 077 4.93 0.72 
Head 226 1.31 0.39 

2.45 6.28 2.56 

Neck Flx Angle 077 5.77 7.40 
Neck Flx Angle 226 2.47 2.29 

151 4.65 5.63 

Neck Flx Mom 077 2.58 4.63 
Neck Flx Mom 226 1.96 0.75 

11.3 5.08 3.38 

Neck Ext Angle 077 3.53 2.49 
Neck Ext Angle 226 2.76 2.28 

2.91 5.94 3.69 

Neck Ext Mom 077 2.32 1.72 
Neck Ext Mom 226 4.12 3.01 

-17.0  (5.77) 

Thorax Force 077 2.19 0.84 
Thorax Force 226 1.81 0.90 

56.2 3.10 2.15 

Thorax Defl 077 1.63 0.68 
Thorax Defl 226 1.58 1.11 

17.9 1.97 1.62 

Knee Impact 077 9.18 2.68 
Knee Impact 226 7.80 2.20 

-7.37  (4.80) 

Knee Slider Defl 077 2.20 1.04 
Knee Slider Defl 226 3.82 2.74 

-19.0  (7.39) 

Knee Slider Force 077 3.52 2.30 
Knee Slider Force 226 3.50 0.93 

-16.4  (3.38) 

      
Coefficient of Variation <= 5%    

Coefficient of Variation > 5% <= 10%    
CV for dummies from different populations ( # )    
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As a result of this situation the CV (standard 
deviation divided by the mean) increases as the mean 
value decreases and the time-based average CV is 
larger than the CV at the peak.   
 
Although the knee force responses for the two 
dummies were both repeatable, the t-test indicates 
that they are not reproducible.  A look at the knee 
force response curves of Figures 11 and 12 indicate 
that the two dummy knees are quite different in both 
magnitude and timing.  The traditional CV, as shown 
in Table 13, is 4.8% whereas the time based average 
CV is 13% (not shown) which is larger than the 
acceptable level of 10% for reproducibility.   The 
time-based average CV methodology is better able to 
identify the fact that the knee force responses are not 
reproducible.    
 

 
Figure 22.  Knee force versus time histories near 
peak for dummy 077. 
 
 

 
Figure 23.  Knee force versus time mean and 
standard deviation. 
 
 

Considering the other body components of these 
dummies that were found to be not reproducible 
(knee slider force and deflection and neck extension 
moment) the time-based average CVs (9%, 9%, 8%, 
respectively) are larger than the traditional CVs but 
the values are within the acceptable limit of 10%.  
This indicates that merely averaging all of the data 
and calculating a CV without performing the t-test 
does not identify non-reproducibility; the t-test is 
required.  
 
CONCLUSIONS 
 
When evaluating the averages of six repeats of the 
various certification tests for each dummy, it can be 
seen that neither dummy fully complies with the 
proposed SAE certification requirements.  Dummy 
077 does not certify with respect to the head drop 
requirements while dummy 265 does not certify with 
respect to the peak D-plane angular requirements for 
either neck flexion or extension.  However, if the 
certification specifications were to be adjusted both 
dummies could meet the revised specifications.  
Because the certification specifications were based 
on scaled 50th percentile male specifications it is 
reasonable to adjust the specifications to fit the 
dummies so long as the dummies being evaluated are 
reproducible.  It is to be expected that design and 
fabrication variances would result in a 95th sized 
dummy that is not a perfectly scaled replica of the 
50th sized dummy. 
 
Traditional methods of calculating repeatability CV 
values (CV peak method) show both dummies, 
individually, provide good or excellent response CVs 
for all of the certification tests.  A proposed method 
of calculating a time-based CV (CV average method) 
also shows the CVs for both dummies to range from 
good to excellent although the time-based method 
appears to be more demanding.   
 
 The reproducibility CV is good to excellent for all 
certification test responses when looking at the 
combined data from both dummies using the 
traditional method of calculating CV.  However, 
when using hypothesis testing of the time-based 
responses to study the reproducibility of the two 
dummies, the Neck Extension Moment, Knee Impact, 
Knee Slider Deflection, and Knee Slider Force are 
shown to be statistically different.  If the two 
dummies are not from the same population the 
pooling of all responses from both dummies in order 
to calculate a CV is inappropriate. 
 
Applying energy balance and conservation of 
momentum techniques to previously proposed injury 
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criteria for the 95th percentile large male, certification 
test input energy levels were increased and used to 
evaluate dummy durability.  The head, neck, thorax, 
and knee from both dummies were repeatedly 
subjected to testing at these higher energy levels with 
no adverse effects observed by physical inspection or 
by examination of the dummy responses. 
 
Only two dummies have been examined: one each 
from two manufacturers.  It appears that the dummies 
could meet certification specifications if the current 
specifications were adjusted.  Durability of both 
dummies was satisfactory even when tested at very 
high input energy levels.  Repeatability of each of the 
dummies was acceptable to excellent but 
reproducibility of several components was less than 
desirable when tested using the Student t-test with a 
time-based tolerance of 10%. 
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ABSTRACT  
 

As measurement capabilities in crash test 
dummies improve, new injury criteria should be 
considered to take advantage of these improvements.  
The THOR-NT dummy thorax has been designed 
with three-dimensional displacement measurement 
capability at four points in the chest.  To correlate 
those measurements with injury, chestband 
displacements from Post Mortem Human Subjects 
(PMHS) tests corresponding to the THOR-NT chest 
displacement points were used to simulate thorax 
loading in a 2-D finite element model of the human 
thorax.  The model, method and model validation 
were described in Campbell et al. (2005).  In the 
current study, data from both upper and lower 
chestbands were used to predict rib fractures in the 
PMHS crash tests.  Due to the close proximity of the 
two upper THOR-NT chest displacement points, 
some of the simulations did not adequately represent 
the PMHS loading.  To improve the simulations, a 
new set of runs were created using wider chest 
displacement points to determine if they would be 
more successful in simulating injury.  Rib stress and 
strain from the 2-D finite element model of the 
PMHS thorax were used to predict injury or non-
injury in the PMHS tests.  Statistical analysis using 
logistic regression was used to investigate a new 
thoracic injury criterion based on the finite element 
model simulations. 
 
INTRODUCTION 
 

Thoracic injuries are among the most 
prevalent and serious in automobile collisions.  Head 
injuries were the only category ranked ahead of 
thorax injuries in area most often injured (Ruan et al., 
2003), overall number of fatalities and serious 
injuries (Cavanaugh, 1993), and overall societal harm 
(Malliaris, 1985).  Improving the understanding of 

thoracic injury mechanisms will lead to better 
restraint systems that can reduce injuries and save 
lives.  

Factors such as crash speed and intrusion 
contribute to thoracic injuries, as well as the presence 
of restraint systems, including airbags, seatbelts, load 
limiters, and seatbelt pretensioners.  Currently 
experimental research using cadavers and crash test 
dummies is used to understand thoracic injury 
mechanisms.  While this is an important step, 
computer models offer more flexibility at a lower 
cost.  Computer models also have the ability to 
produce more detailed observations of stress and 
strain than are possible with the instrumentation used 
with cadavers and test dummies.  The information 
from chest deflection and spine acceleration can be 
used to calculate many thoracic injury criteria, but 
these measures do not provide much guidance in how 
to improve an automobile design.  The flexibility and 
increased measurement possibilities of computer 
models allow researchers to pinpoint what dummies 
need to measure, which will improve the ability to 
regulate effectively. 

To design more effective restraint systems 
and improve regulations, researchers need to be able 
to investigate hypothetical scenarios, not just focus 
on passing a specific metric.  In fact, focusing on a 
single value could lead a researcher in the wrong 
direction.  Computer models provide information on 
a variety of factors which are all related to injury risk.  
This paper presents a 2-D finite element model of the 
human thorax designed to study injury mechanisms 
and restraint conditions in an automotive crash 
environment. 

METHODS 

The purpose of this study was to research a 
new thoracic injury criterion based on finite element 
model simulations of the human thorax.  The method 
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was developed to predict injury based on the thoracic 
measurements obtained from THOR-NT, the 
advanced frontal impact dummy developed by the 
NHTSA.  The THOR-NT dummy measures chest 
deflection relative to the spine at 4 crux points on the 
chest, two upper and two lower (Figure 1).  Time 
histories for displacement of the crux points in the x, 
y, and z directions are recorded.  To predict injury, 
two finite element simulations are completed, the 
first using the upper crux points and the second using 
the lower crux points.  Crux point displacements are 
applied directly to the model and injury is predicted 
based on stresses and strains measured in the model. 

 

           
Figure 1.  THOR Crux Points. 

 
To correlate the model with injury, a set of 

62 Post Mortem Human Subjects (PMHS) frontal 
crash tests were used.  Upper and lower chestband 
data was recorded in each of the tests.  The chestband 
data was processed to develop displacement time 
histories of points on the PMHS chest, normalized to 
a 50th percentile male and corresponding to the 4 crux 
points on the THOR-NT dummy.  The displacement 
time histories were used to run an upper and lower 
thorax simulation for each PMHS test.  Logistic 
regression was used to correlate stresses and strains 
in the model to the injury found during the PMHS 
tests. 

 

        
Figure 2.  Crux Point Locations on 2-D Thorax 
Model. 

 
A second set of PMHS simulations were 

also completed to test the crux point locations.  The 
THOR-NT upper crux points are relatively close 
together which may affect the loading of the model.  
When loading occurs far away from the crux points, 
that loading is not simulated as well.  Having the 
upper crux points so close together reduces the 
model�s ability to simulate lateral loading.  The 
second set of simulations used wider spacing for the 
upper crux points (Figure 2).  The lower, upper, and 
wider crux points are spaced at 16.1cm, 11.8cm, and 
7.2cm respectively.  Using the wider crux points may 
results in more accurate simulations.  To test this 
hypothesis these simulations were compared to the 
first set to determine if either set of simulations 
correlated more closely with injury. 

In addition to peak stresses and strains, a 
cumulative strain damage measure (CSDM) was 
developed and correlated with injury.  CSDM records 
the percent volume in the rib that has exceeded a 
particular strain threshold.  This metric may be better 
suited to predicting multiple rib fractures than peak 
stress or strain because it takes into account the 
whole rib volume rather than just a localized peak 
stress or strain.   

The finite element model of the thorax and 
its validation was presented in Campbell (2005).  The 
model was designed using the LS-Dyna software 
package.  The model represents a 50th percentile 
male thorax. It was created in two dimensions to 
allow simulation of the overall thorax response while 
dramatically reducing the solution time.  The thorax 
model (Figure 3) contains six parts: rib, sternum, 
viscera, elastic spine, rigid spine, and spine/rib joint.  
The material properties for the model were 
determined through a review of the literature.  The 
model was validated using fourteen experimental 
tests from Kroell et al. (1971 and 1974). 

Crux Points 

Upper Crux

Wide Crux

Lower Crux
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Figure 3.  2-D Human Thorax Finite Element 
Model. 

RESULTS 

Two sets of PMHS simulations were 
completed.  Set 1 used crux points corresponding to 
the THOR-NT and Set 2 used wider upper crux 
points.  A variety of logistic regressions were 
performed for each data set using different outputs 
from the simulations and different injury thresholds 
from 2-6 rib fractures.  Simulations for the upper and 
lower ribs were considered both separately and 
together.  Confounding variables were tested in the 
regressions as well, including PMHS age, weight, 
and sex.  The regression with the most significance 
(p-value 0.0001) and highest Chi2 (20.2) used CSDM 
(strain threshold of 0.01) from the lower crux 
simulations with cadaver age to predict injury defined 
as greater than four rib fractures in the entire thorax.  
77% of the tests used in the regression had correct 
prediction of injury using the model.  Figure 4 shows 
the probability of injury for this model at different 
ages using the following equation: 

P = 1 / (1 + EXP(-( -3.01 + 27.5*CSDM0.01 + 
0.0365*OCCAGE ))). 

The receiver operator characteristic (ROC) 
curve in Figure 5 shows the fraction of true positives 
to the fraction of false positives over all possible 
CSDM volume thresholds.  A volume of 4.6% of the 
rib exceeding a strain of 0.01 results in a 50% 
probability of injury (greater than four rib fractures).   

Using both lower and upper crux 
simulations together did not improve the model.  The 
best model using this scenario had a p-value=0.0007 
with Chi2=17.1 and 69% predicted correctly.  Using 
wider crux points for the upper rib simulations 
resulted in little change in the results.  The best 

model using the THOR upper crux points had a p-
value=0.0007 with Chi2=17.1 and 70% predicted 
correctly.  The best model using the wider crux 
points had a p-value=0.003 with Chi2=14.2 and 73% 
predicted correctly. 

Logistic Regression
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Figure 4.  Logistic Regression, separated by age, 
with injury defined as greater than four rib 
fractures. 
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Figure 5.  ROC Curve for regression model using 
lower rib CSDM with strain threshold of 0.01. 

DISCUSSION  

 The results from the simulations of the 
PMHS tests showed that the best model for 
predicting injury used lower rib simulation CSDM 
with a strain threshold of 0.01 with PMHS age as a 
confounder.  This result shows that CSDM is a 
promising method for predicting rib fractures.  Since 
strain is linked to fracture, calculating the volume of 
rib that exceeds a strain threshold is a logical way to 
predict multiple fractures.   

Figure 4 shows the regression curves for the 
chosen model.  One may note that there is a non-zero 
probability when the CSDM volume equals zero.  
While this is a function of logistic regression, we 
acknowledge that it implies an unrealistic result. 

A variety of other factors were tested using 
logistic regression including: maximum principal 
strain, strain rate, the product of strain and strain rate, 
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and maximum principal stress.  These factors resulted 
in less significant models than CSDM. 

A surprising result is that the lower rib 
simulations had far more significance in predicting 
rib fractures than either of the upper rib simulations.  
The two different upper crux widths were tested and 
only a small difference was found in the results.  
Therefore the wider crux points do not seem to 
improve the loading of the model.  This also suggests 
that the crux position is not the cause of the upper 
versus lower rib discrepancy.  Also, based on the 
success of the lower rib simulations, the basic method 
of applying two displacement points does not seem to 
account for the problem with the upper ribs.  It is 
possible that for the current dataset more information 
is provided in the lower chestbands. 

The method of simulating thoracic loading 
with a 2-D finite element model provides a way to 
get more information out of dummy measurements 
and relate those measurements to injury.  However, 
this method has some drawbacks.  A 2-D model 
cannot account for any displacement in the z-
direction.  Using only two points to load the model 
can also result in errors in the loading depending on 
how close the primary deformation occurs to the crux 
points.  Simulating PMHS tests using a large number 
of loading points would be useful to quantify how 
much error occurs with only two loading points. 
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ABSTRACT 
 
Since ABS started in the Mercedes-Benz S-class 
(W116) in 1978, but mainly by the introduction of 
ESP® in 1995 in the Mercedes-Benz S-class 
(W140), Active Safety of passenger cars has been 
affected by combination of chassis parameters and 
wheel-brake based systems. Since ESP® has a 
significant impact on vehicle stability; the 
evaluation of Active Safety has to be performed in 
combination with ESP®. Therefore objective tests 
have been developed to assess the combination of 
chassis and ESP®. A huge number of tests are used 
during the development and application of ESP® 
Systems to vehicle platforms. 
     Many accident investigations showed an 
outstanding benefit of ESP® for Active Safety. This 
raised the interest in objective test methods to 
assess ESP® performance and finally leads to 
NHTSA’s recently published notice of proposed 
rulemaking for safety standards for ESP®.  
     This paper will demonstrate various objective 
tests and measures for ESP® evaluation. This article 
will illustrate objective criteria by means of ESP® 
sub-functions and several operating points (e.g. 
different speed, lateral acceleration, steering input). 
The objective behavior of ESP® on high µ will be 
discussed as well as special demands on low µ. 
      
INTRODUCTION 
 
Current overall ESP® Systems contain several sub-
functions to enhance Active Safety in different 
driving situations. The history of wheel brake-
based systems started with braking functions like 
Anti Lock Brake (ABS). Even to ABS several 
functions have been added over the last years.  
     Present systems control the brake balance 
between front and rear axle by dividing brake 
force. When it comes to braking in a turn special 
algorithms are used to maintain yaw stability and 
provide attainable deceleration. Another part of 
ABS has the same approach if driver brakes on µ-
split. Brake assist recognizes emergency brake  

 
 
situations and supports driver with maximum brake 
pressure. 
     The driving functions like traction control 
represent another category within ESP®. These 
algorithms assist driver during vehicle acceleration 
by controlling the maximum wheel slip to maintain 
stability and if it is driver’s intent with achievable 
lateral acceleration. There are different intervention 
levels. First engine torque can be adjusted to 
current driving situation. The second level brakes 
the driven axle to avoid wheel spin and finally to 
prevent vehicle spin out it might also be necessary 
to apply brakes on the front axle to stabilize the 
vehicle. 
     The main function of ESP® affects the vehicle 
dynamics itself. Active yaw control supports driver 
in situations, where loss of control might occur. In 
driving situations were vehicle is massive 
understeering ESP® supports by applying more 
than one wheel brake to follow driver’s intent. 
Especially vehicles with low static stability factors 
use additional algorithms to prevent rollover if 
steering input is very extreme. In these situations 
ESP® applies vehicles brakes to reduce speed and 
keep vehicle inside its performance capability. 
     The sensors and actors of ESP® give the 
opportunity to implement further functions to 
enhance Active Safety or to make driving more 
convenient. In combination with special algorithms 
ESP® is used to regain stability if a trailer tends to 
oversteer. Starting on a hill can also be supported 
be ESP®, if brakes kept applied when the brake 
paddle is released. Especially in sport utility 
vehicles ESP® can be used to assist driver in off-
road down hill driving by limiting maximum speed 
and controlling wheel lock. 
 
ACCIDENT STATISTIC  
 
The combination of all ESP® functions increases 
Active Safety of passenger cars significantly. 
Investigations of other manufacturers, authorities 
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and institutions on basis of partly different statistics 
come to comparable results [Aga, M.; Okada, A. 
(2003) Dang, J. N. (2004) Farmer, Ch. (2004) IIHS 
(2005) Tingvall, C. et al. (2003)]. ESP® is therefore 
a system of outstanding influence on the Active 
Safety of vehicles. Figure 1 shows this impact on 
Active Safety as the percentage of driving 
accidents for Mercedes-Benz and vehicles of other 
brands. Particularly favored by the steep gradients 
during the introduction of ESP® in Mercedes-Benz 
passenger cars, 2002 a decrease of the portion of 
driving accidents of about 30% could be obtained. 
These are typically serious accidents with a high 
number of fatalities and severely wounded 
passengers. In this area of driving safety, ESP® is 
effective. 
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Figure 1: Efficiency of ESP® – accident statistic 
Mercedes-Benz – Starting 2000 ESP® standard 
on all Mercedes-Benz Cars –  
Source: Anonymous sample of data from 
Federal Bureau of Statistics Germany  
1998 – 2004 
 
     This retrospective view from accident statistics 
can not be used for development and ESP® 
application directly. Therefore other methods have 
been established in the past and new ones are still 
in development. Various tests are described in 
several standards. Mercedes-Benz updated some 
tests to reflect current requirements of Active 
Safety. Several maneuvers used by Mercedes-Benz 
will be discussed. 
 
OJECTIVE ASSESMENT OF ESP® 
 
In the real world there are innumerable different 
driving situations. ESP® is constantly comparing 
driver’s intent and vehicle reaction. If a difference 
between drivers intent and vehicle reaction is 
observed, ESP® reacts and minimizes the deviation. 
In many cases conflicts between two or even more 

criteria arise. After deliberating the criteria of these 
conflicts, targets can be defined for objective 
assessment. 
 
Traction Control 
 
A basic conflict exists between acceleration and 
stability of the vehicle. Mercedes-Benz uses 
objective measurement on high and low µ to 
provide driver with excellent stability and a 
predictable driving behavior while offering highest 
acceleration capability. First the µ-low test is 
discussed.  
 
     µ-low acceleration in a turn - This objective 
test represents real world turning maneuvers on low 
µ. On low µ all rear or all-wheel drive vehicles are 
able to generate power oversteers, if torque or slip 
on rear axle is not controlled. In this case there is a 
conflict between traction and stability. Traction 
Control supervises rear axle slip and can 
significantly influence stability but also 
longitudinal acceleration. To provide the customer 
with highest acceleration and guarantee stability 
under all circumstances, Mercedes-Benz uses the 
objective test “drop throttle in a turn on µ-low” to 
assess this behavior (Figure 2).  
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Figure 2: Drop throttle in a turn – � quasi 
neural, � understeering stable, � oversteering 
instable 
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The initial conditions are adjusted to the coefficient 
of friction. The maneuver starts with initial steady 
state cornering on 18 m Radius and a velocity of 
v = 25 km/h. During this steady state turning 
accelerator pedal position is immediately increased 
to a certain level. The rise of accelerator pedal 
position is stepwise increased until maximum level 
is reached. All objective measurements must prove 
at least a certain repeatability level. A significant 
impact by the coefficient of friction can only be 
avoided if many measurements on different places 
are performed. The wheel slip at the drop throttle 
always polishes the scraped ice surface and has an 
effect on the result, if a second measurement is 
performed at the same place. Even with a huge 
number and attentive execution, level of 
repeatability is lower than high µ tests. 
     Data analysis first calculates rise of vehicle 
course velocity vc which represents the absolute 
vehicle velocity along the actual course (see Figure 
2). For all data sets the rise of course velocity 
compared to the initial steady state cornering and 
rear axel side slip angle two seconds after drop 
throttle is evaluated. Figure 3 shows the results for 
three different vehicle setups. The dashed line 
represents traction control deactivated. The side 
slip angle increases significantly and loss of control 
is imminent if velocity rise exceeds 10 km/h. 
Traction control enhances vehicle stability by 
controlling the vehicle wheel slip or active brake 
apply to regain stable conditions. The basic ESP® 
setup shown in Figure 3 is rather restrictive, only 
moderate rise of velocity is possible. The 
optimization of this setup almost allows the same 
velocity rise as the setup without traction control 
but on a much higher stability level. The side slip 
angle at the rear axle does not exceed 10° which is 
at this speed controllable for any driver.  
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Figure 3: Conflict diagram - drop throttle in a 
turn 

     Well attuned traction control systems almost 
allow the same velocity rise than the vehicle 
without systems but side slip angle is limited to 
convenient level. A certain level of side slip is still 
necessary in order to keep the course of the vehicle 
on adequate radius. If radius exceeds a certain 
level, driver will subjectively feel too much 
understeering. 
 
     Acceleration in a turn – A similar test to assess 
velocity rise and lateral stability is performed on 
high µ. The initial conditions of the maneuver 
differ to the test on µ low. The initial radius is 
reduced to 6.5 m while initial speed v = 25 km/h is 
the same as on low µ. This leads to higher level of 
lateral acceleration. 
     In preliminary tests the maximum rise of 
velocity is determined. Therefore the vehicle is 
tested with traction control deactivated. Several 
tests are performed while at each test the maximum 
level of the accelerator pedal is increased. Figure 4 
shows the velocity rise for the different levels of 
the accelerator pedal. The maximum velocity rise 
for the vehicle shown in Figure 4 is reached with 
accelerator level of 80 percent. Above this level the 
maximal velocity rise is lower again. If sufficient 
engine power is available, even on high µ spin out 
at full throttle is possible. At the test vehicle shown 
in Figure 4 spin out occurred at almost full throttle. 
To increase repeatability several test are performed 
at the accelerator paddle level which provides the 
maximum velocity rise. 
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Figure 4: Acceleration in a turn – velocity rise at 
different throttle levels 
 
     The tests where traction control is activated are 
always performed with full throttle. The exhausting 
procedure of finding the maximum velocity rise 
with activated system is so simplified very much. 
Several tests are accomplished to increase 
repeatability. 
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Figure 5: Drop throttle in a turn – maximum 
velocity rise vs. stability 
 
     The summarized results of the conflict velocity 
rise vs. stability are shown in Figure 5. In this case 
all measurements with system activated are 
averaged as well as the measurements with 
maximum velocity rise and system deactivated.  In 
principle higher velocity rise is possible with 
traction control deactivated, if driver accelerates by 
using the optimum accelerator pedal level. 
Therefore driver needs to control the accelerator 
pedal to reach this performance and still takes the 
risk of spinout without ESP®. The velocity rise 
with traction control activated for the tests shown 
in Figure 5 is around 70% of the overall maximum 
level. This velocity rise is reached in a much safer 
way. Mercedes-Benz uses this test procedure to 
develop the typical stable and predictable driving 
behavior. 
 
Vehicle dynamic control 
 
Basically the vehicle dynamic control function 
builds the core of ESP®. Based on a vehicle model 
the actual course and driver’s intent are compared. 
The vehicle model uses basically steering wheel 
angle and vehicle speed to determine driver’s 
intent. Since NHTSA focuses for the evaluation of 
ESP® systems on the sine with dwell maneuver, 
this maneuver comes more in focus for ESP® 
assessment. The conflict between yaw stability and 
lateral performance is already addressed by this 
maneuver. Mercedes-Benz uses the sine with dwell 
maneuver to support application of the dynamic 
control function. 
     Especially braking in a turn can lead to an 
exacting driving situation, if vehicle is running with 
high speed.  In this kind of situations driver needs 
to be supported. To assess the driving behavior 
Mercedes-Benz uses the test “braking in a turn at 
high speed”, which will be described next.   

 
 
     Braking in a turn at high speed – Additional to 
the maneuver braking in a turn, defined in the 
standard ISO 7975, Mercedes-Benz uses a slightly 
modified version. In principle all these procedures 
evaluate conflicting aims between stability and 
attainable deceleration during the braking. This 
additional test assesses Active Safety at high speed. 
Therefore the maneuver starts at a steady–state run 
at 200 km/h.  
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Figure 6: Construction of minimum radius at 
different inclination for German Autobahn 
according to RAS-L 1984 
 
The ISO Standard suggests a lateral acceleration of 
ay = 5 m/s². If this lateral acceleration is used at 
200 km/h the vehicle runs on a radius which is 
typically not used for German Autobahn. The radii 
on German Autobahns are designed, besides a lot 
of other parameters, dependant to the inclination 
(see Figure 6). To reflect a typical German 
Autobahn profiles the minimum radius is adjusted 
to R = 1000 m. This leads to a lateral acceleration 
of ay = 3.1 m/s². 
 

R=1000m
v=200 km/h R=1000m
v=200 km/h

 
 
Figure 7: High speed braking in a turn 
 
     The brake test starts with the steady-state 
condition v = 200 km/h and R = 1000 m (see 
Figure 7). Several measurements at different level 
of longitudinal deceleration are performed. The 
deceleration should be kept constant during the 
single brake maneuver (see Figure 8). 
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Figure 8: High speed braking in a turn – 
Example time plot of longitudinal acceleration 
(brakes applied at t = 2 s).  
 
     The yaw reaction is relevant particularly within 
the first second after the initial brake contact, since 
the driver, depending on its individual reactivity, 
compensates course deviations only thereafter. 
Therefore maximum deviation to the reference of 
yaw velocity within the first second of brake test is 
evaluated for every single test (see Figure 9). For 
this calculation the arithmetic of ISO 7975 is used. 
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Figure 9: High speed braking in a turn – 
Example yaw reaction (brakes applied at t = 2 s) 
 
     Several braking test on the different deceleration 
levels and the corresponding yaw reaction is 
illustrated in Figure 10. Typically these results 
show the maximum yaw reaction at a deceleration 
of ax = 5-7 m/s². Very good car ESP® 
configurations reach maximum yaw reaction shown 
in Figure 10. 
     Physically the yaw velocity as well as the 
steering wheel angle which are necessary to run 
with v = 200 km/h on a radius R = 1000 m is quite 
low. Thus the internal ESP® algorithm also 
calculates low reference values. Even if the 
difference between reference and the actual yaw 
rate is also low, a significant lateral deviation 
between vehicles course and driver’s intent might 
occur. To support driver in these kind of situation 
the corner brake control especially controls driver’s 

intent and actual course. To enhance vehicle 
stability the brake pressure at rear axel is limited to 
a certain level to increase vehicle stability. Since 
rear axle does not provide too much brake force the 
influence of braking distance is not very 
significant. Brake pressure at rear axle can be 
increased during the deceleration. If vehicle 
reaction still is intensive the beginning of the 
braking maneuver can be influenced to reduce path 
deviation. Dependent on the corning direction the 
brake pressure on the front axel is built up slightly 
asymmetrical. This additional yaw moment works 
against the vehicle oversteering behavior. Corner 
brake control enhances vehicle stability and also 
provides driver maximum deceleration. 
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Figure 10: High speed braking in a turn – 
summarized results 
 
 
Special functions 
 
Since ESP® becomes more standard in vehicles 
additional functions are implemented. Some 
functions make driving more convenient. These 
kind of functions are not discussed in this paper. 
Other functions enhance Active Safety.  
   
     ESP® Trailer Stabilization is such an additional 
function. Car-trailer combinations tend to oscillate 
after excitation from cross-wind, irregular roadway 
or steering input. The damping of the system 
decays if speed increases. Therefore the oscillation 
lasts for a longer period of time if the car-trailer 
combination is traveling with higher speed. Above 
the zero-damping speed the oscillations of the rig 
will not decay anymore (see Figure 11). The level 
of the zero-damping speed is characteristic for 
every single car-trailer combination. The 
mass/inertia moments of the trailer, drawbar length 
and tires mainly influences the zero-damping 
speed. 
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Figure 11: Typical damping of a car-trailer 
combination at different speed 
 
If a car-trailer combination starts to oscillate at a 
speed above the zero damping speed, an accident 
can only be avoided if speed is reduced 
immediately. After recognizing a car-trailer 
oscillation situation ESP® Trailer Stabilization 
applies the brakes of the towing-car to work against 
the oscillation. This mechanism and reduction of 
speed increases damping and stabilizes the 
combination.  
     A test method to asses the stabilization is 
illustrated in Figure 12. The driver activates an 
oscillation of the car-trailer combination by a pulse 
steer at the towing car. In the first phase of the 
maneuver the amplitude of the lateral acceleration 
at trailers center of gravity increases (see Figure 
12). After ESP® detects a critical level the brakes 
are applied in a way that counteracts the oscillation 
by building up yaw moments in phase with the 
oscillation. This mechanism additionally damps the 
oscillation. In this second phase the car decelerates 
which can be seen in the speed diagram in Figure 
12. The speed reduction itself increases the 
damping of the system and helps to regain stability. 
This leads to a decay of trailer lateral acceleration 
amplitudes. 
     Figure 12 shows two different ESP® setups. The 
dashed line represents a basic setup. This setup 
recognizes the trailer oscillation approximately 4 s 
after the steering input. At this time lateral 
acceleration already reached 5 m/s², which is a 
quite high level for trailers. This is already a severe 
situation; therefore the basic ESP® setup needs to 
decelerate the car-trailer combination very hard. 
This test started with an entry speed of almost 
120 km/h, after the stabilization of the car-trailer 
combination the speed was only around 40 km/h. 
Only if this kind of situation is detected very fast 
and the braking activations are well controlled the 
exit speed in this kind of maneuvers remains on 
adequate level. Nevertheless the exit speed of the 

maneuver needs to be below the zero-damping 
speed. Otherwise there is still not enough damping 
to maintain stability. 
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Figure 12: Oscillation and stabilization of a car-
trailer combination with different ESP® setups 
 
     This conflict of stabilizing and braking the car-
trailer combination needs to be assessed during the 
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application of ESP® Trailer Stabilization. 
Mercedes-Benz uses for this test the already 
introduced pulse steer maneuver which is based on 
the ISO 9815 standard. A preliminary test detects 
the zero-damping speed of the car-trailer 
combination without ESP® interaction. For that 
damping of the combination is determined at 
different speed levels by the test maneuver. Speed 
is increased till the zero-damping speed is passed.  
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Figure 13: Maximum lateral acceleration of the 
trailer after pulse input at different speed levels 
of a car-trailer combination with different ESP® 
setups 
 
      Same test on different speed levels is performed 
with ESP® interaction. Figure 13 shows the 
maximum lateral acceleration of the trailer at 
different speeds and the termination limit. A basic 
setup which reaches the termination limit at lower 
speed and an optimized ESP® setup are illustrated. 
For safety reasons these tests are performed till a 
certain limit of lateral acceleration of the trailer is 
reached. Trailers are typically not quipped with 
high performance tires. This can already at a lateral 
acceleration level of ay = 5-6 m/s² lead to a spin out 
of the trailer. On the other hand trailers with high 
loading tend to rollover if lateral acceleration 
overruns this limit. 
     The speed which reaches the limit of lateral 
acceleration of the trailer represents a measure for 
the ESP® Trailer Stabilization performance. This 
measure is referred to the zero-damping speed to 
reduce influence of different car-trailer 
combinations (Equation 1). This stabilization ratio 
(SR) reflects the stabilization performance of the 
ESP® Trailer Stabilization. 

zd

limit,a

v

v
SR =    (1) 

 
 
 
 

where 

limit,av
 is the speed where lateral acceleration of 

the trailer is equal to the limit 

zdv  is the zero-damping speed 

 
   The second criteria to assess ESP® Trailer 
Stabilization evaluates velocity drop during the 
stabilization of the car-trailer combination. Without 
active mechanisms (e.g. active coupling ball 
mechanism) a car-trailer combination oscillation 
above the zero-damping speed can only be 
stabilized if the speed is reduced immediately. The 
reduction of speed helps to increase Active Safety 
in this situation. Of course if the reduction of speed 
during the stabilization leads to a speed which is 
way below the common cruise speed inconvenient 
situation especially for following traffic might 
occur. 
      The basic ESP® setup in Figure 12 shows a 
significant velocity drop during the stabilization. 
To reduce speed drop during the stabilization phase 
ESP® Trailer Stabilization needs to detect the trailer 
oscillation very fast and the application of the ESP® 
trailer stabilization has to work very efficient. ESP® 
Trailer Stabilization intervenes by alternating left 
and right brake application. This intervention lasts 
for a longer time than conventional ESP® 
application. This works very efficient against the 
oscillation of the car-trailer combination. The 
velocity drop ratio (VDR) assesses the loss of 
speed. Like the stabilization ratio the velocity drop 
ratio VDR is also referred to the zero-damping 
speed (Equation 2) to make different car-trailer 
combinations more comparable. 

zd

exit

v
v

VDR =    (2) 

where 

exitv  is the speed where the ESP® intervention 

ends (Figure 12). 
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Figure 14: Conflict diagram of stabilization 
performance and velocity drop of a car-trailer 
combination with different ESP® setups 
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    The conflict diagram (Figure 14) integrates both 
criteria. An ESP® setup where the velocity drop 
ratio is close to VDR = 1 detects trailer oscillation 
fast and stabilizes the combination quickly.  
     Nevertheless the VDR needs to be smaller than 
VDR = 1 (or exit speeds needs to be lower than 
zero-damping speed) to ensure that the car-trailer 
combination remains stable even, if the ESP® 
intervention is terminated. 
     An ESP® setup were SR > 1 can stabilize car-
trailer combination even if the oscillation occurs at 
speeds above the zero-damping speed. ESP® Trailer 
Stabilization setups were VDR is close to 1 and SR 
> 1.2 can be assumed to be well tuned. 
 
 
SUMMARY 
 
ESP® supports driver in almost every severe 
driving situation. Several accident statistics show 
an outstanding reduction of driving accidents. 
ESP® uses a vehicle model to calculate drivers 
intend by mainly using steering wheel angle and 
vehicle speed. These results are constantly 
compared with the current vehicle course. If a 
deviation is observed, ESP® will support driver by 
a specific brake application. The model and several 
additional features have to be adjusted to the 
specific vehicle platform. To support and assess 
this application various maneuvers are used. 
During application of the system conflicts between 
several criteria have to be resolved. Several 
objective tests are used by Mercedes-Benz to 
support application of the system with objective 
measures. This paper introduced a selection of 
these tests. Starting with the driving function, drop 
throttle in a turn on high and low µ is discussed. 
This maneuver assesses the conflict between 
vehicle yaw stability and attainable acceleration. 
The Active Safety at higher speeds can be 
evaluated by the test maneuver braking in a turn at 
high speed. This maneuver focuses on the conflict 
between vehicle stability and deceleration. The 
stabilization of a car-trailer combination can be 
also objectively observed. The optimum ESP® 
setup must take the stabilization performance as 
well as the reduction of speed into account. 
     Of course an ESP® system can not be only 
attuned by objective testing but a framework is 
given. Beyond this ESP® application uses single 
events during subjective pretests or semi-subjective 
driving to determine the ESP® setup. 
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ABSTRACT 
 

This paper presents results from NHTSA�s 
light vehicle compatibility crash testing program 
during 2005 and 2006.  During these years, NHTSA 
Research has continued to collect full frontal rigid 
wall data in conjunction with the U.S. New Car 
Assessment Program (USNCAP), it has 
supplemented this with additional rigid barrier data to 
explore barrier design options, and it has developed 
and conducted vehicle-to-vehicle crash tests to 
explore the potential for reducing injuries by 
improving the crash compatibility between light 
vehicles.  This effort was begun by first identifying 
the most promising metrics to characterize full frontal 
crash compatibility using data taken during frontal 
USNCAP testing, selecting crash test vehicles based 
on the metrics, and finally, performing full-frontal 
vehicle-to-vehicle crash tests to evaluate the 
probability of belted occupant injury and fatality in 
the crash vehicles.  The test series provided evidence 
that by maintaining structural alignment and 
matching frontal energy absorptions, the probability 
of injuries/fatalities in both the Light Trucks and 
Vans (LTVs) and passenger car can be significantly 
reduced.   
 

Carmakers are now voluntarily addressing 
compatibility in the U.S. by aligning their structures 
and implementing Secondary Energy Absorbing 
Structures (SEAS) and Advanced Compatibility 
Engineering (ACE).   Vehicle-to-vehicle tests were 
conducted to understand how these new concepts 
perform and what sort of additional measures and 
performance tests may be needed.  The results of 
these tests are presented and discussed in the paper.  
The advent of SEAS structures also presents 
challenges to characterize and measure their 
performance.  A new rigid override barrier (ORB) 
concept has been developed and tested for this 
purpose. This paper also summarizes and discusses 
the preliminary design and testing of the ORB.  
 

Finite element studies of vehicle-to-barrier 

interactions suggest that the axial load cell barriers 
used prior to 2006 introduced low estimates of force 
heights on the barrier.  In order to understand the 
error content in previous estimates of force height, 
several vehicles were crash tested into a high-
resolution barrier, which is a 9x16 array of 125x125 
mm single-axis load cells, each rated for measuring 
up to 300kN of compression perpendicular to its face.  
The results of this crash test program and their 
implications are discussed in this paper. 
 
INTRODUCTION 
 
 In September 2002, NHTSA formed an 
integrated project team (IPT) to address light vehicle 
compatibility and in June 2003, the IPT issued its 
report [NHTSA, 2003].  The proposed initiatives for 
vehicle strategies were: 
 
Proposed Initiatives: 

 
1. NHTSA will pursue a comprehensive crash 

test program in an effort to determine 
whether vehicles of comparable mass, but 
with considerably differing characteristics 
(e.g., Average Height of Force � AHOF, 
initial stiffness, etc.), produce quantifiable 
injury measurement differences for 
occupants in the struck vehicle. 

2. Using existing fixed rigid barrier crash test 
data, pairs of vehicles that are comparable in 
classification (e.g. large SUV), but different 
in measured characteristics (e.g. high vs. 
low AHOF) will be identified. 

3. Vehicle-to-vehicle crash tests will then be 
conducted with these vehicle pairs in several 
configurations to determine whether the 
vehicle characteristic differences have any 
influence in the struck vehicle occupant 
injury outcome. 

4. If differences can be quantified, NHTSA 
will seek to identify countermeasures for 
potential establishment of compatibility 
requirements.  
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Expected Program Outcomes 
 

An expected outcome of this initiative would be 
to establish a more uniform range of vehicle 
characteristics within the vehicle fleet.  For 
example, establishing a range (or ranges) for 
AHOF would lead to improved structural 
engagement in frontal impacts and would 
facilitate the design of self protection 
countermeasures (such as side door beam 
designs).  It may also facilitate improved 
compatibility with roadside hardware (i.e., 
guardrails) 

 
Improved energy management between striking 
and struck vehicles in real world crashes, 
particularly between passenger cars and LTVs, 
would be a desired outcome for the longer-range 
effort.  An energy management approach could 
lead to improved energy sharing in vehicle-to-
vehicle crashes.  It could also provide the 
opportunity to improve occupant compartment 
integrity, there by decreasing intrusion-related 
fatalities and injuries and improving partner 
protection.� 

 
In December, 2003, the Alliance signed a 

voluntary agreement between 15 major carmakers to 
vertically align 100% of the signatory�s LTV fleet 
fronts with passenger cars by 2009 [Alliance, 2003 
and 2005].  The agreement defined compatibility in 
terms of mass ratio, difference in frontal stiffness, 
and difference in height of frontal structures for 
sharing crush energy, which is a universal concept of 
the problem.  The agreement identified research to be 
performed on crush energy sharing and identified two 
options for the carmakers to accomplish this 
alignment: 
 

• Option 1 - Equip LTVs with primary load 
carrying structures (rails) that overlap the 
Part 581 bumper zone by 50% or more.  
This zone extends from 16 to 20 inches 
above the ground and the passenger cars 
have their primary structures based on this 
specification. 

 
• Option 2 - Equip LTVs with primary 

structures that overlap the Part 581 zone by 
less than 50%, but fit these vehicles with 
secondary energy absorbing structures 
(SEAS) that fully overlap the Part 581 zone 
to limit override and better engage passenger 
cars.  These LTVs are typically higher off 
the ground and have higher rails so they 
need additional low frontal structures to 

achieve crash compatibility.  A quasi-static 
test for the Option 2 LTV SEAS structures 
was also proposed.  This was a push test on 
the SEAS showing that it could resist at least 
100 kN of force within the first 400 mm of 
distance from the front of the rails. 

 
The voluntary agreement was implemented 

in MY 2004 and, as of November 2006, 62% of 
applicable LTVs were designed in accordance with 
the front-front criteria in the agreement [Alliance, 
2006].  With this voluntary initiative underway for 
several years, it is useful to examine the light vehicle 
compatibility problem to see vehicle structural 
changes over years from model to model. 

 
COMPATIBILITY METRICS 
 

In FY 2004, a compatibility crash test 
program was performed by NHTSA as called for in 
the IPT report.  However, the LTVs tested in that 
program were chosen and tested in such a way that 
little in the way of high injury measures were 
observed.  This result provoked a review of the 
NHTSA approach to measuring compatibility in 2005 
and a review of the test procedures for evaluation.   
 
 Research on a test procedure for the 
passenger cars and option 1 LTVs was begun in 2005 
with an evaluation of the vehicle compatibility 
metrics being researched at various sites and their 
potential for computation from a rigid barrier test, 
since this was seen as the only option for a near-term 
test.  The objective behind the metrics was to 
encourage design of a common crush box at the front 
of each light vehicle that would have similar 
structural characteristics and thus create a compatible 
fleet.  The common structural characteristics that 
were selected were average height of force and 
frontal stiffness.  A metric for the crush energy 
stiffness and the 400 mm depth of the crush box were 
selected based upon a DaimlerChrysler concept for 
frontal compatibility [Nusholtz, 2004], and the 
NHTSA metric for average height of force was 
redefined to extend only to 400 mm of crush (it 
previously went to the end of the crush).  The two 
new compatibility metrics selected for study were: 
 

AHOF400 = average height of force delivered by 
a vehicle in the first 400 mm of 
crush, 

     Kw400 = stiffness related crush energy 
absorbed by a vehicle in the first 
400 mm of crush (also called the 
work stiffness). 
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Computation of AHOF400:  When a vehicle hits a 
rigid load cell barrier in a full frontal impact, the 
individual forces measured on the array of load cells 
can be used to calculate the height of force (HOF) as 
a function of crush (d), as depicted in Figure 1 below.  
Note that the variables in Figure 1 that are a function 
of the crush are indicated as such by d in parentheses 
(e.g. F(d)).  Each of the forces that hit the load cells 
at a given time are multiplied by their respective 
height from the ground (Hi), those forces are 
summed, and then divided by the sum of all the 
forces as illustrated in the equation below.  In the 
equation, �n� represents the number of load cells. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  Computation of the Height of Force 

 
So, the average height of force (AHOF400) 

is the weighted average of the HOF values during the 
first 25 to 400 mm of vehicle crush as illustrated 
Figure 1.  This crush range is used to eliminate the 
noise in the data in the first 25 mm of crush when the 
relatively soft bumper is engaging the wall and is 
limited to a maximum crush of 400 mm to include 
the forces exerted on the wall by the rails buckling, 
but stop before the engine contact exerts significant 
forces. This approach was thought to focus the metric 
on the average height of all frontal structures in the 
compatibility crush box at every step in the crushing 
process without undue focus on the rails alone. 

The data to compute AHOF400 were the net 
forces on each of the axial load cells in the rigid 
barrier (Fi in Figure 1).  Since the data analysis 
assumed that these forces were located in the center 
of each cell, the error in the location of each cell net 
force could be as much as ½ of the cell dimension.  
Consequently, a barrier made up of large load cells 
had a larger error than one made up of smaller load 
cells.  This effect will be examined further in barrier 
crash tests described below. 
 
Computation of Kw400:  The stiffness metric based 
on crash energy is derived from equating the energy 
stored in an ideal spring (1/2 K x2 ) to the work of 
crushing the vehicle front end (∫Fdx), as shown in the 
equation below.  Again, the integral of the area under 
the force-deflection curve was evaluated between 25 
to 400 mm of vehicle frontal crush to be consistent 
with the compatibility crush box concept and 
AHOF400.  Here, if there was a lot of area under the 
force-deflection (F-d) curve, then a lot of work 
needed to be done to crush the vehicle front.  In other 
words, high F-d area meant high crush work and high 
stiffness.  When a high stiffness vehicle strikes a low 
stiffness vehicle, most of the crash energy will go 
into the low stiffness vehicle and its front end will 
deform the most in absorbing this energy.  An 
example of this is when a high stiffness LTV strikes a 
soft passenger car, the car is grossly crushed and the 
occupants severely injured, while the LTV occupants 
often walk away.  This result is a combination of 
stiffness ratio and mass ratio effects, both of which 
work against the car occupants. 
 

 
 
 
 
 
 
 
 
Examples of the source data collected in 

conjunction with the 2005 USNCAP rigid barrier 
frontal crash testing and how these metrics fit the 
data are shown in Figures 2 and 3 for a 2005 
Chevrolet Trailblazer. 
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   Figure 2.  NCAP Test # 5303, Average height of  
the total force as a function of 
displacement (crush).  The dashed line 
shows AHOF400 

 
Test 5303, 2005-Chevrolet Trailblazer
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Figure 3.  NCAP Test # 5303, Total force as a 

function of displacement (crush).  The 
straight solid line shows the idealized 
Kw400 spring stiffness 

 
 Figure 2 shows a typical height of force data 
plot for a modern sport utility vehicle (SUV).  Note 
the value of AHOF400 at about 575 mm, which is 
indicated by the horizontal dashed line in the figure.  
This value is a good deal above the typical passenger 
car (see Figure 4).  Another point is that these curves 
often start very high, at 600-700 mm, and then drop 
rapidly downward to give an overall average around 
550-600 mm.  In such cases, the AHOF400 value 
may be misleading as a predictor of structural 

engagement.  This is true because, when two vehicles 
strike each other in a full frontal crash, the first part 
of the structures that engage will determine the 
subsequent progress of the engagement.  Thus, if the 
LTV has a high structure in front of the rails and the 
passenger car has a low, then an override may ensue, 
regardless of how low is the rearward LTV structure, 
including the rails.  In fact, we observed such a case 
when we tested a Civic-Silverado crash pair, which 
will be discussed below.  The benefit about height of 
force data is that it does a good job of capturing all 
the structural interactions that lead to structural 
engagement, not just the rails. 
 
 Figure 3 shows the force-deflection data for 
the 2005 Chevrolet Trailblazer.  The K values listed 
in the header are the various stiffness metrics that 
were investigated and discarded during the year, with 
the Kw400 value shown at the far right, and as a solid 
straight line in the plot.  There are typically two 
peaks in these plots � the first is the rails buckling 
(about 200 mm in Figure 3), and the largest peak is 
the engine striking the wall (about 460 mm in Figure 
3).   Because an engine peak adds so much area to the 
Kw400 computation (through high force to the wall 
or partner vehicle), this metric can be used to keep 
the engine back from the front of the vehicle and also 
ensure that the rail peak does not get too high, which 
would come from rails that are too stiff. 
 
 When Kw400 and AHOF400 are combined 
with mass ratio, a complete set of compatibility 
metrics is created to evaluate the benefits of matching 
frontal structures.  This evaluation was begun with an 
analysis of the dispersion of the metrics in the fleet. 
 
Compatibility Metric Values in the Fleet:  The 
following three figures show the dispersion of the 
compatibility metrics among vehicles in the fleet.   
Figure 4 shows a scatter diagram of AHOF400 in 
model year (MY) 2000-2005 light vehicles tested in 
the frontal USNCAP program.  Figure 5 shows 
Kw400 for these vehicles.  Finally, Figure 6 shows 
the cumulative distribution of mass ratio in frontal 
crashes over the last 10 years of the U.S. National 
Automotive Sampling System (NASS) 
Crashworthiness Data System (CDS) crash data.  
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Figure 4.  AHOF400 versus vehicle test weight, MY 2000-2005 
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Figure 5.  Kw400 versus vehicle test weight, MY 2000 - 2005 
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The height of the Part 581 bumper zone is 
shown in Figure 4, along with the modern fleet data 
for AHOF400, plotted as a function of test weight.  
The Part 581 bumper zone is 16-20 inches above the 
ground, or 406-508 mm, as established by NHTSA 
federal regulation.  This zone has been defined by 
NHTSA as the compliance zone for low speed 
bumper tests to ensure that light vehicle passenger 
car bumpers match up and low speed damage is 
minimized.  This zone has also been proposed by the 
industry as a compliance zone for the height for 
delivery of forces of LTVs [Alliance, 2003 and 
2005].   In order to prepare for problem definition 
and benefits analysis, the Part 581 zone was defined 
as the �medium� value of AHOF400.  AHOF400 
values below this were low, and those above were 
high.  The approach was to evaluate the potential 
benefits of moving all vehicles into the medium 
AHOF400 zone by comparing the injury results from 
vehicle crash pairs with one or more vehicles outside 
the zone to pairs with both vehicles inside the zone. 

 
In Figure 5, the values of Kw400 are shown 

for the USNCAP vehicles tested during MY 2000-
2005 as a function of weight.  Here the medium 
range, 1100-1500 N/mm, was chosen as a best 
compromise between values in passenger cars and 
LTVs, also acknowledging that some of the heavier 
LTVs should be included so that real world frontal 
structural designs of medium stiffness at higher 
weights would be possible.  The approach was to 
evaluate the potential benefit of moving all the 
vehicles into the medium Kw400 zone by comparing 
crash performance of vehicles outside the medium 
zone to those inside the zone.  At this time, it is 
assumed that the most desirable condition is when all 
Kw400s move into this zone and all vehicles thus are 
able to more equally share crash energy.  However, 
more research is needed to demonstrate that energy 
compatibility matching does not have a negative 
effect on self-protection and if it is the optimal metric 
to use for energy compatibility. 

 

Mass Ratio Comparison 
CDS 1996-2005 Weighted Data

Belted Driver in Lighter Vehicle From All Two Vehicle Frontal Crashes
All Drivers Vs Those with MAIS 3+ Injuries  
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Figure 6.  Cumulative distribution of mass ratios 

in CDS data for light vehicle frontal 
crashes, MY 1996-2005 

 
In Figure 6, the cumulative distribution of 

weight ratios in the most recent 10 years of light 
vehicle frontal crashes in CDS data are shown.  
These data show that a mass ratio of 1.67 is at about 
the 93rd percentile for all two vehicle frontal crashes 
as well as those resulting in MAIS 3+ injuries.  At 
mass ratio of 1.67 (and below) it could reasonably be 
expected that structural characteristics should be very 
important for controlling injury outcomes.  In fact, 
the working hypothesis at the outset of FY 2006 was 
that structural height and stiffness matching could be 
used to overcome mass ratio effects up to this level 
and reduce injury outcomes compared to unmatched 
vehicle pairs.   
 
RIGID BARRIER TEST DATA AND METRICS 
RELIABILITY ANALYSIS   
 

Nearly all of the rigid barriers that have been 
used in conjunction with the USNCAP testing have 
collected axial force data from a matrix of load cells 
that is 4 rows of 9 columns using 250x250 mm load 
cells.  A few of the barriers had a matrix of 2x3 load 
cells and fewer still were 9x18.  Consequently, a 
series of crash tests was performed using a high 
resolution axial barrier (9x18 load cell matrix 
measuring axial force alone) for comparison to the 
original data collected during USNCAP from a 4x9 
array.  This was done to assess how repeatable the 
metrics were for these aged vehicles and how much 
AHOF400 might change as a function of barrier 
resolution in the tests.  The results of this research are 
shown in Table 1 below. 
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Table 1.  Comparison of metrics computed from 

key tests 
 

NCAP Barrier Data   4x9 Matrix  

 Test No. Shift 
(ms) 

Kw400 
(N/mm) 

AHOF400 
(mm) 

Test 
Weight(kg) 

02 Focus 4216 1.3 934 436 1410 

01 Civic 2Dr 3456 -0.1 1265 412 1335 

05 Town&Country 4936 1.9 1137 476 2229 

03 Odyssey w/o ACE 4463 -2.1 1448 443 2178 

03 Silverado 4472 3.1 1619 475 2359 

05 Odyssey with 
ACE 

5273 2.0 1456 450 2263 

03 Accord 4485 1.3 1027 429 (2x3) 1571 

96 Dodge Caravan 2997 0.75 1172 470 2011 

      
High Res Barrier 

Data   
9x18 Matrix 

 

2006 Test Series Test No. Shift 
(ms) 

Kw400 
(N/mm) 

AHOF400 
(mm) 

Test 
Weight(kg) 

02 Focus 5712 0.9 947 460 1410 

01 Civic 2Dr 5710 0.7 1261 382 1582 

05 Town&Country 5713 1.0 1124 463 2354 

03 Odyssey w/o ACE 5144 -0.15 1360 467 2146 

03 Silverado 5711 1.0 1472 511 2273 

05 Odyssey with 
ACE 

5714 1.5 1542 457 2388 

2004 Test Series      

04 Accord 5062 1.5 1027 508 1624 

96 Dodge Caravan 4990 0.8 1163 475 1976 

 
 

The first thing to notice about Table 1 is the 
column labeled �Shift, ms.�  The data entered in this 
column are the amount of time, in milliseconds, that 
the force data needed to be time-shifted by hand so 
that the force-deflection curve passed through (0,0).  
This effect showed up in Figure 3, where the F-d 
curve did not go through (0, 0).  If this time shifting 
is not done, then the Kw400 could be as much as 
10% in error because the area under the F-d curve 
from 25-400 mm is inaccurate.  The need for this 
shift comes from the test procedure to trigger force 
data collection, which was done by contact tape on 
the vehicle bumper.  This data collection was 
triggered separately from the accelerometer data used 
to compute the displacement.  Later, when the data 
was filtered to smooth out the noise, some rounding 
in the force-displacement curve took place near (0, 
0).  For the time being, it was assumed that like 
causes created like effects (smoothing, etc., would 
affect all the curves similarly), and, for research 
purposes, before computing Kw400, initial data were 
adjusted to start the F-d curve through (0,0). 

 
The second thing to notice about Table 1 is 

the values for Kw400.  Here, the shaded values for 
Kw400 did not seem to be affected by barrier 
resolution, the age and use of the vehicles, or test 
weights.  Of particular interest on the latter point are 
the Honda Civic and the Town & Country.  These 
two vehicles were tested at significantly higher 
weights in the high resolution barrier tests, yet they 
showed nearly the same Kw400 values.  However, 
the unshaded Kw400 values tell a different story for 
the other vehicles.  These vehicles do show an 
increase of Kw400 with weight.  The likely 
explanation of these data is that it depends on where 
the weight is placed and what it does.  If this weight 
occurs in the crush box and comes from bigger rails, 
then it will likely also contribute to a higher stiffness 
of the vehicle.  A final point on this is that we have 
no good estimates of the amount of manufacturing 
variability for Kw400 of a given vehicle model.  
Further, this is confounded by age and use of these 
vehicles.  Thus, we should not expect exact 
agreement between new vehicle tests and tests of 
used vehicles several years old.   
 

The data for AHOF400 in Table 1 show 
consistent trends with the variations in test 
conditions, especially weight.  That is, the Focus and 
the 03 Honda Odyssey were tested at nearly the same 
weights.  In both cases, the AHOF400 changed 
significantly from the 4x9 to the 9x18 tests, which 
was expected with the change to a higher resolution 
barrier and reducing the AHOF400 error as discussed 
before in Figure 1.  Similarly, the Accord AHOF400 
showed a great deal of motion upward in moving 
from a 2x3 barrier to the 9x18 barrier.  However, the 
Civic and Town & Country were tested at higher 
weights in the 9x18 tests and their AHOF400s moved 
down, just as expected with the added ballast.  The 
rest of the tests moved up or down depending on the 
test weight. 
 
FULL FRONTAL VEHICLE-TO-VEHICLE 
CRASH TEST SERIES 
 
Part I – Option 1 LTVs and Passenger Cars 
 

The vehicle-to-vehicle crash test program in 
FY 2006 was designed to complete the IPT series for 
vehicle-to-vehicle crash testing.  Specifically, it was 
designed to complete a set of full frontal car-LTV 
crash tests to determine injury outcome differences 
due to different vehicle characteristics.  Further, it 
was desired to investigate the ability of stiffness 
matching to overcome a fairly high mass ratio for 
vertically aligned structures.  The LTVs in this part 
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of the test program were all Option 1 LTVs (no 
override protection necessary), chosen with 
comparable mass but of differing model types such as 
pickups, SUVs, and minivans.  The vehicles were all 
chosen with similar AHOF400 to achieve vertical 
alignment, though this was visually checked prior to 
testing by alignment of the rails.  Ballasting of the 
LTVs and passenger cars was used to maintain a 
constant mass ratio across all tests and the tests were 
all conducted at the same closing speed, thus 
allowing the results to be directly compared for the 
single variable of frontal stiffness as measured by 
Kw400.   
 

This testing was implemented under very 
severe test conditions (high mass ratio and high 
closing speed), following the reasoning that if 
significant injury improvements can be shown under 
these conditions, then injury improvements should 
show up at lesser conditions as well, though perhaps 
not in a uniformly distributed manner.  However, if 
injury improvement did not show up at the severe 
conditions, then perhaps it�s not really there, which 
was suggested by the injury outcomes from the 2004 
IPT test series.  Again, the testing goal was to 
overcome the large crash energy in a high speed, high 
mass ratio test using frontal structural matching 
alone. 

 
The vehicles for the test series were selected 

from data such as that shown in Table 1 and Figure 5.  

The aggressive pair was the 2002 Focus-2003 
Silverado.  This pair was aggressive in the sense that 
it had the highest stiffness ratio (LTV/car = 1.73), 
and a high mass ratio (1.67).  The compatible pair 
was chosen to be the 05 Town & Country-2001 Civic 
2Dr with a stiffness ratio of 0.90, with the Civic 
ballasted to the Focus weight and the Odyssey 
ballasted to the Silverado weight.  How close the 
stiffness ratio needs to be to 1.0 for true compatibility 
is a matter to be determined by further research.  
However, inspection of Figure 5 shows that stiffness 
ratios much higher than those tested are easily 
possible. 

 
Height-aligned vehicles were chosen 

throughout this part of the test program in order to 
investigate the effect of frontal stiffness on injury 
outcomes without confounding the stiffness results 
with height variations or override conditions.  This 
was deemed important because the industry was 
already voluntarily aligning LTV frontal structures to 
match passenger cars with full compliance planned in 
2009 (Alliance, 2005).  The results of these tests 
would give an indication of how much additional 
benefit gain is possible through energy matching after 
the voluntary alignment is complete.  The selection of 
test vehicles was made on the basis of AHOF400 
being well inside the Part 581 zone (Figure 4).  Once 
purchased, the rail structures on all vehicles were 
measured and visually inspected to gage a good 
structural alignment as shown in Figure 7 below. 

  
 

 

 
 

Figure 7.  Vehicles with rail structures aligned 
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The mass ratio selected for the test was 1.67, 
which is at the 93rd percentile of all CDS frontal 
crashes (Figure 6).  Ballasting was then employed in 
the test vehicles as necessary to maintain the weight 
of the target car at the same value for all crashes, and 
the weight of the bullet LTV at the same value for all 
crashes.  Thus, frontal height and mass ratio were 
maintained as close as possible for all tests while 
varying the frontal stiffness as measured by Kw400. 

 
All vehicles were run with belted Hybrid III 

50th percentile male drivers and belted Hybrid III 5th 
percentile female passengers in the right front seat.  
All dummies in both bullet and target vehicles except 
passenger dummy in bullet vehicle were fitted with 
Thor-Lx legs so lower extremity injury measures 
could be taken. 

 
Ford Focus-Chevrolet Silverado Test 
 

The first pair tested was a Focus-Silverado  

pair, which was chosen because it was thought to be 
an aggressive pair in terms of stiffness (Figure 5).  
The target vehicle was a 2002 Ford Focus with a 
Kw400 of 947 N/mm.  The bullet vehicle was a 2003 
Chevrolet Silverado with a Kw400 of 1619 N/mm.  
This pair was used to determine the closing speed for 
all subsequent testing. 
 

The speed of the test series was desired such 
that the aggressive LTV/car pair would produce a 
probability of severe to fatal injury levels in the 
dummies of the target vehicle.  This was done by 
running tests at three different closing speeds of 70, 
75, and 80 mph between the Silverado and Focus.  
The injury results for this series are shown in Figures 
8 and 9 below, overlaid on the probability of injury 
curves that were used in the preliminary economic 
analysis for the most recent FMVSS No. 208 
upgrade.   
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Figure 8.  Probability of AIS 3+ head injury for the Focus driver (50th M) 
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Figure 9.  Probability of AIS 3+ chest acceleration injury for the Focus driver (50th M) 
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Figures 8 and 9 also have overlaid on them 
the Injury Assessment Reference Values (IARVs), 
which the agency uses to determine pass/fail in 
FMVSS No. 208 compliance tests.  In addition, the 
Focus driver injury results are shown as circles on the 
figures for the three tests conducted.  Though many 
injury measures were taken in these tests, only two 
showed the most consistent results across all crash 
conditions.  These were the 15 second Head Injury 
Criteria (HIC15), and the chest acceleration              
(3 millisecond clip). 

 
Since the Silverado/Focus vehicle pair was 

chosen as the aggressor pair for this test program, the 
test speed selected for all the tests needed to be high 
enough that severe injury measures in the Focus 
driver dummy could be expected.  This requirement 
was interpreted to mean that the Focus driver injury 
numbers should be slightly over the IARV values.  In 
this way, if structural matching worked, then the 
Focus driver injury values for head and chest would 
move below the IARVs, back into the acceptable 
zone for injury risk. Thus, Figures 8 and 9 show that 
75 mph should be chosen as the closing speed for all 
vehicle-to-vehicle crash testing in the FY 2006 test 
series.   At this closing speed and these mass ratios, 
the delta V on the target passenger car was 
approximately 46 mph (76 kph).  Figure 10 shows 
where this delta V falls with respect to the average 
annual CDS data for frontal crashes.  

 

Delta V Comparison 
CDS 1996-2005 Weighted Data

Belted Driver in Lighter Vehicle From All Two Vehicle Frontal Crashes
All Drivers Vs Those with MAIS 3+ Injuries  
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Figure 10.  DeltaV distribution for the lighter 

vehicle in frontal crashes,  CDS data 
1996-2005 

 
Figure 10 shows that the test condition for a 

smaller-vehicle delta V of 75 kph was at about the 
98th percentile of all two-light-vehicle, belted-drivers, 
in frontal crashes.  Further, when the subset of these 

crashes at the higher severity of MAIS 3+ is 
considered, the delta V is at about the 87th percentile.  
This condition is reasonably extreme and thus meets 
all the test program design criteria for severity and 
injury outcome. 

 
Ford Focus-Option 1 LTVs Comparative Test 
Series 
 

With the test conditions determined, a series 
of crash tests was performed to compare various LTV 
frontal stiffness and construction methods.  In 
particular, test data was desired for LTVs constructed 
with body-on-frame types and a new LTV 
construction called Advanced Compatibility 
Engineering (ACE) strategies by Honda.  For all of 
these tests, the 02 Focus was used as the target.  The 
results of this crash test series are shown in Table 2. 

 
Table 2.  Probability of Fatality in Belted Focus 

Driver.  75 mph closing, mass ratio 1.67, 
aligned structures, HIII 50th M 

 
  

Kw400 
N/mm 

Focus 
Driver  
Head 

(HIC15) 

Focus 
Driver  
Chest 

(Chest G) 
02 Focus 934   
Bullet 
Vehicles 

   

05 Town & 
Country 1137 17% (1267) 2% (72) 

03 Odyssey 
(no ACE) 

1448 30% (1689) 5% (90) 

05 Odyssey 
(ACE) 

1456 41% (1951) 5% (90) 

03 Silverado 1619 25% (1482) 5% (88) 
 
 
 Table 2 shows a high HIC15 and a high 
probability of fatality in the Focus for all tests 
performed in the comparative series - all these LTVs 
are aggressive crash partners for the soft Focus.  
According to Honda, ACE construction method adds 
several significant load paths for crash energy to 
follow in addition to the usual one through the rails in 
order to distribute the crash energy more efficiently 
compared to more typical body-on-frame 
construction.  However, our test results show that this 
more efficient frontal structure magnified the Kw400 
difference to produce a higher injury outcome than 
the previous version of the 03 Odyssey, which did 
not have the ACE structure, but did have nearly the 
same Kw400 value.   
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Option 1 LTV Stiffness Matching Test 
 

The next crash test was based on finding a 
matched compatible pair for comparison (Figure 5).  
A medium compact car was selected to replace the 
Focus, which was the 01 Civic 2 door, and a medium 
LTV was selected to replace the Silverado, which 
was the 05 Town & Country.  Again, ballasting was 
used to maintain the mass ratio, the test was run at 
the same closing speed, and the matched heights of 
the structures were checked visually.  The crash 
results for this test are shown in Table 3. 

 
Table 3.  Probability of Fatality in Belted Civic 

Driver.  75 mph closing, mass ratio 1.67, 
aligned structures, HIII 50th M 
 

 
 

Kw400 
N/mm 

Civic 
Driver 
Head 

(HIC15) 

Civic 
Driver 
Chest 

(Chest G) 
01 Civic 2 
door 

1265   

Bullet 
Vehicle 

   

05 Town & 
Country 

1137 4% (802) 1% (66) 

 
 Comparison of the results for the crash tests 
with the 05 Town & Country shown in Tables 2 and 
3 demonstrate potential improvement in injury 
outcomes for the compact car driver when the Kw400 
is matched to the striking LTV.  A further result in 
this area stands out when the injuries to the belted 
LTV driver are also compared, which is done in 
Table 4. 
 
Table 4.  Probability of MAIS 3+ injury in belted 

LTV Driver.  75 mph closing, mass ratio 
1.67, aligned structures, HIII 50th M 

 
 LTV Driver 

Head 
(HIC15) 

LTV Driver 
Chest 

(Chest G) 
 
Kw400 Aggressive 
Pair 
02 Focus � 03 
Silverado 

 
3% (435) 

 
45% (45) 

 
Kw400 Matched 
Pair 
01 Civic 2Dr � 05 
Town & Country 

 
0% (267) 

 
26% (34) 

 
 

 Table 4 shows the surprising result that 
injuries went down in the LTV when the stiffness 
was matched to the compact car.  Note that these 
injuries are at the lesser level of MAIS 3+ since there 
was an insignificant probability of LTV driver 
fatality in any of the compatibility tests conducted in 
FY 2006.  This result came from lowering the 
stiffness of the LTV from that of the Silverado    
(1619 N/mm) down to the Town & Country (1137 
N/mm), while simultaneously increasing the stiffness 
of the target car to match.  When this was done, the 
probability of injury in both vehicles went down. 
 
  Thus, the goal of the test protocol to 
overcome the high input crash energy through height 
and stiffness matching alone was not quite 
accomplished, but the injury improvement in target 
and bullet vehicles from unmatched to matched 
stiffness in terms of head and chest injury metrics 
was remarkable.  Note that all the tests in Table 2 
were unmatched pairs, yet making much of the 
relative ordering of the tests in Table 2 by injury 
results is premature due to uncertainties in the test 
procedure and metrics computation as discussed in 
conjunction with Table 1.   Furthermore, the injuries 
reported in Tables 2 and 3 were due to the full crush 
event, but the Kw400 metric is only for the first 400 
mm of crush.  The fact that the matched metric 
resulted in the lowest injury scores for these severe 
tests is interesting and adds support to the same result 
for low speed matched pairs in the CDS analysis 
discussed elsewhere (Smith, 2006). 
 
Part II – Option 2 LTV Evaluations 
 
 NHTSA designed, built and tested a 
prototype override barrier (ORB) for dynamic testing 
of LTVs with override protection in FY 2006.  Either 
some sort of override barrier, or a car-like moving 
deformable barrier (MDB), are the only concepts that 
can test all presently known types of override-
controlling frontal structures.  Fixed deformable 
barriers cannot test the rail extensions that GM is 
now deploying on the 2007 Silverado, but 
preliminary results from Europe seem to indicate that 
they might be able to test the blocker beam structures 
now being deployed, such as on 2007 Ford F-250 
pickups. The ORB can test both.  In 2006, NHTSA 
used finite element models to evaluate ORB test 
conditions and create data for prototype test design.  
Vehicle-to-vehicle crash tests were performed on the 
2006 Honda Ridgeline and the 2006 Ford F-250 
SEAS.  In addition, barrier crash tests with these two 
vehicles were performed with a prototype ORB.   
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 The emergence of SEAS in 2004 on large 
LTVs caused a great deal of confusion in developing 
a vehicle dynamic test.  There seems to be no clear 
way forward among researchers, no doubt in part 
because the various fleet examples of SEAS are so 
different.  One thing is clear however, the 
performance of all the different types of SEAS 
frontal structures cannot be evaluated with a full face 
rigid barrier test, so a new test is needed.  The most 
promising evaluation concepts are either a 
deformable barrier test of some kind, or a low rigid 
ORB designed to engage and deform the SEAS to 
measure its strength in a dynamic test.  While other 
organizations evaluated deformable barrier concepts, 
NHTSA focused on the ORB in 2006. 

 
The ORB test design objective was to create 

data that can be used to compute Kw400 for the 
SEAS structures.  This is important in that the 
industry voluntary test for the SEAS [Alliance, 2005] 
is a quasi-static push test that requires the SEAS 
structure to withstand a minimum of 100 kN of force 
before 400 mm deflection from the front of the 
primary structure (e.g., the rails on which it is 
mounted).  Such a test may guarantee a minimum 
strength, but this does not prohibit the structure from 
being designed too strong for good car compatibility.  
On the other hand, a Kw400 evaluation could make 
the SEAS compatible, just as could be done for the 
full frontal test for option 1 LTVs.  In order to 
understand these frontal structures, a small vehicle-
to-vehicle crash program was performed in FY 2006.  
There are of two main types of SEAS at this time: the 
so-called �blocker beams� that are cross members 
mounted below the rails, and rail downward 
extensions at or near the vehicle front without cross 
members.  A common example of each type was 
tested. 
 
F-250-Focus Test 
 

For the blocker beam tests, the 2006 Ford F-
250 pickup was selected.  This vehicle was tested 
against the 2002 Focus with the closing speed 
adjusted to create the same delta V on the Focus as 
the other tests so the injury results in the Focus could 
be compared to the other tests, even though the F-250 
is a much bigger and heavier vehicle compared to the 
option 1 LTVs tested previously.  Thus, the closing 
speed in these tests was 69 mph, with a Focus delta V 
of 46 mph as before.  The F-250 was tested with its 
blocker beam in place and with the beam removed to 
see how much difference this blocker beam makes in 
injury numbers.  The results are shown in Table 5 
below. 

 
Table 5.  Focus driver probability of fatality and 

injury values in F-250 tests 
 

 06 F250-02 Focus 
With Blocker 

Beam 

05 F250-02 Focus 
Without Blocker 

Beam 
Focus Driver 
(50th M) 
 
Probability of 
Fatality 
(Injury measure) 

     Head 10%     
(HIC15 = 1023) 
 
     Chest 5%           
(chest G = 86) 

     Head 25% 
(HIC15 = 1583) 
 
     Chest 10%    
(chest G = 99) 

 
 

Table 5 shows that the blocker beam clearly 
makes a big difference in injury outcomes for this 
crash pair.  Further, of all the vehicle-to-vehicle crash 
tests run for compatibility in FY 2006, the probability 
of Focus driver fatality with the blocker beam is only 
bested by the match between the Civic and Town & 
Country (Tables 2 and 3).  All other tests had worse 
outcomes for the Focus driver. 
 
Ridgeline-Focus Test 
 

The other type of SEAS now being deployed 
by the industry is added structure at the bottom of the 
rails.  For example, the 2006 Ridgeline has 
downward rail extensions at the front to better engage 
passenger cars, with unibody construction.  The test 
was run at the same test speed and Ridgeline was 
ballasted to the same weight as the Silverado in the 
Focus-Silverado tests so the results could be 
compared. The results of this test are shown in Table 
6 below. 

 
Table 6.  Focus driver probability of fatality and 

injury measures in the Ridgeline test 
 

 
02 Focus-06 Ridgeline 

Focus Driver 
(50th M) 
 
Probability of Fatality  
(Injury Measure) 

Head 90% (HIC15 = 3448) 
 
 
Chest 15% (Chest G = 106) 

 
The injury measures in the Ridgeline test 

were by far the greatest in all of the FY 2006 
compatibility test series.  These high injury values 
suggest that the Ridgeline SEAS structure was stiffer.  
This result calls for further research to evaluate how 
such SEAS structures work, and especially to 
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develop a prototype ORB test to measure their 
strength.   

 
PROTOTYPE OVERRIDE BARRIER TESTS 
 

The ORB concept allows an Option 2 SEAS 
equipped LTV to override the low rigid barrier so 
that the SEAS can be directly engaged and tested.  
The concept that was developed for preliminary 
testing is shown in Figure 11 below. 
 

                

 
 
Figure 11. Final assembly of the ORB with a 

supporting load cell wall behind it 
 

The current ORB prototype is adjustable in 
height, width, and depth.  It has a single row of 
250x250 mm load cells mounted on individual plates 
at the end of the I beams extending 500 mm from a 
rigid wall to measure the forces exerted on it.  The 
height of the top of the ORB load cells is adjustable 
from 16-20 inches (406-508 mm) from the ground.  
The ORB load cells (including the wood facing 
block) extend 500 mm forward of the back-wall load 
cells.  When the LTV SEAS strikes this barrier, 
force-deflection data can be generated that can be 
used to compute Kw400 values for the SEAS 

structure.  The preliminary determination of test 
speed was done with finite element modeling. 
 

The F-250 was planned for the initial ORB 
test since it performed so well in the IPT test series 
conducted earlier, and since the data from the F-250 
ORB test will be used to validate a finite element 
model of the vehicle.  This model was built from a 
tear-down study performed in conjunction with 
FHWA, who also want to use it to study roadside 
safety features.   

 
It would have been best to have the F-250 

model to use in simulation of an ORB test and select 
the test speed.  However, the tear-down study to build 
the model was not complete at the time the model 
was needed.  Further, the data collected from the first 
ORB tests would be used to validate the F-250 model 
that was then being built.  In other words, the test 
speed could not be selected using an F-250 model 
because it was not ready, and it would not be ready 
until the model could be validated with the data.  The 
approach to this problem was to take the virtual 
blocker-beam SEAS from the F-250 model and 
mount it to the rail structure of an existing LTV 
model.  A Ford Econoline model was selected for this 
virtual test series and ballasted to the F-250 weight.  
This approach is shown conceptually in Figure 12. 

 

 
Figure 12.  The F-250 SEAS mounted on the Ford 
Econoline FE model 

 
The rail structure of the Econoline is shown 

in black in Figure 12 and the SEAS was mounted 
below it in the same manner as done in the F-250.   
Clearly, these rails are different from the F-250 rails 
and this must be considered in the evaluation of the 
virtual test results.  This vehicle model was then 
impacted into the ORB model in simulated tests at 20 
and 30 km/hr, and the results are shown in Figure 13 
below.  Here, zero displacement was when the ends 

ORB 

      SEAS 
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of the rails passed over the edge of the ORB.  The 
cross beam was mounted on the rails 100 mm 
rearward from the end of the rails, which was where 
the force of deflection began to rise. 
 

 
 
Figure 13.  Virtual tests of the F-250 SEAS on the 

Ford Econoline 
 

Figure 13 shows the two virtual test results 
that were run for the Econoline with F-250 SEAS to 
determine test speed.  The peak force in these results 
was nearly the same for both of these tests, but the 20 
kph test (12.4 mph) was too slow to create the needed 
400 mm of displacement for Kw400 computations.  
Thus, these results indicate that at least 30 kph (18.6 
mph) was needed to achieve 400 mm of crush for this 
structure.  Further, since the F-250 rails are stronger 
than the Econoline rails, a test speed of 25 mph was 
selected for the initial F-250 ORB test in the real 
world.   

 
The strength and performance of the real 

world prototype ORB was validated by subjecting it 
to a 25 mph crash using a wrecked car ballasted to 
the weigh of the F-250 and aligning one of the rails 
with the end load cell.  No damage to the ORB load 
cells was observed and no load cells were saturated.  

 
The tests of the F-250 and the Ridgeline 

have been completed, but the results have not been 
completely analyzed at the time of writing this paper, 
so they were not included.   

 
   
 

CONCLUSIONS 
 
 The objective of this test program was to 
show, in vehicle-to-vehicle crash tests, what 
improvements might be found through structural 
matching for compatibility.  This structural matching 
was accomplished using the metrics of AHOF400 
and Kw400, the first of these to match height of 
structures, the second to match energy absorption.  
These metrics were selected because they could be 
measured in near-term rigid barrier tests, and they 
would require no new tests.     
 

For option 1 LTVs and passenger cars, the 
matched stiffness and alignment crash test pair 
showed that injury probability fell in both vehicles 
compared to all unmatched, but comparable, crash 
tests.  However, the test vehicles were chosen close 
to, or in, the matching zone and very extreme cases 
have not yet been investigated.  Further, more 
research is needed on how close the stiffness ratio 
needs to be to one to achieve acceptable injury 
performance.  Also, an injury benefits analysis needs 
to be completed to understand the real world benefits 
of the proposed medium compatibility matching 
zones across the fleet.  This work is underway and 
will be reported elsewhere.  
 
 Option 2 LTVs bring in the added SEAS to 
reduce override of passenger cars.  These structures 
will require a new test, not simply instrumenting a 
rigid barrier.  In 2006, NHTSA researched a rigid 
override barrier (ORB) as a test concept for option 2 
LTVs, with the intent to measure the Kw400 of the 
SEAS structure so it could be matched to passenger 
cars just like the Kw400 in a full frontal option 1 
LTV test.  A prototype ORB was designed, 
fabricated, and tested.  Preliminary testing of this 
ORB has been completed, but the test results have 
not yet been analyzed. 
 
REFERENCES 
 
- Alliance of Automotive Manufacturers, 

�Enhancing Vehicle-to-Vehicle 
Compatibility � Commitment for Continued 
Progress by Leading Automakers,� 
December, 2003. (Docket # NHTSA-2003-
14623-13) 

 
- Alliance of Automotive Manufacturers, 

�Enhancing Vehicle-to-Vehicle 
Compatibility�Commitment for Continued 
Progress by Leading Automakers,� Revised 
November 2005. (Docket # NHTSA-2003-
14623-32) 



 Patel, 15 

 
- Alliance of Automotive Manufacturers, 

letter to Acting Administrator Glassman, 
May 10, 2006. (Docket # NHTSA-2003-
14623-24) 

 
- Burkle, H., and J. Bakker, �Today�s 

Relevance of Compatibility in Real World 
Accidents,� paper presented at International 
Technical Automotive Conference, Dresden, 
Germany, October, 2005. 

 
- Insurance Institute for Highway Safety, 

�Risk Reduction Estimates, Complying 
versus Non-Complying SUVs and Pickups,� 
Presentation at EVC-NHTSA Meeting, June, 
2006. 

 
- Kiuchi, S., Ishiwata, K., Arai, Y., and K. 

Mizuno, �Compatibility Analysis Based on 
Accident Data in Japan,� presentation given 
at International Technical Automotive 
Conference, Dresden, Germany, October, 
2005. 

 
- NHTSA, �Initiatives to Address Vehicle 

Compatibility,� IPT Report, June, 2003. 
(Docket # NHTSA-2003-14623-1) 

 
- Nusholtz, G.S., Xu, L., Shi, Y., and L.D. 

Domenico, �Vehicle Mass and Stiffness: 
Search for a Relationship,� SAE Technical 
Paper No. 2004-01-1168, March, 2004. 

 
- Smith, D.L., �NHTSA Compatibility 

Research Update,� presentation given at 
SAE Government Industry Meeting, May, 
2006. 

 
- Verma, M.K., Lavell, J.P., Tan, S.A., and 

Robert C. Lange, �Injury Patterns and 
Effective Countermeasures for Vehicle 
Collision Compatibility,� Enhance Safety of 
Vehicles Conference, Paper No. 05-0173, 
June, 2005. 



Moskal,1 

INJURIES AMONG MOTORIZED TWO-WHEELERS IN RELATION TO VEHICLE AND CRASH 
CHARACTERISTICS IN RHONE, FRANCE 
 
Aurélie Moskal 
Jean-Louis Martin 
Erik Lenguerrand 
Bernard Laumon 
UMRESTTE, UMR T 9002, INRETS, Université Lyon 1, InVS, Bron, F-69675 
Université de Lyon, Lyon, F-69003 
France 
Paper Number 07-0232 
 
ABSTRACT 
 
We described injuries among helmeted motorized 
two-wheelers injured in a road crash between 1996 
and 2003 and recorded by the Rhone Road Trauma 
Registry in France. The registry data were linked to 
police data for 3727 riders to describe injuries 
according to vehicle and crash characteristics.  
Extremity injuries were the most common injuries 
sustained. A substantial proportion of riders 
sustained head, chest abdominal and spinal injuries, 
which tended to be severe. Half of severely injured 
riders sustained severe chest injuries and 44.8% 
suffer from severe head injuries. 
Whatever the body region injured, head-on 
collisions accounted for more than 30% of injuries. 
A high proportion of head, facial, chest, abdominal 
and spinal injuries occurred in single vehicle 
crashes with a fixed object. Compared to single 
vehicle crashes with no object hit, those with a 
fixed object resulted in a higher risk of head, facial, 
chest and abdominal injury. Collisions between the 
front of the two-wheeled motorized vehicle and the 
side of another vehicle resulted in a higher risk of 
upper extremity injury than single vehicle crashes 
with no object hit. Head-on, rear-end, broadside 
and multiple collisions resulted in a higher risk of 
lower extremity injury than single vehicle crashes 
with no object hit. The highest risk of lower 
extremity injury was observed for broadside 
collisions. Motorcyclists, which accounted for 
62.4% of injured riders, had a higher risk of chest, 
abdominal, spinal and upper extremity injuries than 
moped riders. The risk of facial injury was greater 
for moped riders. 
The use of safety devices must be promoted as well 
as their improvement. The attention given to head 
protection shouldn’t ignore the vulnerability of 
other body regions. Public awareness campaigns on 
motorized two-wheeler vulnerability and their 
crash risks, the improvement of driver experience 
as well as road infrastructure could contribute to 
reducing crashes.  
 
INTRODUCTION 
 
In France, according to Road Crash statistics based 
on police records, motorized two-wheelers 

accounted for 21.7% of deaths in road crashes and 
32.5% of those severely injured (ONISR, 2005). In 
the fatal crashes they were involved in, motorized 
two wheelers represented 90% of fatally injured 
victims (ONISR, 2005).  
Epidemiological studies conducted on motorized 
two-wheeler crashes have aimed to identify risk 
factors that increase injury severity or to study 
injury patterns sustained as a result of two-wheeled 
motorized vehicle crashes, with regard to 
frequency, nature and severity. Some studies are 
based on police data and others on medical data 
coming from emergency, hospital or registry 
records. Police reports are the most complete 
source of information available about the crash. 
Many factors such as vehicle characteristics, crash 
characteristics and crash conditions have been 
pointed out by recent studies on the subject as 
important factors in predicting injury severity (Lin 
et al. 2003; Lin et al. 2001; Peek-Asa and Kraus 
1996; Quddus et al. 2002; Zambon and Hasselberg 
2006). Few studies combined both information 
from medical and police sources and have been 
published for motorised two-wheelers (Peek-Asa 
and Kraus 1996; Peek et al. 1994; Richter et al. 
2001). In order to broaden our understanding of 
motorized two-wheeler crashes, studies that 
provide injury pattern descriptions and contribute 
to improve knowledge of mechanisms by which 
crashes cause injury are welcome. Information on 
vulnerable body region to protect will make 
possible to propose recommendations for rider 
protection. 
This study was conducted on motorized two-
wheelers fatally and non-fatally injured, recorded 
in the Rhone Road Trauma Registry. For a sizeable 
group of these riders, information on both the crash 
characteristics and the medical diagnoses were 
available, thanks to police reports. In France, 
helmet use is mandatory by law from 1979 for 
riders of all type of motorised two-wheeled 
vehicles (ONISR, 2005). This study focused on 
helmeted riders. The primary objective of this study 
was to describe injuries among helmeted motorized 
two-wheelers receiving medical care after a crash 
in the Rhone County in France. Specifically, we 
sought to focus on severe injuries, which are life-
threatening or fatal, and may lead to long term 
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disability and impairment. The secondary objective 
was to describe injuries among helmeted motorized 
two-wheelers in relation to vehicle and crash type.  
 
METHODS AND DATA SOURCES 
 
The Rhone road trauma registry 
 
This study is based on the road trauma registry 
(Laumon et al. 1997), which has been in use since 
1995 in the Rhone region of France (population, 
1.6 million inhabitants; main city, Lyon). The 
registry covers all victims from road crashes that 
occur in the Rhone county and seek care in health 
facilities, whether they are hospitalised or not. Data 
are collected by the medical units involved in the 
health care of crash victims of the county and its 
close surroundings: it includes some 201 health 
care units, from emergency departments and 
follow-up services (intensive care, surgery and 
rehabilitation units). The registry is not restricted to 
only motor vehicle crashes: crashes with 
pedestrians are also included. This registry has 
been approved by the French National Registry 
Committee.  
Information collected by the registry for each 
victim contains the victim’s characteristics (name, 
gender, and date of birth), a few crash 
characteristics (crash location, date, time of the 
crash, road user type and riding position, safety 
device use such as helmet, and type of collision) 
and injury assessment. Victims are defined as road 
users sustaining at least one injury. The registry 
provides a complete injury assessment coded 
according to the Abbreviated Injury Scale 
(AIS),1990 revision (AAAM, 1990). The AIS 
divides injuries into body region, type, nature and 
severity. The AIS uses nine body regions including 
head, chest, abdomen, neck, face, upper extremity, 
lower extremity and external. Each injury is 
assigned a severity code, ranging from AIS 1 
(minor) to AIS 6 (unsurvivable injury). Each victim 
could have more than one body region affected and 
could have more than one injury to a specific 
injured body region. The overall severity of a 
victim with multiple injuries can be measured with 
the maximum Abbreviated Injury Severity (MAIS) 
Score. It denotes the most severe injury.  
 
Police traffic crash data 
 
The French police are required by law to fill in a 
crash report for every road crash causing at least 
one victim. A road crash is defined as a crash 
occurring on the network open to public traffic and 
involving at least one vehicle. The police crash 
report includes information on everyone involved 
in the crash (non-injured, slightly injured, severely 
injured or dead) and detailed information on the 
crash and the vehicles involved. However, 

information on the people involved is limited. For 
each identified crash, the following information 
were used: vehicle type involved in the crash 
(moped, motorcycle), crash location (urban or rural 
area), day of the week (weekday, weekend), time of 
the crash (daytime, night), and type of road at the 
crash location (motorway, main road and secondary 
highway, minor road/street, other). The nature of 
the crash opponent was defined in 6 categories: 
single vehicle (no opponent, the two-wheeled 
motorized vehicle was the only moving vehicle), 
pedestrian/bicyclist, two-wheeled motorized 
vehicle (TWMV), car, truck, other. Collision type 
was defined according to the nature of crash 
opponent (motorized, non motorized vehicle) and 
impact location on the TWMV: single vehicle crash 
- no object hit; single vehicle crash - fixed object 
hit; head-on collision between the TWMV and 
another motorized vehicle; collision with 
pedestrians or bicyclists; collision between the 
front of the TWMV and the rear of another 
motorized vehicle; collision between the front of 
the TWMV and the side of another motorized 
vehicle; broadside collision (i.e. the TWMV 
collided with any other motorized vehicle in a 
broadside of any angle); rear-end collision (i.e. a 
motorized vehicle struck the rear of the TWMV); 
multiple collision or undefined collision.   
 
Analysis 
 
Firstly, we identified all fatally or non-fatally 
injured motorized two-wheelers who wore a helmet 
recorded by the road trauma registry in the Rhone 
from 1996 to 2003. It is now clear that unhelmeted 
riders are more likely to suffer a head injury and to 
be critically injured compared to helmeted riders 
(Ankarath et al. 2002; Rowland et al. 1996; Sarkar 
et al. 1995). Helmets provide protection for all 
types and locations of head injuries. They are not 
associated with an increase in the occurrence of 
other injuries (Richter et al. 2001; Sarkar et al. 
1995). As unhelmeted riders accounted for only a 
small proportion of the riders in the Rhone road 
trauma registry (6.0%), we focused our analysis on 
helmeted riders.  
Fatally injured riders without injury coding were 
excluded. We described the body region injured 
according to injury severity. Then the nature of 
severe injuries was detailed. Victims were 
considered severely injured if they sustained at 
least one injury greater than or equal to AIS 
severity level 4 (AIS4+). Severely injured riders 
were fatally or non-fatally injured. This choice of 
severity level implied that we emphasized life-
threatening injuries (such as injury to internal 
organs or crushing injuries), that could lead to 
severe impairment and disability. In the AIS 
classification, all upper extremity injuries and with 
a few exceptions, all lower extremity injuries are 
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coded with severity level ranging from 1 to 3. It is 
also the case of uro-genital injuries with severity 
level below 4. Although these injuries could be 
severe and could account for high degree of 
impairment and disability, they are not life 
threatening in the AIS classification.  
Then, the registry medical data were linked to the 
French police data recorded between 1996 and 
2003 for the Rhone County. Data were linked using 
a semi-automated record-linkage procedure 
(Amoros et al. 2006; Laumon and Martin 2002) at 
the victim level. Linking variables were date and 
time of crash, crash location, type of road user, date 
of birth (year and month) and gender. This 
selection process led to the exclusion of data not 
reported by police records. These crashes 
corresponded to crashes not-reported to the police 
(crashes when no-one called the police) or not-
reported by the police (when police did not write a 
crash report even though present at the crash scene, 
or omitted some of the victims within the reported 
crash). The level of being reporting varies 
according to injury severity (Amoros et al. 2006). 
Although crashes resulting in fatally or severely 
injured road users are well reported by the police, 

this is not the case of crashes where road users are 
slightly injured. Therefore, our sample of riders 
involved in crashes identified by both sources 
represents more seriously injured riders than the 
overall population of injured riders. 
For the victims identified as common to the 
Registry and the police file, we described the main 
vehicle and crash characteristics according to 
overall injury severity and we examined the injured 
body region according to vehicle and collision type. 
The χ2 test was used for statistical analyses. A p-
value below 0.05 was considered statistically 
significant. Logistic regression analyses were 
performed, with crude odds ratios (OR) and 
corresponding confidence intervals to assess the 
risk of being injured in each body region associated 
with collision type and vehicle type. Data analyses 
were done with SAS software. 
 
RESULTS 
 
Over the 1996-2003 observation period, 14749 
helmeted injured riders were recorded in the Rhone 
Road Trauma Registry and had a complete injury 
coding. 

 
Table 1.  

Body region injured, injury type and AIS Group among the 14749 helmeted motorized two-wheelers, 
Rhone Trauma registry, 1996-2003 

AIS>0 N=14749 AIS4+ N=328  
Injury sustained No. of 

Riders 
% No. of 

Riders 
% % of AIS≥4 

Head 1640 11.1 147 44.8 9.0 
 Cranial or intracranial injuries 187 11.4 118 80.3 63.1 
 Loss of consciousness 1328 81.0 8 5.4 0.6 
 Head/nerves 208 12.7 23 15.6 11.1 
Face 990 6.7 8 2.4 0.8 
Neck 575 3.9 2 0.6 0.3 
Chest 1480 10.0 164 50.0 11.1 
Abdominal 800 5.4 45 13.7 5.6 
Spinal 1251 8.5 32 9.8 2.6 
 Cervical 876 70.0 14 43.8 1.6 
 Thoracic 149 11.9 17 53.1 11.4 
 Lumbar 282 22.5 1 3.1 0.4 
Upper extremity 6679 45.3    
 Shoulder/Upper arm 3203 48.0    
 Forearm/ Elbow 1561 23.4    
 Wrist/Hand/Finger 1235 18.5    
Lower extremity 9265 62.8 14 4.3 0.2 
 Pelvic 213 2.3 9 64.3 4.2 
 Hip 827 8.9    
 Upper leg/Thigh 440 4.7 5 35.7 1.1 
 Knee 2925 31.6    
 Lower leg/Ankle 2572 27.8    
 Foot/Toes 590 6.4    
External 2179 14.8 3 0.9 0.1 
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Among them, 152 (1.0%) were fatally injured. The 
number of riders severely injured (i.e. with at least 
one injury with a severity score greater than or 
equal to 4) was 328 (2.2%). Each victim could have 
more than one body region affected and could have 
more than one injury to a specific injured body 
region. Multiple injuries to the same body region 
are counted only once in the following tables.  
 
Injury patterns 
 
Among all the injured riders, lower extremity 
injuries (62.8%) and upper extremity injuries 
(45.3%) were the most common injuries (see table 
1). Head injuries occurred in 11.1% of the helmeted 
riders, which were severe in 9.0% of the cases. 
Regardless of injury severity, 11.4% of the riders 
who sustained head injuries suffer from cranial or 
intracranial injuries and 81.0% had a loss of 
consciousness.  
Ten percent of the riders sustained chest injuries. 
Chest injuries tended to be severe in 11.1% of the 
cases. Abdominal injuries affected 5.4% of the 
riders, which were severe in 5.6% of the cases. A 
substantial proportion of riders sustained spinal 
injuries (8.5%). Among the riders sustaining a 
spinal injury, cervical spine was the most 
commonly injured region (70.0%). The lumbar 
spine and the thoracic spine were injured in 22.5% 
and 11.9% of the riders sustaining a spinal injury.  
Among the 328 severely injured riders, half of the 
riders sustained severe injuries to the chest (see 
table 2). Among these riders, the lungs were the 
most frequent intrathoracic organ severely injured 
including lung contusions (33.5%) and lung 
lacerations (5.5%). Rib fractures occurred in 18.9% 
and 29.9% of the riders sustained hemothorax or 
pneumothorax. Head was the second leading body 
region severely affected. Among riders who 
suffered from severe head injuries, 54.4% suffer 
from cerebral hematoma (extradural, intracerebral 
or subdural), 15.6% from massive destruction or 
penetrating injuries, 23.8% from cerebral oedemas 
and 14.3% from intracranial hemorrhage.  
A sizeable proportion of severely injured riders 
sustained severe abdominal or spinal injuries 
(13.7% and 9.8% respectively). Among the riders 
with severe abdominal injuries, spleen and liver 
were the most frequently abdominal organs 
severely injured. Among riders who suffer from 
severe spinal injuries, more than half sustained 
severe injuries in the thoracic region (53.1%) and 
severe cervical spine injuries occurred in 43.8% of 
the cases. Severe lower extremity injuries were 
pelvic deformity or displacement or amputations. 
Three riders sustained second/third degree burns 
covering over 30% of the body.  
 
 
 

Table 2.  
Nature of severe injuries among the 328 

helmeted motorized two-wheelers severely 
injured, Rhone Trauma registry, 1996-2003 

 AIS4+ N=328 

Injury sustained No. of 
Riders 

% 

Head 147 44.8 

 
Massive destruction/ 
penetrating injuries 

23 15.6 

 Brain stem injury 9 6.1 
 Cerebellum injury 2 1.4 
 Cerebral contusion 1 0.7 
 Diffuse axoma injury 13 8.8 
 Extradural hematoma 13 8.8 
 Intracerebral hematoma 50 34.0 
 Subdural hematoma 17 11.6 
 Cerebral Tumefaction 1 0.7 
 Cerebral oedema 35 23.8 
 Intracranial hemorrhage 21 14.3 
 Fracture skull 17 11.6 
 Loss of consciousness 8 5.4 
Face 8 2.4 
Neck 2 0.6 
Chest injuries 164 50.0 
 Crushing injury 17 10.4 
 Rupture of thoracic aorta 17 10.4 
 Myocardial injuries 1 0.6 
 Lung contusion 55 33.5 
 Lung lacerations 9 5.5 
 Hemo/pneumothorax 49 29.9 
 Rib fractures  31 18.9 
Abdominal injuries 45 13.7 
 Bladder injuries 2 4.4 
 Intestinal injuries 1 2.2 
 Kidney laceration 6 13.3 
 Liver lacerations 13 28.9 
 Spleen injuries 25 55.6 
 Stomach lacerations 1 2.2 
Spinal injuries 32 9.8 
 Cervical 14 43.8 
 Thoracic 17 53.1 
 Lumbar 1 3.1 
Lower extremity injuries 14 4.3 
 Pelvic injuries 9 64.3 
 Upper leg/thigh 5 35.7 
External injuries 3 0.9 

 
Crash features 
 
Successful record-linkage has led to 3727 helmeted 
victims identified as common to police and 
Registry sources with complete injury coding. 
Police reports were available for 25.3% of injury 
crashes which accounted for 90.1% of total 
fatalities and 76.2% of severely injured riders 
recorded in the Rhone Trauma Registry.  
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Of these linked victims, 250 (6.7%) riders suffer 
from at least one severe injury, among which 137 
were fatally injured (3.7%). Motorcyclists 
accounted for 62.4% of the helmeted injured riders. 
Most of the injured riders were involved in crashes 
that occurred in urban area (81.6%) but 33.6% of 
severely injured riders were the result of crashes in 
rural area. The majority of the crashes happened on 
minor road or streets (58.3%), while 34.5% 
occurred on main road and secondary highway and 
4.2% on motorways. However, crashes on main 
roads and secondary roads accounted for more than 
half of the severely injured riders (52.8%). Most 
crashes happened on a weekday (74.6%) and 
during daylight hours (88.9%). Among severely 
injured riders, 20% of the riders were involved in a 
crash at night. The most common injury crash type 
was collision with at least one another motorized 

vehicle, which accounted for 84.9% of the victims. 
Collision with car accounted for 71.7% of total 
victims. Collisions with pedestrians or bicyclists, 
another TWMV or trucks accounted respectively 
for 2.1%, 1.9% and 2.0% of the crashes. 
 Overall, single-vehicle crashes accounted for 
13.0% of total victims, of which 7.8% with a fixed 
object (see table 3). In 20.6% of the cases, single 
vehicle crashes with a fixed object resulted in 
severe injuries. Among the group of severely 
injured riders, 24.0% of the riders had single 
vehicle crash with a fixed object. Head-on 
collisions between the TWMV and another 
motorized vehicle were the most frequent collision 
type, involving 37.1% of the riders. This kind of 
collision accounted for 26.8% of the severely 
injured riders. 

Table 3. 
Collision type according to vehicle type among the selected 3727 helmeted riders identified as common to 

police and Registry sources between 1996 and 2003 

 
Moped riders 

N=1402 
Motorcycle riders 

N=2325 Total N=3727 

 
No. of 
riders 

% 
No. of 
riders 

% 
No. of 
riders 

% 

Single vehicle - no object hit 44 3.1 150 6.5 194 5.2 
Single vehicle – fixed object hit 79 5.6 212 9.1 291 7.8 
Collision with pedestrians/bicyclists 39 2.8 41 1.8 80 2.1 
Head-on collision 606 43.2 777 33.4 1383 37.1 
Front TWMV to rear of a motorized vehicle 198 14.1 336 14.5 534 14.3 
Front TWMV to side of a motorized vehicle 133 9.5 275 11.8 408 10.9 
Rear-end collision 55 3.9 63 2.7 118 3.2 
Broadside collision 66 4.7 64 2.8 130 3.5 
Multiple/other 182 13.0 407 17.5 589 15.8 
 
The type of collision was different between moped 
and motorcycle riders (p-value χ2<0.05). Head-on 
collisions accounted for 43.2% of the moped 
crashes and 33.4% of the motorcycle crashes. The 
percentage of motorcycle riders involved in single 
vehicle crashes was higher than the one of moped 
riders. Among motorcycle riders, 9.1% were the 
result of single vehicle crashes with a fixed object. 
In contrast, this crash type accounted for 5.6% of 
injured moped riders.  
When we looked at the distribution of the injured 
body regions in relation to collision type, it 
appeared that, for a given collision type, the 
proportion of riders injured in each body region 
was approximately the same as the collision type’s 
share of total accidents (see table 4). Therefore, it 
was difficult from these results to single out which 
particular body region is injured in a specific 
collision type. On the whole, more than 30% of 
injuries of each body region are the result of head-
on collisions.  
Overall, there were significant differences seen in 
the proportion of riders sustaining head, facial, 
chest, abdominal, spinal, upper and lower extremity 

injuries according to collision type (p-value 
χ

2<0.05) (see table 4). A high proportion of head, 
facial, chest, abdominal and spinal injuries 
occurred in single vehicle crashes with a fixed 
object hit. Collision with pedestrians or bicyclists 
accounted for 4.0% of facial injuries whereas this 
crash type occurred in 2.1% of the cases. Collision 
where the front of the TWMV struck the side of 
another motorized vehicle accounted for a high 
percentage of upper extremity injuries (13.2%). 
Most of lower extremity injuries (40.9%) were 
observed in head-on collision.  
When we looked at the distribution of the injured 
body regions in relation to vehicle type, it appeared 
that the proportion of chest, abdominal, spinal and 
upper extremity injuries was statistically greater 
among motorcycle riders than among moped riders 
(p-value χ2<0.05) (see table 5). On the contrary, the 
percentage of facial injuries was higher among 
moped riders than motorcycle riders. There was no 
difference seen in the proportion of riders 
sustaining head injuries according to vehicle type. 
When   we  estimated   the   risk   of   being  injured 
in  each  body   region,  logistic  regression   results 
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Table 4.  
Body region injured in relation to collision type among the selected 3727 helmeted riders identified as 
common to police and Registry sources. Percentages were defined as the number of victims of a given 

collision type suffering from injury in a given body region among the total number of victims affected in 
the given body region.  
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Single vehicle - no object hit 5.2 5.8 3.8 5.7 5.4 4.5 5.6 6.0 4.3 6.4 

Single vehicle - fixed object hit 7.8 13.2 11.1 6.3 13.8 12.8 12.8 8.4 6.9 7.9 

Collision with pedestrians/bicyclists 2.1 2.1 4.6 4.0 1.6 2.8 2.0 2.3 1.8 2.3 

Head-on collision 37.1 32.5 32.3 33.5 33.6 35.8 30.2 34.3 40.9 36.7 

Front TWMV to rear of a motorized vehicle 14.3 11.1 11.3 17.0 13.8 14.2 13.9 15.0 13.1 15.8 

Front TWMV to side of a motorized vehicle 10.9 11.5 13.2 14.8 11.2 10.3 11.9 13.4 9.9 10.8 

Rear-end collision 3.2 3.1 3.0 2.8 1.6 3.6 3.8 2.2 3.2 3.1 

Broadside collision 3.5 4.2 3.5 2.3 1.9 1.4 3.4 2.8 3.9 2.9 

Multiple/other 15.8 16.6 17.3 13.6 17.1 14.5 16.6 15.7 16.1 14.1 
 

Table 5.  
Body region injured in relation to vehicle type among the selected 3727 helmeted riders identified as 

common to police and Registry sources. Percentages were defined as the number of victims suffering from 
injury in a given body region among the total number of victims of each vehicle type. 
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Moped riders 37.6 19.0 13.3 4.8 10.5 7.7 9.7 41.4 70.0 14.6 

Motorcycle riders 62.4 19.6 8.0 4.7 18.5 10.8 13.4 47.1 69.7 13.5 
 
showed that the risks of head, facial, chest and 
abdominal injury were significantly greater for 
riders involved in single vehicle crashes with a 
fixed object hit than for riders involved in single 
vehicle crashes with no object hit (see table 6). 
Riders involved in collisions where the front of the 
TWMV struck the rear of another motorized 
vehicle were less likely to sustain a head injury. 
Riders involved in rear-end collisions had a 
significantly lower risk of chest injury. The risk of 
facial injuries was significantly higher for riders 
involved in a collision against a pedestrian or a 
bicyclist. Riders involved in collisions where the 
front of the TWMV struck the side of another 
motorized vehicle were more likely to sustain an 
upper extremity injury. The risk of lower extremity 

injury for riders involved in head-on, rear-end, 
broadside and multiple collisions were significantly 
greater than the risk for riders involved in single 
vehicle crashes with no object hit (see table 6). The 
highest risk was observed for broadside collision. 
Logistic regression results showed that the risks of 
chest (OR=1.94 95%CI=1.59, 2.37), abdominal 
(OR=1.44 95%CI=1.14, 1.83), spinal (OR=1.44 
95%CI=1.16, 1.78) and upper extremity injury 
(OR=1.26 95%CI=1.10, 1.44) were significantly 
greater for motorcycle riders than moped riders. 
There was no significant difference in the risk of 
head, lower extremity and external injury according 
to vehicle type. The risk of facial injury was lower 
for motorcycle riders than moped riders (OR=0.57 
95%CI=0.46, 0.70).  
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Table 6. 
Risk of being injured in each body region associated to collision type, crude odds ratios and the 

corresponding 95% confidence intervals 
 Head Face Chest Abdomen 
Single vehicle - no object hit 1.00 1.00 1.00 1.00 
Single vehicle - fixed object hit 1.75(1.15,2.67) 2.11(1.12,3.98) 1.99(1.26,3.17) 2.09(1.15,3.81) 
Collision with pedestrians/bicyclists 0.84(0.43,1.61) 3.47(1.62,7.45) 0.67(0.30,1.47) 1.59(0.69,3.67) 
Head-on collision 0.74(0.51,1.07) 1.22(0.69,2.17) 0.86(0.57,1.30) 1.14(0.66,1.95) 
Front TWMV to rear of a motorized 
vehicle 0.64(0.42,0.97) 1.10(0.59,2.06) 0.93(0.59,1.46) 1.18(0.65,2.11) 
Front TWMV to side of a motorized 
vehicle 0.92(0.61,1.40) 1.76(0.94,3.26) 1.00(0.63,1.59) 1.11(0.60,2.05) 
Rear-end collision 0.83(0.47,1.48) 1.32(0.58,3.02) 0.43(0.20,0.95) 1.38(0.64,2.98) 
Broadside collision 1.09(0.64,1.85) 1.43(0.65,3.15) 0.49(0.24,1.01) 0.45(0.16,1.25) 
Multiple/other 0.93(0.63,1.38) 1.57(0.86,2.86) 1.06(0.68,1.65) 1.08(0.60,1.93) 

 
 Spine Upper Extremity Lower Extremity 
Single vehicle - no object hit 1.00 1.00 1.00 
Single vehicle - fixed object hit 1.65(0.99,2.74) 0.87(0.61,1.25) 1.17(0.81,1.69) 
Collision with pedestrians/bicyclists 0.86(0.38,1.93) 0.89(0.53,1.51) 1.04(0.62,1.77) 
Head-on collision 0.73(0.46,1.15) 0.67(0.49,0.90) 2.43(1.78,3.32) 
Front TWMV to rear of a motorized vehicle 0.89(0.54,1.46) 0.83(0.60,1.16) 1.29(0.93,1.81) 
Front TWMV to side of a motorized vehicle 1.01(0.61,1.68) 1.14(0.81,1.61) 1.26(0.89,1.78) 
Rear-end collision 1.14(0.59,2.21) 0.41(0.26,0.67) 1.67(1.03,2.71) 
Broadside collision 0.88 (0.45, 1.75) 0.53(0.34,0.84) 2.67(1.61,4.42) 
Multiple/other 0.97 (0.60, 1.58) 0.76(0.55,1.05) 1.79(1.28,2.50) 

 
 
DISCUSSION 
 
This study was based on an eight-year period and 
was conducted on a large number of injured riders. 
The first part of the analysis based on the medical 
records makes it possible to quantify injuries 
among 14749 helmeted motorized two-wheelers. It 
provided information on the body regions 
frequently and severely injured. Whatever the 
injury severity extremity injuries were the most 
common injuries. Head and chest injuries affected 
ten percent of helmeted riders.  
When we looked at severe injuries, we identified 
chest as the most affected body region for severely 
injured helmeted riders, as it was shown elsewhere 
(Ankarath et al. 2002; Kraus et al. 2002). Despite 
helmet use, a high percentage of injured riders 
suffer from severe head injuries, which is in 
agreement with previous findings (Ankarath et al. 
2002; Kraus et al. 2002). A substantial proportion 
of severely injured riders sustained life-threatening 
injuries to the abdomen and to the spine. Spinal 
injuries are known to lead to a significant functional 
impairment, long-term disability and morbidity 
(Daffner et al. 1987; Gadegbeku et al. 2006; 
Robertson et al. 2002b; Shrosbree 1978). Previous 
studies identified the thoracic spine as the most 
commonly injured body region in motorized two-
wheelers (Robertson et al. 2002a; Robertson et al. 

2002b). This location is though to occur as a result 
of hyper flexion of the spine on impact with objects 
(Drysdale et al. 1975). In our dataset, cervical 
spinal injury predominated but more than half of 
the severe spinal injuries sustained by those 
severely injured were in the thoracic region. A 
substantial proportion of severe spinal injuries were 
also to cervical spine as reported in other studies 
(Ankarath et al. 2002).  
We aimed to provide information on the injured 
body region in relation to vehicle and crash type. 
This part of the study was conducted on the injured 
riders identified as common to the Registry and the 
police file and is not a representative sample of all 
injured riders. As the degree of being reported by 
the police varies depending on injury severity 
(Amoros et al. 2006), crashes resulting in severely 
injured riders have a higher probability of being 
reported by the Police than crashes resulting in 
slightly injured riders. The selected sample of riders 
involved in crashes identified by both sources 
represents more seriously injured riders than the 
overall population of injured riders. The ideal study 
population for this investigation would include all 
riders, regardless of injury severity. Therefore, 
results should be taken with caution. 
It appeared that, for a given collision type, the 
proportion of injured riders in each body region was 
approximately the same as the collision type’s share 
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of total accidents. We did not single out which 
particular body region is injured in a specific 
collision type. Whatever the body region affected, 
head-on collisions, which is the most frequent 
collision type, accounted for a third of injured 
riders. As it has been shown elsewhere (Chang and 
Yeh 2006; Lin et al. 2003; Lin et al. 2001), our 
results showed that single-vehicle crashes with a 
fixed object accounted for a sizeable proportion of 
injured riders in each body region. This was 
particularly the case of injuries to the head, chest 
abdomen and spine, which tended to be severe. 
Among single vehicle crashes, there were some 
differences between crashes with a fixed object and 
crashes with no object. The risks of head, facial, 
chest and abdominal injury were significantly 
greater for riders involved in single vehicle crashes 
with a fixed object hit than for riders involved in 
single vehicle crashes with no object hit. Head-on 
crashes with a fixed object could explain these 
results. 
Compared to helmeted riders involved in single 
vehicle crashes with no object hit, the risk of facial 
injury was significantly higher for riders involved 
in a collision with a pedestrian or a bicyclist. Riders 
involved in collisions between the front of the 
TWMV and the side of another vehicle were more 
likely to sustain upper extremity injuries. The risk 
of lower extremity injury for riders involved in 
head-on, rear-end, broadside and multiple collisions 
were significantly greater than the risk for riders 
involved in single vehicle crashes with no object 
hit. The highest risk was observed for broadside 
collisions as it has been shown elsewhere (Peek et 
al. 1994). Riders involved in collisions where a 
motorized vehicle hit the rear of the TWMV had a 
significantly lower risk of chest injury.   
The risk of chest, abdominal, spinal and upper 
extremity injury were significantly higher for 
motorcyclists than moped riders. The differences 
between moped and motorcycle crashes (speed, 
energy involvement, crash location) explain these 
results. In our study, we didn’t take into account 
crash dynamics because it wasn’t possible to 
estimate relevant measures such as Delta V or 
Equivalent Energy Speed. A published study 
focused on the injury pattern of moped and 
motorcycle crashes to see if a difference exists 
between the two (Matzsch and Karlsson 1986). 
Moped crashes were similar to motorcycle crashes 
in their injury patterns. They differ in degree of 
severity, due to the lesser speed and energy 
involved in moped accidents (Matzsch and 
Karlsson 1986).  
Contrary to motorcycle riders, moped riders had 
significantly more risk of facial injury. We could 
suppose that the choice of helmet type could have 
an influence on the incidence of facial injury: the 
increase in facial injury risk among mopeds riders 
could be explained by the lower proportion of 

moped riders using a full-face helmet compared to 
motorcyclists.  
Our results give a good insight into injuries 
sustained by riders in motorized two-wheeler 
crashes. Despite helmet use, a sizeable proportion 
of helmeted riders suffer head injuries, even severe 
ones and in many cases, there remains a high 
degree of impairment in the long-term outcome 
(Gadegbeku et al. 2006). First, we should 
encourage the future studies to get the information 
on helmet type in order to specify the level of 
protection of each helmet type. We should also 
support research on better helmet design (Richter et 
al. 2001). Second, our results indicated that the 
attention given to head protection shouldn’t ignore 
the vulnerability of other parts of the body. In fact, 
prevention strategies should also provide better 
protection for vital organs in the chest, abdomen, 
and spine, as it has been emphasized in previous 
studies (Ankarath et al. 2002; Kraus et al. 2002). 
The use of equipment such as “back protectors” or 
“airbag” has been suggested to protect against chest 
and spinal injuries (Robertson et al. 2002a; 
Robertson et al. 2002b). This equipment may 
prevent injuries but at present the effect of such 
clothing on injury reduction has not been evaluated. 
Future studies should get the information on the use 
of such equipment by the riders and might measure 
the explicit protective effect of such equipment. 
The use of protective clothing may prevent some 
lower extremity injuries in motorcycle crashes like 
soft-tissue injuries (Kraus et al. 2002; Peek et al. 
1994). 
The use of safety devices is a necessary but not a 
sufficient condition for preventing motorized two-
wheeler injuries. Despite the use of safety devices, 
motorized two-wheeler crashes could result in 
injuries that cause a permanent disability and 
impairment.  
As factors such as being on rural roads, collisions 
with a heavier object, darkness, might increase the 
severity of injuries (Chang and Yeh 2006; Lin et al. 
2003), the improvement of road infrastructure is 
needed to reduce the occurrence of motorized two-
wheeler crashes. Public awareness campaigns on 
the vulnerability of motorized two-wheelers and 
their crash risks could contribute to a reduction in 
road crashes. Finally, as driver behaviour or human 
factors contribute to crash severity especially in 
single vehicle crashes, policies should be developed 
to improve driver experience (familiarity with a 
specific vehicle, licensing process…) as proposed 
by several studies(Chang and Yeh 2006; Harrison 
1997; Mullin et al. 2000). 
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ABSTRACT 
 
In response to evolving sensor and occupant retention 
technologies, the National Highway Traffic Safety 
Administration (NHTSA) will soon begin 
cooperative research to develop test procedures for 
advanced occupant restraints.  It is believed that these 
restraints will be real-time adaptive to a variety of 
crash types and severities, as well as address such 
problems as improving belt effectiveness in front-
front crashes to higher than the current 50% fatality 
reduction level and possibly making the belts and air 
bags better suited for rollover and offset crashes.  The 
research will address: identification of potential 
improvements in current restraints, identification of 
minimum performance and objective testing, as well 
as performance metrics, and calculation of benefits 
inherent in such improvements.  To complete these 
tasks, the identification of a target crash population, 
estimations of the effectiveness of advanced 
restraints from test and evaluation, and benefits 
calculation based upon the target population and the 
effectiveness estimates is necessary.  This paper 
serves as an initial analysis of the advanced restraint 
system target population. 
 
The Crashworthiness Data System (CDS) of the 
National Automotive Sampling System (NASS) was 
chosen for the initial work owing to its complete 
crash, vehicle, occupant, and injury reporting in the 
U.S.  In addition, in order to maintain a focus on 
recent vehicle designs and performance, the most 
recent eight years of data were used for an occupant 
population that contains only belted drivers and 
passengers.  By analyzing this population, attention 
was focused on the current performance of restraints 
in order to identify opportunities for restraint 
improvement.  Restrained occupants with Maximum 
Abbreviated Injury Scale (MAIS) groupings of 3+ 
(serious injuries and higher) were quantified.  
Disaggregations of the primary direction of force, 
impact area, and injury types, among others, were 
computed across all crash types in order to develop 
an understanding of the requirements for advanced 
restraint prototype designs. 

 
INTRODUCTION 
 
NHTSA is interested in developing research on 
objective performance tests for advanced integrated 
safety systems and is now focusing attention on two 
projects in this area: crash imminent automatic 
braking, and advanced restraints.  The first of these 
projects assumes the current state of the art in 
restraint technology and seeks to leverage crash 
avoidance sensor technology to make restraints 
perform better, while the second is focused more on 
using the sensors to accomplish real-time adaptation 
in the restraints.  Although these projects are not 
directly linked, the advanced restraints project will 
use many data techniques identified in the imminent 
braking project, which include using data set queries 
of the NASS CDS data to build and study target crash 
scenarios.  These scenarios will then be used to 
identify opportunities for intervention and 
corresponding benefits.  This paper reports on the 
initial steps of this effort, determining the crash target 
population for advanced restraints. 
 
The advanced restraints data analysis project is 
deemed a continuation of the work started in support 
of the imminent braking project. As basis for that 
effort, a 36 crash typology was developed using the 
General Estimates System (GES) of the NASS (Najm 
and Smith, 2007).  The NASS GES is a sample of 
police-reported crashes occurring on public roadways 
in the United States and, with weighting factors for 
the samples, provides overall crash frequency data.   
 
In the previous work, the 36 GES crash types were 
ranked according to frequency, economic cost, and 
occupant functional years lost.  However, a large 
portion of these crashes were damage only crashes, 
which are of little interest in developing advanced 
restraints.  For this reason, a new approach was 
sought to characterize pre-crash and crash scenarios 
that could form a basis for the injury reduction 
benefits analysis. 
 
Table 1 (tables and figures are presented at the end of 
the paper) shows an initial taxonomy of crash 
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configurations disaggregated by vehicle or object 
contact.  Note that the object type struck for frontal 
impacts may be either a wide or narrow object and it 
is important to distinguish these.  Frontal, left side, 
and right side are for planar crash events.  The 
rollover event has been disaggregated by initiation 
type and does not rely on vehicle damage. 
 
Advanced restraint systems could incorporate sensors 
such as vision and radar that provide data in the crash 
timeline before the vehicle-vehicle contact occurs.  In 
this way the system could see, anticipate, and provide 
the best protection to the occupants. This action 
likely follows a crash avoidance segment where 
driver braking, roadway geometry, vehicle 
characteristics, and vehicle handling are critical.  
However, in the case of advanced restraints, although 
interest exists in the vehicle characteristics, issues of 
handling become more obscure owing to the foregone 
notion that a crash will occur and the restraint should 
mitigate rather than avoid the crash.  For this reason, 
NASS CDS was consulted to build the scenarios 
summarized in Table 1.  NASS CDS is a sample of 
tow-away crashes with injuries occurring on public 
roadways in the United States.  Variables and 
attributes describe more complete occupant 
demography than that seen in GES, as well as a 
listing of injuries by body region, type, severity, and 
location on the given body region, as well as injury 
source. 
 
The approach taken in this initial effort was to 
develop and evaluate the problem definition by first 
determining the most common and the most harmful 
crashes for belted occupants and then to present these 
results in scenarios detailing the sequence of events.  
This paper presents the initial data analysis effort that 
could lead to advanced restraint scenario creation.  
Such scenarios will eventually be used as the basis 
for countermeasure development, testing, and, 
finally, benefits analysis. 
 
METHODOLOGY 
 
The creation of initial scenarios was approached in 
two ways that were merged for a final result.  A top-
down approach was used on the CDS data to step-
wise disaggregrate the belted driver data into crash 
types to find the most common types and focus on 
those, then assess the most common injury types and 
counts.  In coordination with this, a bottom-up 
approach was used on the injury data to better 
understand the causation of injury.  Finally, the two 
approaches were merged to establish and select the 
most common injury types from which scenarios are 

used to develop advanced restraints performance 
requirements. 
 

Top-Down Damage and Injury 
A general query was first made of the NASS CDS to 
estimate the total tow-away crash population and the 
corresponding restraint usage characteristics to date.  
Next, vehicles were disaggregated by model year, 
with the retention of vehicles of model year 1998 and 
later.  The model year served as the surrogate for 
modern restraint systems, including three-point lap 
and shoulder belts, presence of pretensioners, load 
limiters, the advent of the second generation, 
depowered air bags, and more advanced seat belt and 
air bag technology.  This was done to preserve 
homogeneity in the restraints available within the late 
model vehicles.   
 
CDS crash variables were selected to capture vehicle 
attitude, crash severity, and direction of force.  The 
most severe event is normally based upon vehicle 
deformation processed through an algorithm to 
produce delta-V.  Delta-V is a measure of crash 
energy transfer and deemed to form part of a 
composite crash severity indicator to be studied 
during this project.  However, the algorithm yielding 
delta-V may fail owing to extreme planar conditions 
and in all rollover crashes.  For planar events, if a 
researcher is able to provide a quantitative or 
qualitative value, it will be reported as an estimated 
delta-V.  The decision to report quantitative or 
qualitative severity is dependent upon the degree of 
confidence that the NASS CDS researcher is able to 
assert.  In the case of rollover crashes, crash severity 
may not be calculated using the existing crash 
algorithm and the estimated crash severity will 
always take on a qualitative value.  
 
The top-down analysis was based on a model of zone 
of impacts for the most severe event, as seen in 
Figure 1.  Planar crash events occurred from one 
o’clock through 12 o’clock and rollover crashes were 
identified with zero, as seen in Figure 1. For rollover 
crashes, the type of damage distribution was 
consulted to ascertain whether the rollover crash was 
the most severe event.  A composite variable was 
then formed for rollover crashes by consulting both 
the type of damage distribution and rollover initiation 
type.  The rollover initiation type was further 
summarized to characterize tripped versus untripped 
rollover crashes.   
 
The vehicle analysis was an iterative process and 
yielded commonalities based upon Collision 
Deformation Classification (CDC).  The elements of 
interest included the principal direction of force 
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(PDOF), damaged vehicle plane, specific horizontal 
location, specific vertical location, and the extent of 
damage.  The restriction on the extent of damage was 
loosened owing to the case representation across the 
zones of deformation. 
 
The first analysis conducted was for damage to the 
frontal plane pursuant to force with an, 11, 12, or 1 
o’clock direction.  This would indicate a head-on 
collision with full frontal or offset frontal damage.  
The full frontal crash with a 12 o’clock direction of 
force was found to be the most prevalent; however, 
the aggregate of the left frontal and right frontal 
offset crashes exceeded the full frontal crashes.  
Further, examination of the cases indicated that 
everything below the belt line on the vehicle body 
was prevalently damaged.  Finally, an array of extent 
zones from one to five appeared in the initial 
analysis.  Owing to the integration of injury 
parameters into this selection process, the extent zone 
was not specified in subsequent queries.  Thus, the 
database query yielded 12FDEW (12 o’clock 
direction of force, Frontal damage plane, Distributed 
damage, Everything below the belt line, and Wide 
distributed damage) as a prevalent CDC where the 
extent zone was omitted to generalize the injury 
search. 
 
This methodology was generalized to consider all 
crash types at the MAIS 3+ level, as shown in 
Figures 2 through 4.  MAIS 3+ subsumes MAIS 3 
(serious), MAIS 4 (severe), MAIS 5 (critical), and 
MAIS 6 (maximum) injuries.  Further, comparison of 
these figures focusing on frontal crashes shows that 
MAIS 3+ head injuries trailed thoracic injuries.  
Abdominal injuries were also examined and 
summarized in Figure 4.  The prevalence of the 
frontal injuries was seen in the plots for thoracic and 
abdominal injuries.  Comparable head and thorax 
injury frequencies were seen for tripped rollovers.  
Frontal crashes resulting in MAIS 3+ head injuries 
were disaggregated by the specific horizontal 
location.  Frontal offset injuries were the most 
prevalent for head and thorax injuries.  These results 
are pending further case review. 
 
Figures 2 through 4 clearly show the predominance 
of frontal crashes as the largest part of the overall 
MAIS 3+ injury problem.  Consequently, the next 
step was to look in more detail at these frontal 
crashes to determine how the belted drivers are being 
injured, in what body regions.  Analysis of the 
mortality rate and injury costs dictated the body 
regions of interest in defining the crash problem 
(Eigen and Martin, 2005).  The frequency counts for 
these major body region injuries in frontal crashes are 

shown in Figure 5.  Here, the size of the relative 
injuries are shown, with the largest being thorax 
injuries, followed by head, neck, and abdomen.  
  

Bottom-Up Injury and Damage 
Using the results of Figure 5, the bottom-up approach 
to CDS analysis starts with the most common type of 
injury and seeks to find clues as to how these came 
about in a kinematic sense to lay a basis for scenario 
development.  The accuracy of this task was 
corroborated using the Biomechanics Tab (BioTab) 
found in the Crash Injury Research and Engineering 
Network (CIREN) database.  For example, within the 
20,197 weighted cases describing the various types of 
head injuries, 75% were due to head contact within 
the vehicle interior and 4% of the head injuries occur 
despite the lack of contact with the vehicle interior or 
other occupants (0.6%).  Furthermore, injury from 
contact of the head could be due to one kind of 
kinematics, while injury without contact may be due 
to another kind of kinematics.  This is assuming that 
the selection of non-contact by the researcher does 
not imply that there is a lack of physical evidence 
supporting contact with the vehicle interior.  To avoid 
misinterpretation and ambiguity in describing the 
injury causation when incorporating the contact 
information, the injury parameters from CDS 
associated with certain and probable confidence were 
considered.  This information was used to 
supplement and support a similar query using the 
BioTab.  These two databases concurrently provided 
valuable and accurate clues to vehicle and occupant 
motions prior to and during the crash event. 
 
Figure 5 shows the major body regions injured in 
frontal crashes, with the thorax region being the 
largest problem.  Nevertheless, the head region was 
selected for this initial study.   The choice of the head 
injury in frontal crashes as a focus for the initial 
bottom-up analysis stemmed from an examination of 
the relationship between the injured body region and 
the injury source.   
 
The sources of injury to the head, such as contact 
with the A-pillar or B-pillar were more distinct than 
thoracic injuries occurring from the usual contact 
with the steering hub, rim, and wheel combination 
and also the belt web or belt buckle.  Further, contact 
with the injury sources specified for thoracic injuries 
did not involve as much excursion by the driver as 
that of the head region using the given injury sources 
of Figure 6.  Thus, the motivator for the selection of 
the head injury data for initial analysis was to 
understand why and how the belted driver was able to 
contact the pillars.  In addition, the sample size for 
the head exceeded that of the neck or abdomen.  
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Thus, more cases were available for preliminary 
analysis using the head region. 
 
Figure 6 displays several sources of injury for the 
head and the thorax by total weighted cases.  Of note 
in this figure is the fact that roof contact in frontal 
crashes resulted in MAIS 3+ head injuries with such 
a high frequency.  82% of these head injuries in 
which the roof was stated as an injury source was 
made with high confidence by the researcher.  The 
specific reasons for this result need to be evaluated 
before a scenario for such crashes can be detailed. 
 
The second phase of injury analysis identified the top 
ten head injury types by frequency.  Table 2 shows 
the weighting totals for these head injuries.   
 
Next, the causation of these head injuries was 
investigated for two reasons.  The first was to better 
understand the circumstances that will result in the 
head injury.  This was performed as a means of 
validating and supporting the injury source data in 
NASS CDS.  The second reason was to provide a 
means of aggregating similar injuries, where 
possible.  This step alleviated one of the problems of 
case limitations from a query focusing only on model 
year 1998+ vehicles by increasing the cases that were 
available for analysis.  This enabled the explanation 
of the injury causation in connection with the 
relationship between the injury and vehicle-level 
CDS parameters to be understood more 
comprehensively.    
 
The following example uses both intracerebral and 
subdural cerebrum hematoma/hemorrhage injuries, 
vault skull fractures, and orbit fractures to illustrate 
the caution needed in steps for aggregation.  The 
causation of these four prevalent head injury cases, 
acquired from Table 2, were examined to justify 
aggregation.  This step must not be overlooked as the 
injuries vary by mechanisms, which is dependent 
upon the occupant kinematics in response to the 
vehicle collision (Takhounts et. al., 2003).   
 
Hematoma/hemorrhage in the intracerebral region is 
typically due to bleeding directly into brain tissue, 
pushing the tissues against the bones of the skull.  
This type of injury encapsulates 31% of the 
hematoma/hemorrhage category.  However, research 
has shown that 8-13% of all strokes result from 
intracerebral hemorrhage (Liebeskind, 2006).  
Although this percentage is relatively small, it is still 
considered in the analysis of this injury.  One should 
be careful to examine other data in NASS CDS, such 
as the crash or accident summary to determine 
whether the intracerebral hemorrhages were due to 

the crash or the stroke.  This detailed selection 
criteria will prevent the use of cases in which the 
injury precipitated the crash.  A similar analysis 
should be performed during the study of injuries in 
other body regions. 
 
Hematoma/hemorrhage in the subdural region is due 
to swelling in the area between the cerebrum/brain 
surface and the parietal bone/skull (Jasmin, 2004 & 
WebMD, 2004).  The bleeding can be either minor or 
severe, causing a slow or rapid increase in pressure 
within the skull (Meagher, 2005). 
 
All cerebrum hematoma/hemorrhages are the result 
of one or more blood vessels breaking in the 
cerebrum tissue.  As a result, the influx of blood in 
the confined region of the brain, where the damage 
occurred, causes swelling and an increase of pressure 
within the skull.  For example, the head of an 
occupant may be subjected to a hard blow or impact 
to the A-pillar during the frontal planar crash.  Or, 
due to inertial effects of the crash, the occupant may 
suffer an AIS 1 neck injury such as whiplash.  This 
minor neck injury may initiate the vibration of the 
brain within the skull, resulting in an AIS 3+ head 
injury (University of Virginia Health System, 2004).  
This rapid movement of the brain within the skull can 
also result in cerebrum hematoma/hemorrhages due 
to bruising, swelling, or tearing of the brain tissue.  
Without further specifying the type of cerebrum 
hematoma/hemorrhage (intracerebral small, subdural 
small, or subdural NFS), the results of this analysis 
showed that aggregation of these three groups of 
cerebrum injuries were possible since they all 
resulted in swelling and an increase of pressure 
within the brain.     
 
Vault comminuted fractures are bones of the skull 
that are broken, splinted, or crushed/shattered into a 
number of pieces (MedicineNet.com, 2003).  The 
bones of the vault skull include:  parietal, frontal, 
squamous temporal, and the squamous part of the 
occipital (The Johns Hopkins Hospital Center for 
Craniofacial Development and Disorders, 2000).    
 
Orbit fractures, are any or combination of open 
(where a broken bone penetrates the skin), displaced 
(where the fragments are not perfectly aligned), or 
comminuted fractures of the bone around the eye 
(The Medical Center Online, 2006).  Non-
deployment of the air bag increases the occupant 
contact with the steering wheel, resulting in the orbit 
fracture (Duma and Jernigan, 2003). 
 
Following the analysis and aggregation, where 
applicable, three injury groupings resulted for this 
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example:  Cerebrum Hematoma/hemorrhage, Vault 
skull fracture comminuted, and Orbit fracture 
open/displaced/comminuted.  The vault skull and 
orbit fractures could not be aggregated because the 
causes and locations of these injuries differed. 
 
The next step is to aggregate injuries to infer 
kinematics at the occupant level.  For example, 
suppose in frontal crashes, a severe brain injury with 
a face injury indicates a head contact causation.  On 
the other hand, a brain injury without a facial injury 
indicates a non-contact head injury.  While these are 
both head injuries, the restraint countermeasure could 
be quite different, so they must be separated. 
 
To further strengthen the comprehension of the injury 
causation following an aggregated grouping scheme, 
the most prevalent CDC value among the head 
injuries was obtained.  Without application of the 
extent, this CDC value corresponded to 12FDEW.  
Next, the most prevalent accident type for 12FDEW 
was chosen to constrain the given data set to a 
particular vehicle impact description for a detailed 
causation description. 
 
Table 3 displays the parameters that are needed to 
better describe the transition from injury to CDC 
(occupant to vehicle level) for each of the head 
injuries, utilizing the outcome of the CDC query and 
vehicle maneuver constraint. 
 
Beginning with the occupant, the presence of alcohol 
or drugs is noted as it may affect the biophysical 
response to insult (Couper and Logan, 2004).  This 
may provide additional locations of contact within 
the vehicle interior for the restrained occupant, who 
is under the influence of the substance.  Thus, this 
parameter should be analyzed to determine whether it 
contributes any new information. 
 
Next, the injury source parameter is examined as it 
initiates the transition to the vehicle level by 
connecting the occupant and injury with the vehicle 
interior.  The accuracy of this step is fundamental for 
the transition to be made successfully.  Thus, a 
combination of the evidence supporting the occupant 
contact with the vehicle interior, such as scuff 
mark(s), tissue contact(s), tooth mark(s), and bent 
structure(s), along with the researcher’s level of 
certainty that the evidence supports the injury sources 
noted will aid in the selection of the appropriate cases 
for analysis. 
 
In certain cases, the occupant sustains multiple 
injuries, in addition to the MAIS 3+ injury initially 
selected.  Such instances require that these injured 

body regions, regardless of the injury severity, should 
be included in the analysis along with the 
corresponding injury source only if they meet the 
accuracy requirement.  Thus, evidence supporting the 
injury source must also be substantiated by the 
researcher through their certainty level when 
determining the relationship between the injury and 
the injury source. 
 
Next, information regarding the gender, age, height, 
and weight of the occupant is needed to determine 
whether the injuries are dependent upon these factors.  
This is similar to the BioTab’s description of other 
contributing factors that affect the injury causation, 
mechanism, and severity.  Whether these four 
parameters are related to the injury and injury source 
through the occupant’s seat back position, seat track 
position, and seat belt anchorage position should also 
be investigated. 
 
Afterward, all vehicle intrusions and all severe events 
and corresponding CDC, where applicable, should be 
included in the analysis.  This step clarifies whether 
or not occupant contact with the vehicle interior 
occurred on account of the intrusion(s).  It is also 
necessary to include the information describing any 
pre-event movement that initiated the crash, critical 
pre-crash event that resulted in the crash, and any 
avoidance maneuver that the occupant performed 
leading to the crash. 
 
Finally, to complete the transition from the given 
injury to the given vehicle-level crash, the heading 
angle and its corresponding other angle, which 
describes the vehicle configuration and location of 
the damage to the vehicle with respect to the North 
direction is necessary.  Inclusion of this parameter is 
important as different geometry configurations for 
the given CDC may result in different injury and 
injury combinations. 
 
From these parameters, the injury causation or 
scenario can be developed and used to explain the 
occupant positioning and movement that generated 
the injury as it relates to the CDC in the event of an 
imminent collision in time sequence.  Through the 
listed parameters of Table 3, a causation describing 
the possible series of events that may result in one of 
the head injuries is possible. 
 
As an aside, this process of injury selection led to 
vehicle-to-occupant case selection substantiation, as 
well as providing a complete case overview from the 
injury-to-vehicle perspective.  This method will be 
applied to all other body regions for occupants in all 
seating positions (front and back seat passengers). 
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Although the listed parameters are sufficient to 
describe the injury causation resulting from the crash, 
there are other parameters not included in the NASS 
CDS database that would enhance and provide a 
more comprehensive scenario description to be used 
in vehicle testing situations and also to draw more 
definitive conclusions.  For instance, examination of 
the seat belt material properties in conjunction with 
the retractor locking mechanism by body type and 
vehicle model may serve to be useful in 
understanding the excursion of the driver.  Perhaps 
some combinations of the airbag properties, seat belt 
properties and retractor types function better than 
other system combinations (Ridella et. al., 2003).  
This information, along with the parameters declared 
in Table 3, may prove to be useful in explaining why 
occupants in similar crashes sustain different injuries. 
 

Merging top-Down and Bottom-up Data 
The research reported in this paper serves as the 
foundation for merging the top-down data with the 
bottom-up data into scenarios.  This next step will be 
done first for frontal crash head injuries.  The 
transition from the injury to the vehicle level will be 
possible through the use of the Collision Deformation 
Classification.  This will both enable and ensure the 
proper alignment of the two methods prior to the 
merger. 
 
SUMMARY 
 
The objective of the advanced restraints research was 
to develop a set of crashworthiness scenarios that 
capture the timeline of events leading up to and 
during crashes that result in injury.  These scenarios 
would contain a description of the conditions and 
events of the crash such that performance 
requirements for advanced restraints may be 
specified and benefits computed.  Initial study of this 
problem suggested the use of CDS pre-crash 
variables and the sequence of harmful events.  This 
would be used in the development of a chronology of 
what the vehicle sensors would detect and occupants 
would experience leading up to, and during the crash. 
 
A framework for a top-down approach to the problem 
has been developed and preliminary analyses 
performed for model year 1998 and later vehicles in 
1997 and later CDS data.  Areas of damage and 
principal direction of force were analyzed.  These 
results showed that the predominant types of crashes 
where belted drivers are getting injured are frontal 
and rollover crashes.  Frontal crashes were analyzed 
in more detail showing four predominant injury areas 
in rank order: thoracic, head, neck, and abdomen. 

 
Head injuries in frontal crashes were examined in 
more detail to develop a framework for a bottom-up 
problem definition approach, which would later be 
extended to all crash types.  The most common types 
of head injuries were found to be cerebrum 
hematoma/hemorrhage, vault skull fracture, and orbit 
fractures.  These injuries were caused by contact with 
the A-pillar, B-pillar, roof, and steering hub, rim, and 
wheel combination. 
 
A taxonomy for crashworthiness scenarios was 
developed and presented based on an evaluation of 
all types of crashes.  However, the research stopped 
short of creating the detailed crashworthiness 
scenarios.  
 

Subsequent Study 
Even at this early stage of the research it is clear that 
many data sources will be needed to develop useful 
scenarios, not just NASS CDS.  Such sources include 
data from the CIREN, the Fatality Analysis 
Reporting System (FARS), and NHTSA Special 
Crash Investigations (SCI), all of which will certainly 
be needed.  In addition, European data will be 
considered, if available, in the way that CIREN or 
SCI would be used to supplement the understanding 
of scenarios found in nationally representative data 
sets.  The specific approach to this data integration 
will be considered in the context of the cooperative 
research program that NHTSA is now implementing 
with carmakers and suppliers. 
 
Much work remains to be done for frontal 
crashworthiness scenarios, beginning with merging 
the top-down data with the bottom-up data sets for 
head injury scenarios. Next, the approach could be 
extended into thoracic and other injuries in frontal 
crashes, then similarly into other crash types, 
especially rollover.  For instance, a large number of 
head contacts with the roof can be found in frontal 
crashes in which the driver was belted (Figure 6).  
This phenomenon is also present when examining the 
rollover problem for belted drivers.  Thus, an 
advanced restraint that keeps the belted driver’s 
pelvis in the seat could have a positive effect in both 
of these crash types.  As these are preliminary results, 
the injury causation and occupant kinematics must be 
studied in greater detail before reaching any 
conclusions relative to frontal crashes and, 
subsequently, drawing any shared conclusions 
between frontal and rollover crashes.  Nonetheless, it 
is precisely this type of insight that could lead to 
substantial benefits for advanced restraints. 
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Electronic case files may be accessed via the NHTSA 
website, Electronic Case Access Screen.  The 
hyperlink is as follows: 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa 
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Figure 1.  Zones of Interaction 

Table 1:  Proposed Crashworthiness Scenario Taxonomy 
Subcategory 

Crash Mode 
of Interest 

Case Vehicle 
General Area of 

Damage 
Other Vehicle 

General Area of Damage 
Object
Type 

Taxonomy 
Index Resultant Scenario 

Front Front   1a Front-vehicle front 
Front Side   1b Front-vehicle side 
Front Rear   1c Front-vehicle rear 
Front   Wide 2a Front-wide object 

Frontal Impacts 

Front   Narrow 2b Front-narrow object 
Left Front   3 Left side-vehicle front Left Side 

Impacts Left   Any 4 Left side-object 
Right Front   5 Right side-vehicle front Right Side 

Impacts Right   Any 6 Right side-object 
Rear Impacts Rear Front   7 Rear-vehicle front 

Tripped     8 Tripped rollover Rollover Untripped     9 Untripped rollover 
Note:  Shaded areas denote regions inapplicable to the crash scenario. 

Planar Front 

Planar Left (Side) 

Planar Right (Side) Planar B
ack (R

ear) 

12 

1

2 
3

4 

5 

6
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8

9 
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11 

Untripped Rollover (Turnover) DOF=0 Tripped Rollover DOF=0 
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Figure 2.  Occupants with MAIS 3+ Head Injury, traveling in Model Year 1998+ Vehicles, involved in Tow-
Away Crashes, by Planar Direction of Force or Rollover and Crash Type, Weighted Data 
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Figure 3.  Occupants with MAIS 3+ Thorax Injury, traveling in Model Year 1998+ Vehicles, involved in Tow-
Away Crashes, by Planar Direction of Force or Rollover and Crash Type, Weighted Data 
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Figure 4.  Occupants with MAIS 3+ Abdominal Injury, traveling in Model Year 1998+ Vehicles, involved in 

Tow-Away Crashes, by Planar Direction of Force or Rollover and Crash Type, Weighted Data 
 

1558

20197

5939

27661

0

5000

10000

15000

20000

25000

30000

Abdomen Head Neck Thorax

Body Region

To
ta

l W
ei

gh
te

d 
C

as
es

 
Figure 5.  Total weighted cases by body region for drivers with MAIS 3+ injuries sustained in frontal crashes 
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Figure 6.  Sample of Several Injury Sources for the Head and Thorax Body Regions in Frontal Crashes, 
Weighted Data 
 
 

Table 2:  Top ten head injuries for 
drivers with MAIS 3+ injuries sustained 

in frontal crashes 

Total Weighted 
Cases 

Cerebrum hematoma/hemorrhage NFS - 
extra axial* 

1902 

Cerebrum hematoma/hemorrhage 
intracerebral small 

1817 

Cerebrum subarachnoid hemorrhage 1673 
Orbit fracture open/displaced/comminuted 1212 

Cerebrum hematoma/hemorrhage 
subdural small 

1048 

Cerebrum diffuse axonal injury (white 
matter shearing) 

929 

Vault skull fracture comminuted 806 
Cerebrum contusion single small 720 

Brain stem laceration 704 
Cerebellum hematoma/hemorrhage 

subdural NFS* 
694 

*Note:  NFS = Not Further Specified.   
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Table 3:  NASS CDS parameters that will aid in the 

transition from the occupant to the vehicle level (injury to 
CDC) 

All other injured body regions (regardless of injury severity) and its 
corresponding injury source (if multiple injuries were sustained) 

All severe events resulting from the crash and its corresponding 
CDC, where applicable 
All vehicle intrusions 

Avoidance maneuver performed 
Critical pre-crash event that resulted in the crash 

Gender, Age, Height, and Weight 
Heading angle and Other angle to describe vehicle configuration and 

location of the damage to the vehicle with respect to the North 
direction, where applicable.  These two angles provide a geometric 

configuration of two vehicles at the point of impact.  This 
information is used to supplement the PDOF. 

Injury source 
Pre-event movement which initiated the crash 

Presence of alcohol or drugs 
Seat back position 
Seat track position 

Seat belt anchorage position 
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ABSTRACT 
 
In 2002, the National Highway Traffic Safety 
Administration’s (NHTSA’s), National Automotive 
Sampling System (NASS) improved its child safety 
data collection for the Crashworthiness Data System 
(CDS) by having each primary sampling unit (PSU), 
location, dedicate one data encoder to child safety 
issues.  In turn, NASS data encoders took the PSU 
source data and created the CDS data entries.  These 
CDS data were obtained via crash scene and vehicle 
inspections supplemented with occupant interviews 
and medical records, when available.  Consequently, 
the NASS encoders were trained extensively on child 
safety seat technologies, as well as their installation 
and placement, and new variables and attributes were 
defined.  The new variables and attributes allow 
encoders to describe fully the child safety seat within 
the vehicle during the crash, from post crash 
occupant interview and vehicle inspection.  The 
expanded data compiles real-world crashes involving 
child occupants, providing a unique data set useful to 
NHTSA as well as the whole child occupant 
protection community.  
 
This paper presents a description of the new data 
collection process, the new variables, and a first look 
at the analyses possible with the new data set. 
 
BACKGROUND 
 
Each year CDS collects detailed information on a 
nationally representative, random sample of police-
reported, tow away traffic crashes involving 
passenger cars, light trucks, and vans.  The bulk of 
this detailed information supports research into the 
crashworthiness of passenger vehicles, biomechanics 
of occupant trauma, and the development of test 
procedures and criteria.  CDS data also supports the 
rationale for and development of motor vehicle safety 
standards and consumer information programs related 
to occupant protection. 
 

INTRODUCTION 
 
Beginning in 2002, the child safety data collection 
was revised for NASS CDS data sets.  As before, 
child safety seat type may be identified, however, the 
archaic coding and formatting inconsistencies have 
been removed from the enhanced data sets.  This was 
accomplished by encoding a more thorough 
understanding of the child safety restraint systems 
and the injury patterns for the restrained or 
inadequately restrained child.  
 
NASS CDS has kept pace with newer technologies, 
and is continually assessed, and, when necessary, 
improved for its information collection practices.  
From these assessments, child restraint data 
collection methodologies have changed; most 
recently of note is the latest modification to the child 
restraint interview form (Murianka, 2005).  This 
modification considered 4 years of real world data 
collection practices resulting in the development of a 
more appropriate tool for encoders to rely upon when 
eliciting information regarding a restrained child 
occupant. 
 
With these modifications, the quality of the data 
continues to improve so that child safety seat 
information is continually considered and accurately 
reported. 
 
This paper is designed to introduce the child safety 
community and the public to the child safety CDS 
enhancements expected to be released.  It also 
provides guidance with respect to companion 
resources for the data. 
 
The new child safety data sets since 2002 have not 
been made available to the public yet because an 
exhaustive quality control must be exercised for 
release of NASS, which has not yet been completed.  
For the purposes of this paper, however, the authors 
provided exhaustive quality control on the data 
presented.  Although a true statistical analysis may 
not be undertaken owing to the small case counts 
available for study, an anecdotal demonstration of the 
new variables is possible.  In sum, the paper only 
deals with data that would be ready for release; 
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however, the entire data set must be released together 
in accordance with practices followed by The 
National Center for Statistics and Analysis governing 
the NASS data.  The variables and attributes 
populating the data set have been in place and 
approved since 2002. 
 
Changes Since 2002 
 
In 2002, the Child Restraint Interview Form was 
changed from a 1-page document to 12 pages, due to 
the addition of numerous questions, which would 
help the field researcher/analyst determine specifics 
about a child seat and its use when the child seat 
involved in the crash was no longer available and a 
telephone interview was the only option.  It is fairly 
common for the child seat involved in the crash to be 
destroyed, thereby creating a situation where the 
parent/caregiver must rely on memory and familiarity 
of the child restraint in answering questions regarding 
its type and use.  To avoid reuse subsequent to a 
crash, the destruction of the child seat is an accepted 
practice. 
 
In 2005, the Child Restraint Interview Form was 
again revised eliminating many of the questions 
(answers to which were not coded in CDS) in order 
to assist better the field researchers in their 
information gathering as well as not to burden crash 
occupants unnecessarily.  The current interview 
consists of 4 total pages, one of which is a graphic 
reference of child seat types providing a visual for in-
person interviews when the child seat is no longer 
available. 
 
In the summer of 2005, it was decided that a core 
group of field researchers would be selected, who 
would be assigned as “primary” researchers on child 
seat cases at their respective site.  The impetus for 
this was two fold:  specific trainings could be tailored 
to the needs of those conducting child seat interviews 
and inspections, resulting in the coding of fewer 
“Unknown” and “Other” data attributes  
 
The CDS currently has 27 field researchers, a 
representative from each of the 27 field research 
teams, dedicated to crashes selected at their site 
involving a child restraint.  In the spring of 2006, this 
core group of researchers received special child 
restraint training, which focused on interviewing 
techniques, and hands-on inspection of crash-
involved child restraints. 
 
Child restraint cases make up a small portion of all 
cases collected each year in CDS, as shown in Table 
1.  Note that in 2005, 4,481 cases were coded with 

only 234 cases involving one or more child restraints.  
Further, note that there are sometimes more than one 
child seat involved in a given crash case.  For 
example, in 2005, there were 293 child seats involved 
in the 234 cases.  The yearly totals dating back to 
1999 are also listed in Table 1.  The new data 
provides for better understanding of these seats and 
how they performed. 
 

 
PROCEDURES 
 
The CDS program utilizes trained field researchers to 
collect details on a limited number of crashes 
involving new and rapidly changing occupant 
protection technologies.  In 2002, new and updated 
data collection methodologies related to child 
occupant restraints were incorporated into the NASS, 
CDS, Electronic Data Collection System.  Major 
revision to certain data collection and coding tools 
were incorporated, for example., enhanced Child 
Restraint Interview Form, child seat make/model 
pick-list, as well as detailed information regarding 
the child seat installation using the vehicle belt 
system or Lower Anchors and Tethers for Children 
(LATCH). 
 
An in-depth, 8-hour child restraint and safety belt 
training was provided to all field researchers prior to 
the 2002 data collection year.  This training built 
upon the introductory/initial child seat and safety belt 
training each researcher receives during their basic 
training.  A child seat and safety belt update training 
session has been provided to all field researchers 
during every year-end training through 2005.  
 
In the most recent data year available, 2005, the CDS 
had 27 field research teams and 76 field researchers 
collecting data from about 4,500 crashes, 234 of 
which involved a child restraint.  The CDS currently 
collects and codes crash information involving over 
600 data elements obtained during on-site crash scene 
inspections and exterior and interior vehicle 
inspections.  In-person and over the telephone 
interviews are also conducted with individuals 
involved in the crash and pertinent injury and 
medical records are obtained  for those occupants 
injured and who sought medical treatment.  
Interviews with crash victims entail questions dealing 
with pre and post-crash events as related to all 
occupants of the vehicle.  Details regarding each 
occupant, for example, seating position, restraint type 
available, and use, along with any available 
medical/injury information, are collected and coded 
into each case. 
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Data Summarization 
 
The usage of child restraints is of paramount 
importance; however, many misconceptions exist 
with respect to the selection, installation, age 
appropriateness, and finally graduation to an adult 
restraint system.  Historically and as a convenience 
child safety advocates have used singular measures of 
age, height, or weight.  It must be considered, 
however, that the current demographic make up of 
the children in the United States does not fit one 
profile.  For this reason, NHTSA provides guidelines 
for appropriate usage by age, weight, and seating 
position. 
 
The children reported in the NASS CDS enhanced 
reporting were separated into age categories specified 
by the authors.  This segmentation was based upon a 
rough age range for graduation to the booster seat and 
subsequent movement to vehicle-installed restraint 
systems.  The restraint usage categories were 
assessed based upon the child safety seat type and the 
manual restraint usage.  Age, manual restraint usage 
and child safety seat type are variables found in the 
NASS CDS Coding Manual (DOT, 2000), as well as 
the electronic case access.  The child safety seat type 
variable in NASS CDS identifies type of child safety 
system relevant to the case child occupant.  If the 
child was unrestrained, as dictated by the manual 
restraint usage, then the child was categorized as 
unrestrained. 
 
New or Enhanced Variables 
 
With the advent of the expanded data sets, the new 
understanding and fuller reporting could be captured 
in unique research data sets.  Previously, the NASS 
CDS reported any child seat information with general 
occupant demography. In the new data set, the 
presence of a child safety seat is reported at the 
occupant level and acts as a flag.  This flag indicates 
that relevant information will be placed in the child 
safety seat data set.  The child safety data set contains 
information relevant to the placement of the seat with 
respect to the vehicle seating positions, orientation, 
and position of occupant.  In addition, the presence 
and design of LATCH, child restraint harness, and 
harness chest clip are reported. 
 
Child Occupant Demography with respect to Age 
and Restraint Usage 
 
The enhanced data sets allow for finer disaggregation 
of the data with respect to demography.  One 
modification has been to the units of age, as shown in 
Table 2. 

 
In children less than three years old, development 
from month to month becomes more meaningful 
when assessing the crash outcome.  Further, the 
gradation, with respect to biomechanical tolerance, 
from birth to one year old is more crucial than the 12-
month increments after the age of three years.  Table 
2 segments child occupants, without respect to their 
restraint usage, into months from birth through two 
years and years for children 3 through 12 years. 
 
Few automotive manufacturers continue to produce 
child restraints specifically designed for their 
vehicles.  Although limited data exists regarding the 
benefit of proprietary versus commercially produced 
child safety seat systems, and while the benefit of 
children placed in any child safety system has been 
proven, integration of the technology makes sense 
conceptually.  Nevertheless, restraint usage must be a 
key consideration in analyzing child safety. 
 
For example, the child who benefited from one of the 
child safety seat types, and was less than ten years 
old, was considered to be restrained.  If the child was 
10 through 12 years at the time of the crash, and was 
deemed to be restrained by virtue of the manual 
restraint usage, an active restraint usage 
characterization reported in NASS CDS, then the 
child was said to be restrained.  Finally, children who 
were restrained by some other means than a child 
safety system were considered restrained by an age 
inappropriate device.  It must be recalled that the 
child safety seat couples with the vehicle restraint 
system, at the most generic level, as specified by 
NHTSA.  For this reason, both the manual restraint 
usage, an observation of active restraint usage, and 
the child safety seat usage must be considered when 
determining the restraint status of a child. 
 
Results for newborn children through 3 years old 
keep with the messages suggesting that caregivers are 
restraining smaller children.  As previous mandates 
dictated, restraint by any means would be better than 
no restraint at all.  In keeping with this mandate 
nearly one-third of children benefited from a 
caregiver who took some action.  This by no means 
assures the occupant outcome and this will be 
addressed in subsequent sections of this paper. 
 
For children 4 through 7 years old, it should be noted 
that two issues exist with segmentation of few years 
of data.  The cell size may suffer because the children 
of this age range are not being injured or merely 
because the sampled cases did not have vehicles 
transporting this age group.  In studying this group, 
this must be considered.  Unrestrained children do 
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increase from the previous age range, as well as those 
who are inappropriately restrained.  The 
inappropriately restrained children may have been 
subjected to a premature graduation from a child 
restraint to a vehicle-installed restraint system. 
 
The children of age 8 and 9 years were segmented 
because this marks a graduation of many children 
regardless of their readiness.  Questions of peer 
pressure and parental involvement may also be 
suggested as potential reasons for this decrease. 
 
The oldest age group, 10 through 12 years, was 
retained for comparative purposes in this section 
only.  These were deemed to be the group that would 
be subject to a generally justifiable graduation to a 
vehicle-installed restraint system. 
 
It should be noted that children of 9 years and less 
were reported to have used a child safety seat.  
Children above this age were reported to have used a 
vehicle-installed restraint or were unrestrained, as 
seen in Table 3. 
 
With benefit of greater training and experience, 
NASS CDS researchers may discern the subtleties of 
seemingly similar child restraints.  This information 
may be coupled with manual restraint usage data to 
understand better the restraint usage habits of 
children from birth through 12 years old. 
 
Based upon the enhanced and tailored training of 
NASS researchers and stringent quality control 
standards, several conclusions may be reached based 
upon the child safety seat disaggregation.  First, 
young children are generally placed in age-
appropriate child safety seats, and these are used 
according to manufacturer recommendations.  
Further, children of 4 through 7 years old, follow a 
similar pattern.  With an eye toward cell size and 
children of ages 8 through 9 years not being captured 
in the sampling design of NASS CDS, approximately 
8 percent of children are unrestrained.  More than 90 
percent of this age group is transported in some sort 
of restraint system.  Less than one percent of this age 
group makes use of an age appropriate system.  In 
trying to understand such findings, this leaves 
researchers with the question of early graduation 
versus robustness of children of this age warranting 
graduation. 
 
Prior to 2002, older formatting was retained and 
accurate characterization of booster seats was not 
possible.  Additionally, archaic child seat types were 
eliminated and better definitions were provided for 
the child restraints, per Table 4. 

 
In the new data set, improved descriptions have 
become available with respect to harness design.  
Previously, analysts imagined configuration of the 
child restraints based upon the child safety seat.  
Currently, it is possible to identify harness, clip, 
tether, and latch design, as seen in Table 5. 
 
Placement of Child Safety Seat 
 
Another variable allowing for better characterization 
of the child safety seat is the placement variable, as 
shown in Table 6.  This allows for the precise 
location of the child seat with respect to the vehicle 
interior. 
 
In cases where a placement was other than the seat, 
consultation of other relevant variables might be 
necessary to understand fully the circumstance.  
Further, as with any other interview tool, the 
researchers must rely upon cooperation from the 
crash occupant and their ability to elicit appropriate 
information from the interviewee. 
 
With nearly 90 percent of child restraints reported on 
the vehicle seat, installation issues may be ebbing.  
However, concern rests with the remaining ten 
percent that were found on the floor or an unknown 
location.  The unknown location may stem from the 
absence of a vehicle/child restraint inspection, or lack 
of crash occupant interview.  It should be noted that 
this is only one element that might be considered 
when assessing improper restraint usage and 
installation.  Prior to 2002, improper restraint usage 
was reported in the data set, as determined by the 
CDS researcher based upon experience.  The 
enhanced variables and attributes allow the data user 
to characterize proper restraint usage by interpreting 
the encoded child safety seat data encoded. 
 
Orientation of the child with respect to the safety seat 
is a further enhancement to this description.  The 
child orientation may be described, per Table 7. 
 
The orientation might be used to signal problems of 
child placement.  For instance, with the 
accompanying variables describing the child seat 
make and model, it might be possible determine the 
validity of the caregiver’s installation of the car seat 
and the child within the car seat. 
 
Child Safety Seats and Occupant Injury Severity 
 
Historically, the use of child restraint systems has 
been the preferred child protection.  During recent 
years, the idea of some restraint system being better 
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than nothing has been considered.  By consensus, 
however, unrestrained children are the most 
vulnerable, per Table 8. 
 
Among children, birth through 12 years old, less than 
ten percent are unrestrained.  Further, less than one 
percent of the child occupant population sustains 
critical or maximum injuries.  The unrestrained 
children sustain the majority of MAIS 5 and 6 
injuries.  This is followed by those children who 
graduate early to lap and shoulder belts. 
 
Table 9, provides evidence for the age appropriate 
restraint usage.  Among occupants restrained by a 
child safety seat, less than one percent sustains MAIS 
5 or 6 injuries.  More than 50 percent of those 
occupants sustaining critical and maximum injuries 
were restrained by an unknown type of child 
restraint.  This reinforces the message in support of 
age-appropriate child restraints. 
 
SUMMARY 
 
As introduced in Murianka (2005), the enhanced data 
sets were unavailable for the public at the time of 
publication.  However, in December 2006, these data 
sets were made available to the authors under the 
condition of use for the quality-controlled segments 
of the data set.  The exhaustive review of the child 
safety data made this possible.  At this moment, the 
remaining portions of the data set are undergoing 
rigorous quality control to ensure accurate 
codification of the data, as dictated by NASS data 
release practices. 
 
At this stage in data collection, the child safety data 
contained in the enhanced data set may be considered 
for anecdotal representation.  Although weighting 
factors accompany each record as set forth by the 
sampling design, reliance on the differences in 
frequency amongst any of these attributes would be 
reckless owing to the small cell sizes found upon 
disaggregating the data.  With the accumulation of 
added years of data, tests of significance might be 
applied to reach meaningful conclusions. 
 
The data eventually will allow the safety community 
to identify child passenger restraint usage.  Among 
those children who benefit from child safety systems 
additional data will be available relevant to the 
technologies used, the child seat and vehicle 
interaction, and the occupant interaction with the 
child safety system. 
 
 

CASE AVAILABILITY 
 

As previously, electronic case files may be 
accessed via the NHTSA website, Electronic Case 
Access Screen.  The hyperlink is as follows: 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa.  This allows users to obtain elements that 
might not be available in the 11-file SAS data sets, 
also available on the NHTSA website. 
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Table 1:  Number of Cases Coded in NASS CDS, Unweighted Data 
YEAR Total # of CDS 

Cases 
Child Seat 

Cases 
# of Child Seats 

Coded 
1999 4,274 182 230 
2000 4,307 210 248 
2001 4,090 188 220 
2002 4,589 225 279 
2003 4,754 219 276 
2004 5,624 271 351 
2005 4,481 234 293 

Table 2:  NASS CDS Occupants, in Years and Months, 2002 - 2005 
Age 

in Years 
Age 

in Months 
Total Occupants, 

Raw 
Total Occupants, 

Weighted 
0 1 - 3 72 26,618 
0 4 - 6 70 27,091 
0 7 - 9 72 37,646 
0 10- 12 155 79,896 
1 13 - 15 35 12,848 
1 16 - 18 64 27,452 
1 19 - 21 55 25,211 
1 22 - 24 333 137,374 
2 25 - 27 1 387 
2 28 - 30 3 452 
2 31 - 33 0 0 
3 34 - 47 296 112,849 
4 48 - 59 259 95,566 
5 60 - 71 267 95,520 
6 72 - 83 275 127,092 
7 84 - 95 270 96,869 
8 96 - 107 274 148,051 
9 108 - 119 273 116,490 

10 120 - 131 268 142,111 
11 132 - 143 260 75,132 
12 144 - 155 280 156,002 

Total 3,582 1,540,659 
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Table 4:  Annualized Child Safety Seat Usage, Children Birth through 9 Years, NASS CDS, 
2002 - 2005 

Child Safety Seat 

Birth 
through 3 

Years 
4 through 7 

Years 
8 through 9 

Years Total 
Convertible Seat, CSS 40,511 1,881 0 42,393 

Forward Facing Only, FSS 13,797 5,881 150 19,828 
Infant Seat, ISS 13,944 0 0 13,944 

Booster Seat, BSS 12,356 13,463 468 26,287 
Integrated Seat, INT 359 167 0 526 
Special Needs, SNSS 0 20 0 20 

Booster/Forward Facing 
Seat, BSS/FSS 0 31 0 31 

Booster Seat/ Convertible 
Facing Seat, BSS/CSS 3 0 0 3 

Other or Unknown 23,646 4,770 7 28,422 
Total 104,616 26,214 625 131,455 

Note:  Child Safety Total is slightly different owing to rounding, and variable and 
attribute combination 

 
Table 5:  Description of Design Aspects Available in Enhanced NASS CDS 

Table 5a:  Attributes 
Relevant to Harness 

Table 5b:  Attributes 
Relevant to Clip 

Table 5 c:  
Attributes Relevant 

to Tether 
Table 5d:  Attributes 

Relevant to Latch 

Three point 

No clip available (OR Not 
Designed with Harness 
Retainer Clip) 

No tether available 
(OR Not designed 
with Tether) 

No LATCH available 
(OR Not designed with 
LATCH) 

Five Point 

Clip available (OR 
Designed with Harness 
Retainer Clip) 

Tether available (OR 
Designed with 
Tether) 

LATCH available (OR 
designed with LATCH) 

T-Shield Unknown Unknown  Unknown  
Tray Shield    

Shield    
No harness/shield available 

(OR Not designed with 
harness/shield) 

Unknown    
 

 Table 3 Annualized NASS CDS Occupants, in Years and Months, NASS CDS 

Restraint 
Usage 

Birth 
through 3 

Years 
4 through 
7 Years 

8 through 
9 Years 

10 through 
12 Years Total 

Unbelted 7,638 12,157 5,226 11,952 36,973 
Child Safety 

Seat 101,888 24,712 625 0 127,225 
Lap and 

Shoulder Belt 6,380 49,329 48,864 71,087 175,660 
Other or 

Unknown 6,051 17,563 11,421 10,273 45,307 
Total 121,957 103,762 66,135 93,311 385,165 
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Table 6:  Annualized Child Seat Placement, Birth through 12 Years, NASS CDS 2002 - 2005 

Child Safety Seat 
Seat Floor Other or 

Unknown Total 
Convertible Seat, CSS 50,237 101 73 50,411 

Forward Facing Only, FSS 21,434 194 48 21,676 
Infant Seat, ISS 13,897 317 111 14,324 

Booster Seat, BSS 29,306 5 143 29,454 
Integrated Seat, INT 1,039 0 160 1,198 
Special Needs, SNSS 20 0 0 20 

Booster/Forward Facing Seat, 
BSS/FSS 39 0 0 39 

Booster Seat/ Convertible Facing 
Seat, BSS/CSS 7 0 0 7 

Other or Unknown 19,446 0 12,535 31,981 
Total 135,424 617 13,070 149,110 

Note:  Child Safety Total is slightly different owing to rounding, and variable and attribute combination 
 

Table 7:  Annualized Child Seat Orientation, Children Birth through 12 Years, NASS CDS, 2002 - 2005 

Child Safety Seat Rear Facing Forward Facing Supine Other or Unknown Total 
Convertible Seat, CSS 5,128 41,429 0 3,854 50,411 
Forward Facing Only, 

FSS 0 21,360 0 316 21,676 
Infant 

Seat, ISS 13,643 344 150 187 14,324 
Booster Seat, BSS 0 27,716 0 1,738 29,454 

Integrated Seat, INT 0 1,198 0 0 1,198 

Special Needs, SNSS 0 20 0 0 20 
Booster, 

Forward Facing Seat, 
BSS/FSS 0 39 0 0 39 

Booster Seat/ 
Convertible Facing 

Seat, BSS/CSS 0 7 0 0 7 
Other or Unknown 2,540 8,715 0 20,727 31,981 

Total 21,310 100,827 150 26,822 149,110 
Note:  Child Safety Total is slightly different owing to rounding, and variable and attribute combination 
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Table 8:  Annualized Child Safety Seat Usage, by  Maximum Injury Severity, Children Birth through 9 Years, 

NASS CDS, 2002 - 2005 

Child Safety 
Seat 

Uninjured 
MAIS 0 

Minor 
MAIS 

1 
Moderate
MAIS 2 

Serious
MAIS 

3 

Severe
MAIS 

4 

Critical
MAIS 

5 
Maximum 
MAIS 6 

Other or 
Unknown
MAIS 7, 

9 Total 
Unrestrained 15,868 16,062 2,299 1,319 469 197 41 718 36,973
Child Safety 

Seat 99,159 22,229 706 207 190 81 43 4,610 127,225

Lap and 
Shoulder Belt 121,652 49,983 2,250 476 137 105 18 1,034 175,654

Other or 
Unknown 28,401 11,156 830 205 60 13 11 4,631 45,307

Total 265,079 99,429 6,086 2,207 856 396 113 10,992 385,159
 
 

Table 9:  Annualized Child Safety Seat Usage, by  Maximum Injury Severity, Children Birth through 9 Years, NASS 
CDS, 2002 - 2005 

Child Safety Seat 
Uninjured 

MAIS 0 

Minor
MAIS 

1 
Moderate
MAIS 2 

Serious
MAIS 

3 

Severe
MAIS 

4 

Critical
MAIS 

5 
Maximum 

MAIS 6 

Other or 
Unknown

MAIS 
7 or  9 Total 

Convertible Seat, 
CSS 32,804 6,418 72 45 5 11 2 3,037 42,393

Forward Facing 
Only, FSS 14,508 5,008 77 94 124 13 0 5 19,828

Infant Seat, ISS 11,948 1,783 125 10 20 32 25 0 13,944

Booster Seat, BSS 20,579 5,536 98 21 44 3 0 6 26,287
Integrated Seat, 

INT 463 40 9 11 0 0 0 3 526
Special Needs, 

SNSS 20 0 0 0 0 0 0 0 20
Booster/Forward 

Facing Seat, 
BSS/FSS 31 0 0 0 0 0 0 0 31

Booster Seat/ 
Convertible Facing 

Seat, BSS/CSS 0 3 0 0 0 0 0 0 3

Other or Unknown 21,589 4,832 347 37 10 24 20 1,564 28,422
Total 101,943 23,621 727 218 203 81 47 4,615 131,455 

Note:  Child Safety Total is slightly different owing to rounding, and variable and attribute combination. 
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ABSTRACT 
 
Earlier studies by the authors have examined factors 
that contribute to rollover crash severity.  These 
factors include: (1) belt use, (2) the number of 
quarter-turns aggregated according to number of 
vehicle inversions, and (3) the damage severity from 
planar impacts with fixed and non-fixed objects that 
occur before or during the rollover.  Further research 
indicated that rollovers with severe damage from 
planar impacts should be analyzed separately from 
other rollovers since the injury rates for these crashes 
is 2 to 3 times greater than equivalent rollover 
crashes with less severe damage. 
 
This paper separates rollovers into two categories, 
based on the presence or absence of severe damage 
from a planar crash.  The research then examines the 
distribution of MAIS 3+ injuries and harm by body 
region and contact for belted adult occupants in each 
rollover category.  The rollover categories are further 
examined using the number of vehicle inversions to 
quantify rollover crash severity. 
 
Based on the analysis, the magnitude of the 
opportunities for injury and harm reduction through 
safety enhancements such as air curtains and safety 
belts designed for rollover protection is examined. 
 
INTRODUCTION 
 
The NASS CDS (National Automotive Sampling 
System/ Crashworthiness Data System) is a sample of 
tow away crashes that occur on US roads each year.  
The sample is stratified by the severity of the crash.  
The sample rate for minor crashes is much lower than 
for severe crashes.  In order to expand the stratified 
sample to the entire population it represents, an 
inflation factor is assigned to each case in the NASS 
CDS sample.  When the data are processed using the 
actual number of cases investigated, the data is 
referred to as “unweighted”.  When the data are 
processed using the inflation factors, the results 

should represent the total population of vehicles and 
the data are referred to as “weighted”. 
 
Earlier analysis by the authors showed clearly that 
rollovers with 4+ quarter-turns carried a higher injury 
rate than rollovers with fewer quarter-turns.  Prior to 
1995, NASS did not code the number of quarter-turns 
beyond four.  Beginning in 1995, the NASS coding 
was expanded to enumerate the number of quarter-
turns up to 16.  Rollover extent of damage was also 
measured and categorized in three severity levels – 
minor, moderate, and severe.  Unlike the extent of 
damage classified via the Collision Deformation 
Classification, a reserved phrase and variable name in 
NASS CDS, this study examines total delta-V and 
estimated delta-V, as given for the most severe event.  
For planar crashes, for which a delta-V can be 
calculated by measurements taken at the crash scene, 
the numeric or total delta-V is considered.  In cases 
where the algorithm parameters are exceeded, a 
qualitative or quantitative delta-V is reported as the 
estimated delta-V.  Delta-V is a measure of crash 
energy transfer and deemed to form part of a 
composite crash severity indicator.  For rollover 
crash events, however, the reported delta-V is a 
qualitative indicator of crash severity not energy 
transfer.  It should be noted that, the algorithm fails 
in extreme or complex planar engagements and 
rollover crashes.  The enumeration of up to 16 
quarter-turns in NASS has provided a much more 
detailed characterization of the rollover.  However, it 
has complicated the analysis because it has created 
smaller cells with varying amounts of data.  As an 
artifact of sample size and cell size issues, some 
lower numbers of quarter turns carry higher injury 
rates than subsequent numbers of quarter-turns.  
Previous analysis has demonstrated the merit of 
aggregating quarter turn cells producing increasing 
injury risk.  Owing to the complex nature of rollover 
crashes, it is desirable to identify the factors other 
than quarter-turns that contribute to injury risk. 
 
In an earlier study, crash factors that increased the 
risk of MAIS 3+ injuries in rollovers were examined 



Digges, 2  

[Digges 2006].  The study found that the number of 
times the vehicle roof faces the ground (number of 
vehicle inversions) was a statistically significant 
factor that predicted increased injury risk for single 
vehicle rollovers.  The analysis also examined the 
extent of damage to the vehicle as an added severity 
metric for rollovers that are preceded by or 
interrupted by impacts with fixed and non-fixed 
objects.  Vehicle damage was measured and 
categorized in three severity levels:  minor, moderate, 
and severe.  Rollovers were also coded into four 
classes :  (1) rollover as a single event, (2) rollover as 
the 1st event of multiple harmful events, (3) rollover 
preceded by impact with a non-fixed object, and (4) 
rollover preceded by impact with a fixed object.  It 
was found that the number of vehicle inversions was 
a good severity metric for rollovers with fixed and 
non-fixed object impacts so long as cases with severe 
damage from the object impacts were excluded.  The 
inclusion of the rollovers with minor and moderate 
damage from fixed object impacts with pure rollovers 
permits the application of the number of vehicle 
inversions as a severity metric to about 80% of the 
rollovers with belted front seat occupants and MAIS 
3+ injuries.  The remaining 20% are rollovers with 
severe damage with fixed or non-fixed objects and 
the planar impact may have contributed to the injury 
severity.  In an earlier study, new NASS codes were 
used to examine crash factors that increased the risk 
of MAIS 3+ injuries [Digges 2003].  That study used 
NASS CDS 1995-2001 data.  The variables added in 
1995 permitted a more robust examination of how 
planar damage and number of quarter-turns may 
influence the risk of injury.  These rollovers may 
require countermeasures to protect against both the 
planar impact and the rollover.   
 
The earlier study found that the number of vehicle 
inversions was a statistically significant factor that 
predicted increased injury risk for belted occupants in 
single vehicle rollovers and in rollovers with impacts 
with fixed and non-fixed objects where only minor 
and moderate damage occurs. 
 
DATA QUERIES 
 
The data set described in this paper was queried from 
NASS CDS, a database of NASS, years 1995 through 
2005.  Definitions were prepared below for:  
occupant selection, quarter turn (rollover) 
codification, crash configuration, restraint usage, 
ejection status, injured body region groupings, injury 
severity, and occupant counts versus injury counts. 

Occupant Selection 
 
As described in previous works, occupancy rates of 
the various vehicle platforms dictated the selection of 
drivers and right front passengers.  It was found that 
the higher occupancy rates of vans and SUV’s tended 
to bias the results when all rear seat occupants were 
included [Digges 2003].  Earlier work has shown that 
belted and unbelted occupants should not be 
combined when attempting to characterize rollover 
crash severity [Digges 2003].  In the present study, 
only belted occupants were considered.  Occupants 
less than 12 years old were excluded from the study 
because of complications that could be introduced by 
the presence of a variety of supplemental restraint 
systems not accounted for by the OEM. 
 
Quarter Turn Codification 
 
In addition to the classification of quantifiable quarter 
turns, rollover crashes may be defined as end-over-
end rollover crashes or rollover with unknown 
details.  The end-over-end rollover crash owing to its 
severe nature and varying crash dynamics requires an 
individual severity metric and is not examined in 
detail.  Although reported in the Table 3 for 
completeness, the rollover of unknown detail was 
excluded from the analysis since the number of 
quarter turns was not quantified and it could not be 
established whether the rollover was lateral or 
longitudinal. 
 
Crash Configuration 
 
Two types of data queries were run for the analysis.  
First, all applicable front seat occupants involved in 
single vehicle rollovers were disaggregated.  In this 
run, all damage levels were included but impacts with 
fixed and non-fixed objects were excluded.  Second, 
all remaining rollover types were disaggregated and 
the cases with severe planar damage were excluded.  
The data runs provided the distribution of crashes and 
injured occupants by MAIS, Fatality, and Injured 
Body Regions.  The results are presented in the 
sections to follow.  
 
Restraint Usage and Ejection Status 
 
As reported in Digges [2003], restraint usage and 
ejection status were applied in this paper.  In 
summary, restraint usage was disaggregated by 
restrained, unrestrained, and ineffectively restrained 
occupants with respect to the rollover crash 
exigencies.  The ejection analysis was an underlying 
element of this research and considered in the data 
interpretation presented in the Discussion. 
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Definition of MAIS 3+F and Harm 
 
MAIS 3+ refers to occupants who sustain injuries 
with classification of serious (MAIS 3), severe 
(MAIS 4), critical (MAIS 5), or maximum (MAIS 6).  
In NASS CDS, a treatment variable is coded 
indicating the occupant disposition pursuant to the 
crash.  One of the possible dispositions is fatality and 
must be consulted in conjunction with the MAIS 
score to ascertain occupant outcome. 
 
The MAIS 3+F populations were determined by 
separating the fatally injured from the survivors.  All 
the fatalities were that added to the survivor data at 
the MAIS 6 level.  The Harm was then calculated 
using the procedures reported by Malliaris [1982].  
The Harm weighting factors were based on the costs 
in Appendix E of DOT HS 809 203.  Both MAIS 1 
and 2 injuries were excluded from the MAIS 3+ 
Harm calculation.  AIS 3+ Harm is calculated by 
applying the Harm weighting factors to the most 
severe AIS 3+ injury for each body region that 
sustains a serious injury. 
 
It should be noted that MAIS and AIS might be used 
interchangeably in this study.  Although common 
NASS CDS practice indicates that the maximum 
abbreviated injury scale score is applied at the 
occupant level, this concept may be extended to 
indicate the maximum AIS injury per body region per 
occupant. 
 
Analysis Variables 
 
The analysis variables were created using existing 
NASS CDS variables and attributes.  These included 
groupings for the total delta-V, injury source 
associated with the maximum injury per body region, 
and consideration of the sequence of the rollover with 
respect to the crash events. 
 
The delta-V groupings have been used in previous 
publications and are based upon total delta-V, and 
where that is unavailable estimated delta-V.  The 
delta-V has been categorized as minor moderate, or 
severe.  The delta-V is related to the most severe 
event in the crash, with respect to vehicle damage.  
This is either a calculated or estimated planar delta-V 
or and an estimated delta-V.  In the case of rollover 
crashes, delta-V is used very loosely and is 
synonymous with crash severity.  This is an accepted 
meaning of delta-V but in the planar sense, it 
involves some sense of change in velocity.  The 
estimated planar delta-V is generally associated with 
the researcher-assessed delta-V based upon 

experience.  This can take on a numeric, as well as a 
qualitative value. 
 
The sequence of the rollover and its severity was 
reported in Digges [2006].  This disaggregation 
considered rollover as a single event crash, otherwise 
called pure rollover, and multiple event crashes 
during which the rollover occurred subsequent to the 
first event, other rollover, per Table 1.  The rollover 
type and severity inclusion was studied, as seen in 
Table 1.  Consideration was also given to whether 
rollover occurred pursuant to a fixed, nonfixed 
contact, or mixed fixed and nonfixed contacts. 
 
 

Table 1:  Rollover Type and Severity Inclusion 
 

Rollover Type 

Severity 
(Extent of 
Damage) 

Injury 
Severity

Pure Rollover All All 

Other Rollover 
Minor, 

Moderate All 
 
 
The injury source groupings associate occupant 
contacts to injuries sustained, as shown in Table 2.  
These groupings are reflective of gross vehicle 
locations and include:  upper vehicle, mid vehicle, 
safety belt and airbag systems, ground and other 
vehicle contact, other contacts.  The upper vehicle 
includes roof, headers, windows, frames, and pillars.  
The mid vehicle consists of side interior, dash board, 
and steering wheel.  The safety belt and airbag 
systems account for any constituent of the active or 
passive restraint system exclusive of the knee bolster.  
Finally, the other grouping considers any contact not 
listed previously. 
 
The injury source is assessed by comparing physical 
evidence found within or around the vehicle.  
Examples of physical evidence may take the form of 
body fluid residue, tissue transfer, scuffing, denting, 
or make up traces.  The evidence is codified on 
vehicle diagrams indicating location of transfer.  
These diagrams are compared with medical records 
to determine reasonable matching of the evidence 
with recorded injuries.  The injury source is 
synonymous with injury contact source, as referenced 
in Table 2, and indicates occupant contact with a 
vehicle or external component that is associated with 
an injury sustained by the occupant. 
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Table 2:  Injury Contact Categories 

Injury Contact 
Categories Description 

Upper Vehicle 
Window Sills and above, 

inclusive of frame and glazing 

Mid Vehicle 
Instrument Panel, Interior 

Hardware, Steering Assembly 

Safety Belt and 
Airbag System 

Active and Passive Restraint 
System, inclusive of components 

and hardware 
Ground, Vehicle 
Exterior, Other 
Vehicle 

Any exterior occupant contact, 
generally associated with some 

degree of ejection 

Other Contact 
Any other contact not mentioned 

in the previous categories. 
 
 
RESULTS:  DATA ANALYSIS 
 
Table 3 shows the distribution of Exposed and MAIS 
3+F injuries for relevant belted population in NASS 
CDS 1995-2005.  The relevant population is all 
outboard front seat occupants age 12 and older.  In 
this table, the authors consider only the relevant 
belted population involved in rollover without planar 
impacts and the relevant belted population exposed to 
rollovers with minor or moderate damage from planar 
impacts.  The raw NASS CDS contains 4,669 belted 
relevant occupants exposed to rollover and 701 
relevant occupants with MAIS 3+ injuries.  The 
weighted numbers are 2,180,113 exposed relevant 
occupants and 73,340 MAIS 3+F injured occupants. 
 
The columns in Table 3 show the number of vehicle 
inversions.  One quarter turn is represented by “0 
Inv”.  Two to five quarter-turns are included in “1 
Inv” and so on.  The data in the first six columns of 
each row adds to 100%.  The “% of All” column 
shows the percent of the total population represented 
by the sum of the six columns.  About 33% of MAIS 
3+F injuries in this population occur in single vehicle 
rollovers without planar impact.  The remaining 67% 
are rollovers with planar impact and minor or 
moderate damage.  As stated above, rollovers with 
planar impact and severe damage are considered a 
different severity class and have been excluded from 
this analysis.  Approximately 20% of the MAIS 3+ 
rollover injuries to belted occupants in NASS occur 
in these severe damage cases. 
 
The “M3+ Risk” row in Table 3 represents the MAIS 
3+F injury rates per 100 relevant occupants exposed 
to the crash environment as defined by the same 

column.  The “M3+ Risk” in the % of All column is 
the average risk for the population in the row. 
 
Several observations may be made from the data.  
First, a substantial fraction of the MAIS 3+F injuries 
(72%) in single vehicle rollovers without planar 
impact involve crashes with more than one vehicle 
inversion.  These account for about 33% of the MAIS 
3+F injuries.  In the cases of rollovers with planar 
impacts, only 43% of the MAIS 3+F injuries occur in 
crashes with more than one inversion.  It should be 
noted that 1% of the MAIS 3+ injuries are end-over-
end, and 6% have unknown numbers of inversions.   
 
Second, the injury risk for 0 inversions is much 
higher for rollovers with minor and moderate planar 
damage than it is for pure rollovers.  Earlier papers 
by the authors have noted that this is partially due to 
the vulnerability of the vehicle to a roof impact with 
a fixed or non-fixed object when the rollover is 
interrupted at one quarter-turn.  A more precise 
benefits analysis may help separate out these cases. 
 
Third, the injury rate for one vehicle inversion is 
generally higher for the crashes with planar impacts, 
suggesting that the planar crash may contribute to the 
injury.  However, when examining the influence of 
vehicle inversion on injury rate, the differences are 
small in comparison. 
 
Finally, the injury risk for end-over-end rollovers 
with no planar impact is extremely high.  These 
represent a separate class of rollover severity and will 
not be considered further in the analysis to follow. 
 
Table 4 shows the similar data to Table 3, but with 
the injuries disaggregated by body region.  In Table 
4, the two rollover groupings in Table 3 are 
combined. 
 
The distribution of MAIS 3+ Harm by body region 
for the population in Table 4 is shown in Table 5.  In 
this table, the cases with unknown number of quarter-
turns and end-over-end classification have been 
excluded.  Table 5 also compares the weighted and 
unweighted data.  The number of unweighted cases 
with MAIS 3+ injuries was 661.  These cases 
expanded to 69,758 when weighting factors were 
applied.  The principal effect of the weighting factors 
is to increase the number of chest injuries in pure 
rollovers while decreasing the number of head 
injuries in rollovers with planar impacts. 
 
Table 6 provides a further disaggregation of the 
Table 5 weighted data by two classes of rollover 
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severity.  Table 7 provides the same categories, but 
with unweighted data. 
 
The distributions of AIS3+ Harm by injuring contacts 
in rollover crashes are displayed in Table 8.  The 
NASS codes more than 20 different contacts.  These 
were aggregated into 5 categories- (1) Upper Vehicle, 
(2) Mid Vehicle, (3) Belt & Air Bag, (4) All Other 
Interior and (5) Ground, and Other Vehicle.  The 
contents of each category are discussed earlier in the 
paper.  The data in Table 8 is based AIS 3+ injuries 
to all body regions with known contacts.  In cases 
where occupants had more than one AIS 3+ injury, 
all the injuring contacts that were associated with all 
injuries AIS 3 and greater were included.  The Harm 
calculation applied the MAIS weighting factors to the 
equivalent level of AIS injury.  There were 719 raw 
contacts with AIS 3+ injuries.  When weighted, these 
expanded to 75,341.  The principal effect of the 
weighting factors was to increase the Harm from mid 
vehicle contacts in pure rollovers at the expense of 
upper vehicle contact Harm in rollovers with planar 
impacts. 
 
DISCUSSION 
 
Tables 3 and 4 both show an increasing injury rate 
for increases in number of vehicle inversions.  For 
planar impact, rollovers with minor and moderate 
damage, the 0 and 1 vehicle inversions carry a higher 
injury risk than the single vehicle rollovers.  The 
planar impact may contribute to the injuries in some 
of these cases.  However, the differences are small in 
comparison with the risk increase when 2 or more 
vehicle inversions occur.  Earlier research found that 
for the selected populations of rollovers, there was a 
statistically significant relationship between the 
number of vehicle inversions and the risk of MAIS 
3+ injury [Digges 2006]. 
 
Table 5 indicates that the Head Grouping has the 
largest fraction of AIS 3+ Harm for both weighted 
and unweighted data.  The weighted data increases 
the Chest/Abdomen Harm in pure rollovers while 
decreasing head injuries in rollovers with planar 
damage.  This trend continues in the Table 6 and 
Table 7 data.  Chest/Abdominal injuries in pure 
rollovers with 2+ vehicle inversions are considerably 
more numerous in the weighted data than in the 
unweighted data.  An examination of Table 8 shows 
that mid-vehicle contacts carry much higher Harm for 
pure rollovers in weighted data compared to 
unweighted data. 
 
Tables 6 and 7 indicate that the largest opportunity 
for injury reduction of the belted rollover population 

under consideration is in multiple impacts with minor 
and moderate damage and with low numbers of 
vehicle inversions.  This Rollover Grouping accounts 
for over 50% of the AIS 3+ Harm.  The Head Injury 
Grouping accounts for about half of the body region 
Harm within this population.  Another observation 
from these tables is that the second largest 
opportunity for injury reduction is in pure rollovers 
with 2+ vehicle inversions.  The 2+ rollover severity 
accounts for more than half of the AIS 3+ Harm in 
pure rollovers.  In the 2+ severity grouping, both the 
Head and Chest Body Regions offer large 
opportunities for injury reduction. 
 
Table 8 shows the AIS 3+ Harm from injuring 
contacts by rollover type.  Relatively small amounts 
of Harm are attributed to the Restraints and to ‘Other’ 
contacts.  Even for belted occupants, about 10% of 
the Harm is associated with partial or complete 
ejection.  Systems to reduce injuries from the 
combined upper interior and external contacts could 
conceivably address a large fraction of the Harm.  An 
almost equally large opportunity exists in trying to 
reduce injuries from contacts with mid-vehicle 
surfaces. 
  
 
CONCLUSIONS 
 
This paper deals only with belted adult front seat 
occupants exposed to rollover crashes.  The grouping 
of belted occupants in rollovers according to number 
of vehicle inversions offers the ability to examine 
opportunities for reducing injuries in crashes of 
different types and of different severities.  This paper 
excluded rollovers with severe damage from impacts 
with fixed and non-fixed objects and end-over-end 
rollovers.  These rollovers need special treatment to 
reflect their high injury risk.  The remaining rollovers 
account for about 80% of the MAIS 3+ injuries and 
fatalities.  The analysis and conclusions in this paper 
deal with this remaining population of belted 
occupants rollovers. 
 
Pure rollovers without damage from other crash 
events account for about 40% of the Harm.  Over half 
of this Harm occurs in rollover crashes with more 
than 2 vehicle inversions.  The injuring contacts for 
pure rollovers are about equally distributed between 
upper and mid-vehicle locations.  Each accounts for 
about 45% of the Harm.  About 2% of the Harm is 
attributed to the restraint systems.  About 4% is 
associated with ejection and 4% other contacts.  The 
head and chest body regions are about equal in 
accounting for 90% of the Harm attributed to this 
population. 
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Rollovers with damage from other crash events 
account for about 60% of the Harm.  About 86% of 
this Harm occurs in rollovers crashes with less than 2 
vehicle inversions.  Injuries to the head, face, neck, 
and spine account for about 65% of the Harm in this 
rollover category.  Systems that could address 
contacts from the combined upper interior and the 
ground may offer a large opportunity for Harm 
reduction.  Harm reduction from mid-vehicle contacts 
offers an opportunity of about the same magnitude – 
about 40% of the Harm attributed to this population. 
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Table 3.  Distributions of Exposed Occupants, Harm, MAIS 3+F and MAIS 3+F Injury Risk for Rollover 
Populations 

 

Single Vehicle Rollover, No Planar Impact - All Damage Severity 

Population 
0 Vehicle 
Inversion 

1 Vehicle 
Inversion 

2 Vehicle 
Inversion 

3+ 
Vehicle 

Inversion 

END 
OVER 
END Unknown % of All 

MAIS 2+Harm 1% 36% 41% 13% 1% 9% 28% 
MAIS 3+ Harm 1% 33% 45% 11% 1% 9% 29% 

MAIS 3+F 0.2% 23% 66% 6% 2% 3% 33% 
Exposed 8% 72% 14% 1% 0.1% 5% 27% 

M3+ Risk 0.11  1.01  11.30  14.35  48.74  3.35  2.71  
Rollover with Planar Impact - Minor and Moderate Damage 

Population 
0 Vehicle 
Inversion 

1 Vehicle 
Inversion 

2 Vehicle 
Inversion 

3+ 
Vehicle 

Inversion 

END 
OVER 
END Unknown % of All 

MAIS 2+Harm 14% 50% 22% 7% 1% 6% 72% 
MAIS 3+ Harm 14% 48% 24% 7% 1% 6% 71% 

MAIS 3+F 8% 48% 32% 5% 2% 6% 67% 
Exposed 18% 67% 11% 1% 0.2% 3% 73% 

M3+ Risk 1.29  2.02  7.98  14.51  18.38  5.78  2.83  

Rollover with No Planar Impact + With Planar Impact - Minor and Moderate Damage 

Population 
0 Vehicle 
Inversion 

1 Vehicle 
Inversion 

2 Vehicle 
Inversion 

3+ 
Vehicle 

Inversion 

END 
OVER 
END Unknown % of All 

MAIS 2+Harm 11% 46% 27% 8% 1% 7% 100% 
MAIS 3+ Harm 10% 44% 30% 8% 1% 7% 100% 

MAIS 3+F 6% 41% 40% 6% 2% 6% 100% 
Exposed 15% 68% 12% 1% 0.2% 3% 100% 

M3+ Risk 1.09  1.68  9.19  14.44  23.50  4.72  2.79  
Note:  Rows may not sum to exactly 100 percent owing to rounding. 
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Table 4.  Distributions of Harm, MAIS 3+F and MAIS 3+F Injury Risk by Injured Body Region with 
Rollovers with Severe Damage from Planar Impacts and End-over-end Rollovers Excluded 
 

Head, Face, Neck & Spine Injuries 

Population 
0 Vehicle 
Inversion 

1 Vehicle 
Inversion 

2 Vehicle 
Inversion 

3+ Vehicle 
Inversion Unknown Ave Risk 

MAIS 2+Harm 8% 50% 23% 12% 6%   
MAIS 3+ Harm 6% 48% 26% 13% 7%   

MAIS 3+F 6% 54% 30% 3% 8%   
Exposed 15% 68% 12% 1% 3%   

M3+ Risk 0.31  0.66  1.78  5.44  1.61  0.83  
Chest & Abdomen Injuries 

Population 
0 Vehicle 
Inversion 

1 Vehicle 
Inversion 

2 Vehicle 
Inversion 

3+ Vehicle 
Inversion Unknown Ave Risk 

MAIS 2+Harm 13% 43% 28% 8% 6%   
MAIS 3+ Harm 13% 40% 30% 9% 7%   

MAIS 3+F 6% 35% 43% 5% 7%   
Exposed 15% 68% 12% 1% 3%   

M3+ Risk 0.41  0.48  3.36  4.79  1.91  0.94  

Pelvic, Upper & Lower Extremity Injuries 

Population 
0 Vehicle 
Inversion 

1 Vehicle 
Inversion 

2 Vehicle 
Inversion 

3+ Vehicle 
Inversion Unknown Ave Risk 

MAIS 2+Harm 20% 50% 18% 7% 4%   
MAIS 3+ Harm 19% 48% 19% 8% 4%   

MAIS 3+F 10% 65% 16% 5% 3%   
Exposed 15% 68% 12% 1% 3%   

M3+ Risk 0.63  0.65  1.01  3.96  0.79  0.74  
Note:  Rows may not sum to exactly 100 percent owing to rounding. 
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Table 5.  Percentage of AIS 3+ Harm by Body Region in All Pure 
Rollovers and Rollovers with Minor or Moderate Planar Impact 

Damage by Rollover Type, Weighted and Unweighted Data; End-over-
end Rollovers Excluded 

Weighted Data 
Body Region All Pure Roll Min/Mod Damage All 

Head, Neck, Face, Spine 19% 27% 47% 
Thorax, Abdomen 17% 19% 35% 

Extremities with Pelvis 4% 14% 18% 
Total 40% 60% 100% 

Unweighted Data 
Body Region All Pure Roll Min/Mod Damage All 

Head, Neck, Face, Spine 19% 36% 55% 
Thorax, Abdomen 8% 22% 31% 

Extremities with Pelvis 3% 11% 14% 
Total 31% 69% 100% 

Note:  Rows and columns may not sum to exactly 100 percent owing to 
rounding. 

 
Table 6.  Percentage of AIS 3+ Harm by Body Region in All Pure 

Rollovers and Rollovers with Minor or Moderate Planar Impact Damage 
by Rollover Type and Severity, Weighted Data; End-over-end Rollovers 

Excluded 
0 & 1 Inversions - Weighted Data 

Body Region All Pure Roll Min/Mod Damage All 
Head, Neck, Face, Spine 10.7% 23.3% 34.9% 

Thorax, Abdomen 2.9% 15.3% 18.1% 
Extremities with Pelvis 1.7% 12.4% 14.1% 

Total 15.2% 51.9% 67.1% 
2 & 3+ Inversions - Weighted Data 

Body Region All Pure Roll Min/Mod Damage All 
Head, Neck, Face, Spine 8.6% 3.1% 11.7% 

Thorax, Abdomen 14.0% 3.3% 17.3% 
Extremities with Pelvis 1.8% 2.0% 3.8% 

Total 24.4% 8.3% 32.8% 
Note:  Rows and columns may not sum to exactly 100 percent owing to 
rounding. 
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Table 7.  Percentage of AIS 3+ Harm by Body Region in All Pure 
Rollovers and Rollovers with Minor or Moderate Planar Impact Damage 

by Rollover Type and Severity, Unweighted Data; End-over-end Rollovers 
Excluded 

0 & 1 Inversions - Unweighted Data 
Body Region All Pure Roll Min/Mod Damage All 

Head, Neck, Face, Spine 11.2% 32.7% 43.9% 
Thorax, Abdomen 2.5% 18.5% 21.1% 

Extremities with Pelvis 1.2% 9.1% 10.3% 
Total 14.9% 60.3% 75.3% 

2 & 3+ Inversions - Unweighted Data 
Body Region All Pure Roll Min/Mod Damage All 

Head, Neck, Face, Spine 7.8% 3.4% 11.2% 
Thorax, Abdomen 5.6% 3.9% 9.6% 

Extremities with Pelvis 2.2% 1.6% 3.8% 
Total 15.6% 8.9% 24.6% 

Note:  Rows and columns may not sum to exactly 100 percent owing to 
rounding. 

 
Table 8.  Percentage of AIS 3+ Harm by Injuring Contact in All Pure 

Rollovers and Rollovers with Minor or Moderate Planar Impact Damage by 
Rollover Type, Weighted and Unweighted Data; End-over-end Rollovers 

Excluded 
Weighted Data 

Injuring Contact All Pure Roll Min/Mod Damage All 
Upper Vehicle 17% 19% 36% 
Mid Vehicle 18% 25% 44% 

Other 2% 5% 8% 
Restraint, Airbag System 1% 4% 5% 
Ground, Other Vehicle 2% 6% 9% 

Total 40% 60% 100% 
Unweighted Data 

Injuring Contact All Pure Roll Min/Mod Damage All 
Upper Vehicle 15% 28% 43% 
Mid Vehicle 9% 23% 32% 

Other 3% 8% 11% 
Restraint, Airbag System 1% 3% 4% 
Ground, Other Vehicle 3% 7% 10% 

Total 32% 68% 100% 
Note:  Rows and columns may not sum to exactly 100 percent owing to 
rounding. 
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ABSTRACT 
 
Advances in mirror technology have motivated the need for 
revisiting the question of how drivers use their mirrors while 
driving. Blind spots are the common complaint of mirrors, 
and new designs have appeared in the U.S. and European 
markets to help improve overall visibility. This research 
involves the study of how drivers perform and accept various 
combinations of left and right outside planar, convex, and 
aspheric mirrors. In addition, this research expands the basic 
design to examine the effect of increasing the vertical 
dimension of mirrors.  This paper reports the work in 
progress, including the most recent research issues and 
activities completed just prior to data analysis.  
 
 
INTRODUCTION 
 
 Research and development on automotive rear-view 
mirrors has been ongoing for many years and has resulted in 
numerous technical papers, concepts, recommendations, and 
patents. Many types of mirrors have been developed, but 
only a few are in common use in light vehicles today. In 
recent years, a divergence has occurred between mirrors used 
in the U.S. and mirrors used in the E.U. While the U.S. has 
stayed with outside rear-view mirrors that are flat or convex, 
the E.U. has allowed the outside rear-view mirrors to include 
so-called �aspherics.� Other countries and regions have other 
requirements, but those requirements do not differ too greatly 
from those of the U.S. or E.U. Thus, there are mainly three 
types of outside rear-view mirrors in use today: flat, convex, 
and aspheric.  
 A flat (planar) mirror is one in which the mirror 
surface is a plane (within manufacturing tolerances). A flat 
mirror has the advantage of preserving object size and 
apparent distance in the virtual image appearing in the mirror.  
 A convex mirror has a general definition as well as 
a specific definition. The general definition is that the surface 
of the mirror protrudes toward the user, and the specific 

definition is that the mirror surface is spherical (again, within 
manufacturing tolerances), that is, it has a constant radius of 
curvature across the entire surface, regardless of direction. 
Generally, a convex mirror is considered to be spherical in 
shape unless otherwise stated. A convex mirror minifies the 
image, that is, it reduces the angular subtense of the image at 
the observer�s eye but it does not otherwise appreciably 
distort the image until the radius of curvature becomes very 
small.  

An aspheric mirror also has a general definition and 
a specific definition. The general definition is that the mirror 
has a complex contour that is neither flat nor spherical. The 
specific definition is that the mirror is composed of two 
parts: a convex (spherical) inner portion; and an outer portion 
that increases in curvature, horizontally (while the vertical 
radius remains constant). The two portions are separated by a 
vertical solid or dashed line that is etched into the mirror. The 
intent of increasing the horizontal curvature of the outer 
portion is to increase the field of view of the mirror even 
though some image distortion may occur. 
 This research has the objective of evaluating and 
comparing the various outside rear-view mirrors for use in 
light vehicles. An important goal is to determine the 
advantages and disadvantages of aspheric mirrors relative to 
flat or convex mirrors, and then to make recommendations 
regarding their use. An important additional goal is to 
determine any age effects that might be involved in the use of 
aspheric mirrors with particular emphasis on older driver 
issues.  
  
 
PROBLEM SIZE 
 
 In 2005, there were approximately 6.16 million 
property damage and injury crashes. Of these crashes, it is 
estimated that 4.3 million resulted in property damage only, 
1.8 million resulted in injury, and there were 43,443 fatalities 
(NHTSA, 2005). Of the crashes involving only property 
damage, 4.3% (298,000) were from merging/lane changing 
maneuvers and 1.4% (96,000) resulted from passing another 
vehicle. Of the crashes involving injury, 2.3% (61,000) were 
from merging/lane changing maneuvers and 0.8% (22,000) 
resulted from passing another vehicle. Of the fatal crashes, 
2% (1008) resulted from merging/lane changing maneuvers 
and 2.1% (1062) resulted from passing another vehicle. 
These statistics, taken from Traffic Safety Facts, 2005, were 
obtained from the Fatality Analysis Reporting System 
(FARS) and General Estimates System (GES) databases. It is 
quite possible that a lack of visibility in regard to merging, 
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lane changing, and passing may have been an important 
factor in many of these crashes. 
 There is evidence that convex mirrors on the 
driver�s side of European vehicles help to reduce crashes. 
Luoma, Sivak, and Flannagan (1995) examined lane change 
crashes, related to exterior mirror type, involving light 
vehicles in Finland. These crashes were reported to Finnish 
insurance companies between 1987 and 1992. Results from 
this study suggested that convex and aspheric mirrors on the 
driver�s side reduced crashes during driver�s side lane 
changes by 22%. These results suggest there is some benefit 
to having non-planar driver�s side mirrors.  
 Similarly, Schumann, Sivak, and Flannagan (1996) 
examined whether or not convex mirrors installed on the 
driver�s side were of any value. Crash data were examined 
using a database containing crashes occurring in Great Britain 
from 1989 to 1992. The results of the study suggested that 
having convex mirrors on the driver�s side of the vehicle did 
not increase the likelihood of a crash. In some cases (for 
example, accidents involving mid-size cars) having convex 
mirrors on the driver�s side of the vehicle reduced the 
probability of a crash. 
 In a later study by Luoma, Flannagan and Sivak 
(2000), different from the previously mentioned 1995 study, 
lane change crashes and effects from non-planar mirrors were 
examined. Both spherical convex mirrors and aspheric 
mirrors were examined in this study. A Finnish crash 
database was used to find lane change crashes between 1987 
and 1998. Results suggest that although there was no 
statistically significant difference between spherically convex 
mirrors and aspheric mirrors, when compared to planar 
mirrors, both types of non-planar mirrors reduced the 
likelihood of a crash by 22.9%. This study supports the 
findings of previous studies. Moreover, the results from this 
study are very similar to results from the previous 1995 
study. Based on results from the European studies, it appears 
that there is a benefit to having convex or aspheric mirrors on 
the driver�s side of the vehicle. However, there is no 
evidence suggesting that one type is better than the other. 
   
 
REGULATIONS 
 
 Regulations in Europe differ from those in the U.S. 
regarding rear-view mirrors. The Code of Federal 
Regulations (§571.111), that is, FMVSS No. 111, requires 
mirrors on both the driver side and interior of a light vehicle. 
The standard also specifies the types of passenger side 
mirrors that may be used.  The driver side mirror must be 
planar (unit magnification). The passenger side mirror can be 
(spherically) convex, thereby providing the driver with an 
expanded field-of-view. However, the convex mirror must 
have the phrase �objects in mirror are closer than they 

appear� imprinted on it. The U.S. regulations do not 
specifically disallow aspheric mirrors but the mirrors used 
must meet the existing regulations at the time of vehicle 
manufacture. One manufacturer, Saab, is known to have used 
aspherics in the U.S. The mirror is used on the passenger 
side, has a convex portion, and has a contiguous outer 
portion that is aspheric. These mirrors have been used on 
certain models since approximately 1990. The most recent 
European Directive regarding vehicular rear-view mirrors is 
2003/97/EC, �type-approval of devices for indirect vision 
and of vehicles equipped with these devices� (European 
Parliament and Council, 2003). This Directive (which 
specifically defines an aspheric mirror and its use on 
vehicles) repeals the previous Directive regarding rear-view 
mirrors on vehicles (71/27/EEC). Both spherical and aspheric 
mirrors provide a driver with an expanded field-of-view. 
Directive 2003/97/EC defines an aspheric surface as having a 
constant radius of curvature in only one plane. The definition 
for an aspheric mirror is as follows (European Directive 
2003/97/EC, section 1.1.1.9.): �Aspherical mirror� means a 
mirror composed of a spherical and an aspherical part, in 
which the transition of the reflecting surface from the 
spherical to the aspherical part has to be marked. The 
curvature of the main axis of the mirror is defined in the x/y 
coordinate system defined by the radius of the primary 
spherical curvature with: 
 
y = R − (R2 − x2)1/2 + k(x − a)3 
R : nominal radius in the spherical part 
k : constant for the change of curvature 
a : constant for the spherical size and primary spherical 
curvature. 
 
 The primary purpose of the aspheric mirror is to 
increase the field of view. The current European Directive 
allows for aspheric mirrors to be positioned on both the 
passenger side and the driver side of a light passenger car or 
light truck. These mirrors must have a clearly visible line 
dividing the spherical portion and the aspheric portion of the 
mirror.  
 The current U.S regulation calls for a unit 
magnification (planar) mirror on the driver�s side and a 
planar or convex mirror on the passenger side if the inside 
rearview mirror does not meet certain field of view 
requirements described in FMVSS 111,  section S5.3. The 
planar mirror on the driver�s side must provide a reflected 
field-of-view that is 2.4 m (7.9 ft) wide at 10.7 m (35.1 ft) 
behind the eyes of the driver.  
 If a convex mirror is used on the passenger side of 
the vehicle, it must have an average radius of curvature 
between 889 mm and 1,651 mm (35.0 in and 65.0 in). The 
current European directive (2003/97/EC) is different in that 
the required fields-of-view for the driver�s side and passenger 
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side of a light vehicle are identical. The Directive states that 
the field-of-view provided by the mirror must be 4 m (13.1 
ft) wide at 20 m (65.6 ft) behind the eyes of the driver.  
 
RADIUS OF CURVATURE 
 
 The current European Directive (2003/97/EC) 
indicates that all mirrors must be either spherically convex or 
planar. A spherically convex mirror may have an aspheric 
portion on the outer edge of the mirror as long as the rest of 
the mirror satisfies the required field-of-view. 
 The radius of curvature of a spherically convex 
mirror must be measured using a three-point apparatus (two 
outer points bisected by a middle adjustable point). 
According to Directive 2003/97/EC, all measurements of 
radius of curvature must be within 0.85 r and 1.15 r, where r 
represents the nominal radius of curvature. The radius of 
curvature of the spherical portion may not be less than 1200 
mm (42.2 in) and the radius of curvature of the aspheric 
portion may not be less than 150 mm (5.9 in). These 
requirements are in addition to the specification on minimum 
fields-of view. 
 
 
HUMAN FACTORS OF ASPHERIC MIRRORS 
 
FIELD OF VIEW 
 
 The geometrical fields-of-view differences between 
images reflected from planar mirrors and images reflected 
from convex mirrors are described in greater detail in a study 
by Wierwille, Spaulding, Hanowski, Koepfle, and Olson 
(2003). 
 Platzer (1995) indicated that an image produced by 
a convex mirror is smaller than one produced by a planar 
mirror. Moreover, the image from a convex mirror appears to 
increase in size more quickly when moving toward the 
reflection surface than an image from a planar mirror under 
the same conditions. 
 An aspheric mirror currently used in the E.U. 
contains a spherically convex portion that is roughly two-
thirds of the mirror.  The outer one-third of the mirror is the 
aspheric portion that is intended to increase the overall field-
of-view.  
 
BLIND SPOT REDUCTION 
 Although the use of exterior rear-view mirrors 
increases the driver�s field-of-view, there still exists a blind 
zone for mirrors in the U.S. Platzer (1995) addressed the 
blind zone around the vehicle and discussed remedial 
strategies. One noteworthy strategy was a concept developed 
by Volvo in 1979 and later published by Pilhall (1981). This 
strategy employed the use of a mirror with a decreasing 

radius of curvature on the outer one-third of the mirror, that 
is, an aspheric. Because the use of a convex mirror is 
permitted in the U.S. on the passenger side, the blind zone on 
the passenger�s side is smaller than the one produced on the 
driver�s side. The blind zone produced on the driver�s side is 
large enough to conceal a vehicle in certain positions 
(Flannagan, Sivak, & Traube, 1999; Platzer, 1995). 
 According to Flannagan et al. (1999), a driver�s 
direct peripheral field-of-view has a maximum limit of 180 
deg when glancing into the exterior driver�s side rear-view 
mirror. During the glance, the driver can see to the rear on the 
left side, as a result of this 180 deg field-of-view. 
Even though the driver�s head is turned, the peripheral field-
of-view, in addition to the field-of view produced from the 
mirror, still leaves a blind zone large enough to hide a 
vehicle.  
 Flannagan et al. (1999) also indicated that the 180 
deg limit was probably smaller for older drivers, thereby 
resulting in an even larger blind zone. If the field-of-view of 
the driver�s mirror could be expanded to cover 45 deg, then 
the blind spot would essentially be eliminated provided the 
driver�s peripheral field-of-view was sufficiently useful. The 
deleterious consequences of using a convex or aspheric 
mirror on the driver�s side would need to be explored, 
because the image in the mirror is then �minified� by the 
mirror. 
 
DISTANCE PERCEPTION 
 
 Because an aspheric mirror is a convex mirror (in 
the general sense), the reflected image is changed in terms of 
size and apparent distance. As the radius of curvature 
decreases, the image becomes increasingly changed. The 
apparent size of an object decreases as the radius of curvature 
decreases, making it appear increasingly farther away. Since 
convex mirrors change an image, there have been numerous 
studies examining distance perception using convex rear-
view mirrors versus planar mirrors (Flannagan Sivak & 
Traube, 1997; Flannagan, Sivak, Schumann, Kojima, & 
Traube, 1997; Flannagan, Sivak, & Traube, 1996; Mortimer 
& Jorgeson, 1974; O�Day, 1998; Walraven & Michon, 
1969). Research has indicated that distance judgments made 
with planar mirrors are different from estimates made with 
convex mirrors. On average, drivers will underestimate 
distance when using flat mirrors. Underestimation is a 
desirable attribute because it does not increase the likelihood 
of a collision, i.e., the driver thinks the vehicle is closer than 
it actually is, and therefore, there is more clearance than is 
perceived. When drivers estimate distance using convex 
mirrors, the average underestimation of distance is reduced 
or eliminated. Since this is an average value, many of the 
samples will actually involve distance overestimation which 
can be dangerous. In this case, clearances would be smaller 
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than the driver perceives them to be. Many of the research 
studies listed above do not explicitly state these general 
findings, even though the data in the research studies do, in 
fact, clearly support them. 
 In research regarding distance perception of large-
radius convex mirrors, Flannagan, Sivak, and Traube (1998) 
concluded that, as the radius of curvature of a convex mirror 
increased (curvature decreased), the overestimation of 
distance (as compared with flat mirrors) decreased. However, 
even the largest radius of curvature (8,900 mm) resulted in a 
non-dismissible distance overestimation of approximately 
8%. Again, this is an over-estimation as compared with the 
under-estimation that occurs with flat mirrors.  
 
ADAPTATION 
 
 Research by Flannagan, Sivak, and Traube (1996) 
examined adaptation to aspheric mirrors and distance 
judgments accompanying increased use. The results 
suggested that increased use of aspheric mirrors decreased 
distance over-estimation, indicating that drivers adapted to 
the aspheric mirrors. However, the decrease in distance over-
estimation was never as low as that of the planar mirror. This 
could imply that over-estimation of distance (compared with 
flat mirrors) will exist for all drivers regardless of how well 
drivers adapt to the aspheric mirrors. 
 
BINOCULAR DISPARITY 
 
 Research by O�Day (1998) suggests that binocular 
disparity is relatively unaffected by object distance in an 
aspheric mirror. O�Day used analytical techniques to 
determine the type of test that should be used to assess 
binocular disparity. However, his paper does not include tests 
with actual driver/participants. Consequently, questions with 
regard to binocular disparity remain unanswered at this time. 
In O�Day�s words, 
 
 �It remains to be determined how much disparity is 
tolerable�, and when the image disparity becomes 
bothersome. The level of image disparity that causes the 
driver to see double images needs to be determined�. 
 
DISTORTION  
 
 It should be recognized that the outer (aspheric) 
portion of the mirror would be used almost exclusively for 
presence/absence detection. Consequently, it appears that 
even though there may be substantial distortions, the mirror 
can still be used for its primary purpose, namely, object 
detection. All of the previous research shows similar results. 
Distance is consistently over-estimated in convex mirrors (as 
compared with flat mirrors, for which underestimation is the 

rule). This includes both spherically convex and aspheric 
mirrors.  Flanagan, Sivak, & Traube (1997) provide a 
summary of previous findings. 
 
RESPONSE TIME AND GAP ACCEPTANCE 
 
 There is a trade-off between planar and convex rear-
view mirrors. Planar mirrors are believed to provide a driver 
with accurate (and possibly conservative) distance and speed 
information but with a relatively small field-of-view. A 
convex mirror provides a driver with a larger field-of view 
but with somewhat inaccurate distance and speed 
information. Which is the better choice for the mirror on the 
driver�s side of the vehicle? One argument in favor of convex 
mirrors, and also aspheric mirrors, could be response time for 
object detection. 
 Helmers, Flannagan, Sivak, Owens, Battle, and Sato 
(1992) found that responses for object detection were fastest 
when using an aspheric mirror. Planar, spherically convex, 
and aspheric mirrors were used in the study to determine 
object detection time. The planar mirror had the longest 
detection time. This was in part due to head movements that 
many drivers use to compensate for the smaller field-of-view. 
Because the aspheric mirror had a larger field-of-view, object 
detection took less time. The planar mirror resulted in the 
slowest average response time (1,676 ms) while the aspheric 
mirror resulted in the fastest average response time (1,316 
ms). 
 Mortimer (1971) conducted research on lane 
changing/passing performance of drivers. This study showed 
that during lane changing maneuvers, gap acceptance 
judgments were essentially the same for both planar and 
convex rear-view mirrors, provided that a planar interior rear-
view mirror was present. It should be noted that when only 
exterior rear-view mirrors were used (no interior mirror), 
gaps judged acceptable were smaller with convex mirrors 
than with planar mirrors. Also, it was found that in making 
lane changes, convex mirrors were not viewed more often or 
longer than planar mirrors during gap judgments. Although 
this study did not incorporate aspheric mirrors, it does show 
that when either a planar or convex exterior mirror was 
coupled with a planar interior rear-view mirror, gap 
judgments did not significantly differ between the two mirror 
types. It may be the case that aspheric mirrors result in 
similar gap acceptance judgments as well. Other studies, such 
as Mortimer and Jorgeson (1974) and Walraven and Michon 
(1969), show similar results regarding gap acceptance 
judgments for lane changing and passing tasks.  In the study 
by Mortimer and Jorgeson (1974) it should be noted that a 
planar interior mirror was always used in combination with a 
convex mirror. 
 A further experiment by de Vos, Van der Horst, & 
Perel, 2001; de Vos, 2000 examined gap acceptance with 
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planar, spherically convex mirrors, and aspheric mirrors. 
Using a �last safe gap� method where a car approached from 
behind in the adjacent lane at a constant speed, the participant 
was to determine at what point it was no longer safe to 
change lanes. Also, the participant had to determine the 
approximate position of the approaching vehicle in the lane 
adjacent to the driver�s side. Results from this part of the 
study were consistent with those of previous studies. Gaps 
deemed acceptable for lane changing were larger for planar 
mirrors than for convex mirrors. Gaps considered acceptable 
for lane changing via aspheric mirror (with a radius of 
curvature = 2,000 mm, 6.56 ft) fell between those for planar 
mirrors and spherically convex mirrors. 
 According to de Vos (2000), the experiment 
employed a �worst case scenario� meaning only exterior 
rear-view mirrors were allowed. This procedure replicated 
occurrences where interior mirrors may not be available or 
their field-of-view would be blocked. Future research should 
examine gap acceptance and detection using planar, 
spherically convex, or aspheric exterior mirrors used in 
combination with a planar interior mirror. Acceptable gap 
information derived from such an experiment may be 
different from that resulting from using exterior mirrors 
alone. 
 
EUROPEAN DRIVERS 
 
 Research by de Vos (2000) and de Vos, Theeuwes, 
and Perel (2001) examined European driver experience and 
knowledge of rear-view mirrors via surveys of mirror types 
and use. Findings from the studies suggest that drivers are 
very receptive to having aspheric mirrors on the driver�s side 
of the vehicle. However, one result of the survey was that 
46% of the participants did not know that the image 
produced in a non-planar mirror is modified. Of these 
respondents, 15% thought that the image is magnified rather 
than minified. Interestingly, drivers responded similarly for 
planar versus aspheric mirrors when asked of their ability to 
judge approach speed of vehicles using the mirror. Overall, 
the majority of drivers expressed a preference for a 
nonplanar mirror on the driver�s side of the vehicle. Drivers 
stated that they would choose an aspheric mirror if given the 
option.  
 
OLDER AND YOUNGER DRIVER DIFFERENCES 
 
 Another condition studied by de Vos (2000) was the 
difference between older drivers and younger drivers. 
Overall, drivers accepted smaller gaps with convex mirrors 
than with planar mirrors. This appears to be a result of the 
minification of the image produced by the convex mirror. 
Another finding was that older drivers tended to be more 
conservative than younger drivers, meaning that they tended 

to wait for larger gaps before deeming them acceptable. The 
number of glances to the mirror was similar for both older 
and younger drivers. However, older drivers made more 
detection mistakes than younger drivers when using the 
convex mirrors. The opposite was true for detection using 
planar mirrors, that is, younger drivers made more detection 
mistakes with planar mirrors. 
 
ACCEPTANCE OF ASPHERIC MIRRORS 
 
 If aspheric mirrors were permitted on U.S. vehicles, 
would these mirrors be accepted by drivers? Research by 
Flannagan and Flannagan (1998) showed that non-planar 
mirrors were initially preferred over planar mirrors on the 
driver�s side of the vehicle. This preference for non-planar 
mirrors also increased after four weeks of use. The study was 
performed using 114 employees from the Ford Motor 
Company with either one of two spherically convex mirrors 
or with one of three aspheric mirrors in place of the planar 
driver�s side mirror. The aspheric mirrors varied in terms of 
the size of the aspheric portion of the mirror (34%, 40%, and 
66%).  
 Findings from the research suggested that the 
convex and aspheric mirrors were generally preferred over 
planar mirrors. The only mirror not as strongly supported 
was an aspheric mirror with an aspheric portion that was 66% 
of the mirror surface. Findings from this study, although not 
exactly representative of the U.S. driver population (because 
participants were better informed on 
automotive-related issues than the average driver), may 
suggest that aspheric mirrors would generally be accepted 
and would likely increase in acceptance over time. There is a 
second indication of acceptance; since these mirrors are 
currently used on the driver�s side of many European light 
vehicles, the acceptability and preference for them is 
probably satisfactory. 
 
EXPERIMENT 
 
 The experiments described herein had two 
important objectives: assessment of driver acceptance of 
aspherics and evaluation of gap acceptance for aspherics 
relative to other types of mirrors that could be used.  Since 
aspherics could be used on the driver�s side or the 
passenger�s side, both sides were examined. (There has been 
very little dynamic testing done on passenger�s side 
aspherics.) Although this paper specifically reports on the 
dynamic testing only, it is important to note that many other 
research activities were undertaken in this project including a 
comprehensive literature review of aspherics in light vehicles, 
optical and mathematical analyses, and static 
experimentation. 
 Information on subjective acceptance was obtained 
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using rating scales associated with two aspects of 
coordination (with the conventional interior rear view 
mirror). One of these aspects was �Coordination� and the 
other was �Speed and Distance Estimation�. Four other 
aspects associated with the given outside rearview mirror 
itself. These four were �Field of View of the Outside Mirror 
(by itself)�, �Distortion�, �Uneasiness�, and �Comfort 
Level�. The six aspects taken together should provide an 
overall assessment of acceptance.  
 Gap acceptance was obtained for each mirror using 
the �last safe gap� technique (referred to in this experiment 
as the last comfortable gap). Last comfortable gap was 
defined as follows for each subject:  Last comfortable gap is 
the last point where you would feel comfortable changing 
lanes (with moderate acceleration) to safely move into the 
lane of the overtaking vehicle. Using a closing speed of 
10mph (16.1 km/h), drivers pressed a button at the last 
instant they deemed it is still safe to accelerate and change 
lanes in front of an oncoming vehicle.  Gap acceptance was 
also determined by way of one passing and two merging 
maneuvers. There is the possibility that gap acceptance may 
be shortened with aspheric mirrors. If so, the magnitude of 
this shortening needs to be assessed. 
 
MIRRORS INCLUDED IN THE EXPERIMENT 
 
 Mirrors included in the road tests were chosen on 
the basis of several factors. The mirror complement included 
aspherics that were typical candidates, so that they could be 
evaluated. In addition, other types of mirrors were also 
included for comparison purposes.  
 The driver�s side was considered separate from the 
passenger�s side. There are two reasons for this: a given 
mirror will provide different fields of view depending on the 
side of the vehicle on which it is installed (Wierwille, 
Spaulding, and Hanowski, 2005). This is a result of the 
difference in distance from the mirror to the driver�s eyes for 
the two sides of the vehicle. Also, current U.S. regulations 
differ for the driver�s side and passenger�s side mirrors. 
Consequently, mirrors selected as baselines differed for the 
two sides of the vehicle.  It is important to note that the 
interior rear-view mirror was made available to all drivers to 
use in combination with all exterior rear-view mirrors in this 
experiment.  
 
DRIVER�S SIDE MIRRORS TESTED 
 
 Current U.S. regulations require a flat (planar) 
mirror on the driver�s side of the vehicle. Researchers have 
concentrated on this side in the belief that alternative mirrors 
would be preferable. In particular, it is widely believed that 
the advantage of the unit magnification feature of flat mirrors 
is not as important as the disadvantage of limited field of 

view. The blind spot created by flat mirrors is believed to 
create greater risk for the driver. In any case, since a flat 
mirror is currently required by the regulations, the F-D (flat, 
driver�s side) mirror case was included as the baseline test 
mirror. 
 One form of competing alternative is a convex 
mirror.  This mirror has a greater field of view and less 
nighttime glare.  However, it produces some image 
minification. There are two representative possible 
alternatives: C20-D and C14-D.  The C20-D alternative has a 
radius of curvature of 2000 mm, producing mild minification 
and almost twice the field of view of approximately 22.6 
degrees.  Nevertheless, a substantial blind spot remains.  This 
mirror represents a compromise, having some blind spot 
reduction and mild minification. The C14-D has a larger field 
of view of approximately 28.4 degrees and greater 
minification.  This mirror also represents a viable 
compromise, but still has a blind spot.  The two mirrors were 
considered to be possible alternatives to the flat mirror.  They 
were therefore included in the testing. 
 Similarly, two aspheric mirrors were included for 
testing on the driver side. The primary reason for studying 
aspherics is that they are believed to increase the likelihood 
of object detection by providing a wide field of view.  This 
can be accomplished with the A20-D aspheric or the A14-D 
aspheric.  The A20-D aspheric has a slightly larger aspheric 
region than the A14-D, but less minification than the A14-D. 
 Both mirrors represent viable alternatives with large fields of 
view. 

Two additional mirrors were included in the testing 
for the driver side.  Recently, a research study reported that 
foreground was important in estimating distance to objects 
(Wu, Ooi, and He, 2004).  The gist of the study was that 
under monocular viewing conditions and uniform field, and 
when foreground was available to human subjects, they could 
do a better job of estimating distance to objects.  This finding 
may have ramifications for rearview mirror design for light 
vehicles.  If the mirrors are elongated, they might allow better 
distance estimation, which in turn could affect gap 
acceptance as well as understanding of traffic situations. 
Consequently, two additional new mirrors were tested on the 
driver side: a flat, elongated mirror designated F-Elongated-
D and a convex, elongated mirror designated C14-Elongated-
D (with 1400 mm radius of curvature).  The mirrors were cut 
from large van mirrors to fit the research vehicle.  It was 
necessary to cut the lower right corner of each mirror 
diagonally so that it would not come in contact with the 
driver�s door.  The mirrors had dimensions that allowed their 
entire mirror surfaces to be viewable from the driver�s seat, 
that is, overall, 22.4 cm (8.8 in) high by 15.5 cm (6.1 in) 
wide.  The mirrors combined with a light-weight spacer were 
attached over the original equipment mirror using hook and 
loop tape (as was the case for all of the mirrors). 
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The elongated mirrors provided a view of the 
pavement closer to the vehicle.  In other words, when 
compared with all of the other mirrors, the driver had a view 
corresponding to the usual F-D or C14-D mirror, plus a 
portion of the foreground of this view.  Therefore, in total, 
seven mirrors were tested on the driver side of the vehicle.  
The mirrors provided exemplars of the various classes, (flat, 
convex, aspheric, and elongated), thereby allowing direct 
comparisons across mirror types and characteristics. 
  
PASSENGER�S SIDE MIRRORS TESTED 
 
 Current regulations allow for a flat or a convex 
mirror to be used on the passenger�s side. However, industry 
practice has been to provide convex mirrors on the 
passenger�s side of new light vehicles. Consequently, there 
are no known new light vehicles with flat mirrors on the 
passenger�s side. The regulations require that if a convex 
mirror is used, it must have a radius of curvature between 
889 and 1651 mm. A brief examination of 60 vehicles in a 
typical parking lot showed that the mirrors had radii of 
curvature between 970 to 1460 mm, a range that is clearly 
inside the current regulations. 
 Realistically, the baseline mirror should be convex 
and it should have a radius of curvature within the range 
actually encountered. The C14-P mirror that was previously 
tested meets these requirements. Its 1400 mm radius of 
curvature falls within the range actually used on vehicles. 
The mirror produces a one-eyed field of view of 
approximately 21 degrees with good nighttime glare 
attenuation, but with substantial image minification.  
 Many vehicles currently have convex mirrors with 
radii of curvature around 1000 mm.  These mirrors meet 
current U.S. standards, as expected, and are probably used to 
increase the field of view on the passenger side.  Because of 
these circumstances, it was decided to test such a mirror.  To 
do so, a multi-step process was used.  First, a vehicle was 
found that had a large convex mirror with a radius of 
curvature close to 1000 mm.  Duplicate factory original 
mirrors were then ordered. The new mirrors were then 
removed from their backings using a solvent, and finally they 
were cut to the correct profile using a water-jet machining 
process.  This produced mirrors designated as C10-P that 
could be used for the experiment. 

There were two possible alternative aspheric mirrors 
for the passenger�s side, the A14-P and the A20-P. Both 
mirrors provide a one-eyed field of view of approximately 
35 degrees, and both provide substantial glare reduction in 
nighttime driving. The A14-P mirror has a convex portion 
with a radius of curvature of 1400 mm, thus meeting the 
current standard. In fact, the 1999 to 2001 Saab 9-5 actually 
uses this mirror, but apparently is unique among cars sold in 
the U.S. 

 The A20-P has less curvature in its convex portion, 
that is, 2000 mm of radius. The A20-P has approximately the 
same overall field of view as the A14-P, but less image 
minification in its convex portion. Therefore, it may have a 
possible advantage in that objects appear a bit larger. The 
A20-P has a larger aspheric region than the A14-P, so that 
the total field of view is about the same as the A14-P.  Since 
both aspheric mirrors were considered to be viable 
candidates, both were included in the road testing.  Note that 
a C20-P was not included on the passenger�s side for testing. 
The reason for this is that it does not seem to have the 
necessary field of view when used on the passenger�s side, 
and it also falls outside U.S. current regulations. Since 
drivers now use mirrors with radii of curvature between 889 
and 1651 mm and the corresponding fields of view created 
by them, it seemed undesirable and unnecessary to test such a 
mirror, which has less curvature.  

To account for elongation, one additional mirror 
was tested.  It was designated as a C14-Elongated-P.  This 
mirror had an almost square shape.  It did not have as much 
length as the C14-Elongated-D, because the passenger-side 
door prevented viewing of the lower portion by the driver.  
Thus, the mirror was cut to be longer, but it did not extend so 
far down that the line of sight from the driver�s position was 
obstructed in the lower part.  It was deemed undesirable to 
test a mirror as long as the C14-Elongated-D because such a 
design would have required complete redesign of the 
passenger side door in future vehicles.  No doubt, such an 
approach would meet with stiff resistance.  The C14-
Elongated-P had dimensions that allowed its entire mirror 
surface to be viewable from the driver�s seat, that is, 16.1 cm 
(6.3 in) high by 17.9 cm (7.05 in) wide.  It used a spacer 
similar to that used for the C14-Elongated-D and the F-
Elongated-D, so that the mirror could be aimed using the 
controls inside the research vehicle.  
 Similarly, since flat mirrors are no longer used on 
the passenger�s side of light vehicles, and since they have a 
narrow field of view, they are not viable candidates for 
modern light vehicles. Thus, the five mirrors selected for 
testing on the passenger side were the C14-P, the C10-P, the 
A14-P, the A20-P, and the C14-Elongated-P.  These mirrors 
were believed to represent the most viable candidates for the 
passenger side of the vehicle.  
 
DESCRIPTION OF MIRRORS 
 The following descriptions of mirrors were 
provided to subjects. 
 

Driver�s Side 
F-D 
This mirror has a flat surface. It is like the one you currently 
have on the driver�s side of your own vehicle. Objects seen in 
this mirror are the same size as when they are seen directly. 
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This is like a typical mirror in your own home. If you look 
into it, all objects are correctly sized in the reflection. The 
field of view of this mirror is relatively narrow. It�s possible 
to miss an object on the driver�s side because of the narrow 
field of view. 
 
C20-D 
This mirror has a slightly convex (or spherical) surface. The 
purpose is to give a somewhat wider field of view than a flat 
mirror, so there is less chance of missing an object on the 
driver�s side of the vehicle. However, this mirror also makes 
objects look a little smaller than they really are. If you look 
into it, all objects are a little smaller, so the scene looks 
correct but is smaller. 
 
C14-D 
This mirror has slightly more curvature than the C20-D 
mirror.  The purpose is to give a wider field of view than a 
flat mirror (and an even wider field of view than the C20-D 
mirror), so there is less chance of missing an object on the 
driver�s side of the vehicle.  However, this mirror also makes 
objects look a little smaller than they really are.  If you look 
into it, all objects are a little smaller, so the scene looks 
correct but is smaller (this mirror makes objects look even 
smaller than they appear in the C20-D mirror). 
 
A20-D 
This mirror has two parts: an inner part that has a slightly 
convex (or spherical) surface, and an outer part that is curved 
outward. The two parts are separated by a vertical line. The 
purpose of this mirror is to provide a wide field of view so 
that there is very little chance of missing an object on the 
driver�s side of the vehicle. However, when looking into the 
inner (convex) part of this mirror, objects look a little smaller 
than they really are. Also, when looking into the outer part, 
objects appear smaller and a little squeezed. 
 
A14-D 
This mirror has two parts, just like the A20-D mirror.  The 
two parts are an inner convex portion and an outer part that is 
curved outward.  The two parts are separated by a vertical 
line.  The purpose of this mirror is to provide a wide field of 
view so that there is very little chance of missing an object on 
the driver�s side of the vehicle.  This mirror is slightly 
different than the A20-D mirror.  The inner portion is curved 
more, making objects appear a little smaller.  The outer 
curved portion of the mirror is slightly narrower than the 
outer portion on the A20-D mirror.  As with the A20-D, 
when looking into the outer part, objects appear smaller and a 
little squeezed. 
 
F-Elongated-D 
This mirror has a flat surface.  It is like the one you currently 

have on the driver�s side of your own vehicle, except that it is 
longer vertically.  Objects seen in this mirror are the same 
size as when they are seen directly.  This is like a typical 
mirror in your own home.  If you look into it, all objects are 
correctly sized in the reflection.  This mirror provides a more 
elongated field of view than a conventional flat mirror for 
this vehicle.  The purpose of this is to provide a view of the 
ground closer to you, which may help in estimating distances 
to other objects viewed in the mirror. 
C14-Elongated-D 
The purpose is to give a wider field of view than a flat 
mirror, so there is less chance of missing an object on the 
driver�s side of the vehicle.  It has the same curvature and 
viewing effect that the smaller C14-D mirror has, but this one 
is longer vertically.  Its purpose is to provide an elongated 
viewing area.  Just like the F-Elongated-D mirror, the 
purpose of this mirror is to provide a view of the ground 
closer to you, which may help in estimating distances to other 
objects viewed in the mirror.  However, because this mirror 
is slightly convex, it will make objects appear slightly smaller 
than they actually are. 
 

Passenger�s Side 
C14-P 
This mirror has a convex (or spherical) surface. It is like the 
one you currently have on the passenger�s side of your own 
vehicle. The mirror is convex to increase the field of view (as 
compared with a flat mirror), so there is less chance of 
missing an object on the passenger�s side of the vehicle. 
However, this mirror also makes objects look smaller than 
they really are, and it is still possible to miss an object 
occasionally. If you look into it, all objects are smaller. 
 
C10-P 
This mirror has slightly more curvature than the C14-P 
mirror.  The purpose is to give a wider field of view than the 
C14-P mirror, so there is less chance of missing an object on 
the passenger�s side of the vehicle.  However, this mirror also 
makes objects look a little smaller than they really are.  If you 
look into it, all objects are a little smaller, so the scene looks 
correct but is smaller (this mirror makes objects look even 
smaller than they appear in the C14-P mirror). 
 
A20-P 
This mirror has two parts: an inner part that has a slightly 
convex (or spherical) surface, and an outer part that is curved 
outward.  The two parts are separated by a vertical line.  The 
purpose of this mirror is to provide a wide field of view so 
there is very little chance of missing an object on the 
passenger�s side of the vehicle.  However, when looking into 
the inner (convex) part of the mirror, objects appear a little 
smaller.  Also, when looking into the outer part, objects 
appear a little smaller and a little squeezed.  (Objects in this 
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mirror appear slightly larger than in the A14-P mirror.) 
 
A14-P 
This mirror has two parts: an inner part that has a convex (or 
spherical) surface, and an outer part that is curved outward. 
The two parts are separated by a vertical line. The purpose of 
this mirror is to provide a wide field of view so there is very 
little chance of missing an object on the passenger�s side of 
the vehicle. However, when looking into the inner (convex) 
part of the mirror, objects look smaller than they really are. 
Also, when looking into the outer part, objects appear smaller 
and a little squeezed. (Objects in this mirror appear slightly 
smaller than in the A20-P mirror.) 
 
C14-Elongated-P 
This mirror has a convex (or spherical) surface.  It is like the 
one you currently have on the passenger�s side of your own 
vehicle.  It has the same curvature and viewing effect that the 
smaller C14-P mirror has, but this one is elongated.  The 
purpose of this mirror is to provide a view of the ground 
closer to you, which may help in estimating distances to other 
objects viewed in the mirror.  However, because this mirror 
is slightly convex, it will make objects appear slightly smaller 
than they actually are. 
 
EXPERIMENTAL DESIGN AND INDEPENDENT 
VARIABLES 
 This experiment used 28 subjects for the driver side 
mirrors and another 20 (different) subjects for the passenger 
side mirrors. Half of the subjects in each experiment were in 
the younger age group (younger than 35 years) and the other 
half were in the older age group (older than 64 years).  
Within each age group and experiment (side), half the 
subjects were male and half were female.  Thus, the 
experimental design on the driver side was 2 (age groups) by 
2 (genders) by 7 (mirrors) with 7 drivers in each age-gender 
group.  Similarly, the experimental design for the passenger 
side was 2 (age groups) by 2 (genders) by 5 (mirrors) with 5 
drivers in each age-gender group. The mirror variable was the 
only within-subject variable (for each side of the vehicle). 
  
 Runs were counterbalanced, with exact 
counterbalance correspondence for age and very similar 
counterbalance for gender.  Specifically, for every younger 
subject there was an older subject with exactly the same order 
of presentation.  On the driver side, the first set of seven 
younger subjects received exactly the same set of 
counterbalanced orders as the first seven older subjects.  The 
second set of seven younger subjects used a different set of 
counterbalanced orders, and the second set of older subjects 
received this same second set of counterbalanced orders. 
 For the passenger side, an identical procedure was 
used.  There were, similarly, two sets of counterbalanced 

orders for five mirrors.  The first five younger subjects 
received the first set of counterbalanced orders, and the 
second group of five younger subjects received the second 
(different) set of counterbalanced orders.  There was a 
corresponding older subject for each younger subject. 
 
INSTRUMENTATION  
 
 All tests were performed on the Virginia Smart 
Road in Blacksburg, VA.  This is a 2.2 mile (3.5km) long 
(each direction) instrumented road with a large size 
turnaround loop at one end and a moderate size turnaround 
loop at the other end.  It is used for research and test 
purposes, and is closed to the public. 
 The main instrumentation for this experiment was 
installed in the experimental vehicle. It included a four-
camera video recording system with insert-keyed test 
condition information, a DGPS distance measuring system, a 
pushbutton on the right stalk just behind the right side of the 
steering wheel, and a data acquisition system with an 
interface to store data as they were gathered. 
 The twelve test mirrors were prepared.  They had 
any protruding rear components machined away, and they 
were attached using hook and loop tape over the 
experimental vehicle�s original mirrors in exactly the same 
way as the previous, static experiments.  Elongated mirrors 
described earlier used a light-weight spacer between the back 
of the mirror and the attaching tape to allow for the larger 
mirrors to fit in the smaller mirror housings of the vehicle.  
Changeover by the experimenter and aiming by the subject 
was generally accomplished in approximately three minutes. 
 The camera system served two purposes: to gather 
eye glance information and to serve as backup in case there 
was any malfunction of the DGPS distance measuring 
system. One camera was directed toward the driver�s face to 
pick up glance direction. Two cameras were mounted on the 
rear package shelf and picked up the image of the 
confederate vehicle in the adjacent lane. One camera aimed 
into the driver�s side adjacent lane and the other aimed into 
the passenger�s side adjacent lane. The fourth camera was 
aimed forward and was used to provide a geographic 
reference to position on the Smart Road in case it was 
needed.  The camera was located in front of the interior rear 
view mirror, out of the view of the subject.  The four camera 
images were combined using a quad splitter.   
 The DGPS distance measuring system included an 
antenna mounted at the top center of the trunk of the subject 
vehicle.  A similar antenna and support system were installed 
in one of the confederate vehicles.  Measurements were 
initially calculated as distances between the two antenna 
positions.  Corrections were then made for bumper to 
bumper distances. In all cases, bumper to bumper distances 
were calculated based on projections to the same lane.  In 
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other words, the longitudinal gap was calculated.  This was 
accomplished using the coordinates of the two vehicles (for 
which gap was calculated), along with the azimuth of the 
confederate vehicle.  Correction was made for longitudinal 
slope of the Smart Road as well. 
 Coordination of the three vehicles involved in the 
experiment was accomplished by voice radio 
communications with the experimenter in the experimental 
vehicle serving as the run coordinator (that is, the lead 
experimenter). The two confederate vehicle drivers were 
carefully trained ahead of time and were given instructions 
on the ordering of closing speeds and on the appropriate 
lanes in which to drive. They were also trained in avoidance 
maneuvers, in case the subject merged without sufficient 
clearance. In general, the instrumentation was designed to be 
unobtrusive. Thus, the driving environment appeared 
relatively natural to the subject. 
 
DEPENDENT VARIABLES 
 
 Both objective and subjective measures were 
obtained from the experiment.  The objective measures were 
associated with performance of the various tasks.  Distances 
at time of pass or merge initiation and distances at button 
presses (for last comfortable gap) were analyzed. For each 
mirror, there were two replications of the pass maneuver and 
two replications of each of the two merge maneuvers.  There 
were eight replications for the last comfortable gap 
maneuver.  In all cases, units of distance were used for the 
gaps.    

Additional analyses were performed on eye glance 
behavior during the interval just prior to the passing and 
merging maneuvers and just prior to button presses.  These 
analyses were intended to indicate the degree to which 
subjects relied on their interior mirrors and the degree to 
which they relied on their corresponding outside rear view 
mirrors, for each of the outside mirrors.  In other words, eye-
scanning differences among the mirrors were examined.  In 
all cases the interval of 10 seconds just prior to initiation of 
pass or merge or button press was used for analysis.  The 
reasoning here was that this was the interval during which the 
driver would be determining whether or not it was safe to 
perform the maneuver. 

The subjective ratings were associated with 
acceptance of each type of mirror tested.   As indicated 
earlier six ratings were obtained, two involving coordination 
of the given outside mirror with the interior mirror and four 
involving only the outside mirror. The last item in the ratings 
was a questionnaire, which allowed drivers to provide any 
additional information or suggestions they wished to share.  
The information and suggestion responses were collected and 
examined for consensus. 

Each rating scale had five descriptor levels and nine 

vertical delineators. The subject was told to circle one and 
only one of the vertical delineators, or the line at the halfway 
point between the vertical delineators.  This allowed 17 
possible scoring positions for each rating.  The ratings were 
analyzed for differences by statistical tests.  Each of the six 
rating dimensions was analyzed separately as a function of 
mirror type, age, and gender.  The six dimensions, taken as a 
group were intended to provide a general impression of 
driver acceptance for each type of mirror, as well as specific 
elements associated with that mirror.  Since there were 
baseline mirrors for each side of the vehicle, the alternatives 
could be examined relative to these the baselines. 
 
SUBJECT INSTRUCTIONS AND PROCEDURES 
 
 Upon arrival, the subject read and signed an 
informed consent form, assuming that the subject agreed to 
participate. The informed consent form provided a general 
description of the experiment and the subject�s duties, the 
level of risk and discomfort, the length of time he or she 
would participate, and the compensation to be received. 
Then, the subject was shown duplicates of the mirrors that 
would be used on the vehicle. Each mirror was explained to 
the subject, using the same level of explanation, but pointing 
out the differences and why the mirrors had been selected for 
experimentation. The mirrors were described in non-technical 
terms (see Description of Mirrors section). 
 It was considered important in these explanations to 
provide general information on each mirror so that the 
subjects were informed, but to avoid expressing any opinions 
as to how well the mirrors might perform. The explanations 
were deemed necessary, because otherwise, subjects would 
not have been able to accurately evaluate how well the 
mirrors performed (all the mirrors had a flat appearance).  
 The ratings form was also shown and explained to 
the subject. Showing the form ahead of time gave the subject 
an indication of what duties he or she would have. Similarly, 
the passing, merging, and last comfortable gap tasks were 
explained.  The definition of �last comfortable gap� was read 
to each subject.  The experimenter and the subject discussed 
last comfortable gap until it was clear that the subject fully 
understood the concept. 
 After the experimenter answered any other 
questions, the subject sat in the research vehicle and adjusted 
the seat and interior rear view mirror.  Thereafter, the subject 
drove to the beginning point for the practice loop on the 
Smart Road.  There, the first outside rear view mirror was 
attached by the experimenter and aimed by the subject using 
instructions provided by the experimenter.  These 
instructions included aligning the inside edge of the field of 
view so that the rear door handle, which was the most 
extreme lateral protrusion on the vehicle could just be seen at 
the edge of view. The experimenter then again read the 
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description of the specific mirror being used to the subject.  
The experimenter then explained the passing and two 
merging maneuvers that would be performed, indicating that 
the nominal speed of the confederate vehicles would be 30 
mph (48.3 km/h).  Basically, the subject accelerated the 
subject vehicle to pass the two confederate vehicles as the 
vehicles maneuvered toward adjacent lanes from the near-end 
loop of the Smart Road.  The maneuver was intended to 
provide a realistic passing scenario in which the mirrors 
would most likely be used.  The first merging followed 
shortly after in which the subject vehicle was initially ahead 
of the two confederate vehicles.  The subject vehicle then 
decelerated and merged between the two confederate 
vehicles, which were again traveling at 30 mph (48.3 km/h). 
For the second merging scenario, the subject vehicle was 
initially behind the confederate vehicles in the adjacent lane.  
The subject vehicle then accelerated and merged between the 
two confederate vehicles, which were again traveling at 30 
mph (48.3 km/h). These two scenarios were intended to 
exercise the use of the rear view mirrors in typical merging 
situations.  When the end of the outbound leg was reached, 
the vehicles stopped and then repositioned themselves prior 
to beginning the inbound leg. The subject was also instructed 
to use the outside rear view mirror and the interior mirror in 
performing the maneuvers.   It was explained that the first 
loop was a practice loop.  Thereafter, the initial outbound leg 
commenced. 

At the end of the outbound leg, the various vehicles 
took their correct positions for the inbound leg and initially 
remained standing.  While standing, the subject was told to 
follow the lead vehicle (which would be traveling at a speed 
of 30 mph, 48.3 km/h) at the calibration distance of 125 ft 
(38.1 m) as demonstrated by the standing distance.  Note that 
there were two confederate vehicles.  On the inbound leg, 
one was 125 ft (38.1m) in front of th subject vehicle and 
served as the lead vehicle in car following.  The second 
confederate vehicle approached in the adjacent lane from the 
rear and served as the overtaking vehicle.  The subject was 
then instructed to press the stalk button at the last 
comfortable gap and to use the given outside mirror (in 
combination with the interior mirror) to assess the last 
comfortable gap, and that there would be four replications, 
that is, that the confederate vehicle would approach four 
times during the inbound leg.  When the inbound leg was 
completed, the vehicles took their positions for the next 
outbound leg. 

At the beginning of the second loop the subject was 
told that data taking would begin, and except for mirror 
aiming, the same procedures would be used.  Once 
performance data had been gathered for two loops (end of 
the third loop for the subject), the subject vehicle stopped 
and the subject provided ratings for the given mirror.  
Thereafter, the mirror was changed and the process repeated. 

 Note once again that there was only one practice run and it 
was at the beginning of experiment (first mirror) for each 
subject.  Thus, all runs had two full loops for data gathering, 
but only the first run had an additional initial practice loop.  
Counterbalancing insured that each mirror received the same 
amount of practice across subjects. 
 
ANALYSIS PLAN 
 
 The ratings and performance data will be analyzed 
by parametric tests and also by nonparametric tests where 
appropriate. Each of the six rating dimensions will be 
analyzed separately as a function of mirror type, age, and 
gender using parametric tests. The six dimensions, taken as a 
group, will provide a general impression of driver acceptance 
for each type of mirror, as well as specific elements 
associated with that mirror. Since there is one baseline mirror 
for each side of the vehicle, the alternatives will be examined 
relative to these two mirrors.  Performance data will be 
analyzed in terms of changes in gap.  Eyeglance analyses will 
be used to determine information gathering sources the 
drivers are using. 
 
 
CONCLUSIONS 
 

This experiment was set up to provide the data 
necessary to answer important remaining questions in regard 
to candidate outside rear view mirrors.  In the way of review, 
these are: 
 

1. Which mirrors, if any, create reductions in gap 
(clearance) during passing and merging maneuvers, 
as compared with the mirrors now in general use? 

2. Which mirrors, if any, create reductions in last 
comfortable gap for vehicles approaching from the 
rear in adjacent lanes?   

3. Are there changes in driver visual scan patterns 
associated with candidate outside rear view mirrors, 
and if so, what are the implications?   

4. What is the degree of initial acceptance (based on 
six different rating dimensions) of the aspheric 
mirrors relative to current U.S. mirrors?   

5. Which mirrors, if any, from the driver�s standpoint 
are preferred? 

6. Does Age affect the performance, eyeglance 
behavior, or ratings as a function of mirror type?   

 
This experiment was set up to answer these questions using a 
near-operational, realistic, and safe environment.  Test 
conditions were chosen to exercise the mirrors at the places 
where they were considered to be most critical. The results of 
the experiment, combined with the earlier information 
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gathering, analysis, and static tests, should provide the 
necessary background for making recommendations.     
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ABSTRACT 
 
Recent advances in video technology and image processing 
have heightened the prospect of improving commercial 
vehicle safety by enhancing the ability of the driver to 
perceive and respond safely to surrounding traffic. This paper 
describes the experimental method of an approach for testing 
the indirect viewing requirements, determined from previous 
research, using drivers performing maneuvers on a test track 
course. Various configurations of camera placement, camera 
optical characteristics, and image viewing surfaces were 
implemented for this research. These studies will be 
completed by April 2007. The purpose of this paper, 
therefore, is to present the experimental methodology and 
research protocols that were implemented to develop the 
performance specifications for these indirect viewing 
systems. This research provides the foundation for 
developing enhancements of the video imagery in order to 
implement an all-weather indirect viewing system for 
commercial drivers.  
 
INTRODUCTION 
 
 Camera/video imaging systems (C/VISs) are 
expected to become prevalent in future heavy vehicles.  As a 
result, the National Highway Traffic Safety Administration 
(NHTSA) has contracted with Virginia Tech Transportation 
Institute (VTTI) to develop concepts and specifications for 
these systems and also to test them in realistic environments. 
The purpose of these specifications is to maximize the 
effectiveness of future indirect viewing systems and 
ultimately increase driver awareness of traffic conditions 
around the truck.  An increase in driver awareness is expected 
to result in safer heavy vehicle operations.  

Based on preliminary tests (Wierwille, Spaulding, 
and Hanowski, 2005), six concepts were selected for drivers 
who were naïve to the systems and road tests.  Concepts were 
selected on the basis of importance for the maneuverability 
of a heavy truck and the need for additional information that 

was apparent from the preliminary tests.  The six concepts 
were divided into three groups of two, as follows:  
 
Group 1 
The backing/bobtailing rear view enhancement and the trailer 
wide angle rear multipurpose enhancement, 
 
Group 2 
The left and right merge/re-merge enhancements and the 
trailer look-down enhancement, and, 
 
Group 3 
The left and right convex mirror surrogates and these 
surrogates combined with the left and right west-coast (flat) 
mirror surrogates.  

 
 The groups were arranged so that the tests that each 
driver performed in each group ranged in time between 2 to 4 
hours.  This length of time made it possible for drivers to 
participate without becoming fatigued or losing interest. 
 
METHOD 
 
Participants 
 
 Each group was composed of eight Commercial 
Driver’s License (CDL) qualified drivers (24 in total). There 
was a younger age group, made up of twelve drivers between 
23 and 38 years, and an older age group made up of twelve 
drivers between 52 and 71 years.  Each driver was required 
to have a current CDL and two or more years of experience 
in driving heavy vehicles.  Gender was not considered in 
selection of drivers for the tests. As it turned out only male 
drivers volunteered. 
 
Informed Consent 
 
 The informed consent form was written so that it 
applied to all three experimental groups. 
 
Hardware Configurations 
 
 Generally, the hardware configuration found the 
most desirable for each concept in preliminary tests was used 
in the road tests.  Also, where other modifications were 
recommended based on the preliminary tests, those 
recommendations were also implemented in the on-road 
tests.   
 Three flat-panel monitors were used: sizes 1, 2, and 
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3 as defined in the preliminary tests.  Size 4 monitor used in 
the preliminary tests was found to be difficult to fit at the A-
pillar location and also was less preferred than the size 3 
monitor by the preliminary test drivers.  A description of 
each is presented in Table 1.   
 One bobtailing configuration was tested using a 
1997 Volvo VN series tractor. This tractor has a large 
windshield, which allowed a monitor to be placed at the top 
center without interfering with the driver’s normal driving 
field of view.  All other concepts were tested using a 1994 
Peterbilt model 379 tractor with 48 ft trailer.  Monitors for 
this tractor were placed at the center dash, at the top center of 
the windshield overlapping the area above the windshield, at 
the A-pillars, and on the side headers.  The front headers in 
the two tractors were not used because preliminary tests 
indicated that drivers preferred other monitor locations. 
 
Table 1.  Monitor image sizes to be used in the on-road 
tests. 

Size 
Designation 

Height Width Diagonal 

Size 1 
8.35 cm 
3.29 in 

11.3 cm 
4.45 in 

14.05 cm 
5.53 in 

Size 2 
9.6 cm 
3.78 in 

12.9 cm 
5.08 in 

16.1 cm 
6.33 in 

Size 3 
12.8 cm 
5.04 in 

17 cm 
6.69 in 

21.3 cm 
8.38 in 

Size 4 
15.8 cm 
6.22 in 

21.1 cm 
8.31 in 

26.4 cm 
10.4 in 

 
 For highway tests, a 2001 Saab 9-5 served as a 
confederate (research) automobile.  It was used for several 
maneuvers intended to bring out differences in passing and 
merging performance, to be explained later in this document. 

Instrumentation for the first group of tests was 
installed and checked.  Thereafter, tests were run for the eight 
subjects in the given group.  Once data were collected, the 
instrumentation for the next group of tests was installed and 
checked.  This process continued until all three groups of 
tests were completed. 
 
Order of Conditions 
 
 In all cases, drivers performed tests including a 
baseline for comparison.  For enhancements, (Groups 1 and 
2) the baseline configuration was simply the tractor or 
tractor-trailer without the enhancements.  For surrogates, 
(Group 3) drivers experienced both standard mirrors and the 
corresponding mirror-surrogate C/VISs. (During surrogate 
runs, the mirrors that the surrogates replaced were covered.)  
 Each test group involved baselines combined with 
two C/VIS configurations.  Drivers provided opinion data for 

baselines and for each C/VIS configuration. For each C/VIS 
configuration drivers also provided additional opinion data at 
the end of participation.  These data were used to provide 
information on the receptiveness of the drivers to the C/VIS. 
 Objective measures were taken during each baseline run and 
also during runs in which one or more C/VISs were used.  
Data comparisons were made between baseline and C/VIS 
run measures.  The ordering of conditions always involved 
the presentation of baseline and corresponding C/VIS in 
counterbalanced order.  Additional details in regard to 
counterbalancing are presented in the following sections. 
  
Task A. Highway Driving  
 

Task A included two major subtasks which were 
performed in a highway setting on the Virginia Smart Road 
(a 2.2 mile in each direction closed-course test track facility). 
 The first subtask was the Clearance/Overlap Test.  In this 
test, drivers first determined whether a confederate 
automobile alongside was clear of the rear of the trailer (or 
the tractor in the case of bobtailing).  Immediately thereafter, 
drivers provided an estimate in feet of the amount of 
clearance or overlap (Figure 1). The second major subtask 
involved having the tractor-trailer (or the tractor in the case 
of bobtailing) merge in front of the confederate automobile 
which maintained constant speed.  This test was performed to 
determine differences in merging distances and variations in 
merging distances.  For Group 1 (only) drivers also observed 
the confederate automobile directly behind the Volvo tractor 
in the bobtailing mode and moving away.  When instructed 
by the experimenter, they gave an estimate of distance to the 
confederate automobile.  This test was used so that drivers 
could provide opinion data regarding observation directly to 
the rear. 

Prior to beginning driving, the driver was instructed 
to adjust the seat and mirrors to a comfortable level.  The 
driver was told to perform the instructed tasks just as they 
would occur in a real world driving situation.  Every highway 
driving subtask with a given configuration (baseline or 
C/VIS) was practiced first and then repeated for data 
gathering.  Test procedures were worked out so that all 
practice for a given configuration was accomplished in one 
complete loop of the Smart Road. Data gathering then 
followed with a second complete loop.  It is important to 
note however that different clearance and overlap values 
were used in the practice loop and the data taking loop. 
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Light Vehicle Alongside
With Overlap

Rear of Trailer

 
Figure 1.  Diagram Showing Overlap in the Clearance/ 
Overlap Subtask. 
 
Task B. Low Speed Backing 
 
Parking Subtask.   
 A parking subtask was incorporated in several of the 
tests.  For this subtask, a parked vehicle was used.  This was 
an older automobile in which the engine, transmission, and 
driveshaft had been removed.  Interior components were also 
removed to reduce the mass. The springs were compressed so 
that the parked vehicle had normal curb height at the front 
and rear.  The vehicle had a parking brake automatic 
release/reapply mechanism to minimize coast if it was 
pushed. This subtask used a section of the two-lane road 
(without centerline) as shown in Figure 2.  The driver was 
instructed to back into the right lane, as shown in the figure, 
and to park 5 ft (1.52m) from the parked vehicle.  Final 
position was measured.  In addition, if the parked vehicle was 
pushed, the distance it is pushed was measured. 
 

REAR OF TRAILER

PARKED VEHICLE

 
Figure 2. Parking Subtask. 
  
Loading Dock Backing Subtask.   

An artificial loading dock was constructed as part of 
the backing subtasks associated with the backing maneuvers 
for the tractor-trailer.  The ‘loading dock’ was capable of 
being pushed without damage during contact.  The dock was 
12 ft (3.7 m) wide and had a top height that was 

approximately the same as the trailer floor.  Figure 3 shows a 
different section of the two-lane road used for the loading 
dock backing subtask. Drivers were instructed to stop 1 ft 
(0.305m) away from the dock.  However, if they did strike 
the dock, measurements were made to determine how far the 
dock was pushed. 

For Group 1, in the bobtailing mode, cones were 
used instead of a loading dock.  The reasons for this were 
that the cones were lower and might have been more difficult 
to see, and that drivers seldom approach a loading dock 
while bobtailing.  Drivers were instructed to stop 1 ft (0.305 
m) away from the tips of the cones.  Measurements were 
made of final distance as well as any movement of the cones 
(if struck). 
 

REAR OF TRAILER

MOCK LOADING 
DOCK

 
Figure 3. Loading Dock Subtask. 
  
S-curve Backing Subtask.   

The S-curve backing maneuver was used to 
determine whether or not a complex backing maneuver 
would be affected by the C/VIS being tested.  In this case, 
there was the possibility that a given C/VIS might either 
facilitate or hinder the maneuver.  Figure 4 depicts an 
asphalt area used for the maneuver.  Construction barrels 
were placed so that the maneuver could be accomplished 
with the correct driving technique.  The path laid out by the 
barrels was approximately 2 ft (0.61m) narrower when 
used for the Volvo tractor in the bobtailing mode. 

 

REAR OF 
TRAILER

GRAVEL 
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END LINE

ASPHALT 
AREA

CONSTRUCTION 
BARRELS

 
Figure 4. S-curve Backing Subtask. 
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All of the backing subtasks (under Task B) for each 
given configuration (baseline or C/VIS) were performed 
without practice.  In other words, data were gathered during 
the first attempt.  The reasons for not practicing were: (i) the 
backing maneuvers were performed at low speed and were 
similar to maneuvers the drivers normally encountered in 
everyday work (parking and loading dock subtasks) or in 
driver proficiency testing (S-curve subtask); and, (ii) drivers 
were not time-sharing between maintaining control of the 
vehicle on a highway and assessing the location of another 
vehicle (as was the case for Task A).  Thus, the task was not 
considered to be as hazardous.  
 
DGPS Instrumentation of the Tractor-Trailer and 
Confederate Vehicle  
 
 Both the tractor-trailer (with Peterbilt tractor) and 
the confederate automobile (2001 Saab 9-5) used in the tests 
had DGPS (differential global positioning system) capability. 
 The confederate automobile was driven by a confederate 
experimenter.  The data from the two DGPSs were compared 
to obtain distance between the two vehicles at the times of 
merge and to determine whether or not there was clearance 
between the trailer and the confederate vehicle alongside, as 
will be explained in future sections.  In most cases DGPS 
distance measurements were backed up by video available to 
the experimenters on a quad-split screen that allowed the 
estimation of distance.  Thus, the video served as a check and 
as an alternative method of determining distance, if and when 
necessary. 

It should be noted that the DGPS antenna on the 
tractor-trailer was placed at the center-rear of the cab and 
the DGPS antenna on the confederate automobile was on 
the center of the trunk.  Thus, the longitudinal distance 
between antennas at the beginning of merge was large, on 
the order of 70 ft (21.3 m), compared with the lateral 
separation. Consequently, the lateral separation could be 
assumed to be 12 ft (3.66m), or one lane width, without 
introducing appreciable error in calculating longitudinal 
gap or overlap.  To calculate the gap or overlap, the 
resultant obtained from the DGPS and the 12 ft lateral 
offset were used to calculate the longitudinal distance.  
Then, the length from the tractor-trailer antenna to the rear 
of the trailer was subtracted, and the length from front 
bumper of the confederate vehicle to its antenna was 
subtracted.  The result was the gap (for positive values) or 
the overlap (for negative values).  This system was tested 
and found to be accurate to about + or – 2.5 in (6.35 cm).  
In addition to the C/VISs and DGPS, video data on a quad 
split screen were recorded on digital hard drives.   

The video images were also available to the 
experimenters during the runs (but not to the 
driver/subject) as a means of checking that various cameras 

were working properly and as backup in case problems 
occurred with the DGPS.  Three views were used 
throughout all experiments, and a fourth varied with the 
condition.  A camera with a 50 degree field of view was 
mounted at the center of the windshield and provided a 
view of the driver’s face and eyes.  This image was used to 
determine eye glance positions.  Two other cameras 
provided views that were the same as the merge/re-merge 
camera views.  These cameras allowed determination of 
the amount of clearance or overlap, based on video image 
interpretation.  Both the Peterbilt tractor with trailer and 
the Volvo tractor had these cameras.  For the Peterbilt with 
trailer the images served as backup, and for the Volvo 
tractor the images served as the primary means of 
determining clearance or overlap, since the tractor did not 
have DGPS.  The fourth view varied with the particular 
C/VISs being tested and was used simply as a quality 
check.    
 
Group 1:  Tests 
 
Backing/Bobtailing Enhancement 
 

As indicated, the backing/bobtailing (rear-view) 
enhancement was implemented in the Volvo tractor, used in 
the uncoupled mode.  The C/VIS camera was placed behind 
the cab at a height of 10 ft (3.05m) above the road surface.  It 
was aimed so that the top edge of the field of view was 
slightly above the horizon, and the lower edge included the 
rear wheels of the tractor.  The camera (itself) had a 
horizontal field of view of 70 degrees. The monitor (size 2) 
was placed at the top center of the windshield. 

The test scenario involved two aspects: Task A: 
highway driving and Task B: low-speed backing.  The 
highway driving portion consisted of two separate 
components.  The first involved having a confederate vehicle 
maneuver along each side of and behind the tractor.  
Similarly, the second portion involved the tractor merging to 
the right and to the left. The primary reason for performing 
these tests was to obtain opinion data.  (The Volvo tractor 
was not as fully instrumented as the Peterbilt tractor with 
trailer, which was used for all other tests.) 

The low speed backing maneuvers (Task B) 
involved the parking subtask, the backing to cones subtask 
and the S-curve subtask.  Measures obtained included 
completion times and final distances for all three subtasks, as 
well as number barrels (S-curve subtask) or cones displaced.  
The measures were treated in such a way as to provide an 
indication of quality of the corresponding maneuver.   
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Trailer Wide-angle Multipurpose Rear Enhancement 
 
 This multipurpose enhancement was similarly tested 
in both highway driving and in backing, using the Peterbilt 
tractor with trailer.  The C/VIS camera was placed at the top 
center rear of the trailer and had a camera horizontal field of 
view of 102 degrees.  The lower edge of view in the image 
included the rear bumper of the trailer, so that drivers could 
judge distance relative to the rear bumper.  The monitor was 
placed at the upper edge of the tractor windshield (with 
overlap above the windshield) and was size 2.  Although 
image re-mapping in the display was considered potentially 
beneficial, these tests were run without image re-mapping.  
Note that image re-mapping would be desirable because the 
wide angle lens caused distortions in the field of view.  In 
particular, the roadway lines appeared curved without image 
re-mapping.  The idea was that if the tests showed the C/VIS 
to be capable of satisfactory performance, then specifications 
would not need to require image re-mapping. 
 
 The highway driving portion of the scenario 
consisted of three separate but related components.  The first 
component involved having the confederate vehicle approach 
from the rear in the adjacent left lane, the adjacent right lane, 
and in the same lane as the tractor trailer.  The second 
component of the tests consisted of tractor-trailer merges to 
the right and left. This C/VIS was intended to provide helpful 
information for merges.  The DGPSs installed on the tractor-
trailer and on the confederate automobile provided distance 
information that could be used to determine such aspects as 
clearance at merge and uniformity of distance at merge. 
During the “clearance/overlap (no clearance)” tests (Figure 
1), the confederate automobile approached in either the right 
or left adjacent lane.  It then moved into a position in which 
there was some specified amount of lateral overlap with the 
trailer (no clearance) or some lateral clearance with the trailer 
(clearance).  The driver was queried regarding clearance.  
Both the DGPSs and an actual recording of video captured 
the correctness of the driver’s responses. 

For the low-speed backing maneuvers, the routines 
depicted in Figures 2 through 4 were used.  The driver 
performed the parking subtask first (Figure 2), followed by 
the loading dock subtask (Figure 3), and then the S-curve 
subtask (Figure 4). Because the driver backed a trailer 
through the S-curve, the barrels were set to allow greater 
tolerance in backing. 
 
Group 1 Test Order 
 
 Reviewing, two C/VIS enhancements were tested in 
Group 1: the Backing/Bobtailing enhancement (using the 
Volvo tractor), and the Trailer Wide-angle Multipurpose 
Enhancement (using the Peterbilt tractor with trailer).  It was 

deemed desirable to test both enhancements using Task A, 
the Highway Driving scenario, and Task B, the Low Speed 
Backing scenario.  

The test ordering for Group 1 was counterbalanced 
as shown in Table 2.  The Task A tests were counterbalanced 
in terms of baseline and C/VIS runs, and in terms of Task A 
and Task B.  Similarly, the Task B tests were 
counterbalanced in terms of baseline and C/VIS runs, and in 
terms of Task A and Task B.  In addition, for every younger 
driver there was an older driver with exactly the same order 
of presentation. 

It is important to note that all drivers drove the 
Peterbilt tractor with trailer first.  Thereafter, they drove the 
Volvo tractor in the bobtailing mode.  This procedure was 
used so that direct comparisons could be made between the 
Group 1 results and the Group 2 results in regard to tests 
using the Peterbilt tractor with trailer.  By having drivers 
drive the Peterbilt tractor with trailer first, the amount of 
practice for Groups 1 and 2 in regard to the Peterbilt tractor 
with trailer was essentially the same.   

The counterbalancing scheme shown in Table 2 for 
the four conditions was repeated: the first replication used the 
Peterbilt with trailer (for the trailer wide angle multipurpose 
C/VIS tests), and the second used the Volvo tractor (for the 
backing/bobtailing rear view C/VIS tests).  The comparisons 
between Groups 1 and 2 were as follows: the trailer wide-
angle multipurpose rear enhancement could be compared to 
the left and right merge/re-merge enhancements in terms of 
highway performance and the trailer wide-angle multipurpose 
rear enhancement could be compared to the (regular) trailer 
rear look-down enhancement in terms of backing 
performance. 
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Table 2. Presentation orders for Group 1. 

Presentation Order 
Subject 
Number 

Age  
First Second Third Fourth 

1 Y 
Task A, 
Baseline 

Task A, 
C/VIS 

Task B, 
Baseline 

Task B, 
C/VIS 

2 O 
Task A, 
Baseline 

Task A, 
C/VIS 

Task B, 
Baseline 

Task B, 
C/VIS 

3 Y 
Task A, 
C/VIS 

Task A, 
Baseline 

Task B, 
C/VIS 

Task B, 
Baseline 

4 O 
Task A, 
C/VIS 

Task A, 
Baseline 

Task B, 
C/VIS 

Task B, 
Baseline 

5 Y 
Task B, 
Baseline 

Task B, 
C/VIS 

Task A, 
Baseline 

Task A, 
C/VIS 

6 O 
Task B, 
Baseline 

Task B, 
C/VIS 

Task A, 
Baseline 

Task A, 
C/VIS 

7 Y 
Task B, 
C/VIS 

Task B, 
Baseline 

Task A, 
C/VIS 

Task A, 
Baseline 

8 O 
Task B, 
C/VIS 

Task B, 
Baseline 

Task A, 
C/VIS 

Task A, 
Baseline 

 
Group 2:  Tests 
 
Left and Right Merge/Re-Merge Enhancements 
 
 The left and right merge/re-merge enhancements 
included cameras located approximately 5 ft, 10 in (1.78 m) 
above the roadway, looking across the back of the trailer.  
The right merge camera was located at the outer left edge of 
the trailer and was aimed into the right adjacent lane. 
Similarly, the left merge camera was located at the outer right 
edge of the trailer and was aimed into the left adjacent lane.  
The fields of view were 55 degrees, with the edge of the 
image showing the edge of the trailer.  Accordingly, the 
driver could glance into the monitor and determine the 
degree of clearance (if any) with vehicles in the adjacent lane 
prior to performing the merge maneuver.  The size 2 
monitors were located on the left and right headers, more or 
less in line with the outside rear view mirrors.  Thus the 
driver was able to time-share between the mirrors and the 
corresponding monitor.  

The test scenario for these enhancements included 
highway driving only; that is, Task A, because the 
enhancements were not intended for use in backing and 
parking tasks.  In other words, Task B was not performed for 
the left and right merge/re-merge enhancements.  The first set 
of subtasks involved having the confederate vehicle approach 
from the rear in the adjacent left lane and the adjacent right 
lane.  Data taking then involved clearance/overlap decisions. 
 The confederate vehicle maneuvered longitudinally 

alongside the trailer.  When requested by the experimenter, 
the driver indicated whether there was clearance between the 
back of the trailer and the confederate vehicle as well as the 
amount of clearance or overlap in feet.  The second set of 
tasks involved actual merges to the left and right, while the 
confederate vehicle maintained speed.  In this case the driver 
had to increase speed and merge when he or she felt it was 
appropriate to do so.  These tasks provided measures that 
indicated any changes in performance associated with the 
C/VIS as compared with baseline.  Position data were 
gathered from the DGPSs installed on the tractor-trailer and 
on the confederate automobile.  The two enhancement 
camera videos were used as backup in determining clearances 
and estimating distances.  
 
Trailer Rear Look-down Enhancement 
 

The trailer rear look-down enhancement had the 
camera at the rear top center of the trailer 13 ft, 4 in (4.06 m) 
above the road surface.  The camera had a 60 degree 
horizontal field of view.  It was aimed so that the bottom 
edge of the image included the rear edge (bumper) of the 
trailer, thereby allowing drivers to judge distance to objects 
behind the trailer.  The monitor was size 1 and was located at 
the center dash. 

This enhancement was intended for backing and 
parking only.  Therefore, tests were limited to backing and 
parking subtasks (Task B).  First, drivers parked in front of a 
parked car, with instructions to park five feet (1.52 m) away 
from the parked car. Thereafter, they approached the artificial 
loading dock, with instructions to stop 1 ft (0.305 m) from 
the dock.  Measurements were made of final position relative 
to the loading dock and distance the dock had been pushed if 
it was struck.  Lastly, drivers backed through the S-curve.  
Barrels were set so that the S-curve maneuver could be 
accomplished with the correct technique. 
 
Group 2 Test Order   
 

Both Task A (for the merge/re-merge 
enhancements) and Task B (for the trailer rear look-down 
enhancement) in this group had baseline runs, each involving 
the tractor-trailer without enhancements.  However, the 
baselines differed from one another.  Thus, the situation 
except for the C/VISs being tested was identical to the Group 
1 tests. Consequently, the counterbalancing scheme shown in 
Table 2 could be used for the Group 2 tests.  The only 
differences were the driver numbers, which ranged from 9 to 
16, and the fact that the counterbalancing scheme did not 
need to be repeated (as it was in the Group 1 tests).  
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Group 3:  Tests 
 
Convex Mirror Surrogates 
 
 The Group 3 tests consisted of the use of surrogates. 
 Under the “Convex C/VIS” condition, the convex mirrors 
were replaced with surrogates.  The cameras were placed on 
the outer edges of the front fenders and had 45 degree fields 
of view.  The monitors were size 2 and were located at the A-
pillars.  (The preliminary tests indicated that drivers liked this 
surrogate and felt it was actually superior to the convex 
mirrors themselves.)  The scenarios for these tests are 
discussed later in this section. 
 
Convex Mirror Surrogates Combined with West Coast (Flat) 
Mirror Surrogates 

 
Under the “Combined C/VIS” condition, the west 

coast mirror surrogates were added to the convex mirror 
surrogates.  Since the recommendation is likely to be made 
that the west coast surrogates should not be used by 
themselves, it was the combination that had to be tested. (The 
reasoning, as explained earlier, is that the convex mirror 
surrogates perform well and should be used if any surrogates 
are used.)  

For the Combined C/VIS condition the convex 
mirror surrogates were the same as in the Convex C/VIS 
condition.  The west coast surrogates also used cameras 
mounted at the outer edges of the front fenders (there were 
two cameras on each fender).  Image size was matched to 
that provided by the actual west coast mirrors by adjustment 
of the zoom lenses.  Monitors for the west coast surrogates 
were size 3 and were mounted at the A-pillars.  It was 
necessary to stack the two monitors (for the convex and the 
west coast surrogates) at the A-pillars. The stacked monitors 
were mounted in front of the A-pillars. This location was 
decided upon, as explained earlier, because it minimized 
blind spots and was close in angle to the actual mirrors. 

The size 3 monitors (for the west coast mirror 
surrogates) each had a horizontal line on them corresponding 
to a vertical plane projected downward from the rear surface 
of the trailer (onto a flat roadway).  This horizontal line 
indicated the rear end of the trailer (on flat roadway), so that 
drivers could better judge distances relative to the rear end of 
the trailer.  The camera aim was carefully calibrated prior to 
data gathering runs to ensure that the horizontal line indicated 
the end of the trailer on flat roadway.  Note that a 
conventional video system does not provide stereographic 
presentation.  Consequently, distances may be more difficult 
to judge with video.  It was deemed desirable to include the 
horizontal line in the video presentation as a means of 
helping the driver judge distances in the most critical 
situations.  Note also that such a line is not a function of 

driver eye height or other aspects of driver viewing position.  
It is only a function of camera aim and camera field of view, 
both of which were carefully calibrated prior to data 
gathering. 

The cameras were located on the front fenders.  The 
convex mirror cameras had fields of view of 45 degrees. The 
west-coast mirror surrogate cameras had fields of view 
creating the same image size in width as the corresponding 
mirrors themselves, when viewed from the driver’s position. 
As earlier analyses indicated, this meant that the passenger 
side field of view was narrower than the driver’s side field of 
view. 

The cameras were each carefully aimed so that 
when the vehicle was being driven in a straight line the edge 
of the trailer could be seen in the image.  Since the fields of 
view differed for the convex mirror surrogate camera and for 
the west-coast mirror surrogate, the aim points were quite 
different. 

Special camera mounts had to be used.  The mounts 
were cubes of mild steel having substantial mass.  The cubes 
helped to reduce high frequency vibration in the west-coast 
mirror surrogate cameras, which were susceptible because 
they had narrow fields of view.  The cubes were mounted on 
a cross bar that went diagonally down from the cubes to the 
frame of the tractor, where the crossbar was bolted to the 
frame.  It was found that there was simply too much 
vibration in the fenders themselves to mount the west-coast 
mirror surrogates directly to the fenders.  It should be 
mentioned that although the mounts worked adequately, 
additional improvements in mounting intended to minimize 
vibration effects should be considered in future applications. 

 
Scenario for Tasks A and B 
 

The two conditions used identical scenarios and had 
a common baseline.  Consequently, the situation was 
somewhat different from the Group 1 and Group 2 tests.  In 
fact, since there was only one baseline in these tests, there 
were essentially three runs associated with the Group 3 tests, 
all of which had identical scenarios. 

The scenario included both highway and backing 
tasks (both Tasks A and B).  The highway driving portion 
(Task A) was performed as described earlier and included 
both the clearance/overlap subtask and the passing subtask.  
Drivers are often required to perform these using their side 
mirrors.  Therefore, it was considered important to test the 
surrogates for this capability.  The DGPSs installed on the 
trailer and on the confederate vehicle provided distance 
information that could be used to determine such aspects as 
clearance at merge and uniformity of distance at merge.  The 
left and right merge/re-merge enhancement cameras at the 
back of the trailer (for the Group 2 tests) and corresponding 
recorded video (not viewed by the driver) were used as 
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backup in case of DGPS dropout.  
For the backing subtasks, the routines depicted in 

Figures 2 through 4 were again used.  First, drivers parked in 
front of a parked car (Figure 2), with instructions to park five 
feet (1.52 m) away from the parked car.  Thereafter, they 
approached the artificial loading dock, with instructions to 
stop 1 ft (0.305 m) from the dock (Figure 3).  Lastly, drivers 
backed through the S-curve.  Barrels were set so that the S-
curve maneuver could be accomplished with the correct 
technique (Figure 4).  Because the driver backed a trailer 
through the S-curve, the barrels were set to allow greater 
tolerance in backing.  

It should be noted once again that during the 
surrogate tests the corresponding mirrors were covered so 
they could not be used.  For the convex mirror surrogate runs 
the convex side mirrors were covered, and for the convex 
mirror surrogates combined with the west coast mirror 
surrogates all of the side mirrors were covered.  
 
Group 3 Test Order 
 

Counterbalancing for the Group 3 tests involved a 
single baseline and two tests with surrogates, which were 
given the temporary names Convex C/VIS and Combined 
C/VIS as previously described.  Counterbalancing was 
achieved by having the baseline run precede the two C/VIS 
runs for half the drivers, and follow the C/VIS runs for the 
other half.  In addition, the two C/VIS runs were 
counterbalanced.  These considerations have been 
incorporated in the counterbalancing scheme shown in Table 
3.  Using eight drivers, there were four orders for younger 
drivers (17, 19, 21, and 23) and four identical orders for 
older drivers (18, 20, 22, and 24).  In two of the four runs for 
each age group, the baseline preceded the surrogate runs, and 
in the other two runs the baseline followed the surrogate runs. 
 Similarly, the two types of surrogate runs were 
counterbalanced.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.  Presentation orders for Group 3. 

Presentation Order Subject 
Number

Age 
Group

First Second Third 

17 Y Baseline 
Convex 
C/VIS 

Combined 
C/VIS 

18 O Baseline 
Convex 
C/VIS 

Combined 
C/VIS 

19 Y 
Convex 
C/VIS 

Combined 
C/VIS 

Baseline 

20 O 
Convex 
C/VIS 

Combined 
C/VIS 

Baseline 

21 Y Baseline 
Combined 
C/VIS 

Convex 
C/VIS 

22 O Baseline 
Combined 
C/VIS 

Convex 
C/VIS 

23 Y 
Combined 
C/VIS 

Convex 
C/VIS 

Baseline 

24 O 
Combined 
C/VIS 

Convex 
C/VIS 

Baseline 

 
 It should be noted that the counterbalancing scheme 
shown in Table 3 does not account for the ordering of Task A 
(highway driving) and Task B (backing), both of which were 
performed by every driver in every condition.  It was only 
possible to perform a partial counterbalance for the Task 
A/Task B ordering.  This was accomplished by having 
drivers 17 through 20 perform Task A first and Task B 
second, and by having drivers 21 through 24 perform Task B 
first and Task A second.   
 
EXPERIMENTAL DESIGN 
 
Independent Variables 
 
 The experiments are quite similar in design, 
particularly for the first two groups of tests.  The four 
corresponding enhancements associated with these two 
groups were analyzed separately. The independent variables 
were 2 age groups (between, with 4 drivers in each age 
group) by 2 C/VIS conditions (within, present vs. absent).   
 For Group 3, the data for the three conditions were 
analyzed together.  Thus, the independent variables were 2 
age groups (between, with 4 drivers in each age group) by 3 
C/VIS conditions (within, absent vs. convex C/VIS vs. 
combined C/VIS).   
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Dependent Variables 
 
 Dependent variables fell into two major groups: 
highway driving variables and backing and parking variables. 
 For highway driving, the following were used where 
appropriate: 

• Distance between the back end of trailer and the 
confederate vehicle at the initiation of merge.   

• Variability (most likely, the variance) of distance at 
the initiation of merge. 

• Number of correct responses to the clearance 
queries. 

• Highway driving-related individual ratings. 
 
For the backing and parking subtasks, the following were 
used where appropriate: 

• Number of cones struck in the S-curve maneuver. 
• Time to complete the S-curve maneuver. 
• S-curve maneuver-related difficulty rating. 
• Loading dock (or cone barrier for the Volvo tractor) 

error in final position. 
• Loading dock push distance (or distance cones are 

moved/pushed for the Volvo tractor). 
• Time to complete the loading dock (or backing to 

cones) maneuver. 
• Loading dock-related (cone backing-related) 

difficulty rating. 
• Error in final parked position. 
• Push distance of parked vehicle. 
• Time to complete parking subtask. 
• Parking subtask-related individual rating. 

 
Statistical Tests 
 
 Parametric and nonparametric statistical tests were 
used.  As is usually the case, parametric tests were run 
wherever appropriate and nonparametric tests were used for 
the remainder of the measures.  There were a few cases 
where parametric tests were considered tenuous.  Under these 
circumstances, both parametric and nonparametric tests were 
used.  In all cases, the main objective of the tests was to 
determine any reliable differences between baseline and the 
corresponding C/VIS related conditions.  Such differences 
show reliable changes in performance or opinion for the 
corresponding C/VISs when compared to baseline.   
Additional aspects of the tests were intended to show which 
variables exhibited differences and also whether age group 
had an effect on the drivers’ performance and opinions. 
 
Rating Scales  
 

Drivers were administered multiple 9 point rating 
scales with 5 descriptor levels.  These ratings were intended 

to provide information on the degree of difficulty in 
performing the various maneuvers and in determining the 
degree of acceptance of the various C/VISs tested.  The 
performance-related scales were designed so that they could 
be applied to either baseline or C/VIS runs.  Other scales 
were used for the C/VISs only to determine the degree of 
acceptance.  

As mentioned the Group 1A tests used the Volvo 
tractor in the uncoupled mode.   The loading dock subtask 
was replaced by the cone-barrier subtask for Group 1-A, and 
the rating scale wording correspondingly was changed.  Also, 
the ratings generally correspond to “tasks” except for the rear 
view rating.  The word “tasks” is used for the drivers because 
they did not know that they were part of a larger group of 
experiments.  Thus, “tasks” in the ratings corresponds to 
“subtasks” in this documentation of the experiment. 
 
CONCLUSIONS 
 
 This research provides the foundation for 
developing camera based indirect viewing systems used in 
the operation of heavy trucks. Resultant performance 
specifications that are compatible with driver requirements 
for operating a heavy truck will be used to form the basis for 
the design of a future all-weather indirect viewing system. An 
improvement in driver awareness of traffic conditions around 
the truck is expected to result in safer heavy vehicle 
operations.  
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ABSTRACT 
 
The purpose of this study was to obtain more 
specific information on upper limb injuries 
sustained by front seat occupants in car accidents 
with a view to identifying injuries that are a priority 
for prevention and further research. 
After identification of cases from the Vehicle 
Safety Research Centre (VSRC) through the 
Transport Research Laboratory (TRL) the 
appropriate hospital records and radiographs were 
reviewed. Data were analysed to identify the 
frequency and severity of upper limb injuries, the 
mechanism of injury and the impairment sustained 
in accordance with the American Medical 
Association guides [1]. The NHS financial costs of 
management for the upper limb injury and that for 
the patient in total were calculated. 
Sixty two cases were reviewed (34 male), aged 18-
83 years (mean 44 years). There were 20 clavicle 
fractures, 18 elbow and forearm fractures, 16 
shoulder and arm injuries, and 26 wrist and hand 
injuries. 
The median upper limb Abbreviated Injury Score 
was 2 and the overall Injury Severity Score ranged 
from 4 to 50 (median 6). In terms of impairment, 
the upper extremity sensory deficit ranged from 0 
to 9% and motor deficit 0 to 22.5% giving up to 5% 
sensory and 13.5% motor “whole person 
impairment”. 
The mean estimated treatment cost for upper limb 
management was calculated at £2,200 compared 
with a total injury treatment cost of a mean £11,000 
per person. 
Limitations of the study include its retrospective 
nature and possible selection bias. 
The study has identified the range and costs 
(impairment and financial) of upper limb injuries in 
road traffic accidents. These data will be used by  
researchers to both improve the current car crash 
dummies in the upper limb and to allow accurate 
finite element remodelling. Legislative changes to 
car requirements for upper limb safety may be 
brought forward in the longer term. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
With the introduction of seat-belt legislation into 
the UK in 1983 there has been a significant 
reduction in head and chest injuries but no 
reduction in lower limb injuries in road traffic 
accidents [2]. Upper limb injuries in road traffic 
accidents have been less extensively investigated 
than is the case with lower limb and visceral 
injuries and as a result are poorly understood. 
There has been an increasing concern that upper 
limb injuries might be becoming more common but 
accident analyses have varying conclusions in this 
area. Upper limb injuries might occur as a result of 
the acceleration/deceleration forces of the accident 
resulting in the limb being subjected to injury as a 
consequence of its momentum or because of the 
efforts of the occupant to restrain themselves with 
their upper limbs at the time of the accident. More 
recently, the possibility has been raised, that the 
front or side air-bags might also contribute to upper 
limb injury [3, 4]. 
The aim of the project was to obtain more specific 
information on upper extremity injuries sustained 
by front seat occupants in road traffic accidents, 
whilst wearing seat-belts and experiencing frontal 
collisions. The aim was to identify injuries that are 
a priority for prevention and to help direct further 
research. 
Upper limb injuries have the potential to cause high 
levels of functional impairment and as a result may 
have significant unforeseen wider economic costs. 
This study was designed to specifically evaluate the 
functional impairment produced as a result of 
common upper limb RTA injuries. 
 
METHODS 
 
Ethical approval was obtained for this study 
(Nottingham Research Ethics Committee ref: 
04/Q2403/119). Cases were identified through the 
UK car crash injury data-base by the Vehicle safety 
research centre (VSRC) in Loughborough and the 
Transport Research Laboratory (TRL) in Berkshire.  
Patients were included if they had been recorded on 
the database as having sustained an upper limb 
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injury as a seat-belted front seat passenger in a road 
traffic accident and had further been treated at the 
Nottingham University Hospitals NHS Trust. Only 
frontal impact collisions with no rollover were 
included. Patients sustaining only minor abrasions 
and contusions were excluded and only AIS 2+ 
upper extremity injuries were investigated. Hospital 
records and radiographs were reviewed. These data 
were analysed to summarise the injuries sustained 
and to classify them according to their frequency, 
severity and subsequent impairment using the 
American Medical Association (AMA) guidelines 
on the “Evaluation of Permanent Impairment”[1]. 
The medical researchers comprised two consultant 
orthopaedic and trauma surgeons and one specialist 
registrar (senior intern). An initial opinion was 
formed by consensus between one of the 
consultants and specialist registrar and in cases 
where there was a significant difference of opinion 
a final opinion was given by the senior consultant 
surgeon. The cost related to upper limb injuries and 
total cost of care for the injured parties were 
estimated using standard recognised National 
Health Service, UK Government, costing methods. 
 
RESULTS 
 
Sixty two appropriate cases (34 male), aged 18-83 
years (mean 44 years) identified from the Co-
operative Crash Injury Study (CCIS) database were 
recommended by the TRL team for investigation 
and these cases were reviewed by the clinicians.  
Medical records were found for all cases referred 
by the VSRC with no cases being lost to the study. 
The location of the upper extremity injuries are 
shown in Figure 1.  
 

Figure 1.  Location of AIS 2+ upper extremity 
injury in front seat occupants in frontal 

collisions. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
There was a total 20 clavicle fractures of which 19 
were sustained by the driver of the vehicle and 18 
were right sided. 19 of the 20 occurred in the limb 
closest to the door (outboard limb). The majority 
occurred in the region of the middle third of the 
clavicle (80%) (Table 1). 

Table 1.  Location of fracture of clavicle in front 
seat occupants in frontal collisions 

 
Location of fracture of clavicle Frequency 

Medial 1 
Middle third 16 
Middle/lateral third 1 
Lateral 2 

 
The commonest mechanism was identified as three 
point loading from the seatbelt (Table 2).  
 
 

Table 2.  The suggested mechanisms of AIS 2+ 
upper extremity injuries in front seat occupants 

in frontal collisions 
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20 

Whiplash/seatbelt contusion 5 
Axial force 3 
High energy torque force 2 
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16 
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thumb 

1 

12 

 

 

Clavicle

Shoulder and arm

Elbow

Forearm and wrist

Hand
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Three of the clavicle fractures resulted in a non-
union, two of which subsequently required remedial 
surgery - operative fixation (Figure 2).  
 

Figure 2.  One of the clavicle fractures treated 
with surgical plating after developing a non-

union. 
 

 
 
 
A further case with a fracture at the lateral end of 
the clavicle is currently awaiting operative 
intervention with an acromio-clavicular joint 
reconstruction. There were 3 acromio-clavicular 
dislocations and 1 shoulder dislocation. The 
forearm sustained significant trauma in this series, 
involving 8 fracture dislocations of elbow, 4 of 
which were open injuries. There were 3 open 
fractures of the forearm, 1 open fracture of the wrist 
and 1 dislocation of the wrist joint.  
The full data and summary is presented in Table 3. 
The Injury Severity Score (ISS) ranged from 4 to 
50 with a median of 6. The Upper Limb 
Abbreviated Injury Score ranged from 2 to 4 with a 
median of 2. 
 

Figure 3.  A severe fracture of the humerus, 
radius and ulna just around the elbow required 

reconstruction with plates and screws. 
 

 
 
 
Upper extremity sensory deficits ranged from 0 to 
9% and motor deficits 0 to 22.5% giving up to 5% 
sensory and 13.5% motor “whole person 
impairment”.  
The mean cost of the medical management of the 
upper limb injuries in these subjects was £2415 (£5 
to £9951). The mean total injury treatment cost of 
the same group of subjects was £10,883 per person 
as a consequence of other injuries sustained in the 
same accident. 

Table 3.  Severity, financial cost and functional impairment of upper extremity injuries to front seat 
occupants in frontal crashes 

Injury 
location 

Inboard 
limb 

Outboard 
limb Total 

ISS 
median 
(range) 

AIS 
median 
(range) 

Mean Cost 
of upper 

limb injury 
(£) 

 

Mean 
Cost of 
other 

injuries 
(£) 

Mean 
Total cost 

(£) 

Average 
Upper limb 
impairment 

(%) 

Whole 
person 

impairment 
(%) 

 
Clavicle 

 

 
19 

 
1 

 
20 

 
12 

(4 -50) 

 
2 

(2-4) 

 
2,431 

 
13,545 

 
15,976 

 
1.5 

 
0.9 

 
Shoulder 
or arm 

 
10 

 
6 

 
16 

 
2 

(4-29) 

 
2 

(2-4) 

 
1,853 

 
4,877 

 
6,730 

 
2.7 

 
1.6 

 
Elbow 

 

 
7 

 
3 

 
10 

 
16 

(5-29) 

 
3 

(2-4) 

 
5,710 

 
14,943 

 
20,653 

 
4.7 

 
3.0 

 
Forearm 

 

 
5 

 
3 

 
8 

 
16 

(4-38) 

 
2.5 

(2-3) 

 
4,218 

 
19,489 

 
23,707 

 
0.3 

 
0.3 

 
Wrist 

 

 
9 

 
5 

 
14 

 
14 

(4-24) 

 
2 

(2-4) 

 
4,184 

 
9,046 

 
13,230 

 
3.8 

 
2.3 

 
Hand 

 

 
8 

 
4 

 
12 

 
2 

(4-34) 

 
2 

(2-3) 

 
1,844 

 
5,330 

 
7,174 

 
1.3 

 
0.8 
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DISCUSSION 
 
This study highlights the significance of upper limb 
injuries in road traffic accidents. There was a 
surprisingly high incidence of clavicle fractures, 
often the result of three-point seatbelt loading. The 
number of these injuries, their consequence and the 
costs of their treatment had not been recognised 
previously. The medical researchers have raised the 
possibility that the frequency of these injuries may 
be increased compared with the past and may relate 
to advances in car safety and thus resultant 
morbidity, as opposed to mortality, as more people 
survive such accidents. Changes in seatbelt design 
and tensioning may also be a co-factor.  
Many clavicle fractures are discharged from 
primary care prior to healing and therefore 
impairment may be under-estimated as it is often 
assumed that they will make a full recovery. A 
prospective study with adequate follow up is 
required to establish a more accurate analysis of the 
degree of impairment sustained. 
In these frontal crashes, the outboard limb most 
frequently sustained AIS 2+ injuries. The outboard 
limb lies adjacent to the stiff structures of the door, 
A-pillar and window and is vulnerable to injury 
from flailing as well as contact from facia/side wall 
intrusion. 80% of clavicle fractures were attributed 
to the seatbelt loading from the diagonal section of 
the seat belt. The shoulder injuries were identified 
as lateral compression or axial compression sources. 
Two thirds of the elbow injuries, including the most 
devastating, were identified as direct point loading, 
commonly associated with intrusion. There were 8 
fracture dislocations/Monteggia fractures of the 
elbow, including 4 open injuries.  This group had a 
poor functional outcome with an average upper 
extremity and whole person impairment of 4.8% 
and 7.8% respectively. The majority (75%) 
occurred in the outbound limb from direct trauma. 
The average cost of the upper extremity injuries in 
these patients was £26,350.  
Two thirds of the forearm fractures occurred via 3 
point loading, most commonly in the outboard limb, 
most likely due to flail arm into the side door 
structure and A-pillar. Wrist injuries were 
frequently of a hyperextension pattern, most likely 
from steering wheel or airbag contact.  
Hand and wrist injuries have previously been 
shown to be rare in rollover and side-struck impacts, 
and relatively common in frontal crashes [5], 
prompting suggestion that air-bags might 
significantly contribute to upper limb injury. The 
majority of hand and wrist injuries in this study of 
AIS 2+ also occurred in the outboard limb. If these 
injuries do not result directly from airbag 
deployment, they may occur as a secondary effect 
of being forced into the hard side structures. 
The cost analysis which was carried out included 1) 
the length of hospital stay; 2) the cost of medical 

investigations; 3) the cost of the treatment carried 
out including surgery and physiotherapy as well as; 
4) the cost of outpatient follow up. The single 
largest cost was inpatient stay on the Intensive care 
unit (ITU), High dependency unit or on the ward. 
As most upper limb injuries do not require ITU care 
and often only require a minimal inpatient ward  
stay, the cost to the secondary care unit is thus 
comparatively small. However the cost to society 
and to the individual is considerably greater and 
this has not been fully assessed in this study, 
although an indication of impairment has been 
ascertained. It is important to emphasise that a 
patient with a clavicle fracture is unable to drive 
and rarely returns to work inside 8 weeks, partly as 
a consequence of being unable to drive. As 84% of 
the study population were within the working age 
range this could have significant effects during the 
weeks or months required for recovery. 
 
CONCLUSION 
 
The study has demonstrated the significance of 
upper limb injuries in road traffic accidents both 
from their functional outcome and their cost. We 
would recommend further investigation into the 
high incidence of clavicle fractures and into seatbelt 
design. A better understanding of the prevalence 
and implications of these injuries should be 
obtained via a large prospective, multi-centre study. 
 
RECOMMENDATIONS 
 
The major limitations of this retrospective study are 
the selection procedure and sample bias and 
whether the findings are truly representative. To 
evaluate these further, a prospective study would be 
required in the form of a multi-centre observational 
study. 
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ABSTRACT 
The National Highway Traffic Safety Administration 
(NHTSA) is conducting a research program to 
investigate the feasibility of a high speed frontal offset 
deformable barrier (ODB) crash test to improve frontal 
occupant crash protection.  The focus of the program is 
to reduce debilitating lower extremity injuries in 
frontal offset collisions.  This paper discusses three 
areas of research in this program:  new seating 
procedure, preliminary results of the new crash test, 
and an analysis of frontal stiffness characteristics of 
redesigned vehicles and their ODB test procedure 
performance.  

The new seating procedure uses Hybrid III male 
dummies fitted with Thor-LX/HIII legs (HIII50LX).  
A particularly challenging problem was the 
development of a test procedure with repeatable 
positioning of the Thor-LX/HIII feet with respect to 
the pedals in some vehicles.  inversion/eversion was 
the primary failure mode of the ankle was.  The 
kinematics and mechanism of this failure are 
examined.   

Preliminary data are presented that compare the frontal 
stiffness characteristics of vehicle models that were 
redesigned and used in both NCAP and IIHS 
crashworthiness rating programs.  The potential impact 
of this on the compatibility of the light vehicle fleet is 
discussed.  

INTRODUCTION 
In vehicle crashes lower limb injuries are the second 
most common site of AIS 2+ injuries (Thomas, 1995).  
These lower leg injuries also have been reported to be 
the cause of permanent disability and Impairment 
(Burgess et al., 1995).  Kuppa et al., 2001a, showed 
that the foot and ankle AIS 2+ injuries are 33% of 
lower leg injuries and 41% of associated Functional 
Life-years Lost to injury. 

NHTSA has focused on the development of 
performance tests not currently addressed by FMVSS 
No. 208, particularly high severity frontal offset 
crashes.  These tests are planned to result in large 
occupant compartment intrusion that could 

compromise occupant survival space and thus increase 
the potential for lower leg injuries.  The ODB test 
procedure is being evaluated for its potential to predict 
lower leg injuries. 

Saunders et al., 2004 showed that a high speed ODB 
test procedure (combining 56, 60, and 64 km/h test) 
appeared to correctly predict the risk and proportion of 
below-the-knee injuries in severe real world offset 
crashes, especially the proportion of foot and ankle 
injuries.  In these tests Saunders used the Thor-Lx/HIII 
retrofit advanced lower leg.  The Thor-Lx has 
rotational potentiometers to measure dorsiflextion, 
inversion/eversion, and internal/external rotations of 
the foot.  This gives the Thor-Lx the ability to predict 
ankle and foot injuries.  The current lower leg of the 
HIII does not have the ability to predict these foot and 
ankle injuries.  

University of Michigan Transportation Research 
Institute (UMTRI) has conducted studies documenting 
the seating positions used by various sized humans.  
They have developed a mathematical regression for 
locating the seat longitudinal position based on those 
studies.  The Insurance Institute for Highway Safety 
(IIHS) has adopted this procedure in their ODB test 
and had petitioned the agency to do so as well. 

NHTSA has been using dummy seating procedures 
based on seat mid-track position for frontal crash tests 
with the HIII 50th percentile male.  UMTRI found that 
the average person does not position the seat at mid-
track in its study.  Therefore, NHTSA has been 
investigating different seating procedures that do not 
use the seat track position.  NHTSA has investigated 
the IIHS seating procedure and found that this 
procedure may not always put the right foot in the 
neutral position on the accelerator pedal because the 
procedure was developed using regression analysis 
with scatter in the data.  

The current effort has developed a dummy seating 
position built on a different paradigm.  This seating 
procedure uses a step-by-step process that mimics the 
procedures used by humans, thus avoiding the errors 
introduced by regression and by evolving vehicle 
interior designs.  The procedures are described in 
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sections below and listed in Appendix A. 

Since the EU Directive 96/79 for frontal crash 
protection became effective in 1998, other countries 
and consumer rating programs have adopted the use of 
a fixed ODB crash test procedure.  The Australian and 
European regulation requires an ODB crash test at 56 
km/h while their consumer rating programs, Euro 
NCAP (European New Car Assessment Program), 
Australian NCAP, and IIHS conduct the ODB crash 
test at 64 km/h.  IIHS has evaluated over 150 vehicle 
models using their 64 km/h ODB crash test procedure 
and indicated in a status report (September, 2001) that 
various vehicle models that had received a “poor” 
rating were redesigned and later obtained “good” or 
“marginal” rating in their ODB crash tests.  According 
to IIHS, this improved performance in the redesigned 
vehicles was attributed to vehicle structure design that 
prevents major collapse of the occupant compartment.  
Nolan and Lund (2001) found that the majority of 
vehicles (mainly passenger cars) whose structural 
performance improved in the IIHS frontal offset crash 
tests after being redesigned did so without significant 
alteration to the stiffness of the vehicle for the first 
half-meter of deformation. However, General Motors 
Corporation (Verma, et al., 2003) indicated that the use 
of fixed barriers as a test device may lead to higher 
force levels for front ends of larger vehicles and could 
act to increase the incompatibility between large and 
small vehicles.  Saunders (2005) reported on pairs of 
vehicle-to-vehicle crash tests in which the redesigned 
vehicle in each pair obtained a better rating in the IIHS 
ODB tests than its respective older model (the other 
vehicle in the pair). The redesigned vehicle models 
were found to be more aggressive in these crash tests 
than their older counterparts as demonstrated by the 
injury measures of the dummies in the target vehicle.  
However, Saunders could not establish a relationship 
between the increase in aggressivity of the redesigned 
vehicles and the corresponding increase in front end 
stiffness in the redesigned vehicle due to the 
confounding effects of the redesigned vehicle’s mass 
and vehicle front end geometry. 

This paper presents the preliminary results of 
NHTSA’s research on a high speed (56 km/h) ODB 
test.  First, a description is provided of the dummy-
based seating procedure and the repeatability of this 
procedure is presented.  This is followed by a 
discussion of the results of the ODB tests using this 
new seating procedure.  Next, the Thor-Lx/HIII 
kinematics is analyzed from the rotational data 
recorded and a description of the mechanism that 
caused the ankle to rotate.  And finally, the paper 
discusses the potential concerns of an ODB test 
procedure on the compatibility of the light vehicle 

fleet. 

SEATING PROCEDURE 
This section describes a seating procedure that mimics 
the procedures used by humans to position themselves 
in the vehicle.  This procedure ensures the feet are in 
neutral position and the right foot is placed on the 
accelerator pedal, which provides proper dummy 
interaction with the vehicle interior to be able to 
predict lower leg injuries.  

DESCRIPTION OF DUMMY-BASED SEATING 
PROCEDURE FOR HIII50LX DUMMY: 

Driver: 
A seating procedure was developed for the HIII50LX 
in the driver seat based on the assumption that the 
longitudinal position of the seat is determined by the 
proper placement of the right foot on the accelerator 
pedal.  The seat was moved to the full-rear position 
and was placed in the full down position with the seat 
cushion at its mid angle position.  The H-point tool 
(OSCAR) was used to get a predefined H-point 
location.  The OSCAR was used to find a repeatable 
and consistent starting position for the dummy.  The 
feet of the dummy were placed in neutral position (X 
and Z rotation of zero degrees and Y rotation of -15 
degrees), which is the most stable position of the feet 
for the Thor Lx legs. 

The seat was then moved forward to place the right 
foot on the accelerator pedal such that: 

1. The foot was in neutral position. 
2. The heel was resting on the floor pan (with 

carpeting but without floor mats).  The floor mats 
were removed to avoid inconsistency caused by 
various after-market mats that might be provided 
as dealer options. 

3. The heel was at the same lateral location as the 
accelerator pedal, as defined by the heel-point 
(intersection of the pedal line of symmetry and the 
floor pan). 

4. The accelerator pedal was not depressed. 
5. The thigh-leg-foot was in the same vertical plane. 
 
Procedures were developed for two configurations of 
vehicle interior: 

1. Vehicle with brake and clutch pedals either 
removed or permanently depressed 

2. Vehicle with brake and clutch pedals in un-
depressed position 
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In most instances, the brake/clutch pedals are rearward 
(closer to the seat) than the accelerator pedal.  Thus, if 
the brake/clutch pedals are left in their un-depressed 
state, the left foot was unable to be positioned at the 
same longitudinal and symmetric position as the right 
foot.  The left foot was then placed on the un-
depressed brake/clutch pedal and the left knee was at 
an elevated position compared to the right knee. 

In order to place the left foot laterally symmetric to the 
right foot and at the same longitudinal position as the 
right foot, the pedals were depressed artificially and 
held in that position by mechanical means.  This was 
considered to be an alternative way of placing the left 
foot. 

All repeatability data is based on the above procedure.   

Subsequent discussions on avoiding the placement of 
the left foot on the brake or clutch pedals resulted in a 
variation of the seating procedure.  This procedure 
moves the left foot to the left to avoid lateral overlap 
with the pedals before the seat is moved forward.  This 
procedure is listed in Appendix A and was selected for 
use in these offset crash tests.  The procedure in 
Appendix A is assumed to  provide the same 
repeatability as the procedure with  the pedals 
depressed artificially and held in that position by 
mechanical means. 

Passenger: 
The intent for the final position on the passenger side 
was to have the feet in the neutral position and as far 
forward as possible, preferably on the toe-pan.  The 
initial seat position and dummy placement were the 
same as the driver.  The feet were placed together to 
avoid early contact with the wheel-well and center 
tunnel projections.  The toes were pushed down 
towards the floor (in extension, away from the neutral 
position) to avoid contact with ducts in the lower 
dashboard, and the seat was moved forward until the 
feet contacted the vehicle interior or the seat reached 
the full-forward position.  The feet were then returned 
to neutral position and separated symmetrically to get 
the knee separation of 10.8 inches (like in the current 
FMVSS No. 208 procedure) or until contact was made 
with the vehicle interior. 

TEST PROCEDURE DEVELOPMENT 
Five vehicles were selected for use in developing this 
test procedure.  These vehicles range in size from 
small passenger car to LTV. 

The vehicles used were: 

1. 2002 Ford Focus 
2. 2005 Cadillac STS  
3. 2005 VW Jetta  
4. 2005 Honda Ridgeline 
5. 2005 Honda Odyssey 
  
Two teams of technicians were used to study the 
repeatability and reproducibility of the seating 
procedure.  Each team repeated the seating procedure 
three times.  An initial determination of the OSCAR 
H-point and pelvic angles (with the seat full rear and 
full down) was made once and used in all seating tests.  
A coordinate measuring tool (FARO) was used 
throughout to measure the seat position and the 
dummy’s head, pelvis, knee, and ankle location. 

DISCUSSION OF SEATING PROCEDURE TESTS: 
The dummy-based procedure consistently placed the 
driver seat to the rear of the mid-track location used in 
FMVSS No. 208.  Figures 1 shows the positions for 
the Ford Focus using the current mid-track seating 
procedure and using the dummy-based seating 
procedure.  The dummy-based procedure placed the 
seat 3.1 inches rear of the mid-track position for the 
Focus. 

For the passenger side, the forward progress of the 
dummy in the dummy-based procedure was 
determined by the layout of the lower dash and ducts.  
The positions for the Cadillac (which had the greatest 
difference from the mid-track position) using the 
current mid-track procedure and using the dummy-
based seating procedure are shown in Figure 2. 

 

Figure 1  Ford Focus Driver – (a) Mid-track 
Position,  (b)  Dummy-based Position. 

 

Figure 2  Cadillac STS Passenger – (a) Mid-
track Position, (b) Dummy-based Position  
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REPEATABILITY, REPRODUCIBILITY, AND 
COMPARISON OF THE PROCEDURES 
Each team (Team 1 or Team 2) repeated the dummy-
based procedure 3 times for each vehicle for the driver 
and for the passenger sides.  Also, each team repeated 
the current FMVSS No. 208 procedure twice, except 
for Jetta.   

Figure 3 and Figure 4 show the location of the driver’s 
ankle, knee, H-Point, and head CG in the longitudinal-
vertical plane (such as when looking at the dummy 
through the open doorway) for each of the vehicles for 
the dummy based and mid-track procedure, 
respectively.  The results show that the repeat 
measurements taken by each team are within +/- 1 inch 
for the dummy based and mid-track procedure, 
respectively.  The results also show that the average 
measurement between each team was within +/- 1 inch 
for both procedures.  This demonstrates that the 
dummy based seating procedure is as repeatable and 
reproducible as the mid-track procedure.  The results 
for the passenger were similar to the driver.    

TEST RESULTS 
This section summarizes results from the ODB crash 
test series run for NHTSA that was conducted using 
the procedure defined in FMVSS No. 208 (S18) with a 
modification to the seating procedure.  In all tests, the 
HIII50LX was positioned according to the seating 
procedure presented above.  The HIII50LX was 
instrumented to calculate the Injury Assessment 
Values (IAVs) as defined in the FMVSS No. 208 
Advanced Air Bag Final Rule.  The following is a list 
of FMVSS No. 208 IAVs used in this test series: 

1. Head injury criteria with a time interval of 15 ms 
(HIC15). 

2. IAVs for the neck includeing Nij, neck tension 
(N), and neck compression (N). 

3. Chest acceleration whose cumulative acceleration 
is not more than 3 ms (Clip3ms). 

4. Chest compression (mm). 
5. Femur load (N). 
 
The Thor-Lx/HIII was instrumented with upper and 
lower tibia load cells, three ankle rotational 
potentiometers, and tri-axial foot accelerometers.  The 
polarities of the data channels were recorded according 
to SAE J211.  The IAVs calculated for the Thor-
Lx/HIII include the following: 

1. Upper and lower tibia compressive force (N). 
2. Upper and lower tibia index (TI) is calculated 

using the following equation: 
   TI=F/12000+M/240               (1) 

   Where: F=axial Force in N 
               M=the resultant moment (Nm) of the x 

and y tibia moments 
3. Knee shear (mm) 
4. Ankle rotation 
 a. Dorsiflextion (degrees) is the maximum 

positive y rotation. 
b. Inversion/eversion (degrees) is the maximum 

of either the positive or negative x rotation.   
 
The injury assessment reference values (IARVs) used 
to determine the probability of injury are listed in 
Table 1 (Kuppa, et. al. 2001a and 2001b). 

Table 1 
IARVs  

Injury Criteria IARV for HIII 50M 
HIC15 700 
Nij 1.0 
Neck tension 4170 N 
Neck compression 4000 N 
Clip3ms 60 
Chest compression 63 mm 
Femur load 10008 N 
knee shear 15 mm 
Upper tibia axial force 5600 N 
Lower tibia axial force 5200 N 
Upper tibia index  0.91 
Lower tibia index  0.91 
Dorsiflexion  35 deg 
Inversion/eversion  35 deg 

ODB CRASH TESTS RESULTS 
The crash tests showed that 1 of the 6 vehicles tested 
had all the IAVs below the IARVs (Table 2 and 3).  
The only time the HIC15 exceeded its IARV was when 
the dummy rebounded from the air bag and the 
dummy’s head hit the b-pillar.  All vehicles that 
exceeded at least one of the IARVs also exceeded the 
inversion/eversion IARV for either the left and/or right 
foot.  The only vehicle that exceeded the TI IARV was 
the Dodge Stratus.  Next, the kinematics of the dummy 
are compared to the inversion/eversion values that the 
Thor-Lx/HIII recorded. 

The tests demonstrated that the kinematics of the Thor-
Lx/HIII feet were similar to the angular output of the 
Thor-Lx/HIII.  Figure 5 shows the kinematics of the 
feet compared to the output from the Thor-Lx/HIII for 
the Mitsibushi Galant, which is representative of the 
other vehicles.  The left foot moved forward and 
started to rotate at 40 ms, and by 75 ms, the left foot 
had rotated over 25 degrees.  The maximum rotation of 
36 degrees occurred at 129 ms.  The right foot did not 
start to rotate until 75 ms.  Once the right foot started 
to rotate, it rotated 39 degrees in 30 ms.  Since the 
rotational output from the Thor-Lx/HIII matches the 
kinematics of the feet, the next step was to try to  
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Figure 3. Dummy-based Procedure location of the driver’s ankle, knee, H-Point, and head CG, with 
Pedals – Driver Side 
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Figure 4. Mid-track procedure location of the driver’s ankle, knee, H-Point, and head CG, with 
Pedals –Driver Side 
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Table 2 
IAVs for FMVSS No. 208 

TSTNO  MAKE  MODEL  YEAR  HIC15
HIC15 B-
PILLAR

 Neck 
Tension 

(N)

 Neck 
Compress

ion (N)  Nij
 3ms Clip 

(Gs)

 Chest 
Compress
ion (mm)

 Femur 
Left (N)

 Femur 
Right (N)

700 700 4170 4000 1.00 60 63 10008 10008
5654  DODGE  STRATUS 2006 114 213 717 725 0.25 31 22 2883 1028
5666  SUZUKI  VERONA 2006 187 2434 2174 222 0.34 33 24 3978 3589
5717  MITSUBISHI  GALANT 2006 157 NA 1008 715 0.29 31 23 108 133
5879  SUZUKI  FORENZA 2006 176 459 1063 790 0.37 34 26 714 482
5880  MAZDA  MAZDA6 2007 215 373 975 1792 0.56 27 18 112 77
5878  FORD FIVE HUNDRED 2007 86 NA 1090 55 0.24 27 36 193 1  

Table 3 
IAVs for below the knee injuries and maximum x-dir toepan intrusion 

TSTNO  MAKE  MODEL  YEAR

Left Knee 
Shear 
(mm)

Right 
Knee 
Shear 
(mm)

Left Tibia 
Force (N)

 Right 
Tibia 

Force (N)
 Tibia 

Index LL
 Tibia 

Index LU
 Tibia 

Index RL
 Tibia 

Index RU

Left 
Ankle 

Rotation 
X 

(degrees)

 Left 
Ankle 

Rotation 
Y 

(degrees)

 Right 
Ankle 

Rotation 
X 

(degrees)

Right 
Ankle 

Rotation 
Y 

(degrees)

Max 
Toepan 
Intrusion 

(x-dir) 
(mm)

15 15 5600 5600 0.91 0.91 0.91 0.91 35 35 35 35
5654  DODGE  STRATUS 2006 1 1 3831 3636 0.44 0.44 1.05 0.81 14 30 38 5 111
5666  SUZUKI  VERONA 2006 18 1 3468 3907 0.60 0.64 0.65 0.73 41 33 31 14 133
5717  MITSUBISHI  GALANT 2006 25 1 1907 2405 0.27 0.37 0.67 0.53 36 11 39 0 68
5879  SUZUKI  FORENZA 2006 1 1 2078 1623 0.47 0.59 0.44 0.34 39 19 36 10 68
5880  MAZDA  MAZDA6 2007 0 1 1891 1475 0.27 0.51 0.31 0.51 36 5 22 0 24
5878  FORD FIVE HUNDRED 2007 6 0 877 1172 0.28 0.31 0.24 0.25 30 0 32 0 27  

 

 

* The right foot rotation was flipped for graphical purposes. 

Figure 5.  Kinematics and Thor-Lx/HIII output of the Mitsibushi Galant 
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determine what caused these vehicles to exceed the 
IARVs for ankle rotation. 

The injury mechanisms that could have caused the 
dummy to exceed the IARVs for ankle rotation are: 
1) Toepan x-intrusion, 2) Toepan resultant 
acceleration, and 3) Toepan geometry.  It was 
impossible to determine the exact mechanism that 
caused the dummy to exceed the IARVs because all 
the vehicles tested had a combination of all three 
injury mechanisms.  The following will describe each 
of these injury mechanisms. 

The inversion/eversion IARV was exceeded for high 
as well as low levels of toepan intrusions.  The 
toepan intrusion points were measured pre and post 
test and Figure 6 graphically shows the location of 
these intrusion points.  When the difference in the x- 
displacement of the toepan for the intrusion points 
around the right foot for the Dodge Stratus and 
Mitsibushi Galant are plotted, it is shown that 
inversion/eversion IARV was exceeded for a vehicle 
with maximum x intrusion of 111 mm and also with 
maximum x intrusion of 68 mm (Figure 7).  The 
results also show that a vehicle could have a higher 
intrusion and not exceed the inversion/eversion 
IARV, whereas a vehicle with low intrusion can 
exceed the inversion/eversion.  This was shown when 
the intrusion points around the left foot were plotted 
for the Stratus and the Galant (Figure 8).  The Stratus 
had 94 mm of intrusion and only 14 degrees of 
inversion/eversion, whereas, the Galant had 49 mm 
of intrusion and 36 degrees of inversion/eversion. 

The second mechanism, toepan resultant acceleration, 
can cause the dummy to exceed the 
inversion/eversion IARV even when the toepan 
resultant acceleration, velocity, and dynamic 
displacement are similar.  For example, a tri-axial 
accelerometer was placed by the dummy’s left foot in 
the Mazda6 and Ford 500 tests.  Figures 9 and 10 
show that the two vehicles had similar resultant 
toepan x-acceleration, velocity, and dynamic 
displacement, but the Mazda6 exceeded the IARV for 
inversion/eversion while the Ford 500 was below the 
IARV for inversion/eversion. 

The last mechanism, toepan geometry, seems not 
correlate to dummy foot rotation since different 
inversion/eversion IAVs can occur even when the 
vehicles have similar toepan geometry.  The Dodge 
Stratus and the Ford 500 have similar toepans (Figure 
11), but the difference in inversion/eversion was 16 
degrees.  Also, the right foot was always placed on 
the accelerator pedal, which is a similar surface for 
all vehicles tested, but the inversion/eversion ranged 
from 22 degrees to 39 degrees. 

  

Figure 6.  Intrusion points measured on the 
toepan and floorpan. 
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Figure 7.  Comparison of x intrusion around 
the right foot of the HIII50LX for the Dodge 
Stratus and Mitsibushi Galant.
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Figure 8.  Comparison of x intrusion around 
the left foot of the HIII50LX for the Dodge 
Stratus and Mitsibushi Galant. 
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Figure 9.  Footrest resultant acceleration for 
the Mazda6 and Ford 500. 
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Figure 10.  Resultant footrest velocity and 
displacement for the Mazda6 and Ford 500 

 

Figure 11.  Driver toepan pictures of (a) Dodge 
Stratus and (b) Ford 500 

 

STIFFNESS CHANGES 
Some concern exists that requiring all vehicles to meet 
the ODB test procedure might cause compatibility 
problems between vehicles in the fleet.  This section 
discusses this concern. 

For offset performance, the IIHS ODB test was used, 
which rates a vehicle using a 64 kph ODB crash test.  
IIHS provides a rating for a vehicle in the following 
categories:  1) Overall, 2) Structure and safety cage, 3) 
Injury measures, and 4) Restraints and dummy 
kinematics.  Each category is given one of the 
following ratings: good (G), acceptable (A), marginal 
(M), and poor (P).  IIHS also provides the model year 
range for which their ratings are valid.  The structure 
and safety cage category was the most likely rating to 
change vehicle structures; therefore, it was the rating 
used for this analysis. 

One metric being researched for compatibility 
performance is the amount of energy absorbed in the 
first 25 mm to 400 mm of crush in a 35 mph rigid wall 
test, which is symbolized as E400 (Smith, 2006).  The 
equation for E400 is, 

Initial crush energy = E400 = ( ))if XXF −   (2) 

Where F is the average total force exerted on the wall 
over the 25 to 400 mm crush interval, Xi is the initial 
crush (25 mm), and Xf is the final crush (400 mm).  
E400 was calculated using load cell wall data collected 
in conjunction with NHTSA’s NCAP 56 kph full 
frontal rigid wall crash tests.   

To compare the effects of offset design and 
compatibility, NHTSA’s crash test database was 
searched for offset-redesigned vehicles tested by 
NCAP and were also rated by IIHS.  In this analysis 
there was no effort to ensure that the NCAP vehicle 
tested matched exactly the vehicle tested by IIHS (i.e. 
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engine size, body style, and options), but only that it 
fell into the IIHS applicable range of model years.  If 
there was more than one vehicle tested by NCAP in the 
valid model year range, then the average weight and 
average E400 was used.  Finally, for comparison 
purposes, each vehicle was grouped into a different 
class and weight category.  The weight classes for 
Passenger Cars (PCs) were as defined in Swanson, et 
al, (2003) with Sport Utility Vehicles (SUVs), Pickups 
(PUs), and Vans divided according to Table 4.   

Figures 12 through 16 show the E400 and IIHS 
structure and safety cage rating for the offset 
redesigned vehicles.  These bar charts note the weight 
class of the vehicle tested through a suitable suffix to 
the model name, including all subsequent redesigns 
(R1, R2, etc.). To demonstrate the relative changes in 
energy absorption between vehicles, these charts 
include an arbitrarily defined upper and lower zone for 
energy compatibility matching of the vehicle fleet as 
assumed by Saunders, et. al, (2007).  At this time it is 
assumed that the most desirable condition is when all 
vehicles move into this zone and thus are able to 
properly share crash energy.  But more research is 
needed to demonstrate the energy compatibility 
matching does not have a negative effect on self-
protection and if it is the optimal metric to use for 
compatibility.  

Table 4.  Definition of vehicle classes. 

  Class  Test Weight 
(Kg) 

Mini <1065 
Light (Lt) 1065<w<1292 
Compact 

(Com) 1292<w<1519 

Medium 
(Med) 1519<w<1746 

PCs 

Heavy >1746 
Minivans Vans All 

PU Small <2268 Pickups 
PU Heavy >2268 
UV Small <1814 
UV Mid 1814<w<2268 Utility 

Vehicles 
UV Heavy >2268 

 
The general trend for PCs was to increase E400 and 
get stiffer when the structure and safety cage rating 
was increased for offset performance but PCs generally 
converged into the energy matching zone (Figures 12 
and 13). 

About half of the SUVs and about half of the vans 
tested increased E400 for the redesigned vehicles with 
an increase in structure and safety cage rating (Figures 

14 and 15, respectively).  SUVs were generally higher 
than the energy matching zone, and Vans were 
scattered all around.  All PUs tested showed an 
increase in E400 when the structure and safety cage 
rating was increased (Figure 16).  Small PUs were 
slightly higher than the matching zone, but heavy PUs 
are higher and moving away from the energy matching 
zone.  It should be noted that before redesign all the 
heavy PUs were classified as small PUs.  
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Figure 12.  E400 and IIHS structure rating for 
smaller passenger cars.  Name suffixes: !=Lt 
to Com, ^=Com, *=Com to Med. 
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Figure 13.  E400 and IIHS structure rating for 
larger passenger cars.  Name suffixes: !=Med, 
*=Med to Heavy. 
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Figure 14.  E400 and IIHS structure rating for 
SUVs.  Name suffixes: ^=UV Small, != UV Mid, 
* UV Mid to UV Heavy, $ UV Heavy 
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Figure 15.  E400 and IIHS structure rating for 
Vans. 
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Figure 16. E400 and IIHS structure rating for 
PUs.  Name suffixes: !=PU Small, *=PU Small 
to PU Heavy  

 

FUTURE RESEARCH 
The areas of research that still need to be investigated 
include: 

1. Develop a dummy-based seating procedure for the 
HIII 5th percentile female with Thor-FLx retrofit 
legs. 

2. Evaluate the repeatability of the ODB crash test 
procedure. 

3. Continue performing crash tests to be able to 
calculate the benefits of the ODB test procedure. 

4. Perform crash tests and simulations to explore the 
relationship between offset performance and 
compatibility performance. 

CONCLUSIONS 
The following conclusions can be drawn about the 
dummy-based seating procedure: 

1. Seating procedures are available for the 50th 
percentile Hybrid III dummy with Thor lower legs 
with the seat in dummy-based or in mid-track 
positions. 

2. The repeatability of dummy-based or mid-track 
procedures is similar.  The foot angles at the ankle 
are not near neutral for the mid-track procedures.  
The mid-track procedure generally places the foot 
in dorsiflexion. 

3. The final position of the ankle is similar in the 
longitudinal-vertical plane, for the dummy-based 
position with or without brake/clutch pedals. 

4. The position of the head CG is controlled by the 
procedures for determining seat back angles. 

 
The crash tests showed that inversion/eversion IARVs 
were exceeded in 5 of the 6 tests.  Also, the kinematics 
of the Thor-Lx/HIII feet were similar to the rotational 
output recorded.  It was impossible to determine the 
exact mechanism that caused the feet to exceed 
eversion/inversion because there was always more than 
one mechanism observed in the crash test. 

All Pickups tested that achieved a higher rating for 
their structure and safety cage rating for the new 
design or replacement of the earlier vehicle increased 
its E400.  Also, Pickups over 2268 kgs moved away 
from and higher than the energy matching zone.  All 
other classes of vehicles had some vehicles that 
increased, stayed the same, or decreased for E400. 
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APPENDIX A 

Dummy Based Seating Procedure 

Driver side positioning procedure: 

Place the seat at full rear, full down, and seat cushion at mid-angle, with seat back at nominal angle specified by the 
manufacturer. 

__1.  Place adjustable pedals in the full forward position (towards the front of the vehicle.) 
 __N/A – the pedals are not adjustable. 
__2 Locate and mark the right heel point (RHP) on the carpet.  

Flat accelerator pedals: Extend a line through the axis of symmetry (that is closest to the vertical 
plane) of the accelerator pedal.  The RHP is the intersection of that line with the floor pan. 

Curved accelerator pedals: Construct a line in the side view tangent to the accelerator pedal such 
that the distance from the contact point on the pedal to the floor pan, along the tangent line, 
is 200 mm.  The RHP is at the intersection of this tangent line and the floor pan 

__3 Locate a longitudinal line L1 and a transverse line T1 on the floor pan through the RHP.  Locate a 
Left Heel Point (LHP) point on the line T1 that is to the left of the seat centerline at the same 
distance from the seat centerline as the RHP.  Locate a longitudinal line L2 through the LHP. 

__4. Set the steering wheel hub at the geometric center of the full range of driving positions including any 
telescoping positions as determined in data sheet 14.3. 

__5. Verify that the seat is in the rearmost seat track position and full down height adjustment with the 
seat cushion at the mid-angle with the seat back at the manufacturer’s nominal seat back angle. 

__6 With the seat in the rearmost, full down, mid-angle position, determine the H-point using SAE J826 
and the FMVSS No. 208 leg and thigh dimensions. 

__7.  With the seat in the rearmost, full down, mid-angle position, place the dummy in the seat such that 
the midsagittal plane is coincident with the longitudinal seat cushion markings and the upper torso 
resting against the seat back. 

__8. Rest the thighs on the seat cushion. 
__9. Set the distance between the outboard knee clevis flange surfaces at 10.6 inches. 
 __measured distance (10.6 inches) 
__10. Set the heels of the feet on the floor pan. 
__11. Position the H-point of the dummy within 0.5 inch of the vertical dimension and 0.5 inch of the 

horizontal dimension of a point 0.25 inch below the H-point determined in step 6.  
Then measure the pelvic angle with respect to the horizontal using the pelvic angle gage.  Adjust the 
dummy position until these three measurements are within the specifications. 

 ____horizontal inches from the point 0.25 below the determined H-point (0.5 inch max.)  
 ____vertical inches from the point 0.25 below the determined H-point (0.5 inch max.) 
 ____pelvic angle (20o to 25o) 
 The H-point and pelvic angle are not adjusted after this step. 
__12. Set the left and right feet in the neutral position (longitudinal centerline of foot in the same plane as 

the lower leg/thigh, foot at -15 degrees +/- 2 degrees to lower leg), as determined by the output of 
the potentiometers at the ankle. 

__13. Without moving the seat, and while keeping the right thigh and leg in the same vertical plane, set the 
right foot heel on Line L1.  If the vehicle interior prevents the heel from reaching L1, place the heel 
as close to L1 as possible, while maintaining a clearance of 0.25” from the vehicle interior. 

 Saunders, 12



__14. Without moving the seat, and while keeping the left thigh and leg in the same vertical plane, move 
the left foot laterally to the left until the right edge of the foot is clear of the brake or clutch pedal by 
0.25” laterally.  Stop the leftward movement of the left foot if the left heel reaches on Line L2 or if the 
left edge of the shoe contacts the vehicle interior. 

__15. Place a 25 lbs (110 N +/- 5N) weight (e.g. 110 N lead shot bag), no larger than 4” x 4”, on each 
knee-thigh area. The weight should be centered on the assembly-hole on the top of the knee. 

__16. Raise the heels off the floor pan so that the seat can be moved forward. 
__17. Using only the control that primarily moves the seat in the fore-aft direction, move the seat forward 

and rest the rearmost point of the right foot heel on the floor pan such that: 
- the heel is on the line L1 and 
- the foot is in the same plane  as the lower leg/thigh, foot at -15 degrees +/- 2 degrees 

(about the Y- axis) to lower leg and 
- foot is contacting the accelerator pedal and 
- the thighs are resting on the seat cushion and 
- the thigh, leg and foot are in the same vertical plane. 

Note: If the heel is unable to reach line L1 because the foot contacts the vehicle interior, place the 
foot as close to the line L1 as possible while maintaining a gap of no more than 5 mm between the 
shoe and the vehicle interior. 
Note: If the left foot contacts the brake or clutch pedals or the vehicle interior, then stop the forward 
movement of the left foot, raising the left knee off the seat cushion if needed.  The pedals should not 
be depressed.  Keep moving the seat forward until the right foot contacts the accelerator pedal. 
Note: Stop the forward movement of the seat if the seat reaches its full-forward seat track position, 
or if the dummy contacts the steering wheel or vehicle interior like the knee bolsters. 

__18. If the right foot does not reach the accelerator pedal, move the adjustable pedal until it contacts the 
foot. Locate a new heel point.  Repeat steps 7 – 17 to re-position the seat.  If the pedals are not 
adjustable, place the heel at the point closest to the pedal, in the same longitudinal vertical plane as 
the line L1.  

 __N/A – the accelerator pedal is not adjustable 
 __N/A – the accelerator pedal did not need to be moved. 
__19. Remove the leg weights. 
__20. Verify that the left thigh and leg are in a vertical longitudinal plane, the foot in the neutral position 

(longitudinal centerline of foot in the same plane as the lower leg/thigh, foot at -15 degrees +/- 2 
degrees (Y-axis) to lower leg), the heel on the floor pan.   Place the heel on the line L2, unless the 
left edge of the shoe contacts the vehicle, preventing the heel from reaching Line L2. 

__21. Verify that the right foot is in the neutral position, at the lateral location determined in step 17, and is 
contacting the accelerator pedal.  If the foot is not contacting the accelerator pedal, move the seat 
forward to rest the right foot on the accelerator pedal, keeping the foot in the neutral position 

__22. While holding the thighs in place, push with a 50 lb force on a 3 inch diameter area of the chest that 
is centered 5" (127mm) vertically below the chin on the midsaggital plane of the dummy. 

__23 Fasten the seat belt around the dummy. 
__24 Remove all slack from the lap belt portion. 
__25 Pull the upper torso webbing out of the retractor and allow it to retract; repeat this four times. 
__26 Apply a 2 to 4 pound tension load to the lap belt. 
 ____pound load applied 
__27 Is the belt system equipped with a tension-relieving device? 
 __Yes, continue 
 __No, go to 29 
__28 Introduce the maximum amount of slack into the upper torso belt that is recommended by the 

vehicle manufacturer in the vehicle owner’s manual. 
__29. Place the upper arms adjacent to the torso with the centerline as close to a vertical plane as 

possible. 
__30. Adjust the head level within ± 0.5 degrees using the seat back adjustment. Check the head angle 

after pushing on the chest with a 50 lb force on a 3 inch diameter area of the chest that is centered 
5" (127mm) vertically below the chin on the midsaggital plane of the dummy, while holding the 
thighs in place, and releasing.  
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__31 No seat back adjustment.  Adjust the neck bracket to achieve head level within ± 0.5 degrees   
Record neck bracket setting. __________ 

__32. Maintaining the head alignment as determined above, place the right hand with the palm in contact 
with the steering wheel at the rim’s horizontal centerline and with the thumb over the steering wheel. 

__33. Maintaining the head alignment as determined above place the left hand with the palm in contact 
with the steering wheel at the rim’s horizontal centerline and with the thumb over the steering wheel. 

__34. If the hands don’t reach the steering wheel at the horizontal centerline, maintaining the head 
alignment place them at symmetric location on the wheel, below the horizontal centerline. 

__35. Tape the thumb of each hand to the steering wheel by using masking tape with a width of 0.25 inch.  
The length of the tape shall only be enough to go around the thumb and steering wheel one time. 

__36 Verify that the feet are in the neutral position (+/- 2 deg), and at lateral locations determined in step 
17 (right foot) and step 20 (left foot), and the head is level (+/- 0.5 deg).  Adjust and repeat until the 
feet position and angles and head angles are within this range. 

 
Passenger side seating procedure: 
 
 
__1. Verify that the seat is in the rearmost seat track position and full down height adjustment with the 

seat cushion at the mid-angle, the seat back is at the manufacturer's nominal design position for the 
50th male.  

__2 With the seat in the rearmost, full down, mid-angle position, seat back at the manufacturer's nominal 
design position for the 50th male, determine the H-point using SAE J826 and the FMVSS No. 208 
leg and thigh dimensions. 

__3.  Place the dummy in the seat such that the midsagittal plane is coincident with the longitudinal seat 
cushion markings and the upper torso resting against the seat back. 

__4. Rest the thighs on the seat cushion. 
__5. Set the distance between the outboard knee clevis flange surfaces at 9 ¼ inches, with the leg-knee-

thigh in the same vertical plane. 
 __measured distance 
__6. Set the heels of the feet on the floor pan. 
__7. Position the H-point of the dummy within 0.5 inch of the vertical dimension and 0.5 inch of the 

horizontal dimension of a point 0.25 inch below the H-point determined in step 2. 
Then measure the pelvic angle with respect to the horizontal using the pelvic angle gage.  Adjust the 
dummy position until these three measurements are within the specifications.  

 ____horizontal inches from the point 0.25 below the determined H-point (0.5 inch max.) 
 ____vertical inches from the point 0.25 below the determined H-point (0.5 inch max.)  
 ____pelvic angle (20o to 25o) 
 The H-point and pelvic angle are not adjusted again after this step. 
__8. Place a 25 lbs (110 N +/- 5 N) weight (e.g. 110 N lead shot bag), no larger than 4” x 4”,  on each 

knee-thigh area. The weight should be centered on the assembly-hole on the top of the knee. 
__9. Set the left and right feet such that the following conditions are met after the feet are placed: 

__ The foot is in neutral position. 
__ The leg and thigh are in the same plane. 
__ The thighs are resting on the seat cushion.  
__ The heel is in contact with the floor pan. 

__10 Lift the feet off the floor and set the toe towards the floor pan (Y angle =  -25 +/- 2 deg).  Using 
controls that move the seat fore-aft, move the seat forward until either foot contacts vehicle interior.  
Position the feet at that seat location with the heels on the floor and the feet in neutral position.  If 
the vehicle interior prevents the feet from reaching the neutral position, place the feet as close as 
possible to the neutral position while maintaining a distance of 5 mm from the vehicle interior. 

__11 Move the seat forward while maintaining the foot orientations (+/-2 deg) until either foot contacts the 
vehicle interior. 

__12 Keeping the thigh-leg in the same vertical plane, move the feet apart symmetrically about the 
dummy midsaggital plane until the either foot contacts the vehicle interior or the knee spacing of 
10.6 inches is attained, whichever comes first.  Place the feet in neutral position unless contact with 
the vehicle interior prevents the feet from reaching the neutral position.  

 Saunders, 14



 Check all that applies: 
 __ The right foot contacted a flat part of the toe board. 
  __ The right foot contacted the right side of vehicle interior. 
 __ The right foot contacted is at neutral position 
 __ The left  foot contacted a flat part of the toe board. 
 __ The left foot contacted the left side if the vehicle interior. 
 __ The left foot contacted is at neutral position 
__13. Remove the leg weights. Verify that the thighs and legs are in the same vertical longitudinal plane. 
__14. While holding the thighs in place, push with a 50 lb force on a 3 inch diameter area of the chest that 

is centered 5" (127mm) vertically below the chin on the midsaggital plane of the dummy. 
__15. Seat belt 
__16 Fasten the seat belt around the dummy. 
__17 Remove all slack from the lap belt portion. 
__18 Pull the upper torso webbing out of the retractor and allow it to retract; repeat this four times.  
__19 Apply a 2 to 4 pound tension load to the lap belt. 
 ____pound load applied 
__20 Is the belt system equipped with a tension-relieving device? 
 __Yes, continue 
 __No, go to 22 
__21 Introduce the maximum amount of slack into the upper torso bet that is recommended by the vehicle 

manufacturer in the vehicle owner’s manual. 
__22. Place the upper arms adjacent to the torso with the centerline as close to a vertical plane as 

possible.  
__23. Place the right upper arm in contact with the seat back and side of the torso. (S10.2.2) 
__24. Place the left hand palm in contact with the outside of the left thigh and the little finger in contact 

with the seat cushion.  
__25. Place the right hand palm in contact with the outside of the right thigh and the little finger in contact 

with the seat cushion. 
__26. Adjust the head level within ± 0.5 degrees using the seat back adjustment. Check the head angle 

after pushing on the chest with a 50 lb force on a 3 inch diameter area of the chest that is centered 
5" (127mm) vertically below the chin on the midsaggital plane of the dummy, while holding the 
thighs in place, and releasing. 

__27 No seat back adjustment.  Adjust the neck bracket to achieve head level within ± 0.5 degrees   
Record neck bracket setting. __________ 

 
 

 Saunders, 15
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ABSTRACT 

Side impacts are frequent and can pose a hazard for 
children travelling at the struck side in passenger 
cars. Although the number of seriously injured 
children has decreased during the last decades, 
there is still a considerable risk especially for head, 
neck and thorax injuries.  
ISO/TC 22/SC12/WG 1 (working group on child 
safety inside passenger cars) has been working on 
the definition of a side impact test procedure for 
child restraint systems for a number of years, 
taking into account other side impact test 
procedures for CRS (child restraint system) already 
implemented in some countries. 
This paper is a comprehensive summary of 
accident data (from USA and Europe), boundary 
conditions to be recognised for the definition of a 
side impact test procedure for CRS (crash 
worthiness, geometry, etc.) and current side impact 
test procedures. Special emphasis is given to the 
design specification for a suitable test procedure 
with respect to loading conditions and test severity 
based on full-scale test data. The paper is based on 
a recent ISO Technical Report, which is a 
comprehensive base for the future ISO test 
procedure development. 
 

INTRODUCTION 

ISO/TC 22/SC12/WG1 has been working on the 
definition of a side impact test procedure for child 
restraint systems. After meeting the deadline for 
finalisation of a third DIS (Draft International 
Standard) version and with disapprovals (by a 
small margin) of the previous two DIS votings, it 
was decided to finalise the current project with a 
Technical Report and to restart the process of 
developing an international standard. 
The aim of this report is to summarise the work 
done within ISO, and to collect additional relevant 
information to form a solid base for the restarted 
project. 
This paper repeats the most important parts of the 
Technical Report. In addition the current status of 
the ISO side impact test procedure for CRS 
standardisation is summarised. 

ACCIDENT STATISTICS 

The severity of injuries in side impacts depends on 
the seating position. It can be noticed that the 
severity of injuries is much higher for children 
sitting on the struck side than sitting on the non-
struck side. The share of injuries on the non-struck 
side is comparable to frontal impacts, while the 
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injury probability is much higher in struck side 
accidents, see Figure 1. 
 

 

Figure 1. Injury frequency depending on the 
impact direction [Arbogast, 2004].  

Even when analysing all lateral impact accidents 
the relative number of children suffering MAIS 2+ 
injuries is much higher than for other impact 
directions, see Figure 2.  
 

 

Figure 2. Share of different impact directions 
[Langwieder, 2002]. 

Regarding the different body regions the risk for 
severe injuries decreases from the head down to the 
legs. The frequently observed injuries of arms and 
legs are not of high severity, but may cause long 
term impairments. The focus for investigations 
concerning improvements of CRS should be on the 
head, neck and thorax, see Figure 3. 
 

 

Figure 3. Injury risk of different body regions 
of 68 injured children in side impacts 
[Langwieder, 1996]. 

Looking at the development of injuries in lateral 
impacts from 1985 to 2001 in Germany it is 
obvious that the injury probability decreased since 
1985 while the risk to suffer neck injuries increased 
and the chest remained unchanged, see Figures 4, 5 
and 6.  

 

 

Figure 4. Injury probability of different body 
regions in side impact accidents between 1985 
and 1990 [Otte, 2003]. 

 

0

5

10

15

20

25

30

35

40

45

50

head neck thorax arm abdomen pelvis leg

total MAIS 1 MAIS 2-4 MAIS 5-6

 

Figure 5. Injury probability of different body 
regions in side impact accidents between 1991 
and 1996 [Otte, 2003]. 

 

 

Figure 6. Injury probability of different body 
regions in side impact accidents between 1997 
and 2001 [Otte, 2003]. 

The presented accident shows that side impact 
accidents are severe ones especially for those 
children sitting at the struck side. Especially head, 
neck and chest need to be protected. 
In a study of the Swedish accident situation 
Jakobsson et al. [Jakobsson, 2005] did not find any 
moderate-severe (AIS2+) head injuries in children 
using rear-facing (RF) CRS involved in lateral 
impact accidents, while children using forward 
facing (FF) booster seats or the car belt only 
suffered from moderate-severe injuries (AIS2+) in 
side impacts. Comparing the injury risk for RF and 
FF CRS in frontal and lateral impact accidents of 
NASS Data (US American accident data base) of 
the years 1988 to 2003 Crandall et al. [Crandall, 
2005] observed a ratio of 4.32 in favour of RF 
seats. The ratio was felt to be larger than expected.  
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SIDE IMPACT TEST METHODS FOR CARS 

The full-scale test methods have been validated 
against the real world accident conditions in the 
specific regions. We can therefore utilise these test 
methods in the development of the child side 
impact test procedure. 

European Side Impact Test Methods 

In Europe the compulsory side impact test method 
is described in ECE R95. In addition Euro-NCAP 
defined a side impact test procedure, which is 
similar to ECE R95. 
 

ECE R95 - A moveable deformable barrier 
(MDB) strikes the test car with a velocity of 
50 km/h in an angle of 90°. The barrier has a 
weight of 950 kg and a width of 1500 mm. The 
deformable element has a ground clearance of 
300 mm. The centre line of the MDB should match 
with the X position of the hip point of the 95-
percentile dummy (R-point). A Euro SID dummy is 
positioned in the driver’s seat. No child dummies 
are prescribed for ECE R95. 
 

Euro-NCAP Lateral Test - The Euro-NCAP 
side impact test protocol is in most parts similar to 
that of ECE R95. The most important differences to 
ECE R95 are that an ES2 dummy is used in the 
front driver’s position and child dummies are used 
in the rear. The two following opportunities for the 
CRS installation are possible: 

 
• P1.5 on the struck side and P3 on the non struck 

side; 
• P1.5 on the middle rear seat and P3 on the struck 

side. 
 
If a head protection system is available in the car, it 
can be tested in a pole test. The car travels with a 
velocity of 29 km/h laterally into a rigid pole with a 
diameter of 254 mm. No child dummies are used in 
this test. 

US Side Impact Test Methods 

The compulsory side impact test method in the US 
is defined in FMVSS 214 and 201. In addition 
consumer tests are defined by US-NCAP and IIHS. 
 

FMVSS 214 - A crabbed barrier hits with a 
velocity of 54 km/h the stationary test car, see 
Figure 7. Because of the 27° angle of the barrier the 
velocity has a theoretical component of 48 km/h in 
the car Y-direction and 25 km/h in car X-direction. 
The X component should simulate that the struck 
car is moving in normal lateral accidents. The 
barriers face has a width of 1676 mm and a ground 
clearance of 279 mm. The “bumper part” of the 
deformable element has a ground clearance of 

330 mm. The mass of the trolley is 1368 kg. US 
SID dummies are used at the front and rear struck 
side seat. No child dummies are tested according to 
FMVSS 214. 

 

 

Figure 7. Impact configuration according to 
FMVSS 214 [NHTSA, 2003].  

 
FMVSS 201 describes a pole test, which formed 
the basis for the Euro-NCAP pole test described 
above. 
 

US-NCAP Lateral Test - The US-NCAP side 
impact test procedure is analogous to the FMVSS 
214 protocol. The main difference is that the 
impact speed is 5 mph higher in the NCAP test 
compared to FMVSS 214. This means an impact 
velocity of 62 km/h representing 55 km/h in car Y 
direction and 30 km/h in X direction.  
 

IIHS Lateral Test - The Insurance Institute for 
Highway Safety (IIHS) defined a more severe side 
impact procedure, which should represent accidents 
with SUV. 
A trolley with a mass of 1500 kg hits the car in a 
purely lateral impact with a velocity of 50 km/h. 
The ground clearance of the barrier face is 379 mm, 
while the ground clearance of the bumper element 
is 430 mm. The shape of the barrier element shall 
comply with the front end shape of SUV’s, see 
Figure 8. Two SID-II dummies are used in the front 
and rear seats on the vehicle’s struck side. No child 
dummies are used in the IIHS side impact test. 
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Figure 8. Test configuration in IIHS side 
impact test [IIHS, 2005]. 

Japanese Side Impact Test Method 

In Japan, ECE R95 (see above) is used for 
compulsory side impact tests. J-NCAP utilises 
Euro-NCAP side impact test method (see above) 
with some changes. The most important within this 
context are: 
 
• Test speed is 55 km/h; 
• No child dummies are prescribed. 

Australian Side Impact Test Method 

The compulsory side impact test for cars in 
Australia is defined by ADR72, which is equal to 
ECE R95 (as described above). The Australian 
consumer test programme (ANCAP) follows in 
most parts the protocols of Euro-NCAP (see 
above). However, no child dummies are tested in 
the rear seat. 

CHILD RELATED PROPERTIES OF CAR 
SIDE IMPACT TEST METHODS 

In several full-scale crash tests according to ECE 
R95 performed in the last ten years, dynamic lateral 
intrusions of front and rear doors were measured. 
The sample includes super minis, family cars, 
executive cars and mini multi-purpose vehicles of 
the model years from 1990 until 2004. Both two-
door and four-door cars are included. In the last 
tests the revised deformable barrier face according 
to EEVC/WG 13 was used. In all test the lateral 
intrusion of the inner part of the doors was 
measured with a string potentiometer or a cross 
tube positioned at the middle of the door. Intrusion 
velocities were calculated from the intrusion time 
history diagrams. For comparison, car-to-car test 
results are analysed too. 

Door Intrusion Depth 

The maximum intrusion depth of the front door 
varies from 180 mm to 310 mm, whereas the newer 
vehicles have lower intrusions (Figure 9).  
 

 

Figure 9. Front door intrusion depth in 
according to ECE R95 [Johannsen, 2005]. 

It can be seen that the maximum intrusion depth of 
the rear door varies from 170 mm to 280 mm, 
which indicates that the intrusion depth is lower at 
the rear door compared with the front door (Figure 
10). 
 

 

Figure 10. Rear door intrusion depth in side 
impact tests according to ECE R95.  

Door Intrusion Velocity from ECE Tests 

Regarding the intrusion velocity a comparable 
result can be observed. The intrusion velocity is 
again lower at the rear door compared with the 
front door. 
 

 

Figure 11. Front door intrusion velocity in tests 
according to ECE R 95 [Johannsen, 2005]. 

The intrusion velocity at the front door shows a 
range between 8 and 13 m/s (Figure 11), while the 
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intrusion velocity at the rear door varies between 7 
and 13 m/s (Figure 12). 
 

 

Figure 12. Rear door intrusion velocity in side 
impact tests according to ECE R95. 

Taking into account the difficulties in positioning 
of the intrusion measurement device especially in 
smaller cars, a mean difference in intrusion velocity 
between front and rear door of 10% can be 
observed (Figure 13). The difference could be 
caused either by vehicle design or the test 
procedure with the centre of impact located more in 
the front. 
 

 

Figure 13. Comparison of maximum intrusion 
velocity for front and rear seat. 

Door Intrusion Velocity in Car-to-Car Tests 

For the development and assessment of a new 
European side impact test procedure several car-to-
car and MDB-to-car side impact tests were 
conducted on behalf of EEVC/WG13 [Ellway, 
2005]. These data help to analyse real-world side 
impact accidents, as passenger cars were used as 
the striking vehicles. 
The intrusion measurement data presented below 
are acquired by acceleration based measurements 
for the Camry tests (except the AEMDB V2 test) 
and the Corolla car-to-car tests. For the other tests 
string potentiometers were used. The intrusion was 
measured close to the position of the thoraxes of 
driver and rear seat passenger but without 
interferences. When comparing acceleration based 
and string potentiometer based intrusion 
measurements, Ellway came to the conclusion that 
the first one tends to deliver higher residual 
velocity towards the end of the impact.  
Figure 14 shows front door intrusion velocity of the 
inner door panel of an Alfa Romeo 147 running at 

24 km/h which was struck by a Toyota Corolla 
travelling at 48 km/h. In a second test an Alfa 
Romeo 147 was struck by a Land Rover 
Freelander. While intrusion velocity in the Toyota 
test was approximately 6.5 m/s, the Land Rover 
Freelander caused an intrusion velocity of more 
than 12 m/s. 
 

 

Figure 14. Comparison of front door intrusion 
velocity in car-to-car and SUV-to-car test 
[Ellway, 2005]. 

Looking at the rear door intrusion velocity of the 
inner panel these recorded approximately 7.5 m/s in 
the Corolla test compared to 10.5 m/s in the Land 
Rover Freelander test, see Figure 15. 
 

 

Figure 15. Comparison of rear door intrusion 
velocity in car-to-car and SUV-to-car test 
[Ellway, 2005]. 

Tests with a Toyota Camry, an executive saloon, 
showed again considerable differences between 
car-to-car (in this case a Ford Mondeo was used) 
and SUV-to-car tests. The intrusion velocities at the 
front door were approximately 5 m/s for the 
Mondeo and 9.5 m/s for the Freelander 
respectively, see Figure 16. For the rear door the 
intrusion velocities varied between 7 m/s (in the 
Ford test) and 10.5 m/s (in the Land Rover test, see 
Figure 17). 
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Figure 16. Comparison of front door intrusion 
velocity in different side impact tests with a 
Toyota Camry [Ellway, 2005]. 

The MDB tests were carried out utilising a barrier 
face stiffness and geometry (increased ground 
clearance) different from that of ECE R95. In 
addition the sled mass was increased to 1,500 kg. 
These measures should help to represent a more 
realistic accident severity.  
 

 

Figure 17. Comparison of rear door intrusion 
velocity in different side impact tests with a 
Toyota Camry [Ellway, 2005]. 

 

Figure 18. Comparison of front door intrusion 
velocity in different side impact tests with a 
Toyota Corolla [Ellway, 2005]. 

In the tests with a Toyota Corolla considerable 
differences between front and rear door are visible, 
see Figure 18 and Figure 19. While the intrusion 
velocity in the Corolla-to-Corolla test were 
relatively low for the front seat (approx. 3.5 m/s 
compared with 6 m/s at the rear door) this was 
contrary to the situation for all other tests. 

 

Figure 19. Comparison of rear door intrusion 
velocity in different side impact tests with a 
Toyota Corolla [Ellway, 2005]. 

Struck Car Acceleration and Velocity Change 

In addition to the intrusion of the side structure the 
struck car experiences a lateral acceleration. 
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Figure 20. Acceleration of the struck car in 
ECE R95 tests [Nett, 2003]. 

Taking into account the theoretical velocity change 
for cars of an average weight in ECE R95 tests the 
struck car will be accelerated up to 22 km/h (Figure 
20), which is in line with the derived velocity 
change from the vehicle acceleration time histories 
shown in Figure 21. 
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Figure 21. Velocity change of the struck car in 
ECE R95 tests [Nett, 2003]. 

Deformation Profiles 

The comparison of static deformation of the struck 
vehicle from front to rear shows at first an increa-
sing crush over a distance of about 500 mm, then a 
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more or less constant crush over a distance of about 
900 mm and then a decreasing trend (Figure 22). 
 

 

Figure 22. Static crush of different cars in ECE 
R95 tests [Johannsen, 2005]. 

The static crush in the EEVC/WG13 tests as 
described above show a comparable static crush as 
mentioned above, see Figure 24  and Figure 26. 
The crush distribution across the vehicle height 
shows significant differences; see Figure 23 and 
Figure 25. Again the influence of properties of the 
striking vehicle can be observed. 
 

 

Figure 23. Static crush of Alfa 147 in several 
side impact tests (in Z-direction) [Ellway, 2005]. 

 

Figure 24. Static crush of Alfa 147 in several 
side impact tests (in X-direction row A) [Ellway, 
2005]. 

 

Figure 25. Static crush of Toyota Corolla in 
several side impact tests (in Z-direction) 
[Ellway, 2005]. 

 

Figure 26. Static crush of Toyota Corolla in 
several side impact tests (in X-direction row A) 
[Ellway, 2005]. 

Dynamic Force-Deflection Characteristics of 
Door Interior 

In addition to the dynamic behaviour, the geometric 
boundary condition of passenger cars, such as the 
lateral distance between seat and side structure, the 
height of the window sill in relation to the CR-
point, and the stiffness of the side structure, are 
important. 
The stiffness of the door trim, analysed in pendu-
lum tests, showed considerable differences for 
different car models and different impact locations, 
see Figure 27. 
 

 

Figure 27. Door trim force-deflection of differ-
rent locations at different doors [Nett, 2003]. 

Door window sill height and distance to door 
trim 

Investigation of Nett [Nett, 2003] showed a lateral 
distance of the CRS centreline to the side structure 
of 300 mm and a window sill height of 500 mm. 
The average window sill height with respect to the 
CR point is approximately 500 mm, Figure 28.  
 

Row A 
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Figure 28. Height of the window sill in different 
cars [Nett, 2003]. 

The CRS centreline has an average distance to the 
inner door trim of approximately 300 mm [Nett, 
2003], Figure 29. 
 

 

Figure 29. Lateral distance between CRS 
centreline and inner door trim [Nett, 2003]. 

REQUIREMENTS FOR THE SIDE IMPACT 
TEST PROCEDURE 

The requirements of the ISO side impact test 
procedure for child restraint systems can be divided 
into the sections; test severity, validation, and field 
of application.   

Test Severity 

The test severity is defined by sled acceleration, 
intrusion depth and intrusion velocity (as far as 
intrusion is simulated), but also by geometrical 
measurements such as the panel height, distance of 
the CRS to the panel etc. 
Analysis of full-scale side impact tests shows that 
the performance of current cars has been 
significantly improved during the last years. 
However, there are still old cars on the road and the 
test severity of the full-scale test is subject to 
several discussions as it is felt to be too moderate. 
One example for higher severity tests is the IIHS 
test procedure, where the mass of the barrier as 
well as the stiffness and shape of the barrier face, 
causes a more aggressive contact with the car in 
comparison to ECE R95 and FMVSS 214 test 
conditions. 

Whilst there are no validated biomechanical load 
limits for children in side impact tests, the dummy 
readings resulting from the side impact test 
procedure should correlate with those measured in 
full-scale side impact tests. 
Summing up the results presented in the section 
“Child Related Properties of Car Side Impact Test 
Methods” and the statements above, the following 
properties defining the test severity apply to a 
majority of cars in use: 
 
• Intrusion velocity range: 7 – 10 m/s 
• Intrusion depth:  approx. 250 mm 
• Sled acceleration range:  10 – 15 g 
• Door panel height:  approx. 500 mm 
• Distance between door and CRS centre line:

    approx. 300 mm 
 
In addition the padding specification needs to be 
fully defined.  

Validation 

For the validation of the test procedure, the test 
severity as well as the CRS definition according to 
the scope (see below) needs to be approved. 
Concerning the test severity, accident statistics 
show that the most important body region to protect 
is the head. Therefore it is necessary to put special 
emphasis on the validation of head loads and the 
capability of child restraints to contain the head 
inside the CRS during the test. 

Field of Application 

Besides the differences of forward facing and rear-
facing the fixation of the CRS and the child can be 
different. The following types can be found in 
today’s world markets: belt fixed CRS with integral 
harness for the child (FF mainly 5-point-harness, 
RF mainly 3-point-harness), booster with/without 
backrest (CRS and child restrained with car belt), 
ISOFIX connection of CRS and car with integral 
harness for the child. For the belted CRS the usage 
of tensioning devices, which reduce the belt slack 
of the car belt, are becoming more popular. The 
side impact test procedure has to be able to cope 
with all these different CRS types. In addition it is 
important that all these seats are tested with 
comparably realistic severity. 

HISTORICAL OVERVIEW 

Based on a side impact test procedure developed by 
TUB (Technical University of Berlin) within the 
EC funded project Brite ATASED (Advanced 
Technologies for Automotive Seat Evaluation and 
Design) TUB started testing CRS in lateral impacts. 
These tests were conducted in a double-sled 
arrangement, where the first sled impacted the 
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second one. This double sled approach represents 
the deceleration and intrusion as recognised in car 
side impact tests. In the beginning a real car door 
was mounted on the striking sled, which impacted a 
CRS mounted on a car seat (see Figure 30). 
 

 

Figure 30. Double sled test set-up with car door 
and car seat. 

In a later evolution a flat panel was used to 
represent the door and the CRS was mounted at an 
ECE R44 test bench. See Figure 31. 
 

 

Figure 31. Double sled test set-up with flat 
panel and ECE R44 test bench. 

It was then proposed by TRL (Transport Research 
Laboratory) to represent the intrusion with a hinged 
door. The hinged door was impacted by a 100 kg 
pendulum mass. Because of the relatively low mass 
the intrusion depth and intrusion velocity could not 
be reproduced in a satisfactory manner. Both 
depended on the CRS fixture, CRS weight etc. 
However, the principle idea of the hinged door 
concept seemed to be a good compromise of 
reproducing vehicle acceleration and intrusion. 
To reduce the complexity of the hinged door 
procedure, the Nordic European countries proposed 
to use a curved panel as a door, which is fixed at 
the concrete block. The intrusion velocity in this 
approach is defined by the initial sled velocity. As 
the intrusion velocity in lateral impacts is higher 
than the lateral velocity change of the struck car, 
the Nordic countries proposed to use a suitable 
intrusion velocity as initial sled speed. The sled 

was then decelerated during the contact with CRS 
and dummy to meet the intrusion depths 
requirement. This procedure was realised by TNO 
with a flat panel. 
Another proposal, coming from MPA Stuttgart, 
was to impact the CRS by a panel without 
reproducing the vehicle movements. 
 

CURRENT SIDE IMPACT TEST 
PROCEDURES FOR CHILD RESTRAINT 
SYSTEMS 

This clause gives a brief summary of the existing 
side impact test procedures for child restraint 
systems.  

ISO/DIS 14646 / TRL Test Procedure 

The child restraint working group of ISO 
(ISO/TC22/SC12/WG1) started in 1994 the 
development of a side impact test procedure for 
child restraint systems. Most of the procedures 
described in previous section were proposed and 
discussed within the responsible task group. Finally 
in the end of the nineties the decision was taken to 
use a derivative of the hinged door concept as 
proposed by TRL. 
The main problem recognised with the original 
hinged door concept was the considerable influence 
of the CRS on intrusion velocity and intrusion 
depth. This was mainly caused by the relatively 
low impactor mass. Finally the activating method 
of the intruding panel was not defined in the 
protocol but corridors for intrusion velocity and an 
intrusion depth was fixed. 
Due to the proposed hinged door method it is 
important to define the worst-case conditions. The 
contact velocity between the CRS (child dummy, 
respectively) and the intruding panel depends on 
the angular velocity of the panel and the distance of 
the CRS (defined by the position of the head) to the 
hinge line. In order to test rear-facing and forward 
facing CRS with the same test severity, it is 
necessary to use different hinge line positions with 
respect to the CR point. Within ISO it was decided 
to test in worst-case conditions, which means with 
the maximum intrusion close to the dummy’s head, 
requiring the hinge line far from the dummy’s 
head. 
The draft standard was subject to two subsequent 
DIS votes. After failing the first one, it was decided 
to improve the draft standard for rear-facing CRS, 
while defining the details for forward facing CRS 
in a second part. For the second vote only the part 
covering RF CRS was presented, the second part 
should be published as a Technical Report. 
However the standard proposal was disapproved 
also during the second DIS vote (by a small 
margin). 
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Description of the ISO Test Method - The 
main property of the ISO 14646 test procedure is 
the hinged door concept where an ECE R44 test 
bench is mounted at an angle of 90° on a sled. To 
avoid interactions between the intruding panel and 
the test bench backrest, the latter one is displaced 
by 100 mm, see Figure 32.  
 

 
Key 

1 Sled 
2 ECE R.44 test bench 
3 CRS centreline 
4 Travel direction 

Figure 32. General test setup in ISO/DIS 14646. 

The hinge line of the intruding panel is 
perpendicular to the seat cushion by means of an 
angle of 15° to the ground. The simulated intrusion 
should realise an intrusion depth of 250 mm and a 
maximum intrusion velocity of 9 m/s. 
The panel shape was subject to several discussions 
within the responsible task group. After initially 
testing with a flat panel, curved and shaped panels 
were developed and tested. The main advantage of 
a shaped panel is the fact that it is possible to 
define a maximum intrusion, which is not the case 
with a flat panel. Finally a double shaped panel 
according to Figure 33 was developed. 
During the sled deceleration the hinged door 
intrudes. The CRS is positioned with a distance of 
300 mm of its centreline from the hinged door. The 
test procedure takes into account the worst-case 
scenario for both, RF and FF CRS, by positioning 
the hinge at the side of the feet of the child dummy. 
The sled deceleration is defined by a delta-v 
corridor representing an overall delta-v of 25 km/h. 
The hinged door concept transfers the translational 
into a rotational intrusion. The middle angular 
velocity for RF CRS of 13 rad/s corresponds to a 
translational intrusion velocity at the point of the 
head of about 12 m/s.  
The test procedure according to ISO/DIS 14646 
was implemented at TRL. 
 

 
Key 

1 Panel hinge line 
2 Hinged panel 

Figure 33. Seat bench construction with panel 
for RF configuration of ISO/DIS 14646. 

Voting Results - The draft ISO standard was 
disapproved in both DIS votes. Numerous 
comments were provided for both votes.  
In the first vote ISO/DIS 14646 was disapproved 
by five countries (France, Italy, Japan, Netherlands, 
US). The main reason for the disapproval was the 
missing validation, especially for the test set up for 
FF CRS.  
During the second vote, again five countries 
disapproved the proposal. This time France, 
Germany, Japan, Philippines and Sweden voted 
against the draft especially because of separate 
parts describing the test methods for FF and RF 
seats, and again the missing validation, especially 
regarding reproducibility. 

TNO Test Procedure 

The TNO procedure is based on an earlier stage of 
the ISO 14646. The main difference to ISO is the 
utilisation of a flat panel and a different padding. In 
principle the TNO procedure was intended to be 
used for both, RF and FF CRS, in worst-case 
conditions, but the set up for FF worst-case has not 
been realised yet. 

TUB Test Procedure 

The test procedure developed by the Technical 
University Berlin is again based on the hinged door 
concept. TUB started the development in 1999 
based on the resolutions and decisions taken by 
ISO WG1.  
The main differences with respect to ISO 14646 are 
different hinge line orientation, different panel 
shape and different panel padding. In addition the 
backrest and upper belt anchorage point in FF 
configuration are both moveable in the Y direction 
and firmly connected with the intruding panel 
representing the seat and B-pillar displacement in 

  

1
  

2   

3  

4 
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full-scale crash tests. The lower ISOFIX 
anchorages are free to move in Y-direction. 
The hinge line in the TUB method is vertical to the 
ground allowing the same hinge to be used for both 
test set-ups. The single shaped panel is padded with 
a thicker and softer material compared to the ISO 
procedure. 
The TUB test procedure was selected to be used for 
the NPACS Programme (New Programme for the 
Assessment of Child Restraint Systems) at the end 
of 2005. 

ADAC Test Procedure 

The ADAC (Germany Motoring Club) tests take 
place in a body-in-white of a VW Golf [Gauss, 
2002]. The body-in-white is mounted on a sled at 
an angle of 80° and is equipped with a fixed door. 
The angle of 80° should cause an additional head 
movement in frontal direction. Therefore it is more 
difficult to pass the head containment criterion for 
FF CRS. The body in white is mounted in the same 
way to the sled for FF and RF CRS. In the ADAC 
procedure a fixed door is used, i.e. no intrusion is 
simulated. The sled is decelerated from an initial 
velocity of 25 km/h at a level of 15 g. The main 
advantage of this test procedure is that it is 
considerably simpler, enabling good performance 
with respect to reproducibility. 

Australian Standard AS/NZS 1754 Test 
Procedure 

In Australia and New Zealand two different kinds 
of side impact tests for homologation of child seats 
have to be used. One test is on a test bench, which 
is mounted at 90° on a sled, without any door and 
the second test is with a fixed door, again at 90° 
angle. The first test assesses for dummy ejection in 
lateral impacts and has been in the standards for 
over 20 years while the latter test assesses the head 
containment capabilities of the CRS. For the door-
less tests, selected TNO P series dummies are used 
for forward facing seats and boosters, while a 
TARU Theresa dummy is used for infant restraints. 
Selected TNO P series dummies are used for the 
tests in which the door is utilised. The sled is 
calibrated to undergo a velocity change of not less 
than 32 km/h, with a deceleration of 14 – 20 g. The 
door used was based on research work from the 
Child Restraint Evaluation Program with changes 
to construction of the angle on the top half of the 
door. This side impact testing with the door was 
introduced in to the 2004 version of the standard. 

Australian CREP Test Procedure 

The consumer information testing in Australia is 
known as the Child Restraint Evaluation Program 
(CREP). There have been three rounds conducted 
and published.  There are two side impact tests, one 

at 90° and the other at 66° (previously 45°), both 
with a fixed door structure in place. The test 
conditions are the same as AS/NZS 1754 (see 
above), however there are additional assessment 
criteria. Selected TNO P Series dummies are used 
for testing. In some instances they are modified to 
increase their seated height.  

CURRENT STATUS AND FUTURE 
RESEARCH FOR ISO 29062 

The restarted project has been accepted as a new 
work item proposal as ISO 29062.According to the 
ISO rules the standard must be published before 
November 2009. 
The current focus of the subgroup developing the 
final standard is the definition of appropriate 
corridors addressing repeatability and 
reproducibility as well as the validation of the test 
procedure taking into account the application of the 
procedure, the test severity etc. 

Corridor Specification 

The current corridors for sled delta-v and the 
angular velocity are shown in Figures 34 and 35 
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Figure 34. Sled delta-v corridor. 
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Figure 35. Angular velocity corridor for FF 
CRS. 

The combination of both corridors was felt to offer 
too much variety. For analysing the effect of the 
allowed tolerance numerical simulations utilising 
MADYMO with a generic FF CRS were performed 
(see Figure 36).  
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Figure 36. Set-up for the analysis of the 
corridors [Rooij, 2005]. 

The contact velocity between panel and CRS was 
used as an indicator for the dummy readings as the 
used CRS model did not allow reliable assessment 
of the dummy readings. 
 
These simulations show that the procedure is 
sensitive to the timing of the door angular velocity 
while the maximum value of the door velocity and 
the sled pulse show only a minor influence on the 
test results, see Figures 36 and 37. 
 

 

Figure 37. Influence of door timing and sled 
pulse on the contact velocity. 

 

Figure 38. Influence of door timing and panel 
speed on the contact velocity. 

The future revised corridors should address the 
timing issue recognised above but has to be 
feasible. 

Test Severity 

The test severity of the current drafted standard is 
mainly based on cars of the eighties and nineties. 
Due to considerable changes in new cars adoption 
of the test severity might be necessary.  
Intrusion velocity and door panel height are the 
main parameters currently under discussion. For 
styling reasons the window sill height, especially at 
the rear seat, changed considerably during the last 
years. An increased door panel height results in 
higher dummy readings but reduces the challenges 
concerning the head containment for high-back 
booster seats. 
The data presented above show a considerably 
lower intrusion velocity for newer cars compared 
with older ones. This behaviour is caused by 
improved vehicle design. For defining a sustainable 
test procedure it is necessary to keep this 
development in mind. 

Forward Component 

The US side impact test procedures for cars 
(FMVSS 214 and US-NCAP) as well as the ADAC 
side impact test procedure for CRS represent a 
forward component of the sample car. The drafted 
standard describes a purely lateral impact.  
Currently advantages and disadvantages of inclu-
ding a forward component are investigated. Euro-
pean accident statistics indicate that perpendicular 
and angled side impact accident happen with an 
equal share while the purely lateral ones seem to be 
more severe.  
The next steps are to include US accident data, to 
analyse the velocity change in US-NCAP tests and 
to assess the influence of including a forward 
component to the dummy readings. 

CONCLUSIONS 

Accident statistics prove that side impact accidents 
are dangerous for children travelling at the struck 
side in passenger cars. Although the number of 
seriously injured children has decreased during the 
last decades, there is still a considerable risk 
especially for head, neck and thorax injuries. 
Comparing RF and FF CRS there are indications in 
the accident statistics that rear facing seats protect 
children better in side impact than forward facing 
child restraint. 
Side impact test procedures for cars, which are 
designed to represent average accident conditions, 
are mainly MDB tests with a barrier travelling 
either perpendicular to the struck car or at a 
crabbed angle. In addition to the direction 
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differences in barrier weight, speed, geometry and 
stiffness exists. The most severe test procedure 
seems to be the IIHS side impact test procedure 
simulating an SUV striking the test car. 
When analysing test results of ECE R95 side 
impact tests it becomes evident that injures are 
caused by the combination of both structural 
intrusion and vehicle acceleration. The intrusion is 
defined by intrusion shape, intrusion depth and 
intrusion velocity. In addition geometrical 
properties (such as door panel height, distance 
between side structure and CRS etc.) of the struck 
car have a considerable influence. An appropriate 
side impact test procedure for CRS should be 
capable to reproduce the following properties: 
  
• Intrusion velocity range: 7 – 10 m/s 
• Intrusion depth:  approx. 250 mm 
• Sled acceleration range:  10 – 15 g 
• Door panel height:  approx. 500 mm 
• Distance between door and CRS centre line:

    approx. 300 mm 
 
In addition the padding specification needs to be 
fully defined.  
In addition the test procedure should be repeatable 
and reproducible and should offer the possibility to 
test all kinds of CRS at a comparable severity level.  
The proposed side impact test method for CRS 
according to ISO DIS 14646 reproduces vehicle 
acceleration by a sled and intrusion by a hinged 
panel. It has been disapproved in two votes; mostly 
because concerns that additional validation of the 
procedure would have been necessary. 
As a consequence of the disapprovals of the 
proposed ISO procedure, and taking into account 
the alternative method development, 
ISO/TC22/SC12/WG1 adopted the following 
resolution in November 2005:  
"Considering the disapproval of DIS 14646-1.2, 
and the recent information that NPACS have just 
decided to use a method similar to the TUB method 
for side impact CRS rating, WG 1 decided to 
change direction of the ISO work in recognition of 
the NPACS decision." (Excerpt of resolution 180, 
adopted at the 34th meeting in Arlington (USA), 
2005-11-17.)  
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ABSTRACT 
 
In 1999, National Highway Traffic Safety Admini-
stration (NHTSA) researchers theorized that substan-
tial improvements could be made in the braking per-
formance of medium and heavy trucks.  Therefore, 
NHTSA initiated a multi-year research program to 
learn what improvements in stopping performance 
could be achieved using advanced, but currently 
available, brake technology for medium and heavy 
trucks. 
  
Truck tractors were the first type of heavy truck stud-
ied.  Tractor testing results, including dry stopping 
distance, wet brake-in-curve stability evaluations, and 
wet split coefficient of friction stopping distances are 
presented. Testing results showed that a 30 percent 
reduction in maximum permissible dry stopping dis-
tances is possible for U.S. truck tractors, with no deg-
radation in other performance areas.   Objective 
measurements of brake torque, measured on 
NHTSA’s inertial brake dynamometer at speeds up to 
112.7 kph, are presented.  Vehicle dynamics simula-
tion results were used to understand effects that 
higher-torque brakes might have on jackknife stabil-
ity during braking of tractor-semitrailer rigs. 
 
Changing tractors to have all air disc brakes make 
braking performance improvements attainable with 
incremental costs that are outweighed by the ex-
pected benefits.  Unforeseen improvements include a 
nominal 5 to 8 percent improvement in stopping dis-
tance during ABS-controlled stops on wet pavement, 
a result of significantly lower brake hysteresis with 
air disc brakes.  Hybrid brake configurations, utiliz-
ing larger, more powerful S-cam drum brakes or air 
disc brakes on the steer axle only, are also shown to 
provide significant performance improvements over 
current foundation brakes.  Based on this research, 
NHTSA has proposed revising FMVSS 121; shorten-
ing the maximum permitted stopping distance for 
truck tractors by 20 to 30 percent. 
 
The paper concludes by briefly discussing NHTSA’s 
research to improve the stopping performance of me-
dium and heavy straight trucks. 

INTRODUCTION 
 
In the United States, Federal Motor Vehicle Safety 
Standards (FMVSS) 105 and 121 currently require 
medium and heavy trucks (vehicles with Gross Vehi-
cle Weight Ratings (GVWR) of 4,537 kg to 11,794 
kg are medium trucks, ones with a GVWR of more 
than 11,794 kg are heavy trucks) to stop from 96.6 
kph, on a high coefficient of friction pavement and 
with properly working brakes, in the distances shown 
in Table 1.  In comparison, FMVSS 135 requires 
light vehicles (vehicles with a GVWR of 4,536 kg or 
less except for motorcycles) to stop, in similar condi-
tions, in 70.0 meters from 100.0 kph.  These stan-
dards also set required failed system/emergency 
brake stopping distances (not shown).  Required 
failed system/ emergency brake stopping distances 
are substantially longer for medium and heavy trucks 
than for light vehicles. 
 

Table 1: Current Stopping Distance Requirements 
for Medium and Heavy Trucks 

Type of  
Vehicle 

Empty Stop-
ping Distance  

Loaded Stop-
ping Distance 

Bus 85.3 m 85.3 m 
Single Unit 
Truck 102.1 m 94.5 m 

Truck Tractor 102.1 m N/A 
Truck Tractor 
with Unbraked 
Control Trailer 

N/A 108.2 m 

 
In 1999, NHTSA researchers theorized that substan-
tial improvements (approximately 30 percent reduc-
tions in stopping distance) could be achieved in the 
braking performance of medium and heavy trucks 
through the use of modern air disc or improved S-
cam drum brakes.  Based on this thinking, NHTSA 
Research and Development started performing re-
search to improve medium and heavy trucks’ stop-
ping performance. 
 
THE SAFETY PROBLEM 
 
On March 10, 1995, NHTSA published three final 
rules that reestablished stopping distance require-
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ments for medium and heavy trucks (a 1978 court 
decision had invalidated these requirements due to 
concerns about the reliability of medium and heavy 
truck antilock braking systems (ABS)).  These rules 
also improved the directional stability and control of 
heavy vehicles during braking by mandating ABS on 
these vehicles.  The phase-in period for the require-
ments of these rules ended on March 1, 1999. 
 
Crash statistics indicate that the number of fatal and 
injury crashes for medium and heavy trucks built 
subsequent to this rulemaking has slightly declined 
even while the number of vehicle miles traveled 
(VMT) by these vehicles has increased.  However, 
due to the large number of medium and heavy trucks 
in the United States, the total number of crashes for 
these vehicles remains high.   Based on data con-
tained in [1], during 2002: 

• 434,000 medium and heavy trucks were in-
volved in crashes in the United States. 

• 4,542 medium and heavy trucks were in-
volved in fatal crashes killing 4,897 people. 

• 130,000 people were injured in medium and 
heavy truck crashes. 

According to [2], in 2001 the medium and heavy 
truck fatality rate (fatalities per 100 million VMT) 
was 60 percent higher than the comparable rate for 
light vehicles (those vehicles with a GVWR of 4,536 
kg or less). 
 
NHTSA’S STRATEGY 
 
NHTSA decided to initially focus its research (and 
subsequent rulemaking) efforts on truck tractors (re-
ferred to simply as “tractors” throughout the remain-
der of this paper).  The reasons for selecting this type 
of vehicle to be our focus were: 
 
1. According to [2], in 2001 while the medium and 

heavy truck fatality rate was 60 percent higher 
than the comparable rate for light vehicles, the 
fatality rate for combination vehicles (tractors 
pulling one or more trailers) was nearly double 
that of light vehicles.  In comparison, the fatality 
rate for single-unit trucks was 15 to 20 percent 
higher than the fatality rate for light vehicles.   

 
2. From [3], although medium trucks (GVWR) of 

4,537 kg to 11,794 kg) comprised almost 45 per-
cent of truck sales during the years 2000 – 2001, 
they were involved in just 11 percent of fatal 
crashes.  Heavy trucks, over half of which are 
tractors, were involved in the other 89 percent of 
fatal crashes.  Combination vehicles were in-
volved in 2,686 fatalities (63 percent of medium 
and heavy truck fatalities). 

 
3. There are a relatively limited number of kinds of 

tractors.  The most common tractor is the stan-
dard-weight three-axle 6x4 with a front gross 
axle weight rating (GAWR) of 6,623 kg or less 
and a rear tandem drive axle with a GAWR of 
20,412 kg or less.  According to the Truck 
Manufacturers Association (TMA) and Freight-
liner, this type of tractor comprises 82 percent of 
United States production.  Freightliner stated that 
two-axle 4x2 tractors comprise ten percent of 
tractor production, and severe service tractors 
comprise seven percent (due to rounding, 
Freightliner’s numbers add to 99 percent).  TMA 
described a severe service tractor as having three 
axles with either a steer axle GAWR greater than 
6,623 kg or tandem drive axles with a total 
GAWR greater than 20,412 kg.  In addition, se-
vere service tractors include those tractors with 
twin steer axles, auxiliary axles (e.g., lift axles), 
and/or tridem drive axles.  Chassis configura-
tions include 6x4, 8x4, 8x6, 10x6 and 14x4 lay-
outs.  However, the specialty chassis configura-
tions (anything other than 6x4) comprise only 
about one percent of all United States tractor 
production.  For research purposes, NHTSA de-
cided to focus on the standard-weight 6x4 tractor 
and the 4x2 tractor.  NHTSA is currently in the 
process of performing testing using a simulated 
6x4 severe-service tractor. 

 
4. In contrast to tractors, there are many common 

configurations of straight trucks, including large 
pickup trucks, flat-bed trucks, trash trucks, dump 
trucks, and concrete mixers.  Much more effort is 
required to research these many configurations 
than is the case for tractors. 

 
5. While there are only a limited number of com-

mon trailer configurations, NHTSA researchers 
theorized that most of the improvement in vehi-
cle stopping performance would come from in-
creasing the torque output of the front brakes of a 
vehicle.  Therefore, much more limited safety 
benefits will be achieved by improving trailer 
brakes. 

 
While NHTSA is obviously interested in also im-
proving the stopping performance of medium and 
heavy straight trucks, the research necessary to per-
form rulemaking for this type of vehicle was delayed 
until after the tractor research was completed.  
Straight truck research is currently in progress and 
will briefly be described at the end of this paper.  
Research to improve trailer brakes may be performed 
after the completion of the straight truck research.  
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Trailer brake stopping distance improvement re-
search has not yet begun and will not be discussed 
further in this paper. 
 
METHODOLOGY FOR NHTSA DRY TRUCK 
TRACTOR STOPPING DISTANCE RESEARCH 
 
Research was initiated at NHTSA’s Vehicle Research 
and Test Center (VRTC) in 2001 to evaluate possible 
improvements in tractor braking performance. 
 
NHTSA researchers, based partially on discussions 
with air brake suppliers, theorized that most of the 
improvement in tractor stopping performance would 
come from increasing the torque output of the front 
brakes of the tractor.  Based on information received 
and NHTSA’s testing experience, NHTSA research-
ers thought that tractor front axles typically were 
“underbraked,” i.e., their brakes could not produce 
enough torque to lock up the wheels on the front axle 
during a full treadle brake application on a high coef-
ficient of friction pavement. There was also thinking 
that air disc brakes, on all axles, would improve stop-
ping performance due to improved fade resistance 
and greater torque production consistency. 
 
Based upon this, NHTSA decided to study tractors 
with four foundation brake configurations:  standard 
S-cam drum brakes plus three “advanced” configura-
tions.  The foundation brake configurations examined 
were: 
 
1. Standard S-cam drum brakes on all axles.  These 

were the brake configurations received with the 
two 6x4 tractors tested when they were pur-
chased from their manufacturers. This brake con-
figuration will be referred to as “standard drum” 
throughout the remainder of this paper. 

 
2. Larger S-cam drum brakes on the steer axle and 

standard S-cam drum brakes on the rear axles.  
Larger (hence higher torque output), but still 
commercially available, S-cam drum brakes 
were fitted onto the steer axle.  This was the 
brake configuration received with the 4x2 tractor 
tested when it was purchased. This brake con-
figuration was expected to be a relatively inex-
pensive method of improving tractor braking.  
However, it was not clear prior to performing 
this research how much improvement in stopping 
performance would be gained from this brake 
configuration versus the improvement that could 
be gained with the more expensive brake con-
figurations listed below.  This brake configura-
tion will be referred to as “hybrid drum” 
throughout the remainder of this paper. 

3. Air disc brakes on the steer axle and standard S-
cam drum brakes on the rear axles.  Commer-
cially available air disc brakes were fitted onto 
the steer axle.  Air disc brakes typically have 
substantially greater torque output than do stan-
dard steer-axle S-cam drum brakes.  This brake 
configuration was expected to cost more than the 
hybrid drum configuration but less than the all 
air disc configuration (described below).  This 
brake configuration will be referred to as “hybrid 
disc” throughout the remainder of this paper. 

 
4. Air disc brakes on all axles.  This brake configu-

ration was expected to be the most expensive 
bake configuration tested. This brake configura-
tion will be referred to as “all disc” throughout 
the remainder of this paper 

 
All brake configurations, other than those received 
when the vehicles were purchased from their manu-
facturers, were field retrofitted onto the vehicles at 
VRTC.  All of the parts used during these retrofits 
were commercially available.  While the brakes on 
the retrofitted vehicles worked well, they may not 
have been as optimized to work with each vehicle’s 
ABS system as were each vehicle’s original brakes.  
Therefore, the braking improvements seen in 
VRTC’s testing are believed to be conservative; 
manufacturers could do better by optimizing a vehi-
cle’s original equipment brakes. 
 
Additional information about the brakes used for 
each foundation brake configuration is contained in 
[4] and [5]. 
 
Three tractors were tested.  All three tractors were 
fitted with original equipment ABS.  Two of these 
were standard-weight 6x4 tractors: a 1991 Volvo 6x4 
tractor and a 1996 Peterbilt 6x4 tractor, both of which 
had 5,443 kg gross axle weight rating (GAWR) steer 
axles, 17,237 kg GAWR tandem drive axles, and of 
22,680 kg GVWRs.  The third tractor was a 2000 
Sterling 4x2 tractor with a 5,443 kg GAWR front 
axle, a 10,297 kg GAWR rear axle, and a 15,740 kg 
GVWR. 
 
The Sterling 4x2 tractor was originally tested with its 
as received wheelbase (3.759 m).  However, in re-
sponse to industry concerns that a shorter wheelbase 
4x2 tractor might have more stability problems, 
VRTC has shortened the wheelbase of this tractor to 
3.454 m.  At the time this paper was written, VRTC 
was in the process of retesting this tractor.  Limited 
preliminary results are included in this paper.  
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Tractors were tested at two loadings: LLVW and 
GVWR.  LLVW consisted of a “bobtail” tractor (i.e., 
one not towing a trailer) that was empty except for a 
test driver and instrumentation.  In the GVWR load-
ing, the tractor was towing an unbraked control trailer 
of the type used for FMVSS 121 tests.  This single 
axle trailer was loaded so as to achieve the tractor 
GVWR plus 2,041 kg on the trailer axle. 
 
The following information about the testing method-
ology is taken from [4].  Additional details may be 
found in that report. 
 
Full-treadle braking stops were conducted for each 
tractor at both loadings for each brake configuration.  
The experienced professional test driver was in-
structed to fully apply the brakes within 0.2 seconds 
after the initiation of braking.  Full-treadle brake ap-
plications were used to obtain the shortest possible 
stops and to maximize repeatability; each vehicle’s 
ABS modulated the brake line pressure at each wheel 
so as to prevent wheel lockup from occurring.  Stop-
ping distance testing was performed in accordance 
with the FMVSS 121 test procedure. 
 
Testing was performed on the Transportation Re-
search Center, Inc.’s dry concrete skid pad.  This pad 
has nominal peak and slide coefficients of friction of 
98 and 84, respectively.   
 
Brake pad temperatures were monitored as outlined 
in the FMVSS 121 test procedure.  Initial brake pad 
and/or lining temperatures were in the range of 65.5 
to 93.3° C prior to the initiation of each stop. 
 
Stopping distances were measured with a fifth wheel 
assembly mounted on the tractor frame.  Stopping 
distances were recorded using a Labeco Tracktest 
Fifth Wheel System Performance Monitor, which 
displays both the speed at which the brakes were first 
applied and the vehicle’s stopping distance.  All 
measured stopping distances were corrected as per 
the standard method prescribed in SAE J299 to the 
intended initial speed of 96.6 kph.  Six consecutive 
repetitions were performed for each tractor-loading-
brake configuration tested. 
 
Both average and minimum stopping distances were 
computed from the six stops.  While this paper fo-
cuses on the minimum stopping distances (since these 
are what is used in FMVSS 121 compliance testing), 
average stopping distance results are contained in [4].  
The spread of stopping distances during the six stops 
was generally small.  The difference between the 
average and the minimum stopping distance was 
typically three to four percent. 

RESULTS FROM NHTSA DRY TRUCK TRAC-
TOR STOPPING DISTANCE RESEARCH 
 
Some of the stopping distances presented in the ta-
bles below are taken from [4].  The remainder are 
new data collected by VRTC. 
 
Tables 2 through 5 summarize the bobtail stopping 
distances for each of the tractors tested for each 
foundation brake configuration.  Each of these tables 
includes a column titled Margin of Compliance 
which contains the percentage by which the measured 
stopping distance is less than the mandated maximum 
of 102.1 m. 
 
Table 2: Measured LLVW Stopping Performance for 

1991 Volvo 6x4 Tractor  
Foundation 

Brake Configu-
ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum 61.9 39.4 
Hybrid Drum 61.0 40.3 
Hybrid Disc 53.9 47.2 
All Disc 55.2 46.0 
 
Table 3: Measured LLVW Stopping Performance for 

1996 Peterbilt 6x4 Tractor  
Foundation 

Brake Configu-
ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum 67.7 33.7 
Hybrid Drum 58.2 43.0 
Hybrid Disc 53.9 47.2 
All Disc 53.6 47.5 
 
Table 4: Measured LLVW Stopping Performance for 

2000 Sterling 4x2 Tractor 
(3.759 wheelbase)  

Foundation 
Brake Configu-

ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum Not Tested N/A 
Hybrid Drum 58.2 43.0 
Hybrid Disc 54.6 46.6 
All Disc 55.8 45.4 
 
Tables 6 through 9 summarize the stopping distances 
for each of the tractors tested loaded to GVWR (by 
towing an unbraked control trailer) for each founda-
tion brake configuration.  Again, each of these tables 
includes a margin of compliance column.  This shows 
the percent margin of compliance versus the 108.2 m 
maximum permitted by FMVSS 121. 
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Table 5: Measured LLVW Stopping Performance for 
2000 Sterling 4x2 Tractor 

(3.454 m wheelbase)  
Foundation 

Brake Configu-
ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum Not Tested N/A 
Hybrid Drum 57.9 43.3 
Hybrid Disc 52.7 48.4 
All Disc Not Yet Tested N/A 
 

Table 6: Measured GVWR Stopping Performance 
for 1991 Volvo 6x4 Tractor 

Foundation 
Brake Configu-

ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum 79.2 26.8 
Hybrid Drum 80.4 25.6 
Hybrid Disc 75.9 29.9 
All Disc 71.6 33.8 
 

Table 7: Measured GVWR Stopping Performance 
for 1996 Peterbilt 6x4 Tractor  

Foundation 
Brake Configu-

ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum 93.6 13.5 
Hybrid Drum 76.2 27.0 
Hybrid Disc 71.3 34.1 
All Disc 66.4 38.6 
 

Table 8: Measured GVWR Stopping Performance 
for 2000 Sterling 4x2 Tractor 

(3.759 wheelbase)  
Foundation 

Brake Configu-
ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum Not Tested N/A 
Hybrid Drum 73.51 32.1 
Hybrid Disc 68.0 37.2 
All Disc 61.0 43.7 
 

                                            
1 The stopping distance achieved with original equip-
ment brake linings was not repeatable with replace-
ment linings.  With replacement brake linings, a 
minimum stopping distance of 101.2 m was achieved 
for the hybrid drum configuration.  This was the only 
condition for which different stopping performance 
was found with replacement linings. 
 

Table 9: Measured GVWR Stopping Performance 
for 2000 Sterling 4x2 Tractor 

(3.454 m wheelbase)  
Foundation 

Brake Configu-
ration 

Minimum Stop- 
ping Distance 

(m) 

Margin of 
Compliance

(percent) 
Standard Drum Not Tested N/A 
Hybrid Drum 87.8 18.9 
Hybrid Disc 71.0 34.4 
All Disc Not Yet Tested N/A 
 
For tractors tested loaded to GVWR (by towing a 
loaded, unbraked control trailer), the situation is not 
as good as it was for the LLVW tractors.  While all 
vehicles easily met the FMVSS 121 requirement, 
compliance margins exceeding 30 percent were gen-
erally achieved only for foundation brake configura-
tions that included air disc brakes on at least the trac-
tor’s steer axle. 
 
Data from NHTSA’s dry pavement testing confirmed 
NHTSA researchers’ theory that improvements in 
tractor stopping performance could be achieved by 
increasing the torque output of the front brakes of the 
tractor.  This trend is clearly present in the data pre-
sented in Tables 2 through 9. 
 
All foundation brake configurations tested have some 
margin of compliance versus the current FMVSS 121 
standards.  To determine whether a 30 percent reduc-
tion in maximum permitted stopping distances is fea-
sible with the advanced brake configurations, the test 
results in Tables 2 through 9 are compared to the 
reduced stopping distance (i.e., a 30 percent reduc-
tion from either 102.1 m (71.5 m) or 108.2 m. (75.7 
m)).  For example, the hybrid disc configuration in 
Table 7 would show a 5.8 percent margin of compli-
ance for the reduced stopping distance.  Likewise, the 
all disc configuration would have a 12.3 percent mar-
gin of compliance.  Although the margins of compli-
ance are lower with the reduced stopping distances, 
both tractors and loadings tested had at least one ad-
vanced brake configuration that stopped shorter than 
the reduced stopping distance.  The test results show 
that a 30 percent reduction in the maximum permitted 
stopping distances in FMVSS 121 is feasible. 
 
Additionally, at GVWR for all tractors for which data 
are currently available, an improvement in stopping 
performance was seen from the hybrid disc case to 
the all disc case. For these two brake configurations, 
the front brake torque is being generated by the same 
brake hardware.  Even though the front brake torques 
for these two cases are the same, the margin of com-
pliance for the all disc configuration averaged 5.0 
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percent higher than for the hybrid disc case.  This 
effect is believed to be due to the improved fade re-
sistance of the all disc configuration since no im-
provement was seen for the LLVW case.  (Brake fade 
should be less of a problem at lighter loadings.) 
 
METHODOLOGY FOR NHTSA WET TRUCK 
TRACTOR BRAKE RESEARCH 
 
Brake in a wet, slippery curve stability testing and 
straight-line stopping on a wet, split-coefficient of 
friction surface testing (split-mu testing for short) 
were performed for both the 1996 Peterbilt and the 
1991 Volvo 6x4 tractors.  Additional information 
about this testing can be found in [6]. 
 
Brake-in-curve stability testing was performed to 
check for any possible degradation in vehicle lateral 
stability during braking due to one of the advanced 
foundation brake configurations.  This testing was 
performed on a wetted Jennite surface on the Trans-
portation Research Center, Inc.’s Vehicle Dynamics 
Area.  The test surface was wetted within one minute 
of the commencement of each braking run.  A single 
3.7 m wide lane was marked with pylons on a 152.4 
m radius curve.  The measured peak coefficient of 
friction of this curve varied between 0.30 and 0.46 
during this testing.  (The slide coefficient of friction 
was not monitored.)  This varying peak coefficient of 
friction caused the FMVSS 121 brake-in-curve pass-
ing speed to change from vehicle to vehicle and from 
brake configuration to brake configuration.   
 
The brake-in-curve stability test protocol began by 
performing the procedures contained in S5.3.6 of 
FMVSS 121 and in Section 10.3-D of the FMVSS 
121 Laboratory Test Procedure [7].  Following com-
pletion of the FMVSS 121 brake-in-curve stability 
procedure, testing was continued to find the maxi-
mum initial (i.e., curve entry) speed at which the pro-
fessional test driver (with more than 10 years experi-
ence) could keep the vehicle within the 3.7 m lane 
while braking in the curve.  To determine the maxi-
mum initial speed, the initial speed was increased by 
1.6 kph increments above the terminal speed that was 
determined during the FMVSS 121 brake-in-curve 
stability testing, up to the speed at which the vehicle 
consistently slid out of the lane. 
 
NHTSA researchers hypothesized that vehicles with 
air disc brakes will stop in a shorter distance in a 
split-mu situation.  Split-mu testing was performed to 
test this hypothesis.  This testing was also performed 
on the Transportation Research Center, Inc.’s Vehicle 
Dynamics Area.  The test course consists of one half 
lane of wetted asphalt and one half lane of wetted 

Jennite.  The measured peak/slide coefficients of fric-
tion of the wetted asphalt averaged 0.86/0.60 while 
for the wetted Jennite they averaged 0.35/0.10 during 
this testing.   
 
For test efficiency, a stop from an initial speed of 
48.2 kph was made in one direction (east-to-west), 
then a stop in the opposite direction (west-to-east).  
Six stops were performed at each test condition, three 
in each direction.  Again, both average and minimum 
stopping distances were computed from the six stops.  
While this paper focuses on the minimum stopping 
distances (since these are what is used in FMVSS 121 
compliance testing), average stopping distance results 
are contained in [6]. 
 
The test driver was instructed to establish 48.2 kph 
while approaching the wetted test course in a 
straight-ahead approach.  Upon reaching a traffic 
pylon (positioned such that the entire vehicle would 
be on the wetted surface at the instant braking be-
gan), the driver would apply full treadle braking 
within 0.2 seconds.  The professional test driver 
would apply corrective steering during the stop to 
keep the vehicle inside the 3.7 m lane. 
 
Stopping distance data collection and correction were 
performed in the same manner as was discussed for 
the dry stopping distance research. 
 
RESULTS FROM NHTSA WET TRUCK 
TRACTOR BRAKE RESEARCH 
 
Tables 10 through 13, which contain data from [6], 
summarize the results of the FMVSS 121 portion of 
the brake-in-curve testing.  As the tables show, both 
tractors passed the FMVSS 121 brake-in-curve re-
quirement for all foundation brake configurations.  
However, the hybrid drum and hybrid disc configura-
tions seem to be performing slightly worse, only 
passing three out of four tests (the FMVSS 121 re-
quired minimum number of passes) in the LLVW 
Peterbilt test. 
 
Table 10: LLVW Brake-in-Curve FMVSS 121 Per-

formance for 1991 Volvo 6x4 Tractor 
Foundation 

Brake Configu-
ration 

FMVSS 121 
Passing Speed 

(kph) 

Number of 
Stops 

Passed 
Standard Drum 37.0 4 
Hybrid Drum 38.7 4 
Hybrid Disc 40.3 3 
All Disc 41.9 4 
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Table 11: LLVW Brake-in-Curve FMVSS 121 Per-
formance for 1996 Peterbilt 6x4 Tractor  

Foundation 
Brake Configu-

ration 

FMVSS 121 
Passing Speed 

(kph) 

Number of 
Stops 

Passed 
Standard Drum 40.3 4 
Hybrid Drum 45.1 3 
Hybrid Disc 43.5 3 
All Disc 40.3 4 
 
Table 12: GVWR Brake-in-Curve FMVSS 121 Per-

formance for 1991 Volvo 6x4 Tractor 
Foundation 

Brake Configu-
ration 

FMVSS 121 
Passing Speed 

(kph) 

Number of 
Stops 

Passed 
Standard Drum 37.0 4 
Hybrid Drum 37.0 4 
Hybrid Disc 40.3 3 
All Disc 41.9 4 
 
Table 13: GVWR Brake-in-Curve FMVSS 121 Per-

formance for 1996 Peterbilt 6x4 Tractor  
Foundation 

Brake Configu-
ration 

FMVSS 121 
Passing Speed 

(kph) 

Number of 
Stops 

Passed 
Standard Drum 40.3 4 
Hybrid Drum 41.9 4 
Hybrid Disc 46.7 3 
All Disc 40.3 4 
 
As was mentioned above, following completion of 
the FMVSS 121 brake-in-curve stability procedure, 
testing was continued to find the maximum initial 
speed at which the test driver could maintain the ve-
hicle within the 3.7 m lane while braking in the 
curve.  The limit vehicle initial speed was used to 
calculate its “Lateral Acceleration Performance Quo-
tient” (LAPQ).  LAPQ is defined as the ratio of the 
maximum attainable lateral acceleration (calculated 
from curve radius and initial speed) during the brake-
in-curve test divided by the maximum drive-through 
lateral acceleration (with no braking) expressed as a 
percentage.  Rationalizing vehicle/brake configura-
tion performances in this way normalizes the limit 
brake-in-curve speed as a function of the limit drive-
through speed.  Since both tests were performed on 
the same day, the variability of the pavement’s coef-
ficient of friction is largely mitigated. 
 
Tables 14 through 17, which contain data from [6], 
summarize the results of the LAPQ portion of the 
brake-in-curve testing.   
 

Table 14: LLVW Brake-in-Curve LAPQ Perform-
ance for 1991 Volvo 6x4 Tractor 

 
Foundation 

Brake Configu-
ration 

Max Drive-
Through 

Speed 
(kph) 

Limit 
BIC 

Speed 
(kph) 

 
 

LAPQ 
(%) 

Standard Drum 49.9 40.3 65 
Hybrid Drum 51.5 41.9 66 
Hybrid Disc 53.1 49.9 57 
All Disc 54.7 40.3 83 
 

Table 15: LLVW Brake-in-Curve LAPQ Perform-
ance for 1996 Peterbilt 6x4 Tractor 

 
Foundation 

Brake Configu-
ration 

Max Drive-
Through 

Speed 
(kph) 

Limit 
BIC 

Speed 
(kph) 

 
 

LAPQ 
(%) 

Standard Drum 53.1 54.7 103 
Hybrid Drum 59.6 54.7 92 
Hybrid Disc 58.0 49.9 74 
All Disc 53.1 53.1 100 
 

Table 16: GVWR Brake-in-Curve LAPQ Perform-
ance for 1991 Volvo 6x4 Tractor 

 
Foundation 

Brake Configu-
ration 

Max Drive-
Through 

Speed 
(kph) 

Limit 
BIC 

Speed 
(kph) 

 
 

LAPQ 
(%) 

Standard Drum 48.3 45.1 87 
Hybrid Drum 49.9 38.6 60 
Hybrid Disc 53.1 45.1 72 
All Disc 54.7 54.7 100 
 

Table 17: GVWR Brake-in-Curve LAPQ Perform-
ance for 1996 Peterbilt 6x4 Tractor 

 
Foundation 

Brake Configu-
ration 

Max Drive-
Through 

Speed 
(kph) 

Limit 
BIC 

Speed 
(kph) 

 
 

LAPQ 
(%) 

Standard Drum 53.1 54.7 106 
Hybrid Drum 56.4 56.4 100 
Hybrid Disc 62.8 51.6 67 
All Disc 53.1 46.7 77 
 
Just as with the number of passes of FMVSS 121 
brake-in-curve requirement, for LAPQ the hybrid 
drum and hybrid disc configurations seem to be per-
forming slightly worse than the standard drum and all 
disc configurations.  NHTSA researchers speculate 
that this may be because the hybrid brake configura-
tions are not as optimally tuned as the standard drum 
or all disc configurations.  Additional research would 
be required to prove or disprove this conjecture. 
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Stopping distance results from the split-mu testing 
were analyzed combining results from both tractors.  
This was done so as to give a more representative 
comparison of foundation brake effects for the real 
world in which there is a large and varied fleet of 6x4 
tractors having different layouts in terms of suspen-
sion design, wheelbase, ABS controls, etc. 
 
Tables 18 and 19, which contain data from [6], sum-
marize the results of the split-mu testing with data 
from the two tractors combined together. 
 

Table 18: LLVW Split-Mu Performance with Data 
From the Two Tractors Combined 

Foundation 
Brake Configu-

ration 

Mean Stopping 
Distance 

(m) 

Standard 
Deviation 

 (m) 
Standard Drum 32.1 1.5 
Hybrid Drum 32.5 3.9 
Hybrid Disc 31.6 1.1 
All Disc 29.3 1.1 
 
Table 19: GVWR Split-Mu Performance with Data 

From the Two Tractors Combined 
Foundation 

Brake Configu-
ration 

Mean Stopping 
Distance 

(m) 

Standard 
Deviation 

 (m) 
Standard Drum 30.1 2.0 
Hybrid Drum 30.8 1.7 
Hybrid Disc 30.8 0.6 
All Disc 28.3 0.8 
 
Examination of Tables 18 and 19 leads to two inter-
esting points.  First, the mean stopping distance at 
both the LLVW and GVWR loadings is shortest for 
the all disc foundation brake configuration.  All brake 
configurations, for any load condition up to and in-
cluding GVWR, were capable of locking the wheels 
on any axle while on the split-mu course (this is not 
the case for the dry pavement testing).  Therefore, the 
apparent advantage in stopping ability on the split-mu 
course for the all disc foundation brake configuration 
is attributed to efficiencies in their operation beyond 
their ultimate capacity to generate brake torque.   
 
Second, the GVWR stopping distance variability (as 
indicated by the standard deviation of stopping dis-
tance) was lower for the configurations that include 
air disc brakes.  This indicates that the air disc brakes 
have a more consistent torque output than do drum 
brakes.  Improved consistency of torque output (ver-
sus drum brakes) is seen for hydraulic disc brakes; it 
appears that this characteristic also carries over to air 
disc brakes. 
 

These two topics are further discussed at the end of 
the section of this paper that presents brake dyna-
mometer testing and results. 
 
The split-mu data were analyzed on a tractor-by-
tractor basis.  However, due to space limitations, a 
summary of this analysis is not included in this paper.  
The interested reader is referred to [6]. 
 
BRAKE DYNAMOMETER TESTING AND RE-
SULTS 
 
In support of NHTSA’s studies of heavy truck brake 
types and their effects on vehicle stopping perform-
ance and stability, NHTSA VRTC evaluated four 
brakes on its Greening Brake Dynamometer.  Results 
from this study are more fully documented in [8]; 
only a summary is given here. 
 
Two S-cam drum brakes and two air disc brakes were 
tested.  The two S-cam drum brakes were the two S-
cam drum brakes that were on the rear axles of the 
1991 Volvo and 1996 Peterbilt when they were tested 
in their standard drum configuration.  Similarly, the 
two air disc brakes tested were the two rear axle air 
disc brakes from these vehicles when tested in their 
all disc configuration. One disc and one drum brake 
were from Manufacturer A; the other disc and drum 
brake were from Manufacturer B.  To allow data to 
be treated statistically, five copies of each brake were 
tested. 
 
The brakes were tested on VRTC’s Greening Brake 
Dynamometer.  The dynamometer was set up to 
simulate the conditions seen by the rear axles of the 
Volvo and Peterbilt during the testing described ear-
lier in this paper.  Testing consisted of five parts: 
brake burnish, retardation testing, fade and recovery 
testing, additional retardation testing, and dynamic 
input testing.  The brake burnish, retardation testing, 
and fade and recovery testing were performed in ac-
cordance with the FMVSS 121 dynamometer test 
procedures described in [9]. 
 
Following completion of the FMVSS 121 testing, 
additional retardation testing was performed.  Addi-
tional retardation tests with 620 and 690 kPa brake 
applications at 80.5 kph were performed.  The brake 
retardation procedure was then repeated for speeds of 
48.3, 96.6, and 112.7 kph, at treadle application pres-
sures from 138 to 690 kPa. 
 
After completion of additional brake retardation test-
ing, some brake assemblies were subjected to low 
frequency dynamic pressure inputs designed to 
evaluate the brake assembly’s transient response 
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characteristics.  The input pressure dynamics were 
intended to compare how different brakes might per-
form under the control of ABS or Electronic Stability 
Control systems.  The dynamic input stops were per-
formed from speeds of 48.3, 80.5, and 96.6 kph.  The 
following five dynamic inputs were used: 

1. Sinusoidal input, 
2. Triangular wave input, 
3. Swept sinusoidal input, 
4. Step input, and  
5. Series of step inputs. 

A complete description of these inputs is in [9].  
 
Sample results from the brake dynamometer testing 
are shown below.  Again, more complete results are 
contained in [9].  Figure 1 summarizes the brake re-
tardation test results for Manufacturer A’s S-cam 
drum brake.  Each data point represents the mean of 
data from five brakes tested at speeds of 48.3, 80.5, 
96.6, and 112.7 kph for a range of brake application 
pressures.  Third order polynomial fit lines indicating 
the 95 percent confidence intervals about the mean 
torque outputs bound the data series for each speed.  
As can be seen from Figure 1, there is a 50 percent 
reduction in the S-cam drum brake’s output torque 
for an application pressure of 690 kPa as the speed in 
increased from 48.3 to 112.7 kph. 

 
Figure 1: S-cam drum brake torque spreads – 

Manufacturer A. 
 

Figure 2 summarizes the brake retardation test results 
for Manufacturer A’s air disc brake.  The format of 
this figure is exactly the same as Figure 1’s; only the 
brake tested has changed.  As can be seen from Fig-
ure 2, there is a 21 percent reduction in the air disc 
brake’s output torque for an application pressure of 
690 kPa as the speed is increased from 48.3 to 112.7 
kph. 
 
Similar figures are available for Manufacturer B’s 
brakes.  Due to space limitations, these figures are 
not included in this paper.  However, they show the 
same trends as Figures 1 and 2.  Table 20 summarizes 
the reduction in torque output for all four brakes 
tested torque for an application pressure of 690 kPa 
as the speed is increased from 48.3 to 112.7 kph. 
 
 

 
Figure 2: Air disc brake torque spreads – 

Manufacturer A. 
 

Table 20: Nominal Percent Loss in Maximum Brake 
Torque as Speed is Increased from 48.3 to 112.7 kph. 
Brake Type Manufacturer 

A 
Manufacturer 

B 
S-cam Drum -50 % -42 % 
Air Disc -21 % -24 % 
 
The air disc brakes retained much more of their low-
speed performance potential at high speeds than did 
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their S-cam brake counterparts.  However, the low-
to-medium speed performance of the S-cam brakes 
could be on par with the air disc assemblies, given 
the appropriate combination of brake chamber size, 
slack adjuster length, and lining and drum materials.  
The performance differences at higher vehicle brak-
ing speeds are directly attributable to thermal and 
mechanical disadvantages that affect S-cam drum 
brakes’ performance at high speed and energy levels. 
 
One set of results from the dynamic pressure input 
testing is shown in Figure 3.  This figure is for Manu-
facturer A’s S-cam drum and air disc brakes.  The 
particular dynamic pressure input used to generate 
Figure 3 is a sinusoidal input with a period of 2.5 
seconds.  Normalized (current brake torque divided 
by maximum brake torque expressed as a percentage) 
hysteresis plots are shown.  The upper panel shows 
data from Manufacturer A’s S-cam drum brake while 
the lower panel shows data from Manufacturer A’s 
air disc brake. 

 
Figure 3: Sinusoidal wave input (2.5-second period) 
from 96.6 kph on S-cam drum (type 30 chamber) and 
air disc (type 24 chamber) brakes by Manufacturer 
“A” – normalized torque versus pressure. 
 
Figure 3 shows that the air disc brake had less hys-
teresis than the corresponding A’s S-cam drum brake.  
Similar results were seen for the other brake for the 
other smoothly varying dynamic pressure inputs. 

Another set of results from the dynamic pressure in-
put testing is shown in Figure 4.  This figure shows 
hysteresis for an abruptly changing pressure input (a 
step with a very fast rise time).  As Figure 4 shows, 
there was a substantial increase in air disc brake hys-
teresis, to approximately the levels seen for S-cam 
drum brakes, for the suddenly changing step inputs. 
 
The reduction in hysteresis for smoothly varying dy-
namic pressure inputs is believed to be, at least par-
tially, responsible for the advantage in stopping abil-
ity on the split-mu course for the all disc foundation 
brake configuration that was pointed out earlier in 
this paper.  It is also thought to contribute to the re-
duction in stopping distance variability on a split-mu 
surface that is seen for configurations that include air 
disc brakes. 

 
Figure 4: Step input and release from 96.6 kph on S-
cam (type 30 chamber) and air disc (type 24 cham-
ber) of Manufacturer “A” – normalized torque versus 
pressure. 
 
On the split-mu course, the coefficient of friction 
between the vehicles’ tires and the pavement limited 
stopping distance, not the magnitude of the torques 
generated by the vehicles’ brakes.  In other words, 
the vehicles’ brakes had sufficient capacity to lock up 
the vehicles’ tires; the brakes could do no more to 
stop the vehicle.  To prevent wheels from locking up, 
the vehicles’ ABS was cycling during the stop.  The 
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cycling of the ABS generates smoothly varying dy-
namic pressure inputs of the type for which S-cam 
drum brakes exhibit higher hysteresis than do air disc 
brakes.  This higher hysteresis increases the percent 
of time for which the torque output of S-cam drum 
brakes is reduced due to the cycling of the ABS.  
This in turn, increases the vehicles’ stopping dis-
tances.   It also increases the variability in vehicles’ 
stopping distances by making the torque produced by 
a brake for a given application pressure depend more 
upon the time history of the air pressure at the brake 
chamber. 
 
SIMULATION STUDY OF EFFECTS OF 
SHORTER TRUCK TRACTOR STOPPING 
DISTANCES ON JACKKNIFE STABILITY 
 
One concern with improving the braking perform-
ance of tractors is that this requires more force to be 
transmitted from the tractor to the semitrailer during 
braking.  This increased force is transmitted through 
the articulation point formed by placing the fifth 
wheel/kingpin into compression.  If the vehicle is not 
traveling straight ahead, a component of the force 
acting through the wheel/kingpin articulation point 
acts to push the rear tandem axle (assuming a 6x4 
tractor; nothing really changes for a 4x2 tractor ex-
cept that “rear tandem axle” would be replaced by 
“rear axle”) sideways.  If the rear axle(s) is pushed 
too hard sideways, its limit of adhesion might be ex-
ceeded.  When this occurs, the rear axle(s) move rap-
idly sideways and a “jackknife” occurs.  (A jackknife 
is defined as an event in which the tractor rotates 
rapidly in yaw until it strikes the semitrailer.)   
 
Due to the relatively small changes in the forces in-
volved, this is a difficult topic to study by means of 
test track testing.  Therefore, NHTSA researchers 
decided to perform a simulation study to examine 
whether the theoretical mechanism just described 
will, in fact, occur for actual tractors.  Additional 
details about this research, beyond those that will fit 
into this paper, are contained in [10]. 
 
The heavy truck dynamics simulation package used 
for this research was TruckSimTM version 5.0 [11]. 
The TruckSim software is a commercially available, 
multi-body dynamics simulation package intended 
for use in simulating medium and heavy trucks.  It 
treats the vehicle chassis, suspension, and drivetrain 
masses as a collection of rigid bodies.  Linear and 
nonlinear forces and moments both act on the vehicle 
and are applied internally to hold the vehicle to-
gether.  The TruckSim software simulates the dynam-
ics of the vehicle, including highly nonlinear aspects 

such as tire force models, suspension deflection mod-
els, leaf spring models, and the hitch model. 
 
The tractor simulated during this research was the 
same 1991 Volvo 6x4 that has been used for much of 
the testing described in this paper.  For this simula-
tion research, the Volvo tractor was towing a 16.0 m 
long 1992 Fruehauf van trailer.  The geometric, iner-
tial, steering, suspension and tire properties of this 
tractor-semitrailer are documented in [12] and [13].  
The validation of this model is documented in [14]. 
 
One attractive feature of TruckSim is that advanced 
vehicle component models, written using Simulink, 
can be used to model portions of the vehicle that are 
of particular interest for a research program in far 
greater detail than they are normally modeled by 
TruckSim.  For this research, an advanced brake sys-
tem model was developed.  A nonlinear Simulink 
model was written that provided a detailed model of 
the Volvo tractor/Fruehauf trailer’s brake system 
dynamics, brake torque outputs, and brake hysteresis.  
This model is described in greater detail in [10] and 
[15]. 
 
The detailed brake system model developed for this 
research includes the following significant features: 

• First-order differential equations model sys-
tem dynamics for the control (treadle) circuit 
and main brake actuation circuits. 

• Time delays for control (treadle) signals are 
based on the physical location of the associ-
ated modulator valve. 

• Four-sensor/four-modulator (4s/4m) inte-
grated ABS control system for the tractor. 

• Two-sensor/two-modulator (2s/2m) inte-
grated ABS control system for the semi-
trailer. 

• Simulated ABS controller calculations lag. 
• ABS control strategy based on longitudinal 

wheel slip level and tangential acceleration, 
tuned to match actual vehicle performance 
on wet and dry surfaces. 

• Quadratic model of brake torque output as a 
function of application speed and chamber 
pressure. 

• Brake system hysteresis as seen in modern 
S-cam drum brakes. 

• The ability to simulate air disc brakes with 
various sizes of pneumatic brake chambers 
using data generated by VRTC’s Greening 
Brake Dynamometer.   

 
The simulation study examined the performance of 
the Volvo tractor towing the Fruehauf semitrailer.  
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The Volvo tractor was equipped with either S-cam 
drum brakes or air disc brakes.  The Fruehauf semi-
trailer was always equipped with S-cam drum brakes. 
 
Two vehicle loadings were simulated: no payload, 
and with the semitrailer loaded with five concrete 
blocks (two in the front of the semitrailer, three in the 
rear), each with a mass of 1,928 kg.  This loaded the 
combination vehicle to one-half of GVWR.  GVWR 
loading was not simulated because preliminary 
analyses indicated that, for the situations being stud-
ied, jackknifing was more likely to occur with a less 
loaded vehicle. 
 
These preliminary analyses also indicated that, for 
the situations being studied, jackknifing was more 
likely to occur on a low coefficient of friction road-
way.  Therefore, the two road surfaces simulated both 
had lower coefficients of friction than would a dry 
road.  One had a peak coefficient of friction (mu-
peak) of 0.55 (corresponding to wet Jennite) and the 
second had a mu-peak of 0.30 (corresponding to 
snow with some ice covered pavement).  Realistic 
traction surfaces were simulated by having the levels 
of adhesion vary slightly around their above listed 
means.  Variance of the surface coefficient of friction 
about its mean was deemed necessary to simulate 
“real-world” surfaces, which do not have constant 
coefficients of friction. 
 
The maneuver simulated was brake-in-curve, similar 
to the previously described experimental wet testing.  
The same 152.4 m curve radius was used.  The curve 
entry speed (initial speed) was dependent upon the 
vehicle loading and the pavement coefficient of fric-
tion.  The initial speed was set so as to attain 90 per-
cent of the lateral acceleration seen during the highest 
lateral acceleration, successful, simulated drive-
through of the 152.4 m radius curve. 
 
Two brake applications were simulated: Full Treadle 
and Half Treadle.  For a Full Treadle brake applica-
tion, air pressure at the treadle valve was ramped 
from 0 to 690 kPa in 0.3 seconds.  For a Half Treadle 
brake application, air pressure was ramped from 0 to 
345 kPa in 0.5 seconds.  Two ABS configurations 
were examined: fully operational and non-
operational. 
 
Tables 21 and 22 summarize the results from the 
simulated jackknife stability study.  The number in 
each cell of these tables is the maximum tractor yaw 
rates, in degrees per second.  Each cell’s background 
color indicates the jackknife stability for that particu-
lar condition with white indicating that there was no 
stability problem, light gray indicating a near jack-

knife (high hitch articulation angle and/or high hitch 
forces), and dark gray indicating that a jackknife oc-
curred. 
 
Examination of Tables 21 and 22 shows the follow-
ing: 

• The peak tractor yaw rate was generally less 
for the cases with air disc brakes on the 
Volvo tractor than for cases with S-cam 
drum brakes. 

• No simulated jackknifes or near jackknifes 
were seen for the ABS On case. 

 
Table 21: Simulated Jackknife Stability Results - 

Vehicle with no load 
0.55 Mu-Peak 0.30 Mu-Peak  
Drum Disc Drum Disc 

ABS 
On 6.9 6.2 5.8 5.6 Half 

Treadle 
Brake 
Apply 

ABS 
Off 49.7 19.3 4.7 2.2 

ABS 
on 6.4 6.6 6.0 6.2 Full 

Treadle 
Brake 
Apply 

ABS 
Off 8.8 3.5 2.0 1.2 

 
Table 22: Simulated Jackknife Stability Results - 

Vehicle loaded to one-half GVWR 
0.55 Mu-Peak 0.30 Mu-Peak  
Drum Disc Drum Disc 

ABS 
On 7.2 6.7 7.5 6.7 Half 

Treadle 
Brake 
Apply 

ABS 
Off 50.9 34.9 7.8 2.6 

ABS 
on 6.9 6.4 7.5 7.6 Full 

Treadle 
Brake 
Apply 

ABS 
Off 12.5 6.0 2.3 1.3 

 
• Multiple simulated jackknifes and near 

jackknifes were seen for the ABS Off case.  
However, either jackknifes/near jackknifes 
were seen for both the S-cam drum brakes 
and the air disc brakes or they were seen for 
just the S-cam drum brakes.  No cases were 
found for which there was a jackknife/near 
jackknife for air disc brakes for which S-
cam drum brakes did not also have a prob-
lem. 

 
In summary, NHTSA’s simulation study of jackknife 
stability for combination vehicles found that, whether 
ABS was functional or not, the higher torque output 
brakes on the tractor displayed no negative effects on 
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jackknife stability for the brake-in-curve maneuvers 
simulated. 
 
COSTS AND BENEFITS OF SHORTER TRUCK 
TRACTOR STOPPING DISTANCES 
 
NHTSA has estimated the costs and benefits of im-
proving tractor-stopping distances.  Only a brief 
summary is given here; additional information about 
these topics can be found in [3] and [16].   
 
First, NHTSA estimated the target population for this 
research.  The target population consists of braked 
heavy truck crashes in which the front of the truck 
hits another vehicle or object.  NHTSA used 2000 
through 2002 FARS data to estimate the average an-
nual number of fatalities and 2000 through 2002 GES 
data to estimate the annual number of property dam-
age only (PDO) vehicle involvements and injuries in 
the United States.  Table 23 summarizes these esti-
mates. 
 

Table 23: Estimated Number of Involvements in 
Braked Heavy Truck Crashes 

Crash Type  Injury Level Number 
PDO None 39,628 

Injury AIS 1 11,837 
Injury AIS 2 1,718 
Injury AIS 3 668 
Injury AIS 4 95 
Injury AIS 5 51 
Fatal Fatal 978 

 
As explained in detail in the Preliminary Regulatory 
Impact Analysis, Notice of Proposed Rulemaking – 
FMVSS No. 121, Air Brake Systems, Stopping Dis-
tance, NHTSA estimated safety benefits for both 20 
percent and 30 percent reductions in maximum per-
mitted tractor stopping distance.  A 20 percent reduc-
tion in maximum permitted tractor stopping distance 
is estimated to prevent 104 fatalities per year in the 
United States, reduce 120 serious (AIS 3 through 5) 
injuries per year, and save between $32 million (3 % 
discount rate) and $27 million (7 % discount rate) in 
property damage.  A 30 percent reduction in maxi-
mum permitted tractor stopping distance is estimated 
to prevent 257 fatalities per year in the United States, 
reduce 284 serious (AIS 3 through 5) injuries per 
year, and save between $166 million (3 percent dis-
count rate) and $136 million (7 percent discount rate) 
in property damage.  (The discount rates account for 
the fact that these savings will occur at some time in 
the future.  Therefore, their present value must be 
discounted.  NHTSA uses both a 3 percent and a 7 

percent discount rate for all present value calcula-
tions.)  
 
Potential compliance costs for the 20 percent and 30 
percent reductions in maximum permitted tractor 
stopping distance vary considerably and are depend-
ent upon the type of brake systems chosen by the 
vehicle manufacturers and purchasers.  Although the 
research suggests that air disc brakes at all wheel 
positions would be most effective in reducing stop-
ping distance, NHTSA’s data also indicates that ei-
ther larger (higher torque output) S-cam drum brakes 
on just the steer axle or air disc brakes on just the 
steer axle could also achieve these stopping distance 
reductions.  NHTSA’s cost estimates do not include 
potential costs for changes to the vehicle frame or 
suspension, possible increased fuel costs, or mainte-
nance costs.  With these caveats, NHTSA estimates 
that the cost to comply with a 30 percent reduction in 
maximum permitted tractor stopping distance would 
vary between $153 per vehicle for larger S-cam drum 
brakes on just the steer axle to $1,308 per vehicle for 
air disc brakes on all axles.  The cost for air disc 
brakes on just the steer axle is estimated at $536 per 
vehicle.  The costs of achieving a 20 percent reduc-
tion in tractor stopping distance would be approxi-
mately one-third lower. 
 
Table 24 summarizes the estimated costs for the en-
tire United States vehicle fleet of these brake im-
provements. 
 
Table 24: Estimated Annual Costs for Upgrading the 

Entire United States Tractor Fleet 
 Larger 

Drum 
Brakes on 
Steer Axle 

Air 
 Disc 

Brakes on 
Steer Axle 

Air 
 Disc 

Brakes on 
All Axles 

20 % Re-
duction 

$14 Mil-
lion 

$50 Mil-
lion 

$119 Mil-
lion 

30 % Re-
duction 

$20 Mil-
lion 

$70 Mil-
lion 

$170 Mil-
lion 

 
To determine the net costs, the estimated annual 
property damage savings were subtracted from the 
estimated annual costs for the entire fleet.  To deter-
mine the equivalent lives saved, NHTSA used a 
weighting formula for the AIS 1 through AIS 5 inju-
ries and added this number to the estimated fatalities 
prevented.  Using this information, the net cost per 
equivalent life saved was calculated as summarized 
in Tables 25 and 26. 
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Table 25: Net Cost per Equivalent Life Saved for a 
20 Percent Reduction in Tractor Stopping Distance 

Brake 
System 

3 Percent Dis-
count 

7 Percent Dis-
count 

Larger Drum 
Brakes on 
Steer Axle 

Property dam-
age savings 

exceeds costs 

Property dam-
age savings 

exceeds costs 
Air Disc 

Brakes on 
Steer Axle 

$156,000 $251,000 

Air Disc 
Brakes on 
All Axles 

$743,000 $968,000 

 
Table 26: Net Cost per Equivalent Life Saved for a 
30 Percent Reduction in Tractor Stopping Distance 

Brake 
System 

3 Percent Dis-
count 

7 Percent Dis-
count 

Larger Drum 
Brakes on 
Steer Axle 

Property dam-
age savings 

exceeds costs 

Property dam-
age savings 

exceeds costs 
Air Disc 

Brakes on 
Steer Axle 

Property dam-
age savings 

exceeds costs 

Property dam-
age savings 

exceeds costs 
Air Disc 

Brakes on 
All Axles 

$13,000 $144,000 

 
NHTSA MEDIUM AND HEAVY STRAIGHT 
TRUCK STOPPING DISTANCE RESEARCH 
 
Although a few wrap-up work items remain to be 
performed, NHTSA has nearly completed its research 
aimed at improving the stopping performance of trac-
tors.  The next focus will likely be improving the 
stopping performance of medium and heavy straight 
trucks.  A very brief summary of NHTSA research 
performed to date for these vehicles will be given. 
 
A considerable amount of NHTSA research has al-
ready been performed on the stopping performance of 
existing medium and heavy straight trucks ([17] and 
[18], plus another upcoming report).  These studies 
evaluated the braking performance of vehicles with 
their original equipment brakes. 
 
NHTSA has also completed one heavy straight truck 
study (documented in [19]) in which two vehicles, a 
Class 7 school bus and a Class 8 straight truck, were 
fitted with standard S-cam drum brakes, hybrid disc 
brakes, and all disc brakes, just as was done for the 
tractor studies described earlier in this paper.  This 
study performed, among other testing, straight line 
stopping on a dry, high coefficient of friction pave-
ment.  For the Class 7 school bus, relative to the stan-

dard drum foundation brake configuration, 9.9 per-
cent and 22.0 percent nominal reductions in stopping 
distance, respectively, were found for the hybrid disc 
and all disc configurations.  For the class 8 straight 
truck, the nominal improvements were 10.4 percent 
and 20.0 percent, respectively. 
 
NHTSA is continuing its research to improve me-
dium and heavy straight truck stopping performance.  
There are, of course, many medium and heavy 
straight truck configurations sold which makes this a 
much more difficult problem than was the case for 
tractors.  One strategy that NHTSA is using is that 
the braking performance of eight heavy straight 
trucks (with their original equipment brakes) has 
been measured.  The straight truck with the poorest 
braking performance of these eight is in the process 
of being tested in the hybrid disc and all disc founda-
tion brake configurations. 
 
CONCLUSIONS 
 
This research has shown that a substantial improve-
ment in tractor stopping performance is possible 
through the use of modern air disc or improved S-
cam drum brakes.  No lateral stability or jackknife 
stability problems were found due to higher torque 
output brakes on the tractor.  A 20 to 30 percent re-
duction in maximum permitted tractor stopping dis-
tance using either air disc or improved S-cam drum 
brakes has been found to be cost effective. 
 
Based on this research, NHTSA issued on December 
15, 2005 a Notice of Proposed Rulemaking [3] that 
proposed revising FMVSS 121.  NHTSA proposed to 
shorten the maximum permitted stopping distance for 
truck tractors by 20 to 30 percent. 
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ABSTRACT 

Many studies have been performed in the field of 
compatibility between cars. Two test procedures 
with assessment have been developed to evaluate 
the compatibility level. The FWDB test is 
conducted at 56km/h against a 100% overlap rigid 
wall with deformable elements. The PDB test is a 
50% overlap test at 60km/h against a Progressive 
Deformable Barrier. Assessment criteria are based 
on the force for FWDB test and on the deformation 
of the barrier for the PDB test. 
If new assessment criteria are often proposed, few 
outcomes are provided concerning test procedures 
themselves, even though a lot of open issues still 
exist. 
The aim of this paper is not to review all of them, 
but to conduct a methodological and physical 
analysis of both candidate test procedures. 
“Physical analysis” because it is based on the three 
incompatibility physical phenomena responsible for 
real car incompatibility (geometry, energy and 
stiffness mismatching). And “methodological” 
because both test procedures are studied using 
physical tests and virtual testing. Assessment 
criteria are therefore not considered. 
Moreover, as a general agreement exists today that 
multiple load path with connections could help car 
front-ends to interact, PSA will present component 
tests and virtual testing with or without lower load 
path. Significant outcomes are provided concerning 
the efficiency of the technical procedures: 

1) Both procedures can detect a geometry change 
such as the absence of load path. 

2) Both procedures can measure a global force. 
However, its interpretation for the FWDB test is 
difficult due to the very limited deformation of 
the front-end undergone in this test. 

3) Only the PDB test is able to draw up an energy 
absorption statement which is the only way to 
evaluate the car crash severity. For the FWDB 
test, this point represents a major difficulty 
because energy absorption by deformable 
elements is significant, about 50kJ. 

INTRODUCTION 

Compatibility is now studied for many years. 
Different research programs have therefore 
developed test procedures and assessment criteria 
in order to evaluate the compatibility level of cars. 
For several years, it could be observed that 
activities in these research programs are mainly 
addressed to develop assessment criteria, for each 
test procedures still candidate. During 2004-2006, 
the compatibility international context has changed 
for the following reasons. 
First of all, the decision taken by the US to 
implement possible new requirements on 
compatibility in several steps has lead to a catalyst 
effect. In concrete terms, a self commitment 
concerning the height of the longitudinal has been 
applied has a first step. The following steps would 
have been based on full rigid width test with 
dynamical requirements, but the NHTSA has 
announced in 2006 that it would be very difficult to 
conclude this program. 
Secondly, a new global approach, based on the 
PDB barrier is supported by the French since 2003 
([1], [2], [3]). This proposal is based on the current 
ECE R94 regulation. Three main changes are 
advised: a replacement of the current EEVC barrier 
by the PDB one, an increase of the test speed from 
56 kph to 60 kph and an increase of the overlap 
from 40% to 50%. 
Thirdly, the European VC Compat program has 
studied both test procedure (FWDB test and PDB 
test) and possible assessment criteria. The official 
report of these studies will be available in 2007. 
So, due to the evolution of the context and due to 
the progressive consolidation of criteria 
assessment, it appears necessary to review in a first 
step the ability of both procedures to measure the 
main physical aspects that govern compatibility 
before considering assessment criteria. 
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PHYSICAL ANALYSIS OF 
VEHICLE/VEHICLE COLLISION IN REAL 
CAR ACCIDENTS 

Many incompatibility accident cases could be 
observed in real car accident. Three main physical 
aspects are involved during such collision: 
geometry, energy and force. The analysis of all 
incompatibility cases show that each time, at least 
one of them could be identified as the best probable 
reason of the mismatching. 

First physical aspect: Geometry or structural 
interaction 

The lack of structural interaction between the front-
end of the two cars leads to an overriding 
phenomenon (see Figure 1). 

 
Figure 1.  Overriding phenomenon illustration. 
 
A front-end is made of several load paths such as 
the longitudinals, the sub frame and sometimes a 
lower load path. This “geometrical aspect” must 
therefore allow an interaction between these 
different load paths of both vehicles, in order to 
avoid such overriding phenomena. 

Second physical aspect: Energy 

Among the real car incompatible accidents, it could 
be regularly observed that the “reference” 
deformation mode of the front-end is not 
reproduced during some vehicle/vehicle collision. 
The “reference” deformation mode corresponds to 
the optimised front-end behaviour for which the 
vehicle has been designed for regulation or 
consumers test procedure (EEVC barrier for 
example). Figure 2 illustrate, for two different cars, 
a longitudinal not deformed after a head-on car-to-
car collision. 
 

 
Figure 2.  Energy absorption deficit illustration. 

 
The front-end energy absorption ability is therefore 
under used, this will increase the passenger’s 
compartment intrusion further in the crash if the 
collision is severe. 
Front-end should be able to absorb a maximum 
energy to limit deceleration and intrusion for the 
occupants. This “energy aspect” must therefore 
insure that each vehicle has the minimum ability to 
absorb its own kinetic energy. 

Third physical aspect: Force 

A common well known requirement in order to 
balance the deformation in both cars involved in 
the collision consists in defining: 
1) A passenger’s compartment strength for both 

vehicles greater than the two front-ends one. 
2) A passenger’s compartment strength quite 

equivalent for both vehicles in order to 
equilibrate intrusion. 

 
Many incompatible accident cases involving two 
cars with an important mass difference exist (4x4 
or SUV against conventional car for example). But 
incompatibility linked to the force can also appears 
without mass difference as shown in Figure 3 with 
a collision case between the same cars, but from 
different generation (1993 & 1998): 

 
 
Figure 3.  Incompatible passenger’s 
compartment strength. 
 
The interaction force between both cars is 
increasing during the crash. When this force 
reaches the force level of the weaker passenger’s 
compartment, the remaining crash energy will be 
absorb by this vehicle. Therefore intrusion is not 
fairly distributed between cars after crash. 
This “force aspect” must therefore insure that a 
vehicle has a sufficient passenger’s compartment 
strength to limit its intrusion when opposed to 
another compatible vehicle. 

Conclusion on these physical aspects 

When considering the real car incompatible 
accident cases, three main physical aspects 
(geometry, energy, force) are involved. According 
to the crash severity and vehicles characteristics, 
one or several aspects could be observed. They 
could even be combined (geometry incompatibility, 
then incompatibility energy and at last force 
incompatibility). That is the reason why 

Rear of the front-end 

Fore part  of the front-end Longitudinal 

1993 model 1998 model 
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geometrical aspect is widely recognised as the 
priority to improve compatibility between cars. 
Without considering any assessment criteria with 
defined thresholds, a candidate test procedure for 
compatibility must therefore be able to measure 
these three aspects. 

TECHNICAL REVIEW OF BOTH 
CANDIDATE TEST PROCEDURES 

PDB test procedure 

This test procedure is based on a new Progressive 
Deformable Barrier (PDB barrier) which has been 
designed to represent the average strength of 
modern cars. Its 700mm depth allows avoiding 
bottoming out effect for most vehicles. The test is 
performed at a speed of 60 km/h with an overlap of 
50 % in order to represent an average car to car 
frontal accident. 
The barrier deformation represents the main 
measure of the PDB test. This deformation is 
digitalised after the crash. A view of a barrier after 
crash and its digitalisation is given figure 4. 

 
Note: angle view is different. 

Figure 4.  View of a real PDB barrier after 
impact and its digitalisation. 
 
The compatibility level should be evaluated 
according to deformation characteristics as local 
perforation, deformation homogeneity, average 
height of deformation, average depth of 
deformation, etc. The starting point for developing 
any assessment criteria is therefore the barrier 
deformation after crash. 
Self protection can also be evaluated with the PDB 
test procedure, but this aspect will not be developed 
in this paper [4]. 

FWDB test procedure 

This test procedure is based on the force measured 
by a wall of 128 load cells. The test is conducted at 
a speed of 56 km/h with an overlap of 100%. 
Moreover, a deformable element of 300mm is 
placed in front of the wall in order to reduce engine 
load peak without spreading the force on several 
cells. 
The evaluation of the compatibility is based on the 
force measure, thanks to force cartography 
measured by the 128 cells. 

Figure 5 (a) is an example of force cartography 
based on the maximum force measured by each 
cells during the crash. Figure 5 (b) is an illustration 
of the same force cartography with an interpolation 
of the force between cells. 
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0
0 1 6 5 6 7 6 4 5 8 6 8 6 5 2 1
0 2 5 2 12 5 9 8 8 8 9 10 25 3 2 1
1 3 3 26 48 24 21 20 17 25 29 36 51 3 4 1
1 5 1 7 17 11 12 6 0 16 18 9 8 6 3 0
1 5 3 2 14 15 14 9 8 12 17 20 6 1 3 0
2 1 1 2 1 1 2 1 4 1 0 1 1 1 1 0  

(a)  View of a cartography of force 
 
 
 
 
 
 
 
 
 
 

(b)  View of an interpolated force cartography 
Figure 5.  Two different ways of presenting the 
results of a FWDB test: (a) Cartography of force 
(b) Interpolated force cartography. 
 
Different kinds of cartography could be used. For 
example, at a given time of impact, with the 
maximum force measured by each cell during the 
crash, or during a particular crash period. 
These cartographies are the main measures on 
FWDB, from which assessment criteria could be 
developed to evaluate force homogeneity of the 
front-end. 

Aim of the study 

The aim of the study carried out by PSA Peugeot 
Citroën is to evaluate the ability of each test 
procedure (PDB and FWDB) to “measure” the 
three physical compatible aspects: geometry, 
energy and force. Some tests and virtual testing had 
therefore been performed (funded by ACEA, by a 
French consortium or directly by PSA Peugeot 
Citroën as presented in table 1). The analysis 
consists in evaluating the sensitivity of each 
procedure to different loadings (barrier deformation 
for PDB test and force cartography for FWDB 
test). 
Assessment criteria are not considered in this study. 

METHODOLOGY USED 

The methodology is mainly based on physical 
testing and virtual testing conducted on both 
procedures, PDB and FWDB. In order to have 
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different kinds of loadings, different types of 
vehicles have been used (see table 1). 
Table 1.  List of vehicles tested and their sources 

of funding. 
Vehicle type Test source 
Mini car PSA Peugeot Citroën 
Small family car PSA Peugeot Citroën 
Family car #1 ACEA program 

Family car #2 
French program (UTAC, 
Renault and PSA Peugeot 
Citroën) 

Family car #3 
French program (UTAC, 
Renault and PSA Peugeot 
Citroën) 

Component tests #1 on 
family car with lower 
load path 

PSA Peugeot Citroën 

Component tests #2 on 
family car without lower 
load path 

PSA Peugeot Citroën 

 
City car, small family car and family car tests 
correspond to non-modified vehicles. 
Components tests are based on a family car, which 
has been “simplified” by removing some 
components difficult to simulate by virtual testing. 
Moreover, the influence of the lower load path has 
been quantified in these component tests. 
 
All the tests performed by PSA Peugeot Citroën 
have also been analysed by virtual testing 
according to the following approach: 
1) The PDB barrier and the deformable element for 

FWDB test have been validated thanks to 
several physical component compression tests. 

2) The vehicle numerical model used has been 
validated thanks to usual crash configuration 
such as full-width frontal test and EEVC barrier 
(ECE 94 or Euro NCAP protocol). 

3) Analysis of each physical test and improvement 
of the virtual testing correlation. 

4) Additional virtual testing to complete the 
analysis. 

As virtual testing could always been discussed, this 
paper will focus on presenting the physical test 
results and will present additional results from 
virtual testing only to complete the information 
when necessary. 

CANDIDATE TEST PROCEDURE ANALYSIS 

For each physical aspect (geometry, energy, force), 
the ability to be detected by PDB and FWDB tests 
will be analysed. 

Capacity to detect structural interaction 
(Geometry aspect) 

For this aspect two notions have been 
distinguished: 
1) The ability to detect aggressiveness of a 

longitudinal as seen in a real-life car accident. 
2) The ability to detect different front-end 

geometries in terms of homogeneity. 
 

Ability to detect aggressiveness 
The accident data analysis shows that family car #2 
is sometimes “aggressive” in real car accidents. 
Three cases are presented in Figure 6. 
 

 
 (a) Family car #2 versus a family car 

 
(b) Family car #2 versus a mini car 

 
 (c) Family car #2 vs. a small family car 

Figure 6.  Typical deformation of Family car #2 
during a real-life car-to-car accident against 
different cars: (a) versus a family car, (b) versus 
a mini car (c) versus a small family car. 
 
On the contrary, the longitudinal of the family car 
#3 never appears as aggressive in real-life car 
accidents as illustrated in Figure 7 with eight car-
to-car collisions. 

 

EES=50km/h EES=55km/h

EES=67km/hEES=67km/h
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EES=67km/h EES=45km/h

 
EES=68km/h EES=60km/h

 
Figure 7.  Family car #3 involved in eight car-to-
car accidents. 
 
The non aggressiveness of the longitudinal of the 
family car #3 is due to a very stiff crossbeam. Even 
a car-to-pole and a car-to-tree frontal impact are not 
able to detect a failure of the crossbeam as shown 
in Figure 8. 

EES=67km/h EES=45km/h

 
Figure 8.  Family car #3 involved in two car-to-
pole accidents. 
 
In the frame of the French research program on 
compatibility, both family car #2 and #3 have 
therefore been tested in PDB test and FWDB test to 
see whether or not the two procedures are able to 
detect these real car accident statements. 
 
PDB tests results 
The deformation of the barrier for the family car #2 
test clearly shows that the longitudinal is very stiff 
and remains undeformed after the accident (see 
Figure 9). 

 
Figure 9.  PDB test results of family car #2. 
 
The deformation of the barrier for family car #3 
test clearly shows that the crossbeam is very stiff, 
without failure phenomena (see Figure 10). 

 

 
Figure 10.  PDB test results of family car #3. 
 
PDB tests results are therefore fully in line with the 
real-life car accidents statements. 
 
FWDB tests results 
The deformation of the deformable element for the 
family car #2 is shown in Figure 10.  

 
(a) Family car #2 after FWDB test 

 
(b) View of the deformable element 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
2 2 3 6 6 9 5 6 5 8 3 6 5 2 3 0
3 3 8 8 7 4 2 7 5 3 6 8 9 8 2 2
2 4 16 36 33 18 3 4 5 6 17 49 24 10 4 2
1 1 3 9 5 5 8 5 5 7 16 9 7 4 0 0
0 0 4 2 0 5 5 6 4 8 3 7 3 1 0 1
0 0 0 2 2 0 3 4 2 5 0 4 0 2 0 0  

(c) Maximum [0-40ms] force cartography 
Figure 10.  Family car #2 FWDB test results  
(a) View of the car after impact, (b) View of the 
deformable element, View of the maximum  
[0-40ms] force cartography. 
 
This cartography only detects a concentration of 
force corresponding to the longitudinal pushing. 
The crossbeam is totally invisible. It is interesting 
to notice that the longitudinal is well deformed in 
this test. 
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The deformation of the deformable element for the 
family car #3 is shown in Figure 11.  
 

 
(a) Family car #3 after FWDB test 

 
(b)  View of the deformable element 

 
(c) Maximum [0-40ms] force cartography 

Figure 11.  Family car #3 FWDB test results 
(a) View of the car after impact, (b) View of the 
deformable element, (c) View of the maximum 
[0-40ms] force cartography. 
 
An important bending of the crossbeam due to the 
stiffness of the deformable element is observed. 
This test may therefore be interpreted as the 
crossbeam is too soft whereas real car accidents 
indicate that the crossbeam is very stiff. 
In comparison with the results of the family car #2 
equipped with a weak crossbeam, FWDB test does 
not make a significant difference between these 
two vehicles. The force corresponding to the cells 
located in front of the crossbeam is about 5 kN for 
the family car#2 (see figure 10c) to be compared 
with 7 kN (see figure 11c) for the family car#3.  
This is opposed to real car accidents observations 
previously presented. 
 

Ability to detect homogeneity 
In the same way, homogeneity will be evaluated by 
testing the different vehicles (see table 1) against 
PDB and FWDB and then analysing the response 
of the barrier deformation or force cartography 
measured.  
 
PDB tests results 
The mini car front-end has been widely deformed. 
Intrusions in the passenger’s compartment are also 

observed due to the pushing of the engine on the 
dashboard and the front left wheel on the sill. 

 
Figure 12.  Mini car - PDB test results. 
The barrier has been perforated. This result is not 
surprising due to the weak crossbeam present on 
this vehicle. Homogeneity of the front-end appears 
therefore very limited. 
 
The small family car front-end has also been 
strongly deformed. In this test too, intrusion in the 
passenger’s compartment could be observed due to 
the engine and front left wheel. 

 
Figure 13.  Small family car - PDB test results. 
 
In that test, the barrier deformation does not suffer 
from local perforation and the homogeneity seems 
to be very good. Notice that this small family car is 
equipped with an advanced lower load path. 
 
The result of the PDB test with the family car #1 is 
shown in Figure 14 has already been presented by 
ACEA in 2004. 

 
Figure 14.  Family car #1 - PDB test results. 
 
The barrier deformation shows a large localised 
deformation due to the very stiff crossbeam of this 
vehicle but without local perforation. Homogeneity 
of the barrier deformation is therefore not quite 
good. The front-end is also well deformed with a 
contribution of the engine. Passenger’s 
compartment intrusion could also been noticed. 
 
The component test #1 corresponds to a family car 
“simplified” with a lower advanced load path. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 1 2 4 4 6 7 4 4 6 5 6 4 4 4 1
0 1 2 7 7 3 3 5 4 3 6 4 6 2 1 1
1 1 12 28 26 20 9 6 6 7 24 25 32 20 2 1
0 1 6 22 22 10 6 3 3 5 8 18 20 8 0 0
1 1 6 12 14 7 4 2 3 3 7 7 12 3 0 0
2 2 1 1 1 2 1 1 1 2 1 1 1 1 2 0
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Figure 15.  Component test #1 PDB test results. 
 
As shown in Figure 15, the barrier deformation 
clearly detects the pushing of the stiff upper 
crossbeam and lower crossbeam. The lower 
advanced load path is therefore well detected. 
Barrier deformation homogeneity is judged as 
relatively good when knowing that no bumper, 
headlight and bonnet were present during this test. 
 
The component test #2 corresponds to the same test 
that the previously one, except the removal of the 
lower advanced load path. 

 
Figure 16.  Component test #2 - PDB test results. 
 
The barrier deformation clearly detects the 
advanced load path removal. The barrier is indeed 
less deformed at the bottom and the deformation 
due to the upper crossbeam is deeper than 
previously. The barrier deformation homogeneity is 
therefore less good than with the advanced lower 
load path. 
The results of this test series confirm that the PDB 
barrier is a very good validated tool to check front-
end behaviour. Changes in the front-end design are 
clearly detected by the barrier deformation. For 
information, a pushing of the engine has also been 
observed during these component tests #1 and #2. 
 
 
FWDB tests results 
 
For FWDB tests, as there exist many ways to 
display force cartographies, tests results will be 
presented in several manners: 
 
1) Two types of cartography display will 

systematically be shown. The first display will 
be the maximum force measured by each cells 
without any force interpolation. The second will 
be the same measurement but with an 
interpolation. 

 
2) Moreover, as the TRL proposes now to analyse 

the force only on the first 40ms of the crash, 
force cartography will first be drawn during the 

entire crash and secondly during the first 40ms 
of the crash. 

 
Force cartographies during the entire crash 
The mini car cartography is characterised by the 
pushing of the longitudinals. The maximum forces 
measured on the left side and on the right side are 
quite different (see Figure 17). 

 
(a) Mini car maximum force cartography 

 
(b) Maximum force cartography with force 

interpolation 
Figure 17.  Mini car FWDB test results (a) 
Maximum force cartography (b) Maximum 
force cartography with force interpolation. 
 
The crossbeam seems to be detected on the figure 
17(a) in spite of a very low bending stiffness. This 
is due to the engine pushing that is more visible on 
the figure 17(b) on the right side. 
 
The homogeneity of the front-end seems therefore 
quite bad. 
For information, as usual in FWDB test, the car 
front-end post test deformation is very limited. The 
front wheels didn’t even touch the sills, as shown in 
Figure 18. 

 
Figure 18.  Post impact deformation of the Mini 
car after FWDB test. 
 
The small family car cartography is characterised 
by the pushing of the longitudinals and by the 
vertical connections between the lower advanced 
load paths and the longitudinals. The upper 
crossbeam is nevertheless not detected although is 
presents a good stiffness in bending. The engine 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 1 1 0 0 0 1 0 0 0
1 0 3 6 4 7 3 5 2 5 3 2 4 2 0 0
0 5 8 6 7 6 5 9 4 5 5 9 10 8 1 2
1 2 7 10 46 23 11 11 15 19 23 31 16 8 2 0
0 5 5 5 3 2 5 16 12 8 20 13 12 4 4 0
1 7 6 7 2 3 6 6 5 6 4 9 5 4 9 1
3 0 7 4 2 1 6 5 5 7 1 4 2 8 0 4
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pushing on the right side is also visible (see Figure 
19).  
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 1 1 0 1 1 1 1 0
1 0 1 5 2 10 7 12 4 10 7 3 2 3 2 1
1 4 6 2 6 4 4 11 6 4 6 9 0 7 0 2
0 2 6 23 25 20 7 5 16 25 27 27 12 3 1 0
0 3 4 27 26 9 6 7 16 17 18 31 19 4 1 0
0 6 7 31 9 5 7 7 5 8 7 32 12 5 7 0
2 0 4 7 5 0 6 3 3 4 0 5 3 4 0 3  

(a) Maximum force cartography 

 
(b) Maximum force cartography with force 

interpolation 
Figure 19.  Small family car test results (a) 
maximum force cartography, (b) maximum 
force cartography with force interpolation. 
 
The homogeneity of the front-end appears therefore 
to be better than the previous mini car one. 
 
For information, as usual in FWDB test, the car 
front-end post test deformation is very limited. The 
front wheels didn’t even touch the sills as 
illustrated in Figure 20. 

 
Figure 20.  Post impact deformation of the Small 
family car after FWDB test. 
 
The cartography of the family car #1 FWDB test is 
characterised by its very stiff crossbeam and by its 
lower load path which are well detected (see Figure 
21). 
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0
0 1 6 5 6 7 6 4 5 8 6 8 6 5 2 1
0 2 5 2 12 5 9 8 8 8 9 10 25 3 2 1
1 3 3 26 48 24 21 20 17 25 29 36 51 3 4 1
1 5 1 7 17 11 12 6 0 16 18 9 8 6 3 0
1 5 3 2 14 15 14 9 8 12 17 20 6 1 3 0
2 1 1 2 1 1 2 1 4 1 0 1 1 1 1 0  

(a) Maximum force cartography 

 
(b) Maximum force cartography with force 

interpolation 
Figure 21.  Family car #1 test results (a) 
maximum force cartography (b) maximum force 
cartography with interpolation. 
 
The pushing of the engine is not quite visible. The 
homogeneity of the front-end seems therefore 
better than the mini car one, but worse than the 
small family car one. 

 
Figure 22.  Post impact deformation of the 
Family car #1 after FWDB test. 
 
Here again, as usual in FWDB test, the car front-
end post test deformation is very limited. The front 
wheels didn’t even touch the sills (see Figure 22). 
 
The component test #1 with an advanced lower 
load path shows the longitudinals and the lower 
load path on the cartography. The engine, the rigid 
upper and lower crossbeams are however not 
clearly visible (see Figure 23). 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 2 1 0 0 0 0 0 0 0
0 0 1 1 4 1 0 7 6 7 3 4 1 2 0 0
0 1 10 24 22 19 11 11 10 16 20 22 21 13 4 1
0 5 6 26 15 14 14 5 6 9 14 17 29 7 5 1
0 4 4 13 23 15 12 5 6 21 26 30 10 3 4 1
2 1 9 3 1 1 4 6 2 4 1 8 1 8 1 4  

(a) Maximum force cartography 

 
(b) Maximum force cartography with force 

interpolation 
Figure 23.  Component test #1 FWDB test 
results (a) maximum force cartography, (b) 
maximum force cartography with interpolation. 
 



  Coulombier    9 

The homogeneity of the front-end appears therefore 
to be close to the small family car one. As usual, 
the front-end deformation is very limited without 
contact between the front wheels and the sills as 
shown in Figure 24. 

 
Figure 24.  Post impact deformation of the 
Component test #1 after FWDB test. 
 
The component test #2 is very interesting (see 
Figure 25). Firstly, the removal of the lower load 
path is well detected compared with the previous 
component test. Secondly, the crossbeam seems to 
be weaker than previously even though it has not 
been changed. This can be explained one time more 
by the engine. Indeed, as the absorption energy of 
the front-end has decreased due to the removal of 
the lower load path, the deformation of the front-
end is quite higher, thus leading to a higher pushing 
of the engine on the crossbeam and therefore on the 
wall.  
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 1 1 0 0 2 0 0 1 0 0
0 0 0 1 0 2 3 5 4 5 2 1 0 1 1 0
1 1 5 1 4 4 2 6 7 4 5 5 0 3 0 1
0 5 10 25 26 24 19 14 18 19 24 25 25 11 5 1
1 10 3 9 9 11 22 26 17 22 24 15 20 5 1 0
1 8 5 1 1 7 12 27 13 18 23 12 1 5 8 2
4 3 6 3 3 0 3 4 3 2 0 1 1 6 3 5  

(a) Maximum force cartography 

 
(b) Maximum force cartography with force 

interpolation 
Figure 25.  Component test #2 FWDB test 
results (a) maximum force cartography, (b) 
maximum force cartography with interpolation. 
 
As usual, the front-end deformation remains 
limited without contact between the front wheels 
and the sills as shown in Figure 26. 

 
Figure 26.  Post impact deformation of the 
Component test #2 after FWDB test. 
 
At last, the homogeneity of the component test #2 
front-end appears good. Compared the component 
test #1 equipped with lower load path, the 
component test #2 homogeneity could even be 
judged as better. This is opposite to the common 
understanding of most of the stakeholders involved 
in Compatibility research groups. According to 
them, multiple load paths with vertical and 
horizontal connections should indeed improve the 
ability of a front-end to interact with others. 
 
Force cartographies during the first 40ms 
 
This is the new orientation given by TRL in March 
2006 during EEVC WG15 / VC Compat meeting. 
 
The mini car cartography is not really affected by 
this evolution. The engine pushing is less visible, 
but still exists (see Figure 27). 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 2 6 4 7 3 4 1 5 2 2 3 2 0 0
0 2 7 6 7 6 5 9 4 5 5 9 6 6 0 1
0 1 5 10 46 23 6 5 8 17 23 29 12 4 1 0
0 2 4 5 3 2 5 6 3 8 6 11 12 2 2 0
0 5 6 5 2 2 6 6 5 6 4 5 5 4 7 0
2 0 6 2 1 0 2 2 2 2 0 2 1 5 0 2  

(a) Maximum force cartography [0 - 40ms] 
 
 
 
 
 
 
 
 
 

(b) Maximum force cartography [0 - 40ms] with 
force interpolation 

Figure 27.  Mini car FWDB test results limited 
to [0 - 40ms] (a) maximum force cartography, 
(b) maximum force cartography with force 
interpolation. 
 
It is exactly the same for the small family car (see 
Figure 28). 
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 1 1 0 1 1 0 0 0
1 0 1 5 2 8 7 12 4 10 6 3 2 0 0 1
1 4 3 2 6 2 3 11 6 4 6 9 0 3 0 1
0 1 4 23 25 20 7 5 10 19 27 27 12 3 0 0
0 2 3 27 26 9 6 7 2 17 18 31 19 3 0 0
0 3 7 31 9 5 7 7 5 8 7 32 12 2 3 0
0 0 2 7 5 0 5 3 3 4 0 5 3 1 0 0  

(a) Maximum force cartography [0 - 40ms] 

 
(b) Maximum force cartography [0 - 40ms] with 

force interpolation 
Figure 28.  Small family car FWDB test results 
limited to [0 - 40ms] (a) maximum force 
cartography, (b) maximum force cartography 
with force interpolation. 
 
The family car #1 cartography is characterised by 
the fact that the lower load path (not advanced) is 
no more visible when only considering the force 
during the first 40ms (see Figure 29). This result is 
opposite to the common principle of most of the 
stakeholders involved in Compatibility research 
groups who recommend not to penalize multiple 
load paths. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0
0 0 3 5 6 7 6 4 5 6 5 8 6 5 2 1
0 1 4 2 11 5 9 8 8 8 9 10 6 2 2 1
1 2 3 18 40 24 21 20 15 25 29 36 41 3 4 1
1 2 1 7 17 11 12 6 0 16 18 9 8 6 2 0
1 1 2 2 8 11 10 9 8 10 11 11 0 0 1 0
2 1 1 1 1 1 2 1 4 1 0 1 1 1 0 0  

(a) Maximum force cartography [0 - 40ms] 

 
 (b) Maximum force cartography [0 - 40ms] with 

force interpolation 
Figure 29.  Family car #1 FWDB test results 
limited to [0 - 40ms] (a) maximum force 
cartography, (b) maximum force cartography 
with force interpolation. 
 
We can conclude from Figure 29 that the rigid 
crossbeam is still visible. 
 
 

The component test #1 with an advanced lower 
load path is not really affected by this evolution 
(see Figure 30). 
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 4 1 0 3 2 3 1 4 1 1 0 0
0 1 6 21 22 16 11 11 10 13 18 22 21 6 0 0
0 3 1 26 15 9 9 5 2 5 12 16 16 5 0 0
0 0 0 10 23 10 6 4 3 10 12 24 9 1 0 0
0 0 0 3 1 0 3 4 0 3 0 3 0 1 0 1  

(a) Maximum force cartography [0 - 40ms] 

 
 (b) Maximum force cartography [0 - 40ms] with 

force interpolation 
Figure 30.  Component test #1 FWDB test 
results limited to [0 - 40ms] (a) maximum force 
cartography, (b) maximum force cartography 
with force interpolation. 
 
It is completely different for the component test #2 
without advanced lower load path as shown in 
Figure 31. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0
0 0 0 0 4 2 1 3 4 2 3 5 0 2 0 0
0 3 6 25 26 18 12 10 11 11 19 25 25 7 1 0
1 2 1 9 9 6 6 4 3 7 12 13 13 2 0 0
0 0 0 0 0 1 4 5 5 6 3 3 0 0 1 0
0 0 0 0 0 0 0 0 1 2 0 1 0 0 0 0  

(a) Maximum force cartography [0 - 40ms] 

 (b) Maximum force cartography [0 - 40ms] with 
force interpolation 

Figure 31.  Component test #1 FWDB test 
results limited to [0 - 40ms] (a) maximum force 
cartography, (b) maximum force cartography 
with force interpolation. 
 
Indeed, the limitation of the analysis on the first 
40ms does not enable to detect the engine pushing. 
Homogeneity seems therefore worse than the 
component test #1 with advanced lower load path. 
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Multiple load paths are clearly penalized in this 
case. 
 
Conclusion 
Without limitation of time regarding the force 
analysis, the results of this test series show that 
FWDB test is able to detect several changes in the 
front-end design such as the presence or not of a 
lower load path or vertical connection between it. 
Nevertheless, these results also show that the 
engine behaviour is not comparable in all tests. For 
mini and small family cars, a pushing of the engine 
is visible, which may give a false conclusion in the 
homogeneity of the front-end. It is not the case for 
larger cars. Moreover, when removing a lower load 
path, homogeneity is detected as to be better. This 
is due to an increase of the engine pushing, 
permitted by the decreasing of the front-end 
absorption energy. 
 
The limitation of the analysis to the first 40ms of 
crash enables to limit the influence of the engine 
pushing. It was particularly important for both 
component tests with and without lower advanced 
load path, since the engine pushing is not visible 
even when the lower load path is removed. 
Nevertheless, this time limitation also leads to a 
main drawback. It limits one more time the front-
end deformation corresponding to the force 
analysis. Indeed, virtual testing reveals that 40ms 
correspond to a very limited deformation of the 
longitudinal as illustrated in Figures 32 to 35. 

 
Figure 32.  120 mm longitudinal deformation for 
the Mini car at 40ms. 
 

 
Figure 33.  90 mm longitudinal deformation for 
the small family car at 40ms. 

 
Figure 34.  140 mm longitudinal deformation for 
the test component #1 (with advanced lower 
load path) at 40ms. 

 
Figure 35.  150 mm longitudinal deformation for 
the test component #2 (without advanced lower 
load path) at 40ms. 
 
Moreover, this limitation raises a problem for cars 
not equipped with advanced lower load path (like 
the Family car #1 one), because these kind of 
multiple load path disappears in the cartography 
and would be therefore penalised in terms of 
homogeneity.  
The problem seems difficult to solve. The aim is to 
avoid engine pushing. The 40ms limitation goes in 
the right direction even if engine pushing still exist 
for mini and small car, but it leads to a very limited 
front-end deformation, about 90 and 150 mm. Is it 
sufficient to evaluate geometry interaction in a 
usual car-to-car accident which highlights 
incompatible problems? 
 
Such difficulties do not exist in PDB test, since the 
front-end is deformed significantly for all kind of 
cars. 
The PDB test appears therefore to be more able to 
detect various type of front-end design than the 
FWDB test. On top of that, homogeneity changes 
are fully in line with the common understandings of 
the main stakeholders involved in Compatibility 
research programmes. 

Capacity to detect energy absorption (energy 
aspect) 

One target of this aspect is to evaluate the ability 
for a front-end to absorb energy and to detect 
energy incompatible phenomenon. The better 
example is given by a longitudinal which could be 
underused in a car-to-car accident (see figure 2 and 
6). 
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PDB test 
The principle is to evaluate the energy level 
absorbed by the barrier, thus enables to estimate the 
energy level absorbed by the vehicle. 
This evaluation is made from the barrier 
digitalisation. A theoretical compression barrier 
law is needed for the different barrier strength 
zones. The result obtained remains therefore an 
estimation. However, this method reveals 
significant changes of the energy level absorbed by 
the barrier. Results obtained for the two component 
tests are given in figure 36. 
 
The barrier energy absorbed for the component test 
#1 with advanced lower load path represents 32.1% 
of the kinetic crash energy. 

 
Figure 36.  Component test #1 barrier 
deformation. 
 
 
For the component test #2 without lower load path, 
the barrier energy absorption corresponds to 38.4% 
of the kinetic crash energy (see Figure 37). 
 

 
Figure 37.  Component test #2 barrier 
deformation. 
Without lower load path, the barrier deformation is 
deeper. 
 
This results show that with an indicator of this type, 
PDB test procedure is able to evaluate the level of 
energy absorbed by the vehicle, and therefore able 

to check if this level is sufficient to absorb its own 
kinetic energy in a vehicle/vehicle frontal collision. 
 
FWDB test 
As the deformable element is not covered by an 
aluminium plate, a standard easy digitalisation is 
impossible. 
The estimation of the energy absorption will first 
require a covering of all the different pieces of the 
barrier, but will stay even though difficult, because 
the second honeycomb layer blocks have been 
observed as unstable during the different tests 
carried out up to now. 
 
However, in order to have a deformable element 
energy absorption order of size, ACEA has 
manually digitalized the barriers of three FWDB 
test carried out on the family car #1 model.  
 

Table 2.  Barrier energy absorption for the 
Family car #1 tests. 

Crossbeam Energy in 
the 

barrier 

Kinetic 
energy 

% Ek in 
the 

barrier 
Weak 57 kJ 197 kJ 29% 
Serial 59 kJ 195 kJ 30% 

Serial test 2 59 kJ 196 kJ 30% 
Stiff 60 kJ 196 kJ 31% 

 
The result reveals that the energy absorbed by 
deformable element is far from being neglected. 
This is confirmed by virtual testing.  
 
For instance, the energy absorbed by the 
deformable element for the small family car 
corresponds to “47.8”kJ. 
 
For information, virtual testing performed with and 
without deformable element show that the severity 
of the FWDB test is decreasing when deformable 
element is present as seen on figure 38 and Table 3. 
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- With DE

- Rigid barrier

 
(a)  Deformable Element effect on deceleration 

- With DE

- Rigid barrier

 
(b)  Deformable Element effect on global force 

Figure 38.  Effect of the deformable element on 
(a) deceleration, (b) global force. 
 

Table 3.  Influence of the deformable element. 
Barrier Max accel. Max Disp. 
With DE 42,5 g 690 mm 

Rigid 55,5 g 600 mm 
Variation 
w/wo DE 

+ 23 % + 15 % 

 
Without any deformable element, the maximum 
deceleration is 23% higher and the maximum 
vehicle deformation is 15% increased. 
 
Deformable element could therefore not be 
considered as non influent on the crash severity. 
This point must be highlighted when considering 
the evaluation of occupant restraint system with 
this test. 

Capacity to detect force (force aspect) 

PDB test 
If the global force during the whole crash is needed 
for a particular reason, a dynamometrical wall 
behind the PDB barrier could be implemented. On 
a physical point of view, this maximum global 
force does not correspond to the maximum force 
that the passenger’s compartment is able to support. 
The severity of the PDB test is indeed sufficient to 
deform totally the vehicle front-end and to begin 
loading the passenger’s compartment. But this 
severity does not allow checking the maximum 
force of the passenger’s compartment. 
 

FWDB test 
The measure of the global force during the crash is 
obviously possible with this procedure. 
Nevertheless, the question raised is to know how to 
interpret it, since the vehicle front-end is so little 
deformed. The maximum force could therefore not 
be considered as the maximum force that the front-
end could support. And moreover, no information 
can be obtained with this test concerning the 
passenger’s compartment force. 
This global force does therefore not be interpreted 
as a real characteristic of the front-end or 
passenger’s compartment force. This information 
does not seem to be relevant. 

DISCUSSION ON ADVANTAGES AND 
DRAWBACKS OF BOTH PROCEDURES 

Synthesis of the previous analysis 

Following the results of this study, the main results 
or observations could be resumed for each test 
procedure. 
 

PDB test 
The PDB barrier is confirmed to be a very relevant 
tool to evaluate structural interaction. Indeed, the 
real car accident aggressiveness observations 
concerning the behaviour of a crossbeam or a 
longitudinal are well reproduced during the PDB 
test. Moreover, PDB deformation is also able to 
detect different kind of front-end design, with or 
without lower load path for instance. It should be 
highlighted that as the PDB test completely deform 
the front-end of the vehicle tested, the lower load 
path is detected even if it is located far from the 
beginning of the front-end. 
The energy absorbed by the barrier after the test 
can also be estimated from a theoretical 
compression barrier law. This is an important 
aspect since this is the only way to evaluate the 
front-end energy absorption ability of the vehicle. 
As the deformation mode of the front-end during 
PDB test is very close to real car accident, this 
evaluation is all the more relevant.  
 
Finally, the maximum force during the crash could 
be measured by a dynamometrical wall to be 
located behind the barrier. For most of the cars, this 
force corresponds to an average force between the 
front-end deformation force and the maximum 
force that the passenger’s compartment is able to 
support. 
The three physical aspects involved in 
incompatibility phenomena could therefore be 
measured with the PDB test in consistence with the 
analysis of the real-life car accidents. 
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FWDB test 
The comparison of the front-end deformation mode 
between the real car accident and FWDB test for 
same car shows several differences. An important 
point is the crossbeam behaviour, since a rigid 
crossbeam detected as such in the real car accident 
is detected as too soft in the FWDB test (case of the 
family car #3). Another difficulty concerns the 
contribution of the engine. According to the size of 
the car, the engine pushing is different. For 
instance, the engine pushing is not visible for a 
large car contrary to what happen for a small car. A 
good example is the crossbeam of the mini car (see 
figure 17) which is not detected as weak thanks to 
the engine pushing. It is even so the case and this is 
also confirmed by the PDB test result (see figure 
12). The engine has therefore an influence not 
comparable on the force cartography, depending on 
the car size. This could sometimes lead to wrong 
conclusions. 
 
The analysis limited to the first 40ms for the force 
measurement goes in the right direction since the 
effect of the engine is limited. But in that case, 
lower load paths located far from the front-end 
(such as the family car #1 one) are not detected and 
will therefore be penalized. Moreover, front-end 
deformation corresponding to 40ms is very limited. 
The longitudinal deformation is about 120mm. The 
front wheels do not move back. Is it a sufficient 
deformation to evaluate the structural interaction 
that could occur in a car-to-car accident? 
 
To conclude, FWDB is therefore able to detect 
some changes in the front-end design but could 
lead to wrong conclusion for some cases (engine 
effect and lower load path are not always detected). 
Energy absorption is not measurable and not 
relevant for assessment in the FWDB test since the 
front-end is not totally deformed. 
The maximum force of the FWDB is available. But 
as for the energy, its interpretation is difficult due 
to the low deformation of the front-end. 
As far as the virtual testing are concerned, the 
instability of the second layer observed in physical 
tests is very difficult to correlate. 

Possible actions to improve both test procedure 

Geometry 
No major problem has been detected for the PDB 
test. Several additional reproducibility tests may be 
realized to confirm the stability of the results 
already observed during 2004 with the family car 
#1 tests carried out within ACEA. 
 
Concerning the FWDB test, it appears difficult to 
avoid the engine pushing for all vehicles. In order 
to have a comparable influence of the engine for 
all, a possible improvement could be to increase the 

front-end deformation. This could be obtained by a 
modification of the procedure in terms of 
deformable element stiffness, depth or/and impact 
speed. An improvement of the deformable element 
appears also necessary to detect correctly a rigid 
crossbeam in consistence with the real car accident. 

Energy 
The level of energy absorbed by the PDB barrier is 
measurable. This requires to define a theoretical 
barrier compression law from PDB characteristics 
and dynamical PDB compression tests. Another 
aspect could be to improve the digitalisation barrier 
procedure. It seems indeed important to decide for 
instance if the edges of the barrier should be taken 
into account or not. 
 
The FWDB procedure is not able to evaluate this 
aspect. Covering the deformable element by an 
aluminium plate could be helpful, but it could also 
affect the force measurement. Moreover, even if 
this measure was available, the interpretation is not 
relevant since the front-end is not totally deformed. 
Due to the lack of energy measurement, another 
point to highlight is the possibility to limit 
intentionally the energy capability of the front-end 
in order to increase the engine pushing and 
therefore improve the homogeneity as it is 
measured in the FWDB test. Such an evolution 
would be counterproductive in the real car accident 
where the energy aspect could not be neglected. 

Force 
The maximum PDB force corresponds to an 
average force located between the front-end 
deformation force and the maximum force that the 
passenger’s compartment is able to support. This 
observation is a general trend. 
 
For FWDB test, the maximum force does not help 
to evaluate the compatibility regarding the force 
since this measured force only corresponds to the 
beginning front-end deformation. 

CONCLUSION 

The aim of this paper was to conduct a 
methodological and physical analysis of both 
candidate test procedures in order to evaluate their 
ability to measure the three incompatibility 
physical phenomenon involved in real world 
incompatibility (geometry, energy and stiffness 
mismatching). 
This study, based on physical and virtual testing, 
with or without lower load path, enables to draw 
significant outcomes:  
1) Both procedures can detect a geometry change 

such as the absence of load path. However, for 
the FWDB test, a rigid crossbeam for a large 
car should not be detected as enough rigid 
contrary to real world accident observation. 
This is due to the high stiffness of the second 
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layer of the deformable element. On the 
contrary, a weak crossbeam for a mini car 
would not be detected so weak due to the 
engine pushing which is systematically taken in 
account in the force analysis for small cars. 
Moreover, the limitation of the force analysis at 
40ms will penalise cars not equipped with 
advanced lower load path as the family car #1. 
This point is directly link to the procedure itself. 

2) Both procedures can measure a global force. 
However, its interpretation for the FWDB test is 
difficult due to the very limited deformation of 
the front-end sustained in this test. 

3) Only the PDB test is able to draw up an energy 
absorption statement which is the only way to 
evaluate the car crash severity and the front-end 
absorption capability. For the FWDB test, this 
point represents a major difficulty because 
energy absorption by deformable elements is 
significant, about 50kJ, thus decreasing the 
severity of the test. 

 
No inconsistencies have been found for the PDB 
test when comparing the physical and virtual 
testing with the real word accident. This means that 
the PDB barrier seems to be a good tool to evaluate 
compatibility. The next step could therefore consist 
in confirming its reproducibility. 
 
Several difficulties appear concerning the FWDB 
test. Improvements are needed on the procedure. 
The deformable elements are mainly concerned. 
Firstly because inconstancies have been observed 
with the real-life car accident and secondly because 
the instability of the second layer honeycomb 
blocks makes virtual testing very difficult to carried 
out. They could therefore be changed in terms of 
stiffness or/and depth. Another point is also to 
solve the difficulties linked to the relevancy of the 
force measured, for instance in the case of rigid 
plate trolley test. As this point is well known and 
often discussed, it has not been highlighted in this 
paper but this problem still exists. 
 
When considering all the results obtained, the PDB 
test appears therefore to be the best test procedure 
to evaluate a maximum of physical aspects with 
only one test.  
A general rule to keep in mind is that developing 
assessment criteria appears completely useless until 
all test procedure problem have not been solved. 
The results of this paper show that assessment 
criteria could therefore now be studied concerning 
the PDB test. For FWDB test, further 
improvements are still needed on the procedure 
itself before being able to work on assessment 
criteria. 
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ABSTRACT 

Several groups of research have been charged to 
enhance the current European regulatory side 
impact test procedure (ECE95). The Aprosys 
project, funded through the 6th Framework 
Programme of the European Commission, proposed 
in 2006 a new test procedure called AE-MDB 
(Advanced European Mobile Deformable Barrier) 
with: 

- an updated barrier face representative of the 
current European fleet, including SUV, 

- an increase in the mass of the trolley, 
- a shift in the impact point, 
- the addition of a rear occupant dummy. 

 
Questions were raised, and not yet answered, on the 
added value of this new test procedure with respect 
to the current one, pointing out the current 
influence of the AE-MDB face. The purpose of our 
study is to highlight and quantify the extra-severity 
brought by AE-MDB and its consequences on 
occupant protection and car design in side impact. 
This research presents comparative study of ECE95 
and AE-MDB procedure thanks to full scale crash 
tests, component tests but also virtual testing made 
on several vehicles of different size (small family 
and large family vehicles as well as MPV). 
The outcome shows a 30% extra-severity for AE-
MDB with respect to ECE95 on dummy readings 
and car deformation. This is not only due to the 
increase in the trolley weight, but also because of 
the improvement in the barrier face (geometry and 
stiffness). It also highlights that vehicle design will 
be impacted if AE-MDB is chosen for regulation, 
on restraint systems (rear airbag, belt pretension, 
better design front airbag…) as well as on 
structural dimensioning. 
This new procedure is representative of the last 
generation of European cars (its severity is clearly 
ranked between a test against an SUV and a 
passenger car). Its application on regulation and/or 
consumer tests will improve the protection in side 
impact of occupants on the roads. 

INTRODUCTION - AIM OF THE STUDY 

Several groups of research such as Aprosys and 
EEVC WG13 have been charged to enhance the 
current European regulatory side impact test 
procedure (ECE95) [1] in order to make it more 
representative of the average European vehicle 
fleet. The definition of a new side impact test 
procedure called AE-MDB (Advanced European 
Mobile Deformable Barrier) is therefore under 
progress since 2001.  
Different versions of this new barrier AE-MDB 
have been tested by conducting and analyzing 
numerous crash tests against wall or against car. 
Barrier definition V3.9 is the version that fits the 
best to the initial outline “being representative of 
the average European vehicle fleet”. 
Therefore, PSA Peugeot Citroën decided to 
increase its knowledge of AE-MDB V3.9 version. 
Virtual testing has been carried out in order to 
understand the origin of the changes seen with the 
use of this new barrier. Full-scale testing was also 
conducted on several vehicle of different size to 
make a comparative study between the current 
regulatory procedure ECE 95 and this new AE-
MDB V3.9 procedure.  

BACKGROUND 

The Aprosys Project was launched through the 6th 
Framework Program of the European Commission 
to study a new side impact barrier more 
representative of the average European vehicle 
fleet. According to the terms of references defined 
in the IHRA side working group for the 2003 ESV 
conference in Nagoya [2] , this barrier should 
provide:  

- an impact environment similar to that seen in 
car-to-car and small 4WD-to-car side impacts 

- a sufficiently stringent test condition for the rear 
seat dummy while maintaining the same level of 
severity for the front seat dummy 
 
A first version of barrier AE-MDB (Advanced 
European Mobile Deformable Barrier) was 
proposed and studied: AE-MDB V2. 
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It was based on: 
- a 1500 kg trolley 
- a corridor created with frontal test of cars to 

LCW (rigid) data (40 different vehicles crashed on 
rigid wall) [3] (see Figure 1) 

- a definition made of 6 blocks: 3 upper blocks 
and 3 lower blocks (see Figure 2) 
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Figure 1.  Effective force vs displacement 
corridor made with load cell wall test results 
and theoretical corridor as proposed to define 
AE-MDB. 
 

 
Figure 2.  Theoretical characteristics of AE-
MDB barrier face. 
 
Its validation was done by comparing the results of 
a car-to-barrier side impact and two car-to-car tests 
(the bullet car being the LandRover Freelander or 
the Volkswagen Golf V). 
ACEA (Association des Constructeurs Européens 
d’Automobiles) also contributed to this study (see 
Table 2). 
 
After two years of studies, Aprosys and ACEA 
concluded that whereas the barrier V2 is in the 
LCW corridor, the comparison between the car-to-

barrier test in side impact and the “car-to-car” tests 
showed that it was not consistent to car-to-car 
deformation. Indeed, door intrusion was too high 
with the AE-MDB V2, and the distribution of 
deformation between doors and B-Pillar was not 
consistent with the distribution seen on car-to-car 
tests. 
Since 2005, the members of EEVC WG13 
discussed a series of modifications to the barrier 
face that could be further developed by Aprosys. 
All new versions (named V3.x, with x from 1 to 9) 
were based on V2 characteristics:  

- all versions used the same definition by blocks 
(6 blocks, 3 upper and 3 lower blocks) 

- the geometry remains unchanged with respect 
to V2 

- each block stiffness is defined as a percentage 
of the initial V2 “block D” stiffness (block D is the 
lower exterior block) 

- the barrier weight is still 1500 kg 
- an additional bumper element was put in front 

of the barrier. The bumper definition is taken from 
the NHTSA FMVSS214 barrier (245 psi / 3+3 mm) 
 
Version V3.9 was selected by the majority of the 
Aprosys member in 2006.  
Its characteristics against version V2 are the 
following (see Table 1). 

Table 1. 
Comparison between AE-MDB Version 2 and 

Version 3.9 in terms of stiffness and design. 

AE-MDB 
Version Block Stiffness View 

V2 

a = c = 29 kN 
b = 25 kN 
 
d = f = 110 kN 
e =  50 kN 
no bumper element 

V3.9 

a, b and c are 
unchanged with 
respect to V2 
 

29.39.3 *%55 VVV dfd ==
 

29.3 *%60 VV de =  
 
Addition of a bumper 
element (245 psi / 
3+3 mm) 

 
Part of the validation matrix conducted together by 
ACEA and the Aprosys project with this AE-MDB 
version V3.9 is shown in Table 2. Each target 
vehicle have been impacted by a car (car-to-car 

A = C ≅29 kN 
B ≅25 kN 
 
D = F ≅110 kN 
E ≅ 50 kN 
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test) or by a AE-MDB barrier (car-to-barrier test) 
with the V3.9 and sometimes with V2. 

Table 2. 
Test matrix of car-to-car or car-to-barrier tests 

carried out to compare V3.9 and V2 . 
Target 
vehicle 
(project 
funding) 

Freelander Golf V V3.9 V2 

Golf V 
(Aprosys) x x x  
Fiesta 
(Aprosys) x x x  
Megane 
(ACEA) x x x x 
 
Hence, in 2006, AE-MDB V3.9 barrier was 
selected by the Aprosys project as fulfilling the 
initial mandate. It was considered as: 

- being in the stiffness corridor done with the 
frontal test of the 40 cars to LCW (rigid) data (See 
Appendix 1) 

- being in between the severity of a car-to-car 
tests against Golf V and against Freelander 
 
 
The selected side impact test procedure was the 
following (see Figure 3) : 

- barrier AE-MDB V39 
- trolley weight at 1500 kg 
- the impact point is centered on R-Point + 250 

mm rearward. This backward impact location point 
enables to take into account rear passengers 
protection as well as the movement of the 2 cars in 
a real front-to-side impact 

- front and rear seat occupant: a 50th percentile 
dummies 

- test speed: 50 +- 1 km/h 
 
 

V = 50 km/hV = 50 km/h

EuroSID 2 50th

EuroSID 2 50th

AEMDB
V3.9

1500 kg

 
Figure 3.  Test configuration for the AE-MDB 
side impact procedure. 

COMPARATIVE STUDY BETWEEN AE-
MDB AND ECE 95 TEST 

This new side impact test procedure have been 
designed with the purpose to replace the current 
regulatory test (ECE regulation 95, also named 
Progress 950 kg in the remaining part of our study). 
Therefore PSA Peugeot Citroën decided to make 
physical and numerical comparative studies 
between the current ECE95 test and this new side 
impact procedure, with barrier AE-MDB V3.9.  
The first part of our study is a numerical study that 
has been performed to analyse separately the 
influence of each parameter (mass and stiffness). 
Thanks to modelling, it is relatively easy to 
understand very precisely the differences seen 
between old and new procedure and quantify the 
effect of each change.  
The second part of our study has been to conduct 
full-scale tests on different vehicles in order to have 
a complete overview of the results with the future 
procedure and the current procedure on all different 
sizes of vehicles.  

Parametric Study - influence of the two test 
parameters: increase in mass and increase in 
stiffness 

The AE-MDB V3.9 procedure is carried out with 
two major evolutions with regard to the current 
ECE 95: A complete change in the barrier design 
(AE-MDB against Progress, with an increase in 
width and in stiffness), and a change in the trolley 
weight (1500 kg instead of 950 kg). 
Aprosys concluded from its studies that the 
procedure in overall was more severe.  
But, we can ask the following questions: is this 
increased severity the unique consequence of the 
increased trolley weight? Or is it the consequence 
of coupling both parameters in parallel: the 
increase in the trolley weight and a change in the 
deformable element?  
 
To answer this question, PSA Peugeot Citroën has 
done a numerical study on a new large family car. 
This vehicle is therefore a last generation vehicle 
and its numerical model has been correlated to 
standard physical tests.  
Three calculations have been performed: 

- a Progress 50 km/h – Trolley Weight 950 kg 
- a Progress 50 km/h – Trolley Weight 1500 kg 
- an AE-MDB V3.9 50 km/h –  Trolley 

Weight1500 kg 
 
Figure 4 presents the exterior intrusions at three 
different level heights for the three different 
modellings. 
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AEMDB V3.9  

 

Figure 4.  Comparison of the exterior intrusion 
profile measured at different heights for the 
three different barriers. 
 
With the use of AE-MDB, there are two steps on 
the way of a more severe procedure. The weight of 
the trolley causes a first increase of the exterior 
intrusions (see the blue curve compared to the red 
one in Figure 4). 
The new deformable face, much stiffer than the 
Progress one, creates a second increase in the 
exterior intrusions. In overall, intrusions are at least 
40% higher on V3.9 barrier than on the current 
ECE 95. 
 
Looking at B-Pillar intrusions, we find the same 
type of conclusions (see Figure 5).  
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Figure 5.  Comparison of the B-Pillar intrusion 
profile for the three different barriers. 
 

There are 30% more B-Pillar intrusions with AE-
MDB V3.9 than with the Progress 1500 kg. 
As they have a direct impact on biomechanical 
criteria, door and B-Pillar velocities were also 
compared between the different calculations.  
Figure 6 presents door velocity at abdomen height 
and B-pillar velocity at thorax height.  
 

 
(a) B-Pillar velocity at thorax height 

 
(b) Door velocity at abdomen height 

Figure 6.  Comparison of the velocity measured 
at different heights for the three different 
barriers. 
 
The first slope of the velocity curves is far much 
greater in AE-MDB V3.9 than in Progress-1500 kg 
or 950 kg. This phenomenon is a consequence of 
the higher stiffness of the deformable face which 
introduces a higher initial velocity on the vehicle. 
Dynamic displacements are therefore higher. This 
is related to what we have seen above on the 
intrusions (greater intrusion with AE-MDB V3.9 
than with Progress – 1500 kg). 
Comparing both calculations with Progress 950 kg 
and 1500 kg, we can see that the initial slope is 
identical. The impact of the increase of the trolley 
weight is seen on the maximal level of velocity. 
This higher level will have a direct impact on 
biomechanical criteria.  
 
As a conclusion, the higher severity of the new AE-
MDB side impact procedure is not only linked to 
the increase in the trolley weight. Indeed, the 
stiffness of the deformable face in comparison to 
ECE 95 leads to higher initial dynamic 
displacements and intrusions. The increased trolley 
weight leads to higher levels in maximal velocities.  
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Therefore, coupling both phenomena (increased 
trolley weight and higher barrier stiffness) leads to 
more severe test procedure with higher 
biomechanical criteria and intrusions.  

COMPARISON OF THE TWO PROCEDURES 
THANKS TO FULL-SCALE TESTS 

In order to have a better knowledge of the new AE-
MDB procedure, PSA Peugeot Citroën performed 
full-scale testing of vehicles of different sizes 
against AE-MDB V3.9: Small Family Car, Large 
Family Car and MPV. 
The result of each car in the AE-MDB V3.9 test 
(1500 kg – 50 km/h) has been compared to the 
result of the same car in the current ECE 95 
Progress test (950 kg – 50 km/h).  
 
Structural behaviours (door and B-Pillar intrusions 
and velocities) have been compared as well as 
biomechanical criteria on the driver.  
 
Tests are conducted with EuroSID 2 dummies and 
the same seat position is always used.  
Since current ECE 95 has no rear dummy, the rear 
area is not analysed in this section but will be 
studied in a specific chapter. 

Small Family Car 

On the small family car test, the B-Pillar was much 
more loaded with AE-MDB V3.9 than with current 
ECE 95. A rupture occurred on the lower part of 
the B-Pillar on the AE-MDB test whereas the B-
Pillar was intact in the ECE95 test (see Figure 7 
and Figure 8). 
 

 

 
Figure 7.  B-Pillar structural deformation for 
the Progress 950 kg test. 

 

 
(b) AE-MDB V3.9 Test 

Figure 8.  B-Pillar structural deformation for 
the AE-MDB V3.9 test. 
 
On the intrusion graphs (see Figure 9 and Figure 
10), we clearly see this rupture of the B-Pillar. 
(+126% intrusions in the area). 
Elsewhere, intrusions are approximately 25% 
higher with AE-MDB V3.9 than with Progress 
barrier.  
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(a) Intrusion profile –Thorax height 
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(b) Intrusion profile –Pelvis height 

Figure 9 .  Small family car - Comparison of the 
intrusion profile measured at different heights 
for the two different barriers (Progress 950 kg 
and AE-MDB V3.9) (a) Thorax height and (b) 
Pelvis height. 
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Figure 10 .  Small family car - Comparison of 
the B-Pillar deformation profile for the two 
different barriers (Progress 950 kg and AE-
MDB V3.9). 
 
Doors velocities are also heighten up to 25% at 
their maximal level with the use of barrier AE-
MDB V3.9 in place of Progress barrier at 950 kg 
(see Figure 11).  
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(a) Door velocity –Thorax height 
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(b) Door velocity – Pelvis height 

Figure 11.  Small family car - Comparison of the 
door velocity measured at different heights for 
the two different barriers (Progress 950 kg and 
AE-MDB V3.9) (a) Thorax height and (b) Pelvis 
height. 
 

This increase in door velocities will lead to worse 
biomechanical criteria. This is shown in Figure 12 
which represents biomechanical criteria versus 
EEVC regulatory limits and in Figure 13 where 
biomechanical criteria are scaled to the Euro NCAP 
4 points limits.  
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Figure 12.  Small family car - Comparison of the 
driver biomechanical results for the two 
different barriers (Progress 950 kg and AE-
MDB V3.9) with respect to EEVC limits. 
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Figure 13.  Small family car - Comparison of the 
driver biomechanical results for the two 
different barriers (Progress 950 kg and AE-
MDB V3.9) with respect to Euro NCAP limits. 
 
Rib deflexion and pelvis load go over the EEVC 
regulatory limit. Pelvis load may be a consequence 
of the rupture of the base of the B-Pillar seen in the 
AE-MDB test. 
Rib deflexion is the consequence of a bottoming 
out of the thorax airbag caused by the increase of 
dynamic door displacement.  
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Large Family Car  

On this vehicle family, conclusions are equivalent 
to the ones derived on the small family car.  
Doors intrusions (see Figure 14) are heighten up 
from 20% with the AE-MDB V3.9 test and B-Pillar 
intrusions by 15% (see Figure 15). 
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(a) Intrusion profile - Abdomen height 
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(b) Intrusion profile - Pelvis height 

Figure 14.  Large family car - Comparison of the 
intrusion profile measured at different heights 
for the two different barriers (Progress 950 kg 
and AE-MDB V3.9) (a) Thorax height and (b) 
Pelvis height. 
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Figure 15.  Large family car - Comparison of the 
B-Pillar deformation profile for the two 
different barriers (Progress 950 kg and AE-
MDB V3.9). 
 
Door and B-Pillar velocities are about 20% higher 
with AE-MDB V3.9 (average of 1.5 m/s more at 
peak level) (see Figure 16). 
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(a) B-Pillar Velocity - Thorax height 
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(b) Front Door velocity - Abdomen height 

Figure 16.  Large family car - Comparison of the 
door velocity measured at different heights for 
the two different barriers (Progress 950 kg and 
AE-MDB V3.9) (a) Thorax height and (b) 
Abdomen height. 
 
This increase in intrusion and velocity are shown in 
Figure 17 and 18 which present biomechanical 
criteria versus EEVC regulatory limits and versus 
Euro NCAP 4 points limits.  

Biomechanical Results - Driver

0%

20%

40%

60%

80%

100%

120%

Pubic Load Abdomen Load Rib
Displacement

B
io

m
ec

ha
ni

ca
l L

ev
el

 re
la

tiv
e 

to
 E

EV
C

 
lim

it 
(%

)

Progress 950 kg
AEMDB V3.9

97
%

91
%

 
Figure 17.  Large family car - Comparison of the 
driver biomechanical results for the two 
different barriers (Progress 950 kg and AE-
MDB V3.9) with respect to EEVC limits. 
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Biomechanical Results - Driver
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Figure 18.  Large family car - Comparison of the 
driver biomechanical results for the two 
different barriers (Progress 950 kg and AE-
MDB V3.9) with respect to Euro NCAP limits. 
 
Biomechanical criteria that were all under the 4 
points Euro NCAP limit in the Progress 950 kg test 
increased up to 100% more with the use of AE-
MDB V3.9. We can even note that rib displacement 
would pass over the regulatory limit. 

MPV 

Again, doors and B-Pillar intrusions are heighten 
up from 20% with the AE-MDB V3.9 test (see 
Figure 19 and Figure 20). 
 

Abdomen Height

0 5 10 15 20 25

In
tr

us
io

ns
 (m

m
)

Progress 950 kg
AEMDB V3.9

Abdomen Height

0 5 10 15 20 25

In
tr

us
io

ns
 (m

m
)

Progress 950 kg
AEMDB V3.9
Progress 950 kg
AEMDB V3.9

 
(a) Intrusion profile - Abdomen height 
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(b) Intrusion profile - Pelvis height 

Figure 19.  MPV - Comparison of the intrusion 
profile measured at different heights for the two 
different barriers (Progress 950 kg and AE-
MDB V3.9) (a) Thorax height, (b) Pelvis height. 
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Figure 20.  MPV - Comparison of the B-Pillar 
deformation profile for the two different 
barriers (Progress 950 kg and AE-MDB V3.9). 
 
Velocities, again, are in this case higher with AE-
MDB V3.9 than with Progress. The initial slope is 
clearly steeper (as a result of the increased barrier 
stiffness), causing the dynamic displacement to be 
greater. This will have an effect on the thorax 
airbag that will have less space to absorb the 
energy at the beginning of the crash (risk of 
bottoming out) (see Figure 21). 

Thorax Height

B
-P

ill
ar

ve
lo

ci
ty

Progress 950 kg
AE-MDB V3.9

Thorax Height

B
-P

ill
ar

ve
lo

ci
ty

Thorax Height

B
-P

ill
ar

ve
lo

ci
ty

Progress 950 kg
AE-MDB V3.9
Progress 950 kg
AE-MDB V3.9

 
(a) B Pillar Velocity - Thorax Height 
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(b) Door Velocity - Abdomen Height 

Figure 21.  MPV - Comparison of the door 
velocity measured at different heights for the 
two different barriers (Progress 950 kg and AE-
MDB V3.9) (a) Thorax height and (b) Abdomen 
height. 
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As usual, the consequences of the extra severity in 
intrusion and velocity will be shown in the 
biomechanical results, see Figure 22 and 23 which 
represent biomechanical criteria versus EEVC 
regulatory limits and Euro NCAP 4 points limits.  

Biomechanical Results - Driver
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Figure 22.  MPV - Comparison of the driver 
biomechanical results for the two different 
barriers (Progress 950 kg and AE-MDB V3.9) 
with respect to EEVC limits. 
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Figure 23.  MPV - Comparison of the driver 
biomechanical results for the two different 
barriers (Progress 950 kg and AE-MDB V3.9) 
with respect to Euro NCAP limits. 
 
All the biomechanical criteria are increased with 
the use of AE-MDB V3.9. Rib deflections are 
heightened up by 63% as a result of a higher 
dynamic displacement and an increased 
deformation of the seat.  
Biomechanical criteria are not as much increased 
on this vehicle size than on the other tested (small 
family vehicle and large family vehicle). MPV’s 
are quite favoured by the height of the seat. The 
dummy being seated higher is less affected by the 
structural behaviour.  

Driver protection: Conclusion 

The same conclusions can be derived from the 
different sizes of vehicles by comparing ECE 95 
side impact procedure (Progress barrier 950 kg) 
and AE-MDB procedure. The introduction of the 
AE-MDB V3.9 barrier always leads to higher door 
and B-Pillar intrusions, an increase by 25% as an 
average. On some vehicles, the more severe 
deformations have even generated the loss of some 
structural parts. (Rupture of the B-Pillar base for 
example, which was unseen on the ECE 95 test) 
Door and B-Pillar velocities are hence also 
penalized by 30%. Initial dynamic displacements 
are higher (as a result of the stiffer body barrier) 
and lead to thorax airbags with less space to deploy 
and to absorb energy. Maximal velocities are 
heightened up causing the injury risk on dummy to 
be higher in case of a bottoming out for example.  
 
Therefore, in all cases, biomechanical criteria could 
reach up to 125% more in the worst cases. On some 
vehicles, some biomechanical criteria even go over 
EEVC regulatory limit.  

REAR OCCUPANT PROTECTION 

The introduction of AE-MDB barrier, with its 
higher width and its impact point located 
rearwards, enable to introduce an assessment of the 
rear passenger protection in side impact. The 
Progress barrier, currently used in ECE 95, is too 
narrow and centred on R-Point (in comparison to 
R+250 mm for AE-MDB barrier), and therefore 
does not impact the vehicle in the area of the rear 
occupant. Yet, a good discrimination of the rear 
passenger protection offered by the different 
vehicles was not possible with the Progress barrier.  
 
This part of the study presents the assessment of 
the level of protection of the second row for the 
different cars tested and presented previously 
(Small Family Car, Large Family Car, MPV). We 
first studied the structural behaviour of the rear area 
in front of the dummy. Then, in a second part, we 
processed dummy readings.  
As we could not compare the level of protection of 
this second row in the AE-MDB test to the one 
obtained in the Progress test (no passenger), we 
have plotted, in the three figures below (Figure 24 
to 26), the velocity of the rear door compared to the 
velocity of the front door.  This will enable us to 
have a point of comparison for rear door velocities.  
 
Only the charts of the velocity at thorax height are 
shown hereafter. The graphs measured on the other 
location would show the same trends.  
Velocities of the three different sizes of vehicle 
(small family car, large family car and MPV) are 
plotted in figure 24 to 26.  
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Figure 24.  Small Family Car – Comparison of 
the door velocity measured on the front and on 
the rear door at the thorax height on the AE-
MDB V3.9 test. 
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Figure 25.  Large Family Car – Comparison of 
the door velocity measured on the front and on 
the rear door at the thorax height on the AE-
MDB V3.9 test. 
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Figure 26.  MPV – Comparison of the door 
velocity measured on the front and on the rear 
door at the thorax height on the AE-MDB V3.9 
test. 
 
For each car, we can see that rear door velocity is 
higher than front door velocity. Rear door 
velocities have higher initial peak values and have 
very often higher maximum level. We can also see 
the effect of the rotation of the car, rear door 
velocities “finishing” at a very high level (much 
bigger than the front door) at time 100 ms and 
after.  
For example, on the MPV graph, there is at least 
30% more velocity 50 ms after impact and the 

higher initial peak value will lead to 25% more 
dynamic displacement.  
Thus, we can clearly see that rear door structural 
behaviour is not at the same level as the front door. 
The current level of protection offered on rear 
passengers is therefore not at the level as the one 
offered to the front driver.  
 
Figure 27 presents the biomechanical criteria of the 
rear passenger with respect to 4 points Euro NCAP 
limit.  
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Figure 27.  Comparison of the driver 
biomechanical results measured on AE-MDB 
V3.9 for the three different car size with respect 
to Euro NCAP limits. 
 
 
From figure 27, we can conclude that all vehicles 
are far beyond the 4 points Euro NCAP limits.  
Therefore, in order to reach the same level of 
protection for the back and the front, these vehicles 
should be loaded on the rear as well as on the front 
and should be equipped with performing restraint 
devices and should reinforce their structural 
dimensioning.  

DISCUSSION 

The first major point in analysing the AE-MDB 
V3.9 side impact procedure in comparison to ECE 
95 is its better representativeness of the average 
European vehicle. Its design itself is done by 
comparing it to car-to-car tests. Thus, validation 
tests, conducted by the Aprosys project and by 
ACEA, have shown that deformation, loading 
patterns and biomechanical criteria were 
representative of car-to-car tests (in between a 
Freelander and a Golf V). 
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Numerical studies carried out by PSA Peugeot 
Citroën showed that the AE-MDB V3.9 side impact 
test procedure show a higher severity than the ECE 
95 procedure thanks to two major evolutions:  

- an increased trolley weight (1500 kg instead of 
950 kg)  

- a stiffer body barrier with use of the AE-MDB 
V3.9 instead of the Progress.  
 
Thanks to the virtual testing, we have seen that the 
coupling of both phenomena (increased trolley 
weight and stiffer body barrier) leads to worse 
biomechanical criteria and higher intrusions. The 
increased trolley weight has an effect on maximal 
door and B-Pillar velocities, whereas the barrier 
stiffness itself has an effect on the intrusions and 
the initial dynamic displacements. In overall, the 
increased severity of the new AE-MDB side impact 
procedure compared to ECE 95 is about 30% more.  
 
Full-scale testing, done on different PSA Peugeot 
Citroën vehicles of different sizes, has shown 
deterioration in the structural behaviour by about 
an average of 25%. (Some non-linear phenomena 
have even appeared with the use of the AE-MDB 
V3.9 barrier such as complete loss and rupture of 
structural parts that were not seen with the Progress 
barrier used in the ECE 95 procedure). Intrusions 
and velocities are higher, as well as biomechanical 
criteria.  
 
The increased severity seen with AE-MDB side 
impact procedure will have a direct influence on 
the conception of vehicles.  
In order to keep the same protection level as the 
one offered in the current ECE 95 on in the 
consumer tests, the structural behaviour will have 
to be the same as the one seen today with the 
Progress barrier. Therefore B-Pillars will have to be 
stiffer, and doors reinforcements bigger. Structural 
basement of the car should also be able to support 
bigger loads coming out from doors and B-Pillar. 
These structural improvements will enable future 
vehicles to show lower intrusions and velocities 
despite the more severe barrier loading.  
New load paths could also be studied by trying to 
transmit a higher proportion of energy through the 
seat or the console.  
 
Introducing rear passenger protection in the side 
impact test procedure will also lead to a general 
structural reinforcement and especially the rear 
area. Nowadays, vehicles have usually no structural 
door reinforcement in the rear door. But these will 
become essential in order to control structural rear 
velocities and thus rear biomechanical criteria. 
In order to deal with this new side impact 
procedure, each vehicle will have to add an average 
of 15 kg structural reinforcements to its weight, (in 

the structural baseline, with door reinforcements, 
and with new load paths through the seats for 
example). 
 
Restraints devices will also have to be more 
performing. Especially on the rear area that usually 
hasn’t, on nowadays vehicles, any specific devices 
for the improvement of side impact protection. 
Rear side impact airbags, absorbing energy foams 
in the rear panel, and seat-belt pretension will have 
to appear on the future vehicles.  
Therefore, taking into account AE-MDB side 
impact test procedure will lead to a better equipped 
compartment area as well as a reinforced structural 
behaviour.  

CONCLUSIONS 

This new AE-MDB side impact procedure is more 
representative of the last generation vehicles. Its 
severity is clearly in between a crash against a 
Freelander and a crash against a Golf V. 
Its integration in consumerism or regulatory 
procedure will lead to a global reinforcement of the 
structural area and a better level of equipment for 
future vehicles. This will have a direct consequence 
on the improvement of security in side impact for 
car users for front occupants as well as for rear 
occupants.  
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APPENDICES 

Appendix 1 

Figure 28 presents the response of the two versions 
of barrier (AE-MDB V2 and AE-MDB V3.9) in the 
corridor created from the frontal test of cars to 
Load Cell (rigid) Wall and the theoretical corridor 
that has been derived from the theoretical 
characteristics of the V2 barrier face. 
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Figure 28.  AE-MDB V2 and V3.9 response 
compared with the two corridor proposed to 
define AE-MDB 
 
We can notice that version V3.9 of AE-MDB 
barrier is in the corridor only in the first 200 mm of 
displacement. But being our of the corridor after 
200 mm of crush is not a problem since 
biomechanical criteria always occur before 200 mm 
of barrier deformation. 
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ABSTRACT 
 
Side impact tree/pole crashes can have devastating 
consequences.  A series of 49 CIREN cases of 
narrow-object side impacts were analyzed.  26 of 49 
had serious chest injury and 26 had serious head 
injury.  Of the head trauma patients, 10 had skull 
fractures, out of which seven were basilar skull 
fracture.  Seventeen of the head trauma patients had 
some kind of internal bleeding such as subdural or 
subarachnoid hemorrhage; three were coded as 
having diffuse axonal injury.  Of the chest injuries, 
17 occupants had lung contusions and 19 had rib 
fractures.  Of those with rib fractures, 15 of 17 had 
unilateral rib fractures.  Examining crash test data of 
side pole crashes, it was evident that in tests where 
the pole caused intrusion at the middle of the 
occupant’s thigh, a high degree of oblique chest 
loading occurred.  The hypothesis was that this 
oblique chest loading from the door induces 
unilateral rib fractures, lung contusions, and possible 
aortic rupture.  Additional testing was done in a sled 
laboratory to induce oblique chest loading to PMHS.  
A modified side impact sled buck induced oblique 
loading at 20 and 30 degree angles to the chest.  
PMHS subjects experienced unilateral rib fracture 
patterns.  Additional dummy tests in this same 
configuration were also conducted.  Chestband data 
revealed better biofidelity in the WorldSID dummy 
than the NHTSA-SID for oblique chest loading.  
These dummies however, are not currently equipped 
to measure oblique chest deformations.  Narrow-
object side impacts are realistic crash environments 
that can induce oblique chest loading.  Because the 
human may be more vulnerable in this type of crash 
scenario, dummy biofidelity and measurements, as 
well as a re-examination of side injury criteria may 
be necessary to design appropriate injury-mitigating 
safety devices. 

 
INTRODUCTION 
 
Side impact crashes in general have received more 
attention recently.  Despite a lower overall incidence 
rate, side impact crashes can result in more serious 
injuries to occupants compared to frontal crashes 
[NHTSA Traffic Safety Facts, 2005].  Side impact 
crashes may result from vehicle to vehicle 
configurations as well as single vehicle crashes.  
Most single vehicle side crashes result when the 
driver loses control and collides with a fixed object.  
Often the fixed object is a tree or pole.  Recently the 
US federal government has proposed a side impact 
crash into a rigid pole as part of the regulatory test 
requirements.  It has long been presumed that these 
single vehicle side impacts into narrow objects result 
in devastating consequences to the occupants on the 
near side of the crash.  There are very few studies 
however, that have described occupant injury patterns 
in sufficient detail to assist designers of vehicle safety 
systems and to assist in the interpretation of dummy 
response measures.  The purpose of the present 
investigation therefore, was to characterize occupant 
injury patterns in side pole/tree crashes using detailed 
real world data and to develop a laboratory sled test 
to verify occupant injuries and examine dummy 
biofidelity. 
 
METHODS 
 
The Crash Injury Research and Engineering Network 
(CIREN) database contains a wealth of detailed 
information on real world crashes.  The CIREN 
database is populated with a sample of real world 
crashes from eight centers around the US.  To enroll 
a case occupant in the CIREN database, the injuries 
sustained by the occupant must be at least AIS=3, or 
moderate to severe trauma.  The case vehicle must 
also be within eight model years of the crash date.  
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For the current study, the database was queried for 
single vehicle side impacts resulting in collision with 
a tree or pole.  The vehicle collision direction was 2-4 
or 8-10 o-clock, and only near side occupants were 
included in the analysis.   
 
To understand occupant responses in narrow object 
side crashes, the deformation patterns of the vehicles 
involved in real world crashes were examined.  The 
oblique door deformation pattern to the occupant 
compartment was simulated in the sled environment 
by inducing an oblique load wall configuration. A 
previously established load wall configuration [Pintar 
et. al. 1997] was modified to include an angled wall 
configuration for thorax and abdomen plates (Figure 
1).  Preliminary PMHS and NHTSA-SID dummy 
tests were run at 6.7 m/s change in velocity (Table 1).  
The human surrogates were instrumented with head, 
T1, T12, and sacrum triaxial accelerometer packages.  
Rib and sternum accelerometers were also mounted.  
The load wall was instrumented with uniaxial load 
cells to measure interaction forces.  PMHS were 
examined for injury with a complete autopsy 
following testing. 
 
 
 

 
 
Figure 1.  Schematic diagram depicting original 
flat wall configuration on the left and the modified 
configuration with angled thoracic and abdominal 
load plates on the right. 
 
 
 
 
 
 
 
 

Table 1: Experimental sled tests 
Test ID Config-

uration 
Gen 
der 

Age 
(yrs) 

Height 
(cm) 

Weight 
(kg) 

PMHS 
102A20 

20-deg  
wall 

M 46 186 73 

NHTSASID 
102A20 

20-deg 
wall 

--- --- 175 75 

WorldSID 
112A20 

20-deg 
wall 

--- --- 175 75 

PMHS 
103A30 

30-deg 
wall 

M 52 179 75 

NHTSASID 
105A30 

30-deg 
wall 

--- --- 175 75 

WorldSID 
108A30 

30-deg 
wall 

--- --- 175 75 

 
 
RESULTS 
 
For the CIREN analysis, a total of 49 cases were 
examined.  Of the 49, 25 were male, 24 were female; 
15 were in the age range from 10-18 years old, while 
34 ranged in age from 19-63.  There were 34 drivers 
and 15 passenger occupants.  Out of the total 
occupants, 38 (78%) were belted.  The severity of the 
crash was rated by delta-V calculations based upon 
deformations using the WINSMASH software 
program that is standard for CIREN crash 
reconstruction analysis.  Delta-Vs ranged from 17 to 
58 km/h with a preponderance of crashes in the range 
from 24 – 48 km/h (Figure 2).  The majority of the 
case vehicles (28) were model year 1998 or newer 
(Figure 3). 
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Figure 2.  Bar graph representation of the number 
of CIREN cases analyzed by delta-V range. 
 
 
Occupant injuries were broadly separated by body 
region (Figure 4) with at least half sustaining chest 
and head trauma.  Occupants with chest trauma, also 
had head trauma 73 % of the time.  In contrast, pelvis 
and lower extremity trauma were present in the chest 
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trauma patients only 35 % and 8 % of the time, 
respectively.  Of the head trauma patients, 10 had 
skull fractures, out of which seven were basilar skull 
fracture.  Seventeen of the head trauma patients had 
some kind of internal bleeding such as subdural or 
subarachnoid hemorrhage; three were coded as 
having diffuse axonal injury.  Of the 26 chest trauma 
patients, 19 had rib fractures and 17 had lung 
contusions.  Ten of the 17 patients had unilateral lung 
contusions, and 15 of the 19 patients had unilateral 
rib fractures.  Only four of the 26 occupants with 
chest trauma had isolated injuries.   
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Figure 3.  Bar graph representation of the number 
of CIREN cases analyzed by vehicle model year. 
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Figure 4.  Bar graph representation of the number 
of CIREN case occupants with trauma by body 
region.  Note that each occupant may sustain 
multiple trauma. 
 
For the sled studies, a matching test series was done 
with PMHS, NHTSA-SID, and WorldSID at 20 and 
30 degree offset wall conditions.  The PMHS that 
was tested at 20-degrees endured 12 rib fractures that 
resulted in flail chest.  Diaphragm rupture and lung 
contusion was also present.  The PMHS tested at 30 
degrees resulted in no skeletal or organ injuries.  As 
an initial assessment of dummy biofidelity, the 
PMHS load wall responses were scaled to a 50th 

percentile male (75 kg) and compared to the 
dummies.  For the 20-degree load wall condition 
(Figure 5), the thorax and pelvis loads of the 
WorldSID are comparable in magnitude and time 
duration to the PMHS.  The NHTSA-SID thorax and 
pelvis forces are greater in magnitude and shorter in 
duration than the PMHS.  For the 30-degree load wall 
condition (Figure 6) the WorldSID thorax response is 
comparable in magnitude to the PMHS.  Both 
dummies exert a greater force into the pelvis than the 
PMHS.  For the abdomen forces in either 
configuration the PMHS loads are greater and the 
time durations are longer than for the dummies.   
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Figure 5.  Force response curves from 20 degree 
oblique load wall sled tests at 6.7 m/s. 
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Figure 6.  Force response curves from 30 degree 
oblique load wall sled tests at 6.7 m/s. 
 
 
DISCUSSION 
 
A side impact into a pole or tree can result in 
devastating injuries to the near side occupant.  A 
CIREN investigation of 49 cases was undertaken to 
characterize injury patterns in these types of crashes.  
The real world data that is collected for CIREN cases 
results in over 900 data points for each case.  The 
medical images and injury identification 
documentation is excellent.  A prerequisite for 
inclusion in the CIREN database is that the injuries 
sustained by the occupant be at least moderate to 

severe (AIS = 3).  The 49 CIREN cases examined in 
the current study revealed distinct injury patterns.  In 
more than half the cases, head trauma and chest 
trauma occurred, most often in combination.  It is 
important to note that in only four of the cases were 
there side airbags present.  None of these four cases 
resulted in head injuries, however two cases resulted 
in chest or abdomen trauma.  The effectiveness of 
side airbag technology is, as yet, not fully evaluated 
[Mcgwin et.al., 2003;  Yoganandan et.al., 2005].  
 
The focus of this presentation was chest trauma due 
to the difference in mechanism of injury in these 
narrow object impacts.  It was observed from the 
vehicle deformation photos that the door intrusion 
into the occupant space resulted in oblique (antero-
lateral) chest loading.  This was evident by the 
occupant chest injury patterns; often unilateral rib 
fractures and unilateral lung contusions resulted on 
the struck side.  An oblique load to the chest results 
in a different injury mechanism to the rib cage due to 
difference in arm position and direct exposure of the 
rib cage to the load with no protection from the 
shoulder.  The internal organs may also receive a 
more severe load exposure as the lungs and heart are 
clearly in line with the impact. 
 
To reproduce these injuries in the laboratory, a 
unique load wall was designed with inclined plates at 
the thorax and abdomen regions.  The pelvis plate 
was not oriented obliquely due to the practical 
constraint of inflicting a focal point of loading to the 
lower legs.  It was also noted in the real world that 
pelvis and lower extremity injuries occurred only 
about 30 % of the time and in greater isolation when 
the impact was located forward on the vehicle.  The 
PMHS test at 20 degree oblique wall configuration 
resulted in a similar injury pattern as seen in the real 
world occupants:  unilateral rib fractures and 
unilateral lung contusion.   
 
The NHTSA-SID and the WorldSID were tested in 
the same load wall configurations as the two PMHS.  
Neither NHTSA-SID nor WorldSID were designed to 
be biofidelic in oblique side loading conditions.  The 
WorldSID however, seemed to offer greater 
biofidelity in the pelvis and thorax under oblique 
loading conditions.  A report on a test series that used 
the WorldSID in a far side impact scenario also 
concluded that the dummy was valuable for testing 
outside of its originally intended design [Pintar, et.al., 
2006].  The instrumentation to measure chest 
deflection in both dummies is directly lateral.  It is 
recommended that the dummy chosen for this type of 
testing be modified to measure deflections in an 
oblique direction. 
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CONCLUSIONS 
 
Narrow-object side impacts are realistic crash 
environments that can induce oblique chest loading.  
Because the human may be more vulnerable in this 
type of crash scenario, dummy biofidelity and 
measurements, as well as a re-examination of side 
injury criteria may be necessary to design appropriate 
injury-mitigating safety devices. 
 
This study has also demonstrated that a trend exists 
between seatbelt geometry and pretension on the 
level of restraint provided to occupants in far-side 
impacts. It has also been highlighted that human 
anthropometry has a major effect on the restraint 
provided by the seatbelt in far-side impacts. 
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ABSTRACT 

We review research findings on intelligent speed 
adaptation (ISA) and evaluate a self-contained, on-
board speed advisory system that alerts drivers when 
the prevailing speed limit is exceeded (passive ISA).  

Recent developments in technology, including 
improvements to GPS and other navigation aids, 
mean that ISA has become a commercial reality 
rather than an experimental novelty. Passive and 
active ISA systems are now on sale in Australia. 

Extensive trials of ISA throughout the world have 
demonstrated the potential for significant accident 
savings as well as other community benefits. There is 
a compelling case for governments to actively 
support ISA implementation. 

INTRODUCTION 

Excessive or inappropriate speed is a significant 
factor in serious road accidents. Road safety 
authorities around the world devote considerable 
resources to addressing the speeding problem - 
particularly compliance with speed limits. One 
countermeasure that is gaining increasing attention is 
the use in-vehicle technology to assist drivers keep to 
speed limits or even prevent the vehicle from 
exceeding speed limits on all roads at all times. This 
is known as Intelligent Speed Adaptation (ISA). 

Recent developments have meant that the reliability, 
accuracy and effectiveness of in-vehicle technologies 
has gone beyond the experimental stage and they are 
becoming commercially available. 

Numerous trials of ISA for more than a decade have 
demonstrated that it is effective in reducing the risk 
and severity of accidents and has other societal 
benefits such as reduced emissions and fewer major 
traffic disruptions resulting from road accidents. 

This paper examines the role of speeding in road 
accidents, the reasons for speeding, ISA technology, 
trials and limitations of ISA, potential  benefits and 
implementation issues.  

CONTRIBUTION OF SPEEDING TO 
ACCIDENTS 

Speed Related Crashes 

The New South Wales Roads and Traffic Authority  
(RTA) defines a "speeding-related accident" as one 
where: 
• The driver was charged with a speeding offence 

(normally exceeding the speed limit) or 
• The Police report stated that the vehicle was 

speeding or 
• The vehicle movement indicated inappropriate 

speed (not necessarily in excess of the speed 
limit). For example loss of control or skidding 
while negotiating a curve when there were no 
other factors to explain the incident. 

Using this definition, the RTA estimates that about 
40% of fatal road accidents in New South Wales are 
speed-related. 

It can be seen that there are two aspects to speeding: 
• "Excessive speed" where at least one vehicle was 

exceeding the speed limit and  
• "Inappropriate speed" where a vehicle was 

obeying the speed limit but was travelling too fast 
for the road conditions. 

Reports of road accident statistics do not always 
distinguish between these categories of speeding but 
it is expected that most reported cases involve 
excessive speed. Subject to this caution, Table 1 sets 
out speed-related crash statistics from several 
countries. 
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Table 1 

Speed-related crashes 
Region/Country % of crashes where 

speeding was a factor 
New South Wales, 
Australia (RTA 2005) 

38% of fatals 
17% of all crashes 

United Kingdom 
(THINK) 

29% of fatals 
12% of all casualties 

USA (NHTSA) 33% of fatals 
New Zealand (ACC) 42% of fatals 
Europe (ECMT) 33% of fatals in some 

countries 

Speed and injury risk 

Common misunderstandings amongst motorists (and 
perhaps some road safety organisations) are: 

• that exceeding the speed limit by a "minor" 
amount is not a safety problem 

• that most road fatalities occur at high speeds and 
involve vehicles travelling at grossly excessive 
speeds. 

Although it is the case that a high speed crash is 
much more likely to result in a fatality, there are 
many more crashes which occur at relatively low 
speeds and, as a consequence, the majority of 
fatalities occur at these low speeds. 

In the USA a sample of fatal crashes is investigated 
in detail and in most cases a delta V (the effective 
speed of impact) is estimated. Between 1993 and 
1997 more that half of the deaths to seat-belt wearing 
drivers involved in frontal crashes occurred at a delta-
V of 50km/h or less (NHTSA personal 
communication). 

 
Figure 1. Delta V distribution from US fatalities 

Despite improvements to crashworthiness, the 
proportions for recent vehicles are likely to be similar 
- the median speed may have increased a few km/h. 
A 1997 video "Physics of Car Crashes" by the NSW 
RTA dramatically illustrates the energy involved in a 
50km/h collision (Figure 2) and this type of message 
should be included in road safety campaigns . 

 

 
Figure 2. Frame from a video illustrating the 

energy in a 50km/h crash. 

 

Side impacts offer less opportunity for protection of 
occupants and the median delta-V for fatal injuries is 
likely to be less than 50km/h. For example, the 
Australasian New Car Assessment Program  
(ANCAP) conducted a series of 29km/h side impact 
pole tests for SUVs with and without head-protecting 
side airbags (Coxon 2005). HICs of between 5900 
and 9000 were recorded for all vehicles without 
airbags - indicating a very high risk of fatal head 
injury in this highly intrusive type of crash. Vehicles 
with airbags generally had HICs associated a low risk 
of head injury. However, the degree of intrusion 
(Figure 3) and the injury measurements for other 
body regions indicate that serious injury would likely 
occur at slightly higher impact speeds. 

 

 
Figure 3. Pole impact test at 29km/h (ANCAP) 
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 Crash risk - An analysis of travel speeds and 
involvement in casualty crashes was undertaken in 
metropolitan Adelaide in 1997. The data were 
recently reanalysed (Kloeden 2002).  This confirmed 
an earlier finding that risk approximately doubled for 
each 5km/h above the prevailing speed limit of 
60km/h.  

 
Figure 4. Risk of casualty crash doubles with each 

5km/h above the speed limit 

 

 
Figure 5. Contribution of speeding groups to 

casualty crashes. 

The same Adelaide study analysed the contribution of 
each speeding group to the overall speeding problem. 
As with the case of the US impact speeds, it was 
found that a large proportion of casualty crashes 
involved "minor" speeding. It was estimated that 19% 
of all crashes would have be eliminated if vehicles 
travelling at between 1 and 10km/h over the speed 
limit had obeyed the speed limit (Figure 5). This 
represents 42% of all speeding related crashes and 
shows that "minor" speeding should be addressed in 
road safety strategies. 

 Changing average travel speeds - The 
Adelaide study estimated the overall crash savings 
through measures which reduce traffic speeds. It was 
found that 100% compliance with speed limits would 
eliminate 21% of all metropolitan casualty crashes 
and that reducing mean travel speeds by just 2km/h 
would eliminate 11% of these crashes. 

 
Figure 6. Effect of reducing mean traffic speeds 

These findings are similar Nilsson (1993), who found 
that a 3% reduction in mean traffic speeds produces a 
12% reduction in fatal accidents, a European study 
which found that 15% of injury accidents would be 
saved if mean traffic speeds reduced by 5km/h 
(ETSC 2005) and US studies of the effects of speed 
limit changes (IIHS 2002).  

Woolley (2005) describes the results of an analysis of 
the effects of reducing speed limits of most 
residential streets in Australia from 60km/h to 
50km/h. In New South Wales reportable crashes on 
residential streets dropped by 25%, with pedestrians 
and cyclists benefiting most. In Queensland a limited 
analysis revealed an 18% drop in fatalities. Victoria 
reported a 59% drop in fatalities and a 12% drop in 
injury crashes. South Australia found a 20% drop in 
casualty crashes. 

It can be shown that the steep increase in serious 
crash risk for travel speeds above the speed limit (or 
the optimum safe speed, in the case of the Australian 
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experience) is due to a  "double whammy" effect. On 
average the impact speed will be higher and, at this 
higher speed, the probability of serious injury is 
greater (Paine 1998, Kloeden 2002, OECD 2006). 
This matches the real-world outcomes illustrated in 
Figure 4. 

WHY DO DRIVERS SPEED? 

Some of the common reasons that drivers give for 
intentionally exceeding the speed limit are that they 
are in a hurry, that they need to speed up to overtake, 
that they get a thrill from speeding (Harsha & 
Hedlund 2007) or that their vehicle/driving ability is 
better than most other drivers. Some claim that they 
will slow the traffic or inconvenience other drivers if 
they drive at the limit. Others report being 
intimidated into speeding by following drivers such 
as tailgators. 

In a Victorian study associated with the TAC Safe 
Car (fitted with a prototype speed alert system) 87% 
of drivers reported that excessive speeding had been 
inadvertent. (Regan et al 2005). This may be an over-
estimate for the general motoring population but it 
does suggest that in-vehicle measures to assist drivers 
obey speed limits could be quite effective. 

Hatfield and Job (2006) report on the attitudes of 
New South Wales motorists to speeding. A factor is 
that motorists under-estimate the negative 
consequences of speeding. For example, participants 
were asked at how many km/h above the speed limit 
would the crash risk double (the correct answer is 5 
to 10km/h). The average response was 25km/h for 
urban roads and 30km/h for rural roads. Also of 
concern, 42% of respondents felt that modern cars 
made speeding safer. 55% of participants supported 
some form of speed governing device on cars but 
24% opposed this countermeasure..  

Mitchell-Taverner & others (2003) found that 14% of 
surveyed New South Wales motorists normally 
exceeded the speed limit by at least 5km/h. However, 
there was a substantial difference across age groups, 
with 23% of those below the age of 25, 18% of 25-30 
year olds,13% of 40-59 year olds and 3% of over 60s. 

In order to assess the effectiveness of various types of 
speed control devices it is useful to identify the 
different groups of speeding motorists. Paine (1996) 
made an estimate based on limited data: 

Table 2. 
Estimated proportion of speeding drivers and 

contribution to speed-related crashes 

Category of speeding driver Est. % 

Recidivist - Grossly excessive 
speeds. Risk taker. May be alcohol 
affected 

3% drivers 

10% crashes 

Intentional - Feels "safe" at 10-
15km/h over the speed limit. Thinks 
that risk of booking is low 

30% drivers 

35% crashes 

Inadvertent - Drives a 
powerful/smooth car which is too 
easy to drive at over the speed limit 
or misses speed sign or forgets 
current speed zoning  

35% drivers 

30% crashes 

Reluctant - Under pressure, drives at 
the speed of the traffic stream, which 
is exceeding speed limit. Does not 
want to impede traffic. Intimidated 
by tailgators.  

30% drivers 

25% crashes 

Based on this estimate, about two thirds of drivers 
("inadvertent" and "reluctant") would be assisted by 
an advisory system that informed them when they 
exceeded the speed limit. "Reluctant" speeders would 
be further assisted if following drivers knew that an 
ISA system was in operation. The Leeds trial had a 
sign for this purpose (Figure 7).  

 
Figure 7. Sticker for Leeds trial 

About one third of motorists would need a stronger 
countermeasure, such as a system that prevented the 
vehicle from exceeding the speed limit. Although 
somewhat speculative, these ratios are broadly in 
agreement with support for speed governors reported 
by Hatfield and Job. 

INTELLIGENT SPEED ADAPTATION 

In essence ISA systems constantly monitor the local 
speed limit and the vehicle speed and take action 
when the vehicle is found to be exceeding the speed 
limit. This action can be advisory or "passive", where 
the driver is warned, or "active" where there is some 
degree of automated control of vehicle speed. To 
achieve this ISA systems need to know when the 
vehicle has entered a new speed zone and when 
variable speed zones are in force (e.g. school zones). 
Additional ISA features  might be the ability to detect 
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temporary speed zones (such as at accident scenes or 
near roadworks) and knowledge of advisory speeds 
such as sharp curves and stop signs (in effect, a stop 
sign signifies a speed limit of zero). 

Types of ISA 

Passive systems allow the driver to make a choice on 
what action should be taken. These can range from a 
simple audio or visual warning (a flashing light or a 
beep) to a more sophisticated human-machine 
interface Some ISA trials have used haptic feedback, 
where the accelerator pedal became stiffer or vibrated 
when the vehicle exceeded the speed limit. An 
alternative is to turn off convenience items such as 
the radio or air-conditioner when speed limits are 
exceeded for prolonged periods (Paine 1996). 

Active systems reduce (or limit) the vehicle’s speed 
automatically, without intervention from the driver. 
Methods used to achieve this include throttle control, 
brake application, engine management system 
manipulation, fuel limiting or a combination of these.  
Headley (2005) notes that Adaptive Cruise Control 
(ACC) can be programmed to "maintain the vehicle 
speed to that posted" and discusses sign recognition 
as a way of determining speed limits. 

Most of the active ISA systems that have been 
trialled have an override system so that the driver can 
disable the ISA if necessary. The provision of such 
disabling features need not be a concern provided that 
the times when the system is disabled are logged for 
monitoring purposes. 

One "non-intelligent" form of ISA is top-speed-
limiting, where the vehicle is rendered incapable of 
travelling for prolonged periods in excess of a set top 
speed. This is simple to achieve with most modern 
engine management systems - indeed most already 
have a top speed setting set to unrealistically high 
values such as 250km/h. Top-speed-limiting based on 
regional speed limits (e.g. 110km/h plus, say 10km/h 
in Australia) would be simple to introduce and would 
be an effective deterrent to vehicle theft and joy-
riding.  

In Australia top speed limiters set at 100km/h are 
required on all heavy vehicle built since 1991. 
However it is evident that there is widespread 
tampering with these systems (Paine - unpublished 
report for NSW RTA 2000). 

Speed and Location Technology  

To function, the ISA system needs to know the 
location of the vehicle, accurate to a few metres. This 
location information must be linked to a detailed 

digital map (or its equivalent) containing information 
such as local speed limits, and the location of known 
variable speed zones (e.g. schools). Advanced ISA 
has the capacity for real time updating to include 
information on areas where speed limits should be 
reduced due to weather conditions (rain, snow, ice, 
fog) or around accident scenes and roadworks.  

There are three main types of technology currently 
available for determining location (and, in turn local 
speed limits). Some of these also determine the speed 
of the vehicle independent of the vehicle’s own 
speedometer (which can be out by as much as 10%). 
These technologies are: 

• GPS 

• Radio Beacons 

• Dead Reckoning 

 Global Positioning System (GPS) - GPS is 
based on a network of satellites that constantly 
transmit radio signals. GPS radio receivers pick up 
these transmissions and, by comparing the signals 
from several satellites, are able to pinpoint the 
receiver’s location, usually to within a few meters 
(for advanced receivers). 

There are currently 24 satellites making up the GPS 
network and their orbits are configured so that a 
minimum of five satellites are generally available at 
any one time for terrestrial users. In theory four 
satellites is the minimum number of satellites 
required to determine a precise three dimensional 
position (latitude, longitude and altitude). 

Despite its popularity, GPS is subject to a number of 
fundamental problems related to the accuracy of the 
determined position. The receiver still gets the signal 
from the satellites, but due to satellites ephemeris 
uncertainties, propagation errors, timing errors, 
multiple signal propagation paths (eg reflected 
signals) and receiver noise, the position given is not 
always accurate (Kao 1991). Usually these 
inaccuracies are insignificant for car navigation 
purposes but sometimes they can be up to hundreds 
of metres. Furthermore, because GPS relies upon a 
signal transmitted from a satellite in orbit it does not 
function when the receiver is underground or in a 
tunnel and the signal can become weak if tall 
buildings, trees or heavy clouds come between the 
receiver and the satellites. 

Current improvements being made to the GPS 
satellite network and receivers will help to increase 
GPS reliability and accuracy but are unlikely to 
overcome some of the fundamental shortcomings of 
GPS.  
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 Radio beacons - Roadside radio beacons 
work by transmitting data to a receiver in the car. The 
beacons constantly transmit data, which the car 
mounted receiver picks up as it passes each beacon. 
This data could include local speed limits, school 
zones, variable speed limits or traffic warnings 
(roadworks, weather, etc).  

Beacons could be placed near (or on) speed limit 
signs or other roadside furniture or in the road itself. 
Mobile beacons could be deployed (that would 
override fixed beacons or GPS) for use around 
accident scenes, during poor weather or during 
special events.  

A problem with beacon technology is that the vehicle 
needs to be in the proximity of a beacon in order to 
determine the speed limit. There would need to be 
some redundancy in the system to allow for broken 
beacons and transmission errors. Also, to work 
properly, every intersection where the roads had 
different speed limits would need a set of beacons (eg 
side roads joining arterial roads). 

 Dead reckoning - Dead reckoning (DR) 
uses a mechanical system linked to the vehicle’s 
driving assembly, to predict the path taken by the 
vehicle. By measuring items such as the rotation of 
the road wheels and the angle of the steering wheel a 
reasonably accurate estimation of the vehicle’s speed 
and location can be made. More accurate systems 
rely on specialised sensors (accelerometers, flux gate 
compass, gyroscope). However, dead reckoning 
requires the vehicle to begin at a known, fixed point 
near the start of the journey. Inaccuracies result from 
a variety of sources, including changes to tyre 
diameter as the tyres warm up. Errors gradually 
accumulate and become unworkable unless there is 
periodic correction with a new reference point. For 
this reason dead-reckoning needs to work in 
conjunction with another system, such as GPS. Some 
top-end GPS based navigation systems use dead 
reckoning as a backup system in case GPS signal is 
lost (such as in tunnels).  

 Map matching - Once the vehicle location 
has been determined, the accuracy can be checked by 
digital map matching. Under this scheme, the 
assumed location is compared with known roads 
(such as those available from a navigation map) and 
the system snaps to the most likely location on a 
known road. A check is also made against the last 
known position to determine if the new location is 
physically reasonable. 

The most accurate ISA systems possible today use a 
combination of GPS, dead reckoning and map 
matching (Basnayake 2004, Calafell 2000, Kao 1991) 

 Optical recognition systems - So far optical 
recognition technology has been focussed on 
recognising speed signs only, however other roadside 
objects, such as the reflective ‘cats eyes’ that divide 
lanes could possibly be used. This system requires 
the vehicle to pass a speed sign (or similar indicator) 
for data. As the system recognises a sign the speed 
limit data is obtained and compared to the vehicle’s 
speed. The system would use the speed limit from the 
last sign passed until it recognises a speed sign with a 
different limit.  

As with beacons, if speed signs are not present or are 
obscured the system does not function. This is a 
particular problem when exiting a side road onto a 
main road (the vehicle may not pass speed sign for 
some distance). The accuracy, reliability and 
effectiveness of optical recognition technology 
remains unproven in ISA and it appears that the other 
technologies are more suitable. 

EVALUATIONS OF ISA 

The table in the Appendix summarises ISA trials 
conducted in several countries. There have been at 
least 25 trials conducted in a total of 14 countries, 
with the notable exception of the USA. 

Carsten's review (2004) indicates that, on the whole, 
these trials have exceeded the organisations 
expectations. However, Carsten notes that some trials 
have missed an opportunity for collecting pertinent 
data. 

Accuracy and Reliability of ISA 

A warning resulting from an incorrect speed limit 
would be a nuisance for an advisory system. The 
same errors in an active system could have serious 
road safety disadvantages, depending on the level of 
control of the system and the ability of the driver to 
over-ride the system. A typical example of a safety 
hazard would be a car travelling at 110km/h on a 
motorway where the ISA system unexpectedly 
reduces the vehicle speed to 50km/h, due to a GPS or 
mapping error. It is therefore important that sources 
of possible errors be identified and minimised. 

The overall system comprises three major 
components (Figure 8): 

• DRIVER/VEHICLE 
• ISA SYSTEM 
• SPEED LIMIT DATABASE 
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The ISA system includes any components that 
determine the vehicle’s position or velocity, and 
compares it with a map of speed limits to  determine 
whether the vehicle is speeding. For passive systems 
it also includes the way in which the driver is warned 
of excess speed (flashing lights, sounds, voice 
prompts, etc). For active systems it includes the 
controls that are used to automatically prevent 
speeding.  

The speed limit database contains all information 
related to any digital map or other information 
system that is used to determine local speed limits, 
some of which may be temporal (such as school 
zones).  

The list below shows the potential faults for each of 
the three main areas of ISA 

 Driver/vehicle 
• The driver may ignore, misunderstand or not 

notice a speed warning 

• The driver may perform an unintended action 
in reaction to a speed warning (e.g. become 
distracted) 

• For active systems, the driver might over-ride 
the system, or might not be aware that it is not 
operative (over-ridden by a previous driver). 

 ISA System 
• The speed warning may be a false alarm (e.g. 

wrong speed limit or incorrect vehicle speed) 
• The speed warning may fail to activate when 

the vehicle is actually speeding,  
• The vehicle speed or position may be 

inaccurate or inoperative (GPS ‘drop out’, 
beacon failure) 

• Time or date incorrect (time dependant 
variable speed zones affected) 

• System may be out of operational range (e.g. 
no beacon close enough or boundaries of 
digital map reached) 

• With active ISA, the speed controlling 
mechanism fails to activate or sets to the wrong 
speed 

• The override, if any, might not work 
• Failsafe operation might not work with an 

active system (driver loses throttle control) 

 Speed Limit Database 
• Variable speed limits are not included 
• Timing information for time dependent 

variable limits is incorrect (e.g. holidays) 
• A speed limit changes but the digital map is 

not updated  
• Road path (alignment) changes but the digital 

map is not updated 
• Wrong speed limit is assigned 
• Coordinates of map are incorrect/inaccurate 
• Road is not mapped 

ISA ON SALE IN AUSTRALIA 

SpeedAlert 

In mid-2006 a Sydney company, Smart Car 
Technologies, began commercial sales of a GPS-
based speed limit advisory system. 

SpeedAlert is a software package that is designed to 
work with compatible PDAs and programmable 
mobile phones. SpeedAlert works with GPS to 
pinpoint the position of the car. Using a pre-recorded 
database of speed limits, the software is able to 
recognise the current speed zone the car is travelling 
in. Using GPS, SpeedAlert is also able to accurately 

 
Figure 8. Data model of ISA 
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calculate the speed of the vehicle and so is able to 
warn the driver, using audible and/or visual alerts, if 
the car exceeds the speed limit at any time. No 
connection to the vehicle's speedometer system or 
other components is required. 

The system is designed to be highly portable and can 
be easily transferred between vehicles. Installation 
involves an optional cradle to hold the PDA, a power 
cable to a cigarette lighter socket and a bluetooth 
GPS receiver placed on the dash. The software is also 
designed to work with PDAs and mobile phones that 
have built-in GPS reception. Costs range from US$90 
for software and a 12 month update subscription to 
about US$500 for a PDA with built-in GPS receiver 
and the SpeedAlert software and update service. 
Updates are downloaded over the Internet and are 
typically several megabytes. 

 Speed zone information - SpeedAlert uses 
a patented layered mapping system. The first layer is 
a polygon defining the default speed limit for a 
region. The next layer comprises strips/tracks for all 
roads that do not have the default speed limit. The top 
(priority) layer has polygons defining school zones 
and similar safety-related areas.  Once the program 
has established communication with the GPS receiver 
it analyses the speed zone database and prominently 
displays the current speed limit as large black 
numerals inside a red circle (Figure 9). The current 
vehicle speed is displayed 
in smaller numerals below 
the speed limit. 

If the speed limit is 
exceeded the numerals turn 
to red. Depending on user 
settings (2 or 5km/h over 
the limit), an audible beep 
is activated. The beeps 
continue until the vehicle 
speed is decreased. There 
are two levels of beeping - 
one beep per second or two 
beeps per second - 
depending on the amount 
by which the speed limit is exceeded. 

The driver can choose to mute the beep, but the mute 
facility is over-ridden in the vicinity of a school 
zones or fixed speed cameras. 

At the time of the evaluation the system was not able 
to display variable or temporary speed limit 
information, such as on some freeways and in the 
vicinity of roadworks. However it did alert drivers 
when travelling along a road with variable speed 
limits. 

The database has school zone information. When the 
vehicle is approaching a school zone the unit 
announces this by voice and a logo appears in the 
lower left of the screen. Once the school zone is 
reached the unit displays the appropriate speed limit 
information, depending on the time of day and day of 
week. 

Irrespective of the time of day, the voice alert always 
activates in school zones and always beeps if the 
current speed limit is exceeded by more than 1km/h. 
This is in recognition that children might be crossing 
the road outside the designated school zone hours. 

The system also gives a voice alert when approaching 
railway crossings, fixed speed cameras, red light 
cameras and bus lane cameras.  

 On-road trials - The authors have used 
SpeedAlert for many road trips within the Sydney 
metropolitan region. Some refinements to the user 
interface and some updates to the maps were 
implemented during this period. Key points from the 
evaluation are set out below. 

The user interface was found to be simple to use and 
intuitive. Once the program loads and is 
communicating with the GPS unit there is no need for 
driver intervention - it simply displays the current 
speed limit and vehicle speed and will beep if the 
speed limit is exceeded. Importantly, there is no need 
to look at the screen at all while driving, unless there 
is uncertainty about the current speed limit. In any 
case, this likely to be a less distracting task than 
scanning the roadside for the occasional speed limit 
sign. 

Knowing the speed limit, the driver monitors and 
adjusts the vehicle speed in the normal way. If the 
unit starts to beep then it means that either the speed 
has crept up over the speed limit or the speed zoning 
has changed. In either case the driver reduces speed 
until the beeping stops. There is no need to look at or 
touch the PDA during this sequence. For the 
evaluation the tolerance for audible warning was set 
at 2km/h and it was found to be easy to travel at or 
below the speed limit without an undue number of 
audible alarms. 

For most of the time the system worked well. 
However occasionally it reverted to the default 
50km/h speed limit while travelling on arterial roads. 
The system apparently decided that the vehicle had 
left the arterial road and was in a 50km/h zone. This 
was mostly resolved by fine-tuning the digital map to 
better define some portions of the arterial roads. 
Algorithms to better detect and deal with remaining 
situations (such as spurious GPS positions) are under 
development. 

 
Figure 9. SpeedAlert 

display 
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From a "warm" start the GPS receiver usually takes 
between 30 seconds to a minute to establish location. 
This means that the first few hundred metres of a 
journey are not covered. After this period the system 
was found to be very reliable and accurate.  

One of the authors has travelled approximately 
6000km with SpeedAlert in operation and has noted 
instances when the system appeared to be unreliable. 
In a typical journey of 50km through suburban 
Sydney it is estimated that the system would lose the 
signal or display an inaccurate reading for no more 
than about 30 seconds. This equates to about 99% 
accuracy, which is considered acceptable for a 
passive system. Occasionally, however, the GPS 
receiver was unable to obtain a reliable signal and 
several kilometres were travelled with the system out 
of action. Also, as expected, the system did not 
operate in tunnels and took several seconds to 
reacquire the signal on exiting the tunnel. 

Most of the evaluation was conducted using an i-
mate PDA-N device with built-in GPS receiver (SiRF 
starIII). 

It is often difficult to obtain good GPS reception in 
city streets with tall buildings. However, with Sydney 
city traffic there is little opportunity to drive at 
anywhere near the posted speed limits most of the 
time so this is not seen as a serious obstacle to use of 
the system. Nevertheless, it is important that drivers 
using this type of advisory system are made aware of 
its limitations and do not become complacent about 
monitoring their speed.  

 Speed limit database - At the time of this 
evaluation the mapping database covered the Sydney 
metropolitan area. Mapping is underway for the 
remainder of Australia. 

In order to prepare a complete and accurate database, 
Smart Car Technologies has developed an efficient 
but labour-intensive method of mapping the roads of 
interest. A two-person team drives along roads that 
might contain non-default speed limits. Speed zone 
changes, the road geometry and other features are 
recorded using a GPS-equipped laptop computer. 
Multiple trips are used to improve accuracy. 

It is understood that most of the trials of ISA have 
involved similar mapping exercises due to the lack of 
good speed limit information from road authorities. 

There is evidently a need for pooling of resources and 
greater co-operation from road authorities to create 
and maintain the necessary speed limit databases for 
widespread implementation of ISA (ETSC 2006). 

Speedshield 

Melbourne company, Automated Control Systems 
(ACS), has developed an active speed control system 
which has been in operation in industrial locations 
such as warehouses since 2003. The system is in 
widespread use on forklifts and similar vehicles by a 
number of major Australian companies.   

 The company further developed this system for use 
in cars and commercial vehicles. In 2006 ACS was 
awarded a contract to conduct ISA demonstration 
projects with the Transport Accident Commission of 
Victoria and with the Office of Road Safety and Main 
Roads WA of Western Australia. A total of 100 units 
will soon be in operation in these two Australian 
states. One aim is to generate public demand for ISA. 
ACS is also currently running an on-road trial with 
trucks in Victoria. 

Speedshield uses a combination of GPS and dead-
reckoning to establish vehicle location and local 
speed limits. Radio beacons and wireless 
communication are used to provide speed zone 
database updates. The system accommodates 
temporary speed control e.g. roadworks, accidents 
etc. by use of bollards 
fitted with roadside 
transceivers and time 
based limits such as 
school zones. 

Figure 10 shows  the 
display used in the 
demonstration project. 
The device provides 
alerts for current speed 
zone, speed zone 
changes and over speed. Full vehicle speed control 
operates when optionally selected. 

A control module is installed between the accelerator 
pedal and the engine and mirrors the driver's throttle 
movement until the speed limit is reached, at which 
stage the module will hold or reduce the throttle 
signal. An optional over-ride is available where the 
driver briefly pushes the accelerator pedal to the 
floor. 

Other features of particular interest to fleet operators 
are driver identification (only authorised people can 
drive the vehicle), crash data logging, vehicle 
operation reports and despatch management. 

The current installed cost of the basic Speedshield 
system is about US$2000. With large-scale 
production this should reduce to a cost that is 
comparable to in-car navigation systems. 

 
Figure 10. Speedshield 

display and controls 
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BENEFITS OF ISA 

Road accident savings 

Carsten (2001, 2004 and 2005) provides a review of 
various trials and estimates of the effectiveness of 
ISA. He considers three levels of control: advisory, 
voluntary (active but driver can disable) and 
mandatory (active all the time) and three types of 
speed limit: fixed, variable and dynamic (adjusting to 
current road conditions). Table 3 sets out "best 
estimates" of injury and fatal accident reductions. 

Table 3.  
Estimates of ISA savings by crash type 

System Type Speed Limit 
Type 

Injury Fatal 

Fixed 10% 18% 

Variable 10% 19% 

Advisory 

Dynamic 13% 24% 

Fixed 10% 19% 

Variable 11% 20% 

Voluntary 

Dynamic 18% 32% 

Fixed 20% 37% 

Variable 22% 39% 

Mandatory 

Dynamic 36% 59% 

For comparison, based on logged data from a trial of 
a passive ISA system working with fixed speed 
limits, Regan (2006) estimated that the system could 
reduce fatal accidents by 8% and serious injury 
crashes by 6% but noted that these were likely to be 
under-estimates 

From Table 3, estimates of savings for mandatory 
ISA are about twice that for advisory ISA. This 
broadly agrees with the proportions provided in Table 
2, on the assumption that advisory ISA will generally 
only be of benefit for inadvertent or reluctant 
speeders.  

Mandatory ISA and, to a lesser extent, voluntary ISA  
would also cover "intentional" speeders. Although, in 
theory, "recidivist" drivers would also be covered by 
mandatory systems, experience with heavy vehicle 
top-speed limiters in Australia suggests that extra 
monitoring functions would need to be in place to 
discourage tampering. This is quite feasible with ISA 
- many of the ISA trials have collected data for later 
analysis. 

Environmental benefits 

Most ISA trials have reported reductions in fuel 
consumption. Carsten (2005) describes the modelling 
of ISA on various types of roads. Fuel consumption 
savings were: 8% for urban roads, 3% for rural roads 
and 1% for motorways. Results of emissions 
modelling were mixed and so no environmental 
benefits were assumed. Regan (2006) reported no 
significant fuel consumption reductions for an ISA 
trial in Melbourne. However, it should be noted that 
with widespread adoption of ISA, vehicle 
manufacturers are more likely optimise drive system 
performance to suit typical driving conditions, rather 
than the marketed top speed capability of the vehicle. 
This should ultimately result in reduced emissions. 
There are also noise and amenity benefits (OECD 
2006) 

Travel times and other issues 

Regan (2006) reports that ISA did not increase travel 
times during the extensive trial in Melbourne, 
Australia. Many other trials have reported little or no 
increase in travel times. 

Based on modelling, Carsten (2000) estimated a 
maximum overall increase in travel time of 2.5%. 
However, this does not appear to take account of a 
reduction in major traffic disruption resulting from 
crashes avoided by widespread implementation of 
ISA. 

Paine (1996) noted that urban network capacity is 
generally constrained by locations where the traffic is 
moving at much lower speeds than the statutory 
speed limit therefore ISA is unlikely to have adverse 
effects on road network efficiency. Speeding in urban 
areas is essentially a form of queue-jumping and 
there is no net advantage to the community from this 
practice. ISA trials have supported this conclusion 
(OECD 2006). 

Paine also evaluated the effects of ISA on overtaking 
practices. It was noted that travelling at excessive 
speed to complete an overtaking manoeuvre is a 
highly risky practice (the time saved through 
overtaking is likely to be offset by an equivalent 
decrease in life expectancy) but, if it is deemed 
necessary to allow temporary ISA over-ride in these 
circumstances, then a time-limit of about 20 seconds 
would be appropriate. However, in planning an 
overtaking manoeuvre the driver must take a range of 
factors into consideration and the potential speed of 
overtaking is one of these factors. Plowden & 
Hillman (1984) point out that the main effect of a 
speed limiter is that "the driver of a high-performance 
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vehicle would no longer perform certain manoeuvres 
which he now regards as safe".  

GOVERNMENT SUPPORT FOR ISA 

A 2006 OECD/ECMT report on speed management 
supports the introduction of ISA and recommends 
that governments develop digital speed limit 
databases. 

In a 2006 report, the European Transport Safety 
Council states:  
• ISA technologies do work, are robust and 

reliable. They are technically simple, much 
simpler than other automatic devices such as 
collision avoidance systems 

• Delivering and maintaining the relevant map 
data for ISA is not a problem, provided that 
legislation is there to ensure action is undertaken 
in a harmonised way. 

• The substantial accident reductions to be gained 
from ISA outweigh its costs, particularly if ISA 
fitment was required by law. Doing nothing or 
achieving speed reduction by other means will turn 
out more expensive in the end than implementing 
ISA technology. 

• Liability is a "red herring": industry has already 
implemented other support systems (advanced 
cruise control, etc.) that intervene in vehicle 
control to assist the driver without being 
concerned about liability. 

• There is no single vehicle technology remaining 
to be implemented - neither on the market nor in 
development - that offers the same safety potential 
as ISA. 

• Speed management is a government task and the 
European governments will realise important 
economic benefits for their citizens if they decide 
to encourage and eventually require them to install 
ISA in their cars. EU countries should therefore 
wait no longer for industry to act but set the scene 
themselves. They should as a first step promote the 
industry’s efforts by supporting additional research 
and standardisation, by introducing tax cuts as 
incentives to install ISA and becoming first 
customers of ISA technology. As a second step, 
they should require ISA by law. 

In 2003 the New South Wales Parliament Staysafe 
Committee commenced an enquiry "Speed and motor 
vehicles: Vehicle-based measures to monitor, manage 
and control speed". A report is due to be released 
during 2007 (Faulks 2007). Late in 2006 the 
Committee agreed to the following recommendations 
relating to ISA: 
• that there be a regulatory requirement for top 

speed limiting of all new vehicles and a review of 
speedometer scales 

• that trials be conducted of ISA in New South 
Wales, including a special trial for novice drivers. 

• that the Roads and Traffic Authority provides 
and supports digital mapping, speed zone 
databases and other information associated with 
ISA. 

• that consideration be given to incentives for ISA. 

These recommendations reflect the difficulties that 
ISA faces without active support from government. 
In particular, there is a need for governments to assist 
with the hurdle of preparing digital maps of speed 
limits so that ISA systems can be used throughout the 
nation. 

In addition it would be helpful if government 
organisations (and large corporations) embraced ISA 
technology by making it a requirement for fleet 
vehicles. Clear, co-ordinated messages to drivers 
about the safety consequences of exceeding the speed 
limit are also needed. 

CONCLUSIONS 

Recent developments in technology, including 
improvements to GPS and other navigation aids, 
mean that ISA has become a commercial reality 
rather than an experimental novelty. Passive and 
active ISA systems are now on sale in Australia but 
are limited by the geographical extent of speed limit 
mapping. 

Extensive trials of ISA throughout the world have 
demonstrated the potential for significant accident 
savings as well as other community benefits. 

There is a compelling case for governments to 
actively support ISA implementation through: 
a)  assistance with the mapping of speed limits and 

the maintenance  of databases 
b) being the first major customers for commercial 

ISA systems 
c)  inclusion of ISA in fleet vehicle purchasing 

policies and occupational health and safety 
guidelines 

d) promoting the benefits and functionality of ISA 
e)  introducing financial incentives such as tax 

concessions 
f)  educating motorists that most fatalities occur at 

surprisingly low impact speeds and that just a few 
km/h over the speed limit greatly increases the risk 
of a serious injury crash. 

g) introducing subsidised ISA rental/purchase 
schemes for novice drivers 
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Appendix - Summary of ISA Trials 
Country Region Year Participants  Type of ISA 
Sweden Lund 1992 75 Active 
Sweden Almqvist & Towliat 1993 16 Active + Passive 
Sweden Ezlov 1996 92 Passive 

Borlange 400 Passive 
Umea 4000 Passive 
Lund 290 Active Sweden 

Lidkoping 

1999 

280 Active (150) + Passive (130) 
Netherlands Tilburg 1999 20 Active 
Sweden, Spain & 
Netherlands - 1997 20-24 per country Active 

Hungary  Debrecen  2003 20 Active + Passive 
Spain Mataro 2003 19 Active + Passive 
UK Leeds 1997 24 Active 
UK Leeds 2003 80 Active 
Denmark Aalborg 2000 24 Passive 
Finland  - 2001 24 Passive 
France Several locations 2001 100 Active + Passive 
Belgium Ghent 2002 20 Active 
Belgium Ghent (DIVOTE) 2002 100 Passive 
Austria RONCALLI project 2004  - Passive 
Norway Karmoy 2004 50 Passive 
Australia Melbourne 2003 23 Active/Passive 
Canada Ottawa 2005-6 10 + 10 Passive "Otto Mate" + "Imita" 
Canada (pending) Ottawa 2007 50 Passive "Belonitor" 
Australia Sydney 2006 20+ Passive "SpeedAlert" 
Australia Melbourne 2006-7 3 + 50 in 2007 Active/Passive "Speedshield" 
Australia Western Australia 2006-7 3 + 50 in 2007 Active/Passive "Speedshield" 

This list is based on published reports. There are likely to be other trials that do not appear in this table. 
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ABSTRACT 
 
This paper is an evaluation of the predicted safety 
performance of three USA prototype ambulance 
vehicles with aftermarket structural modifications. 
Expected safety performance was analyzed using 
existing and established automotive safety principles. 
Information on design and construction of the 
vehicles was identified, and evaluated via application 
of basic engineering crashworthiness principles and 
laws of physics, with a specific focus on 
countermeasure design for reducing harmful loading 
and injury causation potential in crashes or sudden 
decelerations. Data sources used for the analysis 
included: vehicle specifications, inspections, 
photographs, crash tests and published 
crashworthiness and injury mitigation literature.  
 
Results demonstrated poor vehicle structural integrity 
and crashworthiness for these aftermarket modified 
ambulance vehicles. Assessed crashworthiness 
performance and occupant protection do not appear 
optimized even for the minimally structurally 
modified van. Current interior design features (seat 
design, patient transport device design, head strike 
zones and restraint systems) and layout, demonstrated 
predictable serious crashworthiness and occupant 
protection hazards.  
 
These are projected findings, rather than actual 
crashworthiness tests – however this is the first 
comparative automotive safety evaluation of 
prototype ambulance vehicles. This is key 
information for a major fleet of vehicles globally 
which has had minimal automotive safety attention or 
input to date.  
 
From this study it appears there are major 
deficiencies in safety design of these prototypes. 
Emphasis on a passenger compartment that has 
crashworthy features, effective seat design, based on 
existing literature and a clear focus on occupant 
human factors and equipment location and anchors, 

could provide for major safety enhancements for 
ambulance vehicles. There is need for vehicle safety 
researchers, ambulance industry and vehicle 
designers to recognize and apply these existing 
principles to reduce current failures in an important 
and essential service that appears to have a poor 
safety record, considerably below that of other 
passenger (Maguire 2003, Ray 2005, Levick 2006) 
and also other commercial vehicles (FMCSA). 
 
INTRODUCTION 
 
Emergency Medical Service (EMS) vehicles, 
ambulances, are an unusual vehicle in the 
transportation system for a number of reasons – they 
carry passengers in a number of orientations, are part 
of an emergency response system, are built primarily 
as aftermarket modifications to existing vehicles or 
have a ‘box’ secured to a light or heavy truck chassis 
(all conducted outside of the existing automotive 
safety infrastructure), and are also occupational 
environments for the EMS providers. However, in the 
USA ambulance vehicle safety is addressed outside 
of the Federal Motor Vehicle Carrier Safety 
Administration system – in regards to crash events 
and outcome data collection and hence do not share 
the same comprehensive safety oversight of other 
commercial vehicles.  
 
Capture of safety performance of these vehicles is at 
best scant – and rudimentary at a national level and 
has been demonstrated to be incomplete (McGuire 
2003). The data that has been published highlights 
that ambulances are associated with high crash 
fatality and injury rates per mile traveled and that 
compared to other emergency vehicles (Becker 2003) 
have high occupant fatality rates and that also 
compared to trucks have almost double the 
percentage of occupant fatalities. It is recognized that 
the hazards are greatest for occupants of the rear 
compartment (Becker 2003).   
 
Given this background and the existing, albeit scant, 
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biomechanical and crashworthiness data that have 
been published – the issue of identifying 
crashworthiness and occupant hazards has been 
raised in a number of sectors.  
 
One response to this safety performance challenge 
has been for a spectrum of people to attempt to 
address the occupant safety and crashworthiness of 
these vehicles and largely on an individual level . 
However, as well intentioned as these initiatives have 
been , they have primarily involved small teams of 
Emergency Medical Service end users and after 
market manufacturers and had very minimal, if any, 
input from key  and recognized automotive safety 
expertise, and very minimal application of in depth 
understanding of automotive safety and 
crashworthiness principles. 
 
EMS is a relatively new industry, an industry that has 
an unusual history of beginnings within the mortician 
industry. The first modern ambulances were hearses, 
usually a Cadillac station wagon, a vehicle in which 
an occupant could be transported in the recumbent 
position. Proximity and access to the patient was not 
a challenge in that environment, which was very 
compact. However over the past 50 years ambulance 
vehicles in the USA have become larger and larger – 
and transitioned from the intact automotive passenger 
vehicle to the truck chassis with an after market ‘box’ 
or a modified van with an aftermarket elevated roof.  
What should be kept in mind is that these vehicles, 
related largely to how they are operated, are vehicles 
at high risk of crash and thus it would seem prudent 
that the safety and crashworthiness of these vehicles 
be optimized.  
 
How safe are EMS vehicles and to what standards are 
they designed and tested? Despite the large strides 
that the general automotive industry has made in the 
last 30 years in the safety of passenger vehicles, this 
expertise has not yet been translated substantively to 
the safety of ambulance vehicles. There are few 
safety standards and no crash safety test procedures 
or guidelines that provide occupant protection in 
ambulance vehicles in the USA. Limited safety 
testing requirements were established in Europe in 
1999 (CEN 1789). Australia has had the ambulance 
restraint standard ASA 4535 in place since 1999, and 
it is the most stringent globally (AS/NZS 4535). Thus 
ascertaining the safety of EMS transport vehicles 
(and products in that environment in the USA) 
remains limited largely to sparse expert opinion and 
peer evaluation, often by non automotive safety 
engineering expertise and in a piecemeal fashion. 
 
EMS has been generally demonstrated recently to be 

a dangerous profession, and vehicles crashes have 
been shown to be the most likely cause of a work 
related fatality in EMS (Maguire 2003). The most 
dangerous part of the ambulance vehicle has been 
demonstrated in both biomechanical and 
epidemiological studies to be the rear patient 
compartment (Becker 2003, Levick 2000-2006), 
which currently is a part of the ambulance vehicle 
that is also largely exempt from the USA  Federal 
Motor Vehicle Safety Standards (FMVSS). Also, 
unfortunately, no reporting system or database exists 
specifically for identifying ambulance crash related 
injuries and their nature, so specific details as to 
which injuries occurred and what specifically were 
the mechanisms which caused them are scarce, and 
there is not yet a national system for this data capture 
in the USA.  
 
What we do know is that ambulances have high crash 
fatality rates per mile, well above those of passenger 
vehicles, or even when compared to similar sized 
vehicles (Ray 412).- and there is approximately one 
ambulance crash fatality per week in the USA, and a 
number of serious injuries for each fatality, with over 
4,000 reportable crashes per year (Becker 941).   
 
There has been a limited number of peer reviewed 
automotive safety engineering tests conducted for the 
EMS environment in Sweden (Turbell 1980), 
Australia (Best 1993, Levick 1998), and the USA 
(Levick 2000-2001). That which has been conducted 
has clearly identified some predictable and largely 
preventable hazards, particularly pertaining to 
intersection crashes and the hazards of the rear 
patient compartment, demonstrating the benefit of 
use of existing restraints for occupants, the 
importance of over the shoulder harnesses for the 
recumbent patient and firmly securing all equipment 
(Best 1993, Levick 1998-2006). These studies also 
identify hostile and hazardous interior surfaces of the 
rear compartment, as well as a need for head 
protection.  
 
Many fatal and injurious ambulance crashes occur at 
intersections – either with the ambulance being struck 
with a side impact (more likely on its right side) or 
frontal impact. Failure to stop at an intersection for 
all vehicles is an extremely high risk practice. Lack 
of use of seatbelts by EMS personnel is cited 
frequently in the literature as a predominant cause for 
the high injury and fatality rates for occupants in 
EMS crashes (Becker 2003). The hazards resulting 
from the failure to secure equipment in the patient 
compartment, which has also been found to cause 
serious injury in the event of a collision has also been 
documented. This is supported by the engineering 
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data from ambulance safety research involving crash 
tests (Levick 2001), as well as insurance and 
litigation records. With ambulance crashes being 
identified in the USA as the highest cause of patient 
adverse event mortality and serious morbidity (Wang 
2007). 
 
The very recently developed American National 
Standards Institute/American Society of Safety 
Engineers Z15.1 Fleet Safety Standard (ANSI/ASSE 
2006) is possibly the only nationally approved fleet 
safety standard that is now applicable to the safety 
management of EMS vehicle fleets. It requires that 
the vehicles be crashworthy and safe – yet, in the 
USA there are no crashworthiness standards for these 
vehicles.  The only USA guideline is the GSA KKK 
purchase specification, which does not provide for 
guidelines for dynamic crash testing – rather simply 
static tests. It is likely that the implementation of 
ASSE/ANSI standard will enhance the data collected 
regarding EMS vehicle safety, and hopefully provide 
more emphasis on EMS vehicle safety generally and 
assist in bringing EMS vehicle safety more inline 
with state of the art automotive safety practices.  
  
Complexity of the Vehicle 
 
A primary challenge to determining a dynamic safety 
testing profile in EMS is that of a spectrum of 
occupant orientations and structural crashworthiness 
performance of the rear compartment. The rear 
compartment is an environment containing a 
combination of occupant positions, for health care 
providers and the patient and any family members 
and also a large amount of different types of medical 
equipment, such as cardiac monitors and oxygen 
cylinders. 
 
Complexity of the Activities in the vehicle 
environment 
 
The rear compartment is also an environment where 
health care activities, access to equipment and 
communications are all undertaken. So that the 
design  and crashworthiness features need to consider 
these activities –  even though it has been described 
that emergency life saving procedures are only 
required in less than 5% of EMS transports. 
 
Crashworthiness and Occupant Protection 
Systems 
 
The principles of crashworthiness and occupant 
protection have been well described in foundation 
papers such as the original Dehaven publications 
(DeHaven 1952) and more recently Tingvall’s 

landmark vision zero paper (Tingvall 1998). There is 
extensive engineering literature on the principles 
behind crashworthiness and occupant protection. 
These principles are reviewed in both the Rechnitzer 
(Rechnitzer 2000) and Grzebieta (Grzebieta  2006) 
papers which address these fundamental approaches 
that underpin the analysis undertaken in this paper. 
 
Design Principles for Injury Mitigation upon 
Impact 
 
    i. Reduce the exchange of energy -  
    ii. Provide energy absorption (maximize the     
    stopping distance) – 
    iii. Ensure compatible interfaces –  
    iv. Manage the exchange of energy – 
     v. Provide a survival space 
 
Based on the above design principles, and the 
extensive body of automotive safety literature and 
existing real world ambulance crash data, in addition 
to any dynamic or impact test data for similar 
ambulance design and performance – an analysis of 
the anticipated crashworthiness performance 
strengths and weaknesses of the selected prototype 
vehicles was conducted by the multidisciplinary 
team. The analysis is one based on these principles 
and is supported by evidence from the real world and 
crash test data that is available. 
 
ANALYSIS OF THE THREE AMBULANCE 
PROTOTYPES BASED ON THESE 
FUNDAMENTAL PRINCIPLES OF 
AUTOMOTIVE IMPACT MECHANICS 
 
Approach 
 
The three vehicles used in this study reflect a 
spectrum of the vehicles that have been designated by 
their designers as safety prototypes for ambulance 
transport in the USA. They were developed and 
designed essentially by end users and after market 
manufacturers, with limited, if any input, from key 
recognized automotive safety expertise and 
infrastructure. Expected safety performance was 
analyzed using existing and established automotive 
safety principles in addition to relevant published 
crashworthiness literature. Information on design and 
construction of the vehicles was identified, and 
evaluated via application of basic engineering 
crashworthiness principles and laws of physics, with 
a specific focus on countermeasure design for 
reducing harmful loading and injury causation 
potential in crashes or sudden decelerations. Data 
sources used for the analysis included: vehicle 
specifications, inspections, photographs, actual real 
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world crash information for similar vehicle 
construction, crash tests and published 
crashworthiness and injury mitigation literature.  
 
    The Three Vehicles –  All three vehicles have 
been developed by end users with support of an after 
market ambulance manufacturer, of which there are 
some 56 in the USA, largely all members of the 
NTEA (ref)  
   
Vehicle X - A modified van, with an elevated roof  
Vehicle Y - A chassis with aftermarket box 
Vehicle Z -  A chassis with aftermarket box 
  
The vehicle X - is a standard van which had 
undergone structural modifications to the body and 
interior modifications to the seating and some 
equipment anchors, in addition to some change in 
arrangement of cabinetry and some additional 
electronics for collision avoidance. 
 
Vehicle Y – is a truck chassis with an aftermarket 
box – and a spectrum of seating arrangements, with a 
spectrum of restraint approaches. This vehicle also 
has and some additional electronics for collision 
avoidance. 
 
Vehicle Z - is also a truck chassis with an aftermarket 
box – and a spectrum of seating arrangements, with a 
spectrum of restraint approaches.  
 
The following types of features were evaluated for 
each vehicle, and rated by the multidisciplinary team 
on a 5 level scale of estimated safety or protective 
performance based on the fundamental principles of 
crashworthiness  - a score of five stars being the best 
expected performance and a score of one star being 
the lowest expected performance. There were no 
negative score designations. One star was the lowest 
score achievable. Features analyzed included: Rear 
passenger compartment construction, Seating design 
Squad bench design, Head strike areas, Hostile 
interior structures,  Restraint systems, Netting and 
any Impact tested components 
 
Study Findings 
 
Results demonstrated poor vehicle structural integrity 
and crashworthiness for these aftermarket modified 
ambulance vehicles both theoretically and the related 
vehicle crash data and from the controlled crash test 
data. Assessed crashworthiness performance and 
occupant protection do not appear optimized even for 
the minimally structurally modified van. 
 
The real world crash data demonstrated some 

complete disruption of the rear compartment ‘box’ in 
the type Y and Z vehicles (Figs 1a and 1b) , and some 
disruption of the vehicle compartment integrity  
related to the aftermarket modifications to the roof of 
the vehicle of the type X style.  
 

 
Figure 1a. and 1b. Examples of real world crash 
outcomes for the rear passenger compartment 
(EMS Network) 
 

 
Figure 1b. Image of the ambulance’s right side 
(EMS Network) 
 
Published crash test data confirmed these findings for 
both frontal and side impacts (Figs 2a and 2b.).  
 

 
Figure 2a. and 2b. An example of crash test 
outcome at 44 miles/hr closing speed for a 
chassis/box configuration. Figure 2a. Immediately 
after impact, chassis/box ambulance on its side. 
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Figure 2 b. The struck vehicle has been righted to 
demonstrate the intrusion to the rear passenger 
compartment. (crash and impact test photos 
provided by the author) 
 
For vehicles Y and Z there were also concerns raised 
regarding the nature of the attachment of the ‘box’ to 
the chassis and the potential for the rigidity this 
system to increase the transfer of energy to the rear 
compartment occupants. 
 
Additionally, there was liberal use of netting in a 
these vehicles – even though no testing of the nature 
of the netting material or its performance under 
impact conditions was referenced by any 
manufacturer. In studies conducted by the project 
SUPPORT team and the author – the characteristics 
of appropriate netting structure and dynamic impact 
performance has been evaluated, as well as an 
optimal design to allow for adequate human factors 
issues. (Fig 3.) 
 

 
 
Figure 3. Dynamic testing of a netting device, by 
Project SUPPORT design team and the Author 
 
Regarding the layout of the vehicles – Patient  (P) 
was recumbent toward the left side of center of each 

vehicle, Occupant (A) was in the rear facing Captains 
chair, Occupant (B) and (C) were on the squad bench 
positions, and Occupant (D) was in an alternate 
position on the left hand side of the rear compartment 
or at the forward end of the squad bench. The  
 

 
 
Figure 4. Interior cabinetry and seating design  
 
Evaluations of the anticipated crashworthiness of 
these components are outlined in Table 1. below, 
with the 1 to 5 scale representing the anticipated 
degree of crashworthiness, one being the lowest score 
and 5 being the highest achievable score. 
 

Table 1. Features analyzed 
 

 
 

Vehicle 
X 

Vehicle 
Y 

Vehicle 
Z 

Rear 
passenger 

compartment 
construction 

 
*** 

 
* 

 
* 

Seating 
design 

 
*** 

 
** 

 
** 

Squad bench 
design 

 
* 

 
* 

 
* 

Head strike 
areas 

Patient –P  
Occupant- A 
Occupant- B 
Occupant –C 
Occupant -D 

 
 

*** 
** 
** 
** 
** 

 
 

*** 
** 
** 
** 
** 

 
 

*** 
** 
** 
** 
** 

Hostile 
interior 

structures 

 
*** 

 
** 

 
** 

Restraint 
systems 

 
** 

 
** 

 
** 

netting ** ** ** 
Impact 
tested 

components 

 
* 

 
* 

 
* 
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DISCUSSION 
 
The features described in these study vehicles had 
numerous concerns – the five major area of concern. 
 
1. For study vehicles Y and Z - being a non 

crashworthy structure of the rear passenger box, 
with non crashworthy connections of the 
passenger box to the chassis and in the setting of 
vehicle X, the van, compromising the potential 
integrity of the passenger compartment by 
removing and replacing the roof.  

 
2. The persistence of the ‘squad bench’ in all 

vehicles with minimal if any occupant 
protection related to this structure and of 
variable degrees of potential failure of occupant 
protection based on its design and construction.  

 
3. An interior environment where access to the 

equipment or the patient was severely limited 
due to the layout of the rear compartment with 
many hostile surfaces 

 
4. All vehicles were designed using harness 

systems in side oriented seating positions in the 
rear passenger compartment, even though there 
is published literature suggesting that this is 
hazardous (Richardson et all 1999, Zou et al 
1999). Additionally, there was no evidence that 
any of these harnessing systems had undergone 
any meaningful, if any, dynamic impact testing.   

 
5. Rear compartment interior design features, (Fig. 

4) particularly in and around the seating 
positions, where there were cabinetry and rigid 
structures that were potential hazards to seated 
occupants, and arm rests where there were 
potential hazards of a side facing occupant being 
struck in the liver or spleen region in a frontal 
impact. 

 
By contrast there are some excellent examples of 
vehicles that are in use in EMS outside of the USA. 
The vehicles used by NSW Ambulance in Australia 
(NSW Ambulance) or the vehicles used in Sweden 
and Norway – some of which are similar to the 
Australian vehicles – are essentially retrofitted intact 
automotive industry manufactured vans without any 
structural modifications performed and with close 
involvement of the original automotive 
manufacturing expertise – rather than primarily being 
performed by an aftermarket manufacturer and in 
relative isolation of the automotive safety 
engineering industry. Neither the Australian vehicles 
nor the Swedish or Norwegian vehicles have a squad 

bench nor the after market structural vehicle 
modifications that can potentially decrease 
crashworthiness integrity that were seen in study 
vehicles X, Y and Z.  
 
It remains a sad irony that the design and 
crashworthiness features and occupant protection for 
the rear compartment of vehicles carrying laundry 
and packages is essentially little different from a 
dynamic impact crashworthiness perspective than for 
these chassis box combination or retrofitted 
ambulance vehicles carrying our emergency 
providers, patients and next of kin in the USA. 
 
The failure to address the design of these vehicles 
based on accepted published and peer reviewed 
automotive safety literature, and in isolation of the 
extensive global expertise in automotive safety, 
human factors and ergonomics, remains a serious 
concern for this aspect of the EMS system. 
 
CONCLUSIONS 
 
Ambulance vehicle design and crashworthiness 
features should be driven by accepted automotive 
safety principles, practice and science. In the USA in 
a setting of high crash rates, documented high rear 
occupant compartment injury and fatality rates, a 
complex occupant and emergency care environment, 
and the absence of prescribed dynamic 
crashworthiness test procedures for ambulances – a 
comprehensive application of existing knowledge in 
vehicle impact dynamics and automotive safety 
performance principles should be applied by 
appropriately skilled experts in the field of 
crashworthiness and automotive safety. These 
findings in this study are projected findings, rather 
than actual crashworthiness tests – however this is 
the first comparative automotive safety engineering 
evaluation of prototype ambulance vehicles by 
recognized automotive safety expertise.  
 
This is key information for a major fleet of vehicles 
globally which has had minimal automotive safety 
attention or input to date. Clearly the optimal 
approach to ascertain crash performance of these 
vehicles in addition to inspection of real world 
vehicle crash sites and vehicles is to conduct 
appropriate vehicle crash tests – with crash test 
dummies, anthropomorphic test devices (ATDs) 
which are properly configured for the unusual 
occupant positions that are routine in the ambulance 
environment and also – given the high frequency of 
‘roll-over’ of these vehicles in crash situations to 
conduct rollover tests of these vehicles in addition to 
side impact testing (Levick 2000-2006) which would 
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demonstrate the impact performance and any failures 
of these vehicles.  
 
From existing published USA research, and crash 
information - side impact crash performance for the 
box style vehicles (vehicle Y and Z) is very poor, and 
frontal impact also results in poor occupant protect 
for the rear compartment of these vehicles. From this 
study it appears there are major deficiencies in the 
safety design of these prototypes. The issue of 
placing occupants in a non automotive safety 
engineered ‘box’ construction for a passenger 
compartment is fundamentally unacceptable given 
the current knowledge in automotive safety design 
and performance and the existing data on crash out 
comes for these vehicles.  
Emphasis on effective seat design, based on existing 
automotive safety literature and a clear focus on 
occupant human factors and equipment location and 
anchors, could provide for major safety 
enhancements for ambulance vehicles. There is need 
for vehicle safety researchers, ambulance industry 
and vehicle designers to recognize and apply these 
existing principles to reduce current system failures 
in an important and essential service that has a poor 
safety record well below that of passenger vehicles 
and other commercial vehicles. 
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ABSTRACT 
 
This study was conducted to clarify the effects of 
automatic headlamp on (AHO) and position 
lamps on improving the conspicuity of 
two-wheeled vehicles in the daytime and at 
dawn/dusk. The following two items were 
covered: 
(1) Effect of AHO on reducing injury-causing 
accidents 
The data was taken from 1990 to 2001 on traffic 
accidents in Japan involving two-wheeled 
vehicles. Specific accident configurations closely 
associated with the conspicuity of two-wheeled 
vehicles (collision while turning right, right-angle 
collision, head-on collision) were selected and 
analyzed. 
The findings are as follows: 
AHO was confirmed to be effective in reducing 
the number of specific accidents closely 
associated with the conspicuity of two-wheeled 
vehicles in the daytime and at dawn/dusk. As the 
percentage of AHO-equipped vehicles in the total 
number of two-wheeled vehicles rose from 0% in 
1990 to 71% in 2001, it was calculated that 
AHO's reduction of specific accidents in the 
daytime and at dawn/dusk amounted to 12,124 
cases (16.0%). 
(2) Effect of AHO and position lamps on 
improving two-wheeled vehicle conspicuity 
Twelve subjects observed the approach of an 
oncoming motorcycle followed by a passenger 
car (30 m behind) with its passing beams on.  
 
 
 
 
 

Instructions were given to indicate the 
motorcycle’s conspicuity when it arrived at a 
point 100 m ahead of their eyepoint. 
Eight motorcycle lighting conditions were 
observed. 
The findings are as follows. 
AHO has an improvement effect on 
two-wheeled vehicle conspicuity in the daytime 
and at dawn/dusk. To further improve the 
conspicuity, it is effective to combine amber 
position lamps with AHO. The effect of position 
lamps can be increased by optimizing their color, 
luminous intensity and distance from the 
headlamp. 
 
INTRODUCTION 
 
Daytime use of the headlamp and position lamps 
has been considered as a measure for improving 
the conspicuity of two-wheeled vehicles. 
Starting from 1991, Japan progressively 
introduced AHO for two-wheeled vehicles. 
AHO, whereby the headlamp automatically 
turns on when the engine is running, was made 
mandatory in 1997 for new two-wheeled 
vehicles. By 2001, over 70% of Japan's 
two-wheeled vehicles were equipped with AHO 
(See Figure 1). 
With the introduction of AHO in European and 
North American countries, it appeared necessary 
to evaluate the actual effectiveness of AHO in 
reducing accidents involving two-wheeled 
vehicles. 
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Figure 1. Ratio of AHO vehicles 

 
 
Several European countries (mainly 
Scandinavian) and Canada have made daytime 
running lights (DRL) mandatory for 
four-wheeled vehicles 1). 
As DRL proposals have been discussed in the 
United Nation’s Working Party on Lighting and 
Light-Signaling (GRE) and in the European 
Union 2) 3), it will be possible to introduce 
mandatory use of DRL in international 
regulations in the near future. 
Considering the large number of two-wheeled 
vehicles in Japan (13.2 million in 2005), there 
are rising concerns that four-wheeled vehicles’ 
DRL will impair the conspicuity of two-wheeled 
vehicles 4). 
Therefore, this study was conducted to analyze 
the number of accidents in situations closely 
associated with the conspicuity of two-wheeled 
vehicles (collision while turning right, 
right-angle collision, head-on collision) 
according to the time of day (daytime, 
dawn/dusk, nighttime), in order to verify the 
effectiveness of AHO in reducing the number of 
accidents involving two-wheeled vehicles. 
Furthermore, to cope with the introduction of 
four-wheeled vehicles’ DRL, this study was also 
conducted to examine the effectiveness of AHO 
and the position lamps in improving the 
conspicuity of two-wheeled vehicles followed by 
a passenger car with passing beams on in the 
daytime and at dawn/dusk. 
 
 
 
 
 
 

 

 
SURVEY ON THE EFFECT OF  
TWO-WHEELED VEHICLES' 
AUTOMATIC HEADLAMP ON FOR 
TRAFFIC ACCIDENT REDUCTION  
 
Objective 
 
The objective of this research item was to verify 
the effectiveness of AHO in reducing accidents. 
Statistical analysis was conducted on the number 
of accidents involving two-wheeled vehicles in 
situations closely associated with the conspicuity 
of two-wheeled vehicles according to the time of 
day, in order to determine the relationship 
between the ratio of AHO vehicles and the 
accident reduction. 
 

Method 
 
Analysis was conducted on traffic accident data 
compiled by the Institute for Traffic Accident 
Research and Data Analysis (ITARDA) 
according to two-wheeled vehicle class, accident 
configuration, region, month and hour (every 15 
minutes). In this analysis, Japan was divided into 
nine regions according to longitude, and the 
injury-causing accidents in each region were 
analyzed according to month and hour (daytime, 
2 hours at dawn + 2 hours at dusk = 4 hours, 
nighttime). 
Specific second-party accident configurations 
closely associated with the conspicuity of 
motorcycles were selected (collision while 
turning right, right-angle collision, head-on 
collision). These specific second-party accident 
configurations (hereafter defined as "specific 
accident") were analyzed. 
 
Results 
 
As an indicator of the effectiveness of AHO, the 
ratio of the number of daytime accidents to the 
number of nighttime accidents for the specific 
accident ("day-night accident ratio") was 
employed. 
AHO would be considered effective in reducing 
accidents if the day-night accident ratio declined 
while the number of AHO two-wheeled vehicles 
in use increased. The underlying assumption was 
that AHO improved the conspicuity of 
two-wheeled vehicle only in the daytime or at 
dawn/dusk, but not at night. 
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  Number of Specific Accidents – The number 
of specific accidents was calculated according to 
the time of day (See Table 1 and Figure 2). 
The number of daytime specific accidents in 
1990 was 45,977. The number of daytime 
specific accidents in 2001 was 47,157, slightly 
larger than in 1990 (a difference of 1,180). 
The number of dawn/dusk specific accidents in 
1990 was 15,319. The number of dawn/dusk 
specific accidents in 2001 was 15,314, nearly 
equal to that in 1990 (a difference of 5). 
The number of nighttime specific accidents in 
1990 was 14,493. The number of nighttime 
specific accidents in 2001 was 17,141, larger 
than in 1990 (a difference of 2,648). 
                                                                                              
 

Table 1. 
Number of specific accidents 

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

Daytime 45977 45156 46758 46520 46183 48460 46088 45091 44100 45777 47970 47157

Dawn＋Dusk 15319 15146 15451 14959 14898 15893 14968 14535 14107 14603 15151 15314

Nightt ime 14493 14207 14290 14016 14614 15831 15219 15243 15271 15857 17168 17141

YearNumber of
Accidents

 

 

0

10000

20000

30000

40000

50000

60000

70000

80000

19
90
19
91
19
92

19
93
19
94
19
95

19
96
19
97
19
98

19
99
20
00
20
01

Year

N
u
n
b
e
r 
o
f 
A
c
c
id
e
n
t
s

Daytime
Dawn＋Dusk
Nighttime

 Figure 2.  Number of specific accidents  

 

 

  Day/Night Specific Accident Ratio – The 
day-night accident ratio in daytime and at 
dawn/dusk (number of daytime accidents / 
number of nighttime accidents or number of 
dawn/dusk accidents / number of nighttime 
accidents) declined (See Figure 3). 
For daytime accidents, the day-night accident 
ratio was 3.17 in 1990 and 2.75 in 2001. 
For dawn/dusk accidents, the day-night accident 
ratio was 1.06 in 1990 and 0.89 in 2001. 
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Figure 3.  Ratio of daytime and dawn/dusk 
accidents to nighttime accidents 
 
 
  Change in Relative Ratio of Daytime and 
Dawn/Dusk Accident Ratio - The day-night 
accident ratio clearly declined from 1990 to 2000 
(See Figure 4). For the daytime specific 
accidents, the day-night accident ratio in 2001 
was 87% of that in 1990, exhibiting a significant 
difference (p < .01) between the 1990 and 2001 
rates. 
For the dawn/dusk specific accidents, the 
day-night accident ratio was 85% of the 1990 
ratio, also exhibiting a significant difference  
(p < 0.01). So, it was possible to judge that AHO 
has the effect of reducing specific accidents in 
the daytime and at dawn/dusk. 
 
 

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

19
90
19
91
19
92
19
93
19
94
19
95
19
96
19
97
19
98
19
99
20
00
20
01

Year

R
e
la
ti
v
e
 R
a
ti
o
 (
D
a
y
/
N
ig
h
t) Daytime

Dawn＋Dusk

Figure 4.  Change in relative ratio of daytime 
and dawn/dusk accidents to nighttime 
accidents (Reference year : 1990) 

 
                                                
                                                
 
 
 

                                Motoki 3            



  Estimation of Effect of AHO on Reduction 
of Specific Accidents - To estimate the reduction 
effect of AHO on specific accidents, two 
assumptions were adopted:  

a) AHO is effective in reducing accidents in the 
daytime and at dawn/dusk, but not at night; 
b) The day-night accident ratio for specific 
accidents between 1990 and 2001 depended on 
the ratio of AHO-equipped vehicles to the total 
number of two-wheeled vehicles (the ratio 
corresponding to the regression line in Figure 5). 
As the ratio rose from 0% in 1990 to 71% in 
2001, it was calculated that AHO's reduction of 
specific accidents amounted to 8,591 cases in the 
daytime and 3,533 cases at dawn/dusk for a total 
of 12,124 cases from 1990 to 2001. Accordingly, 
it was concluded that AHO is effective in 
reducing the number of accidents involving 
two-wheeled vehicles in the daytime and at 
dawn/dusk. 
 
The calculation procedure was as follows: 
(1) Regression line for daytime    (Equation 1) 
 
    y = −0.222x + 1.047 (r = 0.888)     (1). 
 
(2) Regression line for dawn/dusk  (Equation 2) 
 
    y = −0.275x + 1.045 (r = 0.946)     (2). 
 
(3) If the day/night ratio corresponds to the 
regression line, the number of daytime specific 
accidents in 2001 is as follows: 17,141 (number 
of nighttime accidents in 2001) × 0.889 
(day/night ratio in 2001: y = −0.222 × 0.71 + 
1.047 = 0.889) × 3.172 (day/night ratio in 1990) 
= 48,336. 
If the day/night ratio does not change, the 
number of daytime specific accidents in 2001 is 
as follows: 17,141 (number of nighttime 
accidents in 2001) × 1.047 (the day/night ratio in 
2001: y = −0.222 × 0 + 1.047 = 1.047) × 
3.172(day/night ratio in 1990) = 56,927. 
The difference between the two cases is 8591, 
15.1% of the total number of specific accidents. 
(4) Using the same calculation procedure, if the 
day/night ratio corresponds to the regression line, 
the number of dawn/dusk specific accidents in 
2001 is 15,400. 
If the day/night ratio does not change, the 
number of dawn/dusk specific accidents in 2001 
is 18,933. 
The difference between the two cases is 3,533, 
18.7% of the total number of specific accidents. 
 
 
 

(5) AHO's reduction of specific accidents 
amounted to 8,591 cases in the daytime and 
3,533 cases at dawn/dusk for a total of 12,124 
cases (16.0%) in 2001. 
AHO's reduction of specific accidents (12,124 
cases) was 5.9% of the total number of 
two-wheeled vehicle accidents (204,645 cases) in 
2001. 
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Figure 5.  Change in relative ratio of daytime 
and dawn/dusk accidents to nighttime accidents 
as a function of AHO vehicle, ratio (Reference 
year: 1990) 
 
A modified regression line (b = 1.0) is shown in 
Figure 6. 
It is possible to easily estimate the accident 
reduction effect at any ratio of AHO vehicles by 
using Figure 6. 
 
The regression line for daytime (Equation 3) 
 
    y = −0.212x + 1.0               (3). 
 
The regression line for dawn/dusk  (Equation 4) 
 
    y = −0.262x + 1.0               (4). 
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Figure 6.  Change in relative ratio of daytime 
and dawn/dusk accidents to nighttime accidents 
as a function of AHO vehicle, ratio (Reference 
year: 1990, b=1.0) 
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STUDY ON EFFECTIVENESS 
OF AHO AND POSITION LAMPS ON 
TWO-WHEELED VEHICLE 
CONSPICUITY 
 
Objective 
 
The objective of this research item was to examine 
the effectiveness of AHO and the position lamps in 
improving the conspicuity of two-wheeled vehicles 
followed by a passenger car with its passing beams 
on, in the daytime and at dawn/dusk. 
 
Method 
 
Subjects observed the approach of an oncoming 
motorcycle followed by a passenger car with its 
passing beams on, and were instructed to indicate 
the motorcycle’s conspicuity. 
 
  Test Vehicles -Three motorcycles and a 
passenger car were employed. 
 
  Lighting Conditions for Test Motorcycle - The 
following eight lighting conditions were adopted 
for test motorcycles, where candela values indicate 
the maximum luminous intensity of lamps and 
millimeter values indicate the distance between 
position lamp and headlamp as measured from the 
innermost point of the position lamp to the 
outermost point of the headlamp. Examples of 
lighting conditions are shown in Figure 7. 
 
(1) No lamps on 
(2) Headlamp passing beam on 
(3) White position lamps on (30 cd, 75 mm) 
(4) White position lamps on (30 cd, 150 mm) 
(5) Amber position lamps on (30 cd, 75 mm) 
(6) Amber position lamps on (30 cd, 150 mm)          
(7) Amber position lamps on (80 cd, 75 mm) 
(8) Amber position lamps on (80 cd, 150 mm) 
 
Regarding the position lamps used in the test 
motorcycle, the light source, shape and area are as 
follows, where area refers to the area of the lens: 
(1) White position lamp 30 cd – incandescent, 
round (diameter: 60 mm), 28 cm2 
(2) Amber position lamp 30 cd – incandescent, 
round (diameter: 60 mm), 28 cm2 
(3) Amber position lamp 80 cd – LED, rectangular 
(45 mm H, 150 mm W), 68 cm2 
(4) Position lamp height from ground – 830 mm 
(5) Headlamp height from ground – 860 mm 

                                                                                                

 
                (1) No lamps on 

 

 
           (2) Passing beam on (AHO) 
 

 
   (4) White position lamps (30cd, 150mm) on + AHO 

  

 
   (6) Amber position lamps (30cd, 150mm) on + AHO 

 

 
       (8) Amber position lamps (80cd, 150mm) on + AHO 

 
Figure 7.  Lighting conditions of test 
motorcycles 
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Lighting Conditions for Test Passenger Car - 
In the case of the test passenger car, the 
corresponding height of the headlamp was 650 
mm from the ground and the separation was 
1,230 mm as measured between the centers of 
the two headlamps. 
 
  Test Course - A private road with a 
3.5m-wide lane on each side was used as the test 
course. 
 
  Subject Location and Oncoming Vehicle 
Operation - The location of the subjects and the 
operation setup for the test motorcycle are shown 
in Figure 8. The subjects were seated on three 
rows of benches with different seat heights. The 
eyepoints of the subjects were approximately 1.0 
m high from the ground for the front row 
(nearest to the motorcycle), 1.2 m high for the 
center row, and 1.4 m high for the back row. The 
eyepoint location of the subject second from the 
innermost person in the second row was 
equivalent to the eyepoint location of the 
theoretical driver of a passenger car running 
along the center of the same lane (hereafter 
"eyepoint"). 
The test motorcycle was trailed by the test car at 
a distance of 30 m. Maintaining this condition, 
both vehicles cruised and passed the eyepoint at 
a constant speed of 60 km/h. 

 

 

 

 

 

 

 

 

Evaluation Point 

100m 

Subjects 

30m 

 

 

Figure 8.  Subjects and oncoming motorcycle 
followed by car 
 
  Motorcycle Conspicuity Evaluation - To 
evaluate the conspicuity of motorcycles, the 
subjects were instructed to observe an oncoming 
motorcycle in the opposite lane trailed by a 
passenger car at a distance of about 30 m. (See 
Figure 9). The subjects were asked to imagine 
being a driver trying to make a right turn at an 
intersection. When the oncoming motorcycle 
reached the point 100 m ahead of the eyepoint, a 
signal sounded for 1 second whereupon the 
subjects recorded how the motorcycle appeared, 
using the conspicuity evaluation scale. 
 
 
                                                                                                  

  

 

Figure 9.  Experiment situation (Test           
motorcycle followed by car) 

 
 

  Conspicuity Evaluation Scale - Motorcycle 
conspicuity was evaluated on the following 
scale: 
 
1 : Inadequate   
2 : Somewhat inadequate  
3 : Just acceptable 
4 : Somewhat adequate 
5 : Adequate 
 
A value of 3.0 is the “just acceptable” level, so 
3.0 or higher means an acceptable or adequate 
level of conspicuity. 
 
  Experimental Conditions - The conspicuity 
evaluation routine was repeated about 20 times 
for each of the 8 motorcycle lighting conditions 
under various levels of sky illuminance. Separate 
experiments were conducted during daytime, 
dusk and nighttime hours (sky illuminance level 
was under 20,000 lx). 
 
  Subjects - A total of 12 subjects ranging in 
age from 27 to 58 (average 43) participated in 
the experiment. All of them were lamp experts. 
 
 
Results 
 
The average conspicuity evaluation values rated 
by the 12 subjects are shown in Figure 10, in 
relation to sky illuminance. A value of 3.0 is the 
“just acceptable” level, so 3.0 or higher means an 
acceptable or adequate level of conspicuity.  
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The test results are summarized as follows: 
(1) The conspicuity evaluation value declined 
with a drop in sky illuminance.  
(2) The conspicuity evaluation value proved to 
be the lowest when none of the motorcycle lamps 
were on. The value rose with the headlamp on 
and the position lamps on, in that order. 
(3) In the case of position lamps + AHO, the 
conspicuity evaluation value was higher with 
amber position lamps compared to white lamps. 
(For example, when the luminous intensity was 
30 cd and the separation was 150 mm, the 
difference in conspicuity evaluation value was 
around 0.4). 
(4) Between position lamps of lower and higher 
luminous intensity, the more luminous ones gave 
a higher conspicuity evaluation value compared 
to the less luminous ones. 
(5) The conspicuity evaluation value was higher 
when the position lamps were more widely 
separated from the headlamp. 
(6) When the sky illuminance was between 
10,000 and 20,000 lx, the headlamp on had a 
conspicuity improving effect (the difference in 
conspicuity evaluation value between headlamp 
on and off was around 0.7). Furthermore, the 
position lamps had a greater conspicuity 
improving effect (the difference in conspicuity 
evaluation value between position lamps + 
headlamp and no lamps was around 1.2). 
(7) Under the no lamps condition, the 
conspicuity evaluation value declined below the 
acceptable borderline of 3.0 when sky 
illuminance was less than 5,000 lx. Accordingly, 
if sky illuminance is less than 5,000 lx 
(corresponding to 30 minutes before sunset on a 
clear day), it is preferable to turn on the 
headlamp in order to obtain adequate 
conspicuity. 
Under the headlamp condition, the conspicuity 
evaluation value dropped below 3.0 when sky 
illuminance was less than 1,000 lx. However, 
when the position lamps were turned on in 
addition to the headlamp, conspicuity was 
improved. 
Accordingly, if sky illuminance is less than 1,000 
lx (corresponding to 5 minutes before sunset on a 
clear day), it is preferable to turn on both the 
headlamp and position lamps in order to obtain 
adequate conspicuity. 
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Figure 10.  Conspicuity evaluation on 
motorcycle followed by car 

 
 

CONCLUSION 
 
(1) As AHO was confirmed to be effective in 
improving the conspicuity of two-wheeled 
vehicles and reducing the number of accidents 
involving two-wheeled vehicles, the use of AHO 
should be introduced in more countries and 
regions. 
(2) To cope with the introduction of 
four-wheeled vehicles’ DRL, amber position 
lamps should be combined with AHO for further 
improvement of two-wheeled vehicle 
conspicuity. 
(3) To further improve the conspicuity of 
two-wheeled vehicles, it would be advantageous 
to re-examine the color of position lamps 
(amber), their luminous intensity (higher 
intensity) and their separation distance from the 
headlamp (longer distance). 
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ABSTRACT 
 
Ambulance transport has been demonstrated to be 
hazardous, however there is limited research on the 
effectiveness of technologies to minimize these risks. 
This study evaluates the effectiveness and human 
factors impact of an aftermarket ambulance driver 
monitoring device with real time auditory feedback. 
The device was evaluated in an urban/suburban EMS 
group (>150 drivers and 16 medical transport 
vehicles). Data were collected via an aftermarket 
onboard computer system monitoring vehicle 
parameters every second. Penalty counts were 
recorded for exceeding set parameters with real time 
auditory feedback to the driver of both warning and 
penalty tones. Data are downloaded wirelessly daily 
for analysis. Data collected over a 24 month period 
included: System miles traveled, miles between 
incident. Driver specific behavior and miles between 
incidents, by age and gender and total miles traveled.  
Response times and vehicle maintenance were 
tracked. Incidents that occurred appraised for cost 
and injuries sustained. Over 950,000 miles of vehicle 
operations were recorded. System wide performance 
improved in excess of two orders of magnitude over 
the study period.  There was a 20% cost saving in 
vehicle maintenance within 6 months. There was no 
increase in response times. There was sustained 
improvement in safety proxies over 24 months, with 
no inservice or retraining after the initial introduction 
period. A gradual implementation, with rigorous 
attention to defray any potential concerns of any 
punitive approach was key. 
 
This real world evaluation of an after market 
electronic system wide safety technology 
demonstrated a marked improvement in ambulance 
transport safety and safety proxies in every measured 
area. These technologies should be encouraged for 
widespread implementation throughout the EMS 
system to optimize safety in addition to cost benefit. 

INTRODUCTION 
 
Ground Emergency Medical Service  (EMS) vehicles 
are hazardous vehicles (Becker, Zaloshjna and 
Levick, 2003; CDC MMWR 2003; Maguire, Smith 
and Levick 2002; Levick 2002; Erich 2002; Levick 
2001; Erich 2001; Kahn, Pirrallo and Kuhn, 2001; 
Weiss, Ellis, Ernst and Land 2001; Calle, Flonk and 
Buylaert, 1999; Biggers, Zacharia and Pepe, 1996; 
Saunders, Heye, 1994;  Auerbach, Morris and 
Phillips, 1987). Numerous studies  in the United 
States of America (USA) and internationally over 
recent years have identified, via both descriptive 
epidemiology (Becker et al. 2003; Maguire et al. 
2002; Kahn et al. 2001; Saunders et al. 1994; 
Auerbach et al. 1987) and biomechanical aspects and 
crash and sled testing (Levick et al 2001; Levick, Li 
and Yannacconne, March and May 2000; Levick, 
Better and Grabowski 2000; Levick et al 1998; Best, 
Zivkovic and Ryan 1993), that there are clear and 
identifiable risks in ambulance transport, that are 
highly predictable (Becker et al 2003; Maguire et al 
2002; Kahn et al 2001; Biggers et al 1996). These 
risks involve use of high speed, risky driving practice 
and lights and sirens use, intersection crashes, and 
failure to use seat belts, in addition to unsecured 
equipment and suboptimal vehicle design to mention 
some of the more commonly cited hazards.  Yet 
despite these hazards being convincingly identified, 
there are scant safety requirements, guidelines 
(EMSC/NHTSA 1999; General Services 
Administration KKK-E 2002) or regulations (Joint 
Standards Australia AS/NZS 4535:1999; European 
Standards CEN 1789:1999) and few scientifically 
demonstrated solutions to optimize transport safety in 
these vehicles (Best et al 1993; Levick et al 2002, 
2001, 2000, 1998). In the USA it is estimated that 
there are ~5,000 ground EMS related vehicle crashes 
per year (National Highway Traffic Safety 
Administration (NHTSA), National Automotive 
Sampling System (NASS)/Crash Data Surveillance 
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(CDS) 1998-2003), of which 10% are considered to 
be major crashes with either serious injury or fatality 
resulting. The risks that are predictable and 
preventable, involve both preventing the crash from 
occurring by addressing known risky driving 
practices (De Graeve, Deroo and Calle 2003; Calle, 
Lagaert, and Houbrechts,  1999) and minimizing the 
occupant injuries in the event of a crash. (Becker et al 
2003; Levick et al 2002, 2001, 2000, 1998;  Best et 
al, 1993 ) Prior studies have shown that EMS vehicle 
crashes are more often at intersections, and with 
another vehicle (p < 0.001) (Kahn et al. 2001), that 
most serious and fatal EMS vehicle injuries occurred 
in the rear of the EMS vehicle (OR 2.7 vs front) and 
to improperly restrained occupants (OR 2.5 vs 
restrained) (Becker et al. 2003), that 82% of fatally 
injured EMS rear occupants were unrestrained 
(Becker et al 2003) and that > 74% of all 
occupational fatalities for Emergency Medical 
Technicians (EMTs) are motor vehicle crash (MVC) 
related, with an occupational fatality rate approaching 
4 fold the national mean (Maguire et al, 2002) and 
with cost estimates for emergency vehicle crashes 
being in excess of $500 million annually. Yet 
published studies identifying safety solutions remain 
scant. There is some injury biomechanics research 
published by this author on modalities for minimizing 
injury in the event of a crash (Levick 2002, 2001, 
2000, 1998), however there is very little published 
that identifies how to prevent a crash or an injury 
causing event from occurring (De Gaeve et al 2003; 
Calle et al 1999).  
 
This prospective study follows a prior pilot study in 
the USA demonstrating the efficacy of a device, the 
primary purpose of which is to prevent a crash or an 
injury causing event from occurring by directly 
modifying emergency vehicle driver behavior, and 
also in optimizing the use of seat belts. 
 
OBJECTIVE 
 
The purpose of the study was to enhance the safety of 
emergency vehicle transport. The objective was to 
determine if emergency vehicle driver behavior can 
be modified and improved with the installation of an 
on-board, computer based, monitoring device, with 
real time driver auditory feedback. 
 
METHODS 
 
This is a prospective study capturing real-time 
electronic field data from onboard computer 
recorders installed in ambulance vehicles over a 24 
month period.  The data was captured during three 
phases of implementation. A metropolitan EMS 

group situated in within a mix of urban, suburban and 
semi rural environment. and with >150 drivers, 
installed the computer system in 20 ambulances in 
November 2004.  
 
The environment in which this study was conducted 
was the Cetronia Ambulance Corps (CAC), in 
Allentown Pennsylvania, covering a region including 
urban, suburban and small metropolitan region. In 
2006 CAC responded to 33,670 calls for service. 
CAC is the primary provider of emergency services 
to the following areas: 
Whitehall (Pop. 24,296, Sq Miles 12.57), Coplay 
(Pop. 3,387,  Sq Miles .63), South Whitehall (Pop. 
18,028. Sq Miles 17.12) and Upper Macungie (Pop. 
13,895 Sq Miles 26.24). Also portions of Lower 
Macungie ( Pop. 19,220,  Sq Miles 22.57), 
Weisenberg (Pop. 4,144,  Sq Miles 26.82), Lowhill 
(Pop. 1,869, Sq Miles 13.99), and Salisbury (Pop. 
13,498, Sq Miles 11.02).These are all considered 
townships. CAC deploys 13 units daily with a mean 
response time of 11 minutes and covers 450,000 
miles annually. CAC has 20 Emergency Vehicles and 
11 Non-emergency Vehicles.  There are 152 drivers 
which includes 17 Full-time Paramedics, and 26  
Full-time EMT's, 10 Part-time Paramedics and 26 
Part-time EMT's, aswell as 14 Full-time, 6 Part-time 
Paratransit drivers, in addition to a number of casual 
part timers and  volunteers.  
 
The study, in a similar fashion to the methodology of 
the prior pilot was divided into 3 Phases, however in 
contrast to the previous study – the duration of Phase 
II was extended to be 12 months – the rationale for 
this was to ensure familiarity with the system by all 
drivers including the extended fleet of infrequent part 
timers and also the volunteers, before embarking into 
Phase III. 
 
Description of Implementation Phases - Phase I – 
from 11/1/04 to 4/30/05, ‘Blind data’, with no 
auditory feedback or driver identification were 
collected for 5 months initially. During Phase II – 
5/1/05 to 6/30/06 - data for 13 months were captured 
with auditory feedback, but no driver identification 
implemented.  In Phase III - 7/1/06 to 8/31/06, the 
system was fully operational with auditory feedback 
and driver identification. 
In summary: 
Phase I- Blind data - no tones, no ID capture, 

11/1/04 to 4/30/05 
Phase II-Warning and penalty tones only, 

5/1/05 to 6/30/06 
Phase III-Fully operational,  

7/1/06 to 8/31/06 
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Table 1.  Onboard Computer Device Settings used 
in this study 

 
Speed 

 
Low Speed 

(LSCOUNT)   
  High Speed 

(HSCOUNT)   

10 second warning 
period   
- 73 / 78 mph 
 
- >79 mph 

Cornering  
Low Over Force 

(LFCOUNT)   
High Over Force 

(HFCOUNT)   

      warning at 25% 
- 38% 
 
- 48% 

Reverse Count       
                  (RVCOUNT) 

      -    1 count for each 
time the vehicle is placed 
in reverse without the 
reverse spotting switch 
being engaged 

Seat Belt Distance 
                   (SBCOUNT)   

      -    1/10ths mile  
            (0.1 mile) 

 
LSCOUNT = Low Speed Count (non emergency) - 
If the vehicle exceeds 73 MPH, the driver receives 10 
seconds of warning beeps warning them to reduce 
their speed. If they fail to do so, one low speed count 
is recorded for each second the vehicle is between 73 
& 78 MPH.   
HSCOUNT = High Over speed Count - the system 
records an instant high over speed count every time 
the vehicle is driven in excess of 79 MPH.   
LFCOUNT =Low Over force Count -  total number 
of seconds the vehicle experienced a force greater 
than the Low Over force setting which varies from 
class of vehicle to class of vehicle. 38% is typical.  
HFCOUNT = High Over force Count - total number 
of seconds the vehicle experienced a force greater 
than the High Over force setting, which varies from 
class of vehicle to class of vehicle. 48% is typical.  
RVCOUNT = Unsafe Reverse Counts - One count is 
registered for every time a driver puts the truck in 
reverse without a spotter pressing the inside or 
outside spotter switch.  
SBCOUNT = Seatbelt Counts - one count is 
registered for each 1/10 of a mile that the driver 
drives the vehicle without buckling the seatbelt.  
 
These parameters differ slightly from the pilot study 
conducted by this principal authors team in Little 
Rock Arkansas in 2003-2004. The speed tolerances 
and seat belt tolerances are more stringent in this 
study. The speed warning period is 30% shorter, and 
the seat belt tolerance is 50% of the tolerance 
distance – thus twice as stringent. The rationale for 
embarking on this study were concerns about the 
need to enhance EMS transport safety, both related to 

the past safety experience of CAC, with at least one 
significant crash annually and numerous less severe 
crashes and the recent published literature which 
highlighted the seriousness of the risk and hazard in 
vehicle operations in EMS. There was also a 
management initiative to improve driver performance 
in an objective fashion, and a goal to save 
maintenance dollars and optimize the accident and 
incident investigation process. 
 
Onboard Computer System Overview - The 
onboard computer system monitors a number of 
parameters every second (see table 1) and provides 
real time auditory feedback to the driver by way of 
different tones. The parameters monitored include: 
vehicle speed (against user set limits – both hot & 
cold), hard acceleration/braking, cornering velocity 
and g-forces, use of emergency lights and sirens, use 
of front seat belts, turn signals, parking brake and 
back up spotters. Each driver has individual key 
“fob”, which is a The key fob is a simple device, 
(Fig. 1) which must be keyed into a special contact 
lock on the vehicle dashboard at the time of the 
vehicles ignition (Fig. 2), and thus identifies the 
driver of that vehicle. The computer system provides 
an audible real time feedback to the driver, by a 
system of warning growls and then penalty tones for 
when the pre set parameters are approached and 
exceeded (Table 1.).  The onboard computer 
continuously records penalty counts when drivers 
exceed certain set parameters. 
 
The penalty count data recorded by the onboard 
computer for exceeding these parameters, are stored 
on the on-board computer and downloaded 
automatically to a base station on a daily basis for 
analysis and detailed electronic reports are generated. 
Management tracks trends and individuals. 
 
System Implementation - It was anticipated that, 
(and supported by some other EMS services 
experiences) the logistics, style and process of 
implementation of this system may well have 
substantial impact on the acceptability or otherwise 
of this system amongst the EMS personnel. Extensive 
consultation was sought at all staffing levels with 
company meetings commencing in June 2004 to 
explain the technology and the rationale and potential 
benefit of its implementation. A three phase 
implementation path was selected. Phase I: initial 
‘blind data’ collection with no growls or tones 
switched on and no driver identification via 
identifying key fobs. Phase II: growls and tones 
switched on but no identifying key fobs. Phase III: 
full implementation, with growls and tones and 
identifying driver key fobs utilized.  The time line for 



Levick 4

implementation of the system was: System installed 
in November 2004; ‘Blind data’ collection thru May 
2005; Growls and tones turned on May 2005 – 
however no key fobs utilized; The system was fully 
deployed in July 2006, with growls and tones and 
identifying key fobs fully implemented. There was 
added incentive of a priority choice of scheduling 
offered for the best performing drivers. It was clearly 
explained that no perfect drivers were expected, 
however that the focus was on driving as safely as 
possible whilst providing for prompt transport of the 
patient. 
 
RESULTS 
 
Implementation of the system was well received by 
the EMS personnel. There was no workplace 
disharmony nor rebellion regarding the system and its 
implementation and no interference with, or damage 
to the system or the monitoring or feedback 
equipment.  
 

Table 2 – Performance improvement over the 
three Phase periods 

 Phase I 
11/01/04-
04/30/05 

Phase II 
05/01/05- 
06/30/06 

Phase III 
07/01/06- 
08/31/06 

Distance  -miles 193,210 682,320 75,957 
LSCOUNT 
[LSCOUNT/mile] 

89,250 
[2.16] 

100,195 
[0.15] 

96 
[0.001] 

HSCOUNT 
[HSCOUNT/mile] 

12,936 
[14.94] 

14,448 
[0.02] 

2 
[0.00003] 

LFCOUNT 
[LFCOUNT/mile] 

37,347 
[0.19] 

64,328 
[0.09] 

1,250 
[0.02] 

HFCOUNT 
[HFCOUNT/mile] 

552 
[0.003] 

1,210 
[0.002] 

56 
[0.001] 

RVCOUNT 
[RVCOUNT/mile] 

15,697 
[12.31] 

69,779 
[0.10] 

7,100 
[0.09] 

SBCOUNT 
[SBCOUNT/mile] 

40,893 
[4.72] 

45,366 
[0.07] 

90 
[0.001] 

 
Over 950,000 miles of vehicle operations were 
recorded. The most dramatic performance 
improvement was in the reduction in high over speed 
penalty counts, with a reduction from 14.94 
penalties/mile in Phase I to 0.00003 penalties/mile in 
Phase III. Seatbelt violations dropped from 4.72 
violations/ mile traveled in Period I to 0.001 
violations/ mile traveled in Period III to August 2006 
and have been sustained at similar low rates to date, a 
4,000 fold reduction in seat belt violations. Similar 
trends were seen in low over speed and over force 
parameters (Table 2). There was a cost saving in 
vehicle expenses:  $271,091in 2004, $242,965 in 
2005 and $237,193 in 2006. There was no increase in 
average response times during the study period: 
11:14 minutes in 2004, 10:36 in 2005, and 10:46 

minutes in 2006, this data suggests a moderate 
overall improvement in response times during the 
study period. There were 19 vehicle incidents in 
2004, 11 in 2005 and no major vehicle crash during 
the fully implemented phase of the study period.  
There was sustained improvement in safety proxies 
over 24 months, with no in-service or retraining after 
the initial introduction period. Similar to the previous 
study, their were cost savings in having a decreased 
number of serious crashes, decreased vehicle 
damage, and a decrease in the required investigations 
of those events, with resultant insurance savings also. 
There were fewer crashes and less severe crashes 
than over the preceding similar time periods.  
Additionally, detailed data was captured on the one 
crashes that did occur during the study period, 
Overall performance improved dramatically from 
high rates of speed infringements, and high rates of 
seat belt use failures – to a number of orders of 
magnitude improvement in performance, the most 
dramatic being over speed. 
 

 
 
Figure 1. Key fob for the EMS vehicle driver to 
engage onboard monitoring and feedback device 
 

 
 
Figure 2. User interface for key fob the EMS 
vehicle driver 
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DISCUSSION 
 
In stark contrast to other commercial and emergency 
vehicles on the road, formal safety performance 
standards, requirements and monitoring are lacking 
for ambulance transport in the USA. Additionally, the 
rear patient compartment of these vehicles is exempt 
from Federal Motor Vehicle Safety Standards, and 
these vehicles have been demonstrated to have high 
crash and injury rates per mile traveled. There are 
safety performance standards in Australia and Europe 
(Joint Standards Australia 1999; European Standards, 
CEN 1999), although real time monitoring is not 
uniform nor required by any of these nations. There 
are a number of modalities now being considered for 
enhancing ambulance transport safety. This study 
concurs with an earlier pilot that identified a 
sustained and dramatic improvement in safety 
performance and safety proxies with the use of this 
type of onboard driver monitoring and feedback 
device. Which is also in concordance with some 
preliminary data from Europe (De Graeve et al 2003; 
Calle et al 1999) using a similar technology. In Phase 
II, once the audible tones were switched on, there 
was a dramatic improvement in safety performance. 
In Phase III, once the driver identification via key fob 
was implemented, there was the most maximal and 
also has been sustained improvement in safety 
performance.  
 
There are some potential implementation issues with 
ensuring proper ‘buy in’ from staff, and the approach 
from a personnel and psychodynamic perspective 
appeared as successful in this study as in the previous 
pilot in Little Rock Arkansas. As identified in the 
previous study, there is the possibility of failure of 
staff cooperation with trading ‘key fobs’ or 
intentional damage to the equipment, which has been 
described anecdotally by some services in the USA. 
In addition it is possible in certain circumstance to 
‘trick’ the current designed system, with some 
practices which are in fact risky, such as buckling the 
seat belt behind the driver, which would give the 
appearance of a decrease in violations or counts. 
However, once identified, it is possible to manage, 
monitor and to design out these practices. 
 
The gold standard in true effectiveness is a decrease 
in both crash rate and near miss rate and a decreased 
injury rate.  In other regions in the USA where this 
technology has been implemented there are reports of 
high rates of crash reduction (up to 90% reduction in 
crashes when compared to historical controls), and 
similar vehicle cost maintenance cost savings.  
 

Additional benefits to the use of this technology, 
from a systems perspective consideration that should 
be included in an evaluation of the impact of such a 
device as this technology on EMS system 
performance, is the reduction in administration time 
related to adverse event evaluation and management, 
in addition to mitigating resource loss and negative 
system response time impact that is the consequence 
of preventing a crash occurring. Thus the positive 
impact of a reduction in crashes has a major positive 
flow on impact to the broader EMS system – as a 
result of decreased crash injuries, a decrease in loss 
of staff, no need for further EMS vehicles to be 
enlisted further to respond to an EMS crash scene and 
a decrease in administration down time and cost in 
reviewing and reconstructing as many crashes. None 
of these very real benefits have been included in the 
calculations of the over all cost benefit of the system 
in regards to improved safety. In vehicle maintenance 
cost savings alone, the improved performance has 
paid for the system implementation within 6 months.  
Detailed fiscal analysis is underway of all aspects of 
the direct cost of installing and maintaining the 
system, including the direct and indirect cost related 
to the monitoring of all the data gathered.   
 
There is some administrative vigilance and time in 
oversight of this technology, however it is estimated 
to be far less time over all than would be consumed 
in management of the volume of adverse events in 
the absence of this technology. The data downloads 
automatically, and generates very clear graphical 
reports, which are far more time effective to review 
than previous administrative techniques and 
approaches, and yet far more comprehensive.  
 
The limitations of this study include that the study 
was conducted in Allentown, which may not be 
considered a representative EMS environment for all 
of the USA.  The study environment may also not be 
representative of the full spectrum of volunteer to 
professional, urban to rural and small to large EMS 
services, however in contrast to the Little Rock study 
some of the drivers in this study were volunteers. A 
more detailed analysis of driver performance 
addressing age, volunteer status and experience is 
underway. Additionally the device is not yet 
configured to monitor seat belt use in rear 
compartment, and the device is not yet linked to GIS 
for regional speed zones. It is important to note that 
this study suggests that the system implementation 
may well have had a positive impact on response 
times as there was a measured decrease in average 
response times with the system in place. 
 



Levick 6

An important issue this study raises is the benefit of 
systems such as this for fleet safety management. A 
serious question raised is that if such systems can so 
effectively decrease adverse vehicle events and 
improve vehicle maintenance – then should these 
systems  be implemented in all fleets particularly 
those that have high crash rates.. 
 
CONCLUSION 
 
This study shows further evidence of a dramatic and 
sustained improvement in driver performance and 
vehicle safety in every measured area with this 
onboard computer monitoring and feedback system. 
Implementation of this system demonstrated to be a 
highly effective and sustainable approach to 
enhancing safety in ambulance transport, requiring 
minimal in-service training time and optimal safety 
outcome in addition to a cost savings in maintenance. 
Use of an on board computer system with real time 
monitoring and feedback should be encouraged for 
widespread implementation throughout the EMS 
system to optimize safety.  
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ABSTRACT 
 
A series of vehicle-to-pole lateral impact tests were 
conducted using ES-2 and WorldSID dummies.  
Pure lateral (90°) and oblique (75°) impacts were 
included in the test series and the level of protection 
offered by the head protecting side airbag was 
assessed under each condition. 
 
The head injury risks predicted by the ES-2 and 
WorldSID dummies under the same oblique pole 
test conditions were dramatically different, with the 
ES-2 indicating a low risk of head injury and the 
WorldSID indicating a very high risk of head 
injury. Sled tests were used to investigate the 
kinematics of the ES-2 shoulder, the consequent 
influence of shoulder load on head / neck 
kinematics, and the ability of this dummy to 
discriminate the level of head protection offered by 
head protecting side airbags. The head, neck, and 
shoulder kinematics and peak shoulder loads of the 
ES-2 were found to be highly sensitive to the 
direction of loading to the shoulder resulting from 
each pole impact angle. 
 
INTRODUCTION 
 
The EuroSID 2 (ES-2) dummy was originally 
developed for mobile deformable barrier side 
impact testing, and is the current regulatory dummy 
specified in UNECE R95 (Protection of Occupants 
in the Event of a Lateral Collision).  The WorldSID 
dummy was developed as part of a collaborative 
project to develop a world harmonized side impact 
dummy with superior biofidelity to earlier 
generations of side impact dummies. Like all 
anthropomorphic crash test devices, these dummies 
are essentially an assembly of mechanical 
components and instruments, the purpose of which 
is to simulate a human biomechanical response and 
measure injury risks.        
 
The ES-2 shoulder assembly (see Figure 1) consists 
of an arm clavicle mounted between two metal 
plates, and an elastic cord which is used to hold the 
shoulder in position.  This design allows transverse 
adduction of the shoulder, but does not allow 
significant other movements of the shoulder.  A tri-
axial load cell is used to measure shoulder loads.  
The WorldSID shoulder consists of a mounting 
bracket and a shoulder rib.  The shoulder bracket 
allows some transverse adduction of the shoulder, 
and the shoulder rib permits medial deflection of 

the upper arm / shoulder.  A tri-axial load cell is 
used to measure shoulder loads, and an IRTRACC 
(see Figure 3) is used to measure shoulder rib 
deflection.   
 

 
Figure 1. ES-2 shoulder assembly (note: arms 
are attached to each clavicle attachment). 

 
The ES-2 has three rectangular thorax ribs (see 
Figure 2).  These ribs are mounted to a spring slide 
and hydraulic damper assembly, and are capable of 
purely lateral deflection from one side only.  ES-2 
rib deflections are measured by linear 
potentiometers.  The WorldSID has three circular 
thorax ribs mounted either side of a central spine 
box (see Figure 2 and Figure 3). These ribs are 
capable of deflection in all directions, and from 
both sides.  An IRTRACC is used to measure the 
lateral component of rib deflection.  It is not 
practical to package sufficient instrumentation to 
simultaneously measure deflections on each rib on 
both sides of the dummy. 

 

 
Figure 2. ES-2 (left) and WorldSID (right) 
shoulder, thorax, and abdomen design.  
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The ES-2 abdomen (see Figure 2) consists of a load 
cell element.  Load cells are used to measure front, 
middle, and rear abdomen loads.  In contrast, the 
WorldSID has two circular abdomen ribs mounted 
either side of its central spine box.  An IRTRACC 
is also used to measure the lateral component of 
abdomen rib deflection.      
 

 
Figure 3. WorldSID thorax rib assembly 
(including IRTRACC and rib accelerometer 
instrumentation). 
 
The suitability of the ES-2 and WorldSID dummies 
for lateral impact testing is therefore determined by 
the capacity of each mechanical component / sensor 
to measure the types of impact loadings that occur 
in lateral impact.  It is also determined by the 
capacity of each dummy to simulate a human 
biomechanical response to side impact conditions.  
 
In this study, results obtained from a series of 
vehicle-to-pole side impact tests, are used to 
analyse the crash responses of ES-2 and WorldSID.  
Results obtained from a series of pole sled tests are 
then used to further investigate the kinematics of 
the ES-2 shoulder, neck, and head.       
 
METHOD 
 
Vehicle Pole Test Series 
 
A series of 3 full scale vehicle-to-pole side impact 
tests were conducted using ES-2 and WorldSID 
dummies (see Table 1).  The vehicle model chosen 
for this series of tests was a 2004 model, right hand 
drive, 5 door mid-sized SUV, with curtain and seat 
mounted thorax (front row) side airbags. This 
vehicle model was popular in the Australian 
market, and was used for each test in this series. 
 
Table 1 summarises test conditions for each full 
scale vehicle pole side impact test.  A perpendicular 
pole test was conducted using an ES-2 dummy 
situated in the drivers seating position.  Two 
oblique pole tests were also conducted; one with an 
ES-2 driver’s side dummy, and the other with a 

WorldSID dummy in each front row seating 
position. WorldSID dummy sensor data is therefore 
available for both the struck side and non-struck 
side occupant.  Interactions occurred between the 
two WorldSID dummies; however, this paper will 
focus on struck side injuries.  It is important to 
recognise that results show dummy interaction 
responses to be separate events to struck side 
injuries.  Therefore the presence of a front 
passenger dummy does not affect the assessment of 
struck side injuries.   
 

Table 1. 
Test Matrix  

(Vehicle Pole Test Series) 
 

Impact 
Angle 

(Degrees) 

Impact 
Speed 
(km/h) 

Driver 
Dummy 

Front 
Passenger 
Dummy 

Side 
Airbags 

90 28.8 ES-2 - Thorax 
Curtain 

75 32.2 ES-2 -   Thorax * 
Curtain 

75 32.0 WS WS   Thorax * 
Curtain 

 
* Airbag failed to deploy correctly / deployed inside the drivers 
seat 
 
The seatback angle was set to achieve a 
manufacturer specified torso angle of 21º and the 
seat was locked in the mid track seating position. A 
3-D H-point machine was used in accordance with 
the requirements of EuroNCAP pole side impact 
testing protocol (version 4.1) [1] to determine the 
H-point of the driver’s seat.  For the tests conducted 
using an ES-2 dummy, a FARO arm was used to 
match, as closely as possible, the dummy with the 
seating reference point determined with the 3-D H-
point machine.  A FARO arm was also used to 
measure and match the location of the head centre 
of gravity for each ES-2 test.  The ES-2 dummy has 
a more upright seating posture than the WorldSID.  
It is therefore not possible to match both the H-
point and head centre of gravity of each dummy.  
The WorldSID dummy was therefore positioned 
using the same seating track position and seat back 
angle, and a FARO arm used to accurately match 
the dummy head centre of gravity location (x-
coordinate) to those recorded for the previous ES-2 
tests.  This ensured that the pole was aimed at the 
same location on the vehicle for each oblique pole 
test.      
 
Each pole side impact test was conducted with 
either a perpendicular (90º) or oblique (75º) angle 
between the direction of travel and the vehicle 
longitudinal centreline / axis (see Figure 4 and 
Figure 5).  For each test, a laser was used to align 
the pole with the dummy head centre of gravity, 
and a carrier sled was used to impact the vehicle 
with the pole.  The pole used was in accordance 
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with the specifications of EuroNCAP pole side 
impact testing protocol (version 4.1) [1]. 
  

 
Figure 4. Overhead view of 90 degree 
(perpendicular) pole side impact test. 
 

 
Figure 5. Overhead view of 75 degree (oblique) 
pole side impact test. 
 
The perpendicular pole test was conducted with a 
targeted impact speed of 29 km/h.  For the oblique 
pole tests, the targeted impact speed was 32 km/h.  
In all cases, the actual impact speed was within 
± 0.2 km/h of the targeted impact speed.  For each 
full scale vehicle test, the actual impact alignment 
was within 4 mm of the intended impact alignment. 
 
Pole Sled Test Series 
 
A series of pole sled tests were conducted to further 
investigate the biomechanical response (i.e. head, 
neck, shoulder) of the ES-2 dummy (see Table 2).  
In this series of tests, a UNECE R16 hard seat was 
mounted to a crash sled, and a head curtain airbag 
(from one of the earlier full scale vehicle tests) was 
pre-inflated to a constant regulated pressure (approx 
45 kPa) and secured against the pole by a fabricated 
test fixture (see Figure 6 and Figure 7).  A stepped 
pole fixture was used in one of the tests to simulate 
shoulder deflection for an ES-2 dummy (see Figure 
8).  The stepped portion of the pole was positioned 

to interact with the dummy head, but not the 
dummy shoulder.     
 
The curtain airbag was able to be moved relative to 
the pole, using the fabricated test fixture.  This 
made it possible to simulate different head impact 
locations with the curtain airbag.  Four head impact 
locations were tested.  Three of these locations 
were chosen to match the head to airbag impact 
locations for each full scale vehicle test.  The 
remaining head impact location was chosen to 
approximate an estimated WorldSID head impact 
location for a perpendicular pole test.   
 

Table 2. 
Test Matrix 

(Pole Sled Test Series)  
 

Dummy 
Angle 

(Degrees) 

Impact 
Speed 
(km/h) 

Pole 
Step 
(mm) 

Head / 
Airbag 
Impact 

Location 

Right Arm 
Angle 

(Degrees) 

90 22 0 ES-2 / 90 0 

90 22 0 WS / 90 0 

75 22 0 WS / 75 40 

75 22 0 ES-2 / 75 40 

75 22 50 ES-2 / 75 40 
 

Each pole sled test was conducted with the ES-2 
dummy midsagittal plane oriented at either a 
perpendicular (90º) or oblique (75º) angle to the 
direction of motion.  Foam block padding was used 
to ensure the correct pre-impact orientation of the 
dummy.  For each test, the centre of the pole was 
aligned with the dummy head centre of gravity. 
 
The right arm was set to a 0º (horizontal) or 40º 
angle depending on the dummy / pole impact angle 
being simulated.  For the perpendicular tests, the 
dummy arm was set to a horizontal position prior to 
impact; this was done to simulate the position of the 
arm following successful deployment of the thorax 
airbag.  For the oblique pole sled tests the dummy 
arm was lowered by 40º; this was done to simulate 
the lower arm positions observed, when the thorax 
airbag fails to deploy successfully.  
 
Each pole sled test was conducted with a 22 km/h 
impact speed.  This impact speed was selected 
following an initial investigation of dummy head 
acceleration.  This initial investigation involved the 
conduct of some experimental tests, the purpose of 
which was to determine a set of test conditions 
(including test speed) which would give marginal 
head contact with the pole through the airbag.  This 
enabled further investigation of the effect of pole 
test variables on ES-2 head, neck, and shoulder 
responses.     
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Figure 6. Onboard view of pole sled test (at 
maximum head acceleration). 

 

 
Figure 7. Front view of pole sled test (approx.  
10-15 ms prior to impact). 
 
A 70 mm foam block was used to improve the 
simulation of dummy thorax interaction with the 
pole.  A webbing strap located around the pelvis 
and anchored to the sled, was used in each test to 
restrain the pelvis and upper legs of the dummy.  A 
metal fixture was used to limit / restrain the motion 
of the lower legs (see Figure 7). 
 

 
Figure 8. Stepped pole test fixture. 
 
Data Acquisition 
 
All dummy and vehicle sensor channel data was 
collected at a 20 kHz sampling frequency.  All data 
presented in this paper is in accordance with the 
filtering and sign conventions specified by SAE 
J211-1 (December 2003) [2]. 
 
RESULTS 
 
Vehicle Pole Test Series 
 
Table 3 shows struck side 3 ms head acceleration 
and HIC 36 results for each vehicle-to-pole side 
impact test.  The ES-2 dummy head avoided hard 
contact with the pole for each pole impact 
condition.  In contrast, the WorldSID head was 
observed to bottom out the curtain airbag, making 
hard contact with the pole.  Consequently, for 
oblique pole impact, WorldSID indicated a higher 
head injury risk (i.e. HIC 36) than ES-2.  Figure 9 
shows resultant head acceleration for each test.  
Two separate head acceleration spikes were 
recorded for the oblique pole test conducted using 
the WorldSID.  The first of these acceleration 
spikes was co-incident with the dummy head-to-
pole collision; the second was co-incident with a 
collision of the driver and front passenger dummy 
heads (not discussed in this paper).   
 

Table 3. 
Head Acceleration / HIC 36 

 

  

Impact 
Angle 

(Degrees) 

Impact 
Speed 
(km/h) 

Driver 
Dummy 

3 ms Head 
Acc. (g) 

HIC 36 

90 28.8 ES-2 60.89 352.7 

75 32.2 ES-2 80.43 809.1 

75 32.0 WS 65.92 2941.6 
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Figure 9. Resultant head acceleration. 
 

Figure 10 shows longitudinal (x-axis in dummy 
coordinate system) head acceleration for each 
vehicle-to-pole side impact test.  For the ES-2 
dummy, oblique pole impact produced an earlier 
and larger longitudinal head acceleration response, 
than perpendicular impact.  This increase in ES-2 
longitudinal head acceleration is due to the 
longitudinal component of impact velocity; it is 
also a product of the longitudinal components of 
shoulder load, upper spine acceleration, and upper 
neck load.  The WorldSID longitudinal head 
acceleration response shows the occurrence of a 
dummy head-to-pole collision (t ≈ 54 ms). 
However, in the period immediately following 
impact and preceding this head collision (i.e. 
between t = 0 and t ≈ 51 ms), WorldSID 
longitudinal head acceleration was substantially 
lower than that of ES-2.    
  

 
Figure 10. Longitudinal head acceleration (Ax). 
 
Figure 11 shows lateral (y-axis in dummy 
coordinate system) head acceleration for each 
vehicle-to-pole side impact test.  For the ES-2 
dummy, oblique impact also produced more lateral 
head acceleration than perpendicular impact.  This 
increase is likely to have been caused by a 
combination of factors, including a small increase 
in the lateral component of vehicle impact velocity, 
and a substantially larger lateral shoulder load (see 
Figure 13).  The lateral head acceleration recorded 

during the oblique WorldSID test was initially 
similar to that recorded during the perpendicular 
ES-2 test (i.e. up until the occurrence of the head-
to-pole collision).  This suggests that the ES-2 
dummy head came very close to colliding with the 
pole for each pole impact condition.  For the 
oblique pole test conducted using ES-2, there was 
just enough initial head acceleration to prevent hard 
impact from occurring between the head and pole 
through the airbag.      
 

 
Figure 11. Lateral head acceleration (Ay). 
 
Figure 12 shows struck side longitudinal shoulder 
load for each vehicle-to-pole side impact test.  For 
the ES-2 dummy, oblique pole impact produced 
substantially more longitudinal shoulder load than 
perpendicular impact. This relatively large 
longitudinal shoulder load acts in an anterior 
direction (i.e. pushes shoulder back relative to 
chest), and is a result of the longitudinal component 
of oblique pole test impact velocity.  Under these 
conditions, the relative stiffness of the ES-2 
shoulder is likely to prevent any substantial relative 
transverse lateral, longitudinal, or vertical motion 
between the shoulder and upper spine, as the 
shoulder is pushed onto its limit stops.  For the 
oblique pole test condition, WorldSID recorded 
substantially less longitudinal shoulder load than 
ES-2. 
 

 
Figure 12. Longitudinal shoulder force (Fx). 
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Figure 13 shows lateral shoulder load for each 
vehicle-to-pole side impact test.  For the ES-2 
dummy, oblique pole impact produced substantially 
more lateral shoulder load than perpendicular 
impact.  For this dummy and oblique pole impact 
condition, a large longitudinal shoulder load 
coincided with a large lateral shoulder load.  Under 
these conditions, there is a direct lateral load / 
energy transfer path from the ES-2 shoulder to the 
upper spine and neck.  In oblique impact, the 
WorldSID struck side shoulder rib deflected 51.5 
mm.  The WorldSID shoulder rib therefore stored / 
absorbed energy during impact.  As a result, under 
oblique impact conditions, WorldSID recorded a 
smaller peak lateral shoulder load than ES-2. 
 

 
Figure 13. Lateral shoulder force (Fy). 
 
Figure 14 shows vertical shoulder load for each 
vehicle-to-pole side impact test.  For the ES-2 
dummy, oblique pole impact produced substantially 
more vertical shoulder load than perpendicular 
impact. For both impact conditions, the ES-2 
shoulder was initially pushed upwards (negative 
load) by the intruding door at the window line.  In 
the case of perpendicular impact, successful thorax 
airbag deployment caused the ES-2 shoulder and 
arm to rise above the intruding door, and the 
vertical shoulder load to change from negative 
(upward acting) to positive (downward acting).  For 
the oblique pole test condition, WorldSID recorded 
substantially less vertical shoulder load than ES-2.     
 

 
Figure 14. Vertical shoulder force (Fz). 

During the perpendicular pole test, the ES-2 arm 
and shoulder were able to move both forward and 
inboard (see Figure 15).  This movement of the 
shoulder / arm was assisted by the successful 
deployment of the thorax airbag.  In contrast, 
during the ES-2 oblique pole test, the thorax airbag 
failed to deploy correctly, the arm was jammed 
between the intruding pole and the thorax, and the 
shoulder was unable to move substantially forward 
or inboard relative to the upper spine (see Figure 
16).  In oblique impact, the WorldSID shoulder was 
deflected inwards and the arm was jammed 
between the intruding pole and the thorax (see 
Figure 17). This medial shoulder deflection reduces 
the distance between the intruding pole and the base 
of the neck.  This increases the likelihood of 
dummy head-to-pole hard contact through the 
airbag.    
 

 
Figure 15. ES-2 arm and shoulder position 
approximately 75 ms after time-zero 
(perpendicular impact condition).  
 
Figure 18 and Figure 19 show the longitudinal and 
lateral components of upper spine acceleration for 
each vehicle-to-pole side impact test.  For each 
dummy and pole impact condition, there is a 
correlation between the corresponding components 
of shoulder load and upper spine acceleration (see 
Figure 12 and Figure 13).  All else being equal, 
higher shoulder loads will increase acceleration of 
the upper spine, head, and thorax. For the ES-2 
dummy, oblique impact produced higher peak 
longitudinal and lateral upper spine accelerations 
than perpendicular impact. For oblique impact, 
WorldSID longitudinal and lateral upper spine 
accelerations peaked at lower levels than ES-2 
(note: the WorldSID upper spine acceleration 
response includes interaction with front passenger 
occupant at t ≈ 95 ms).  Also notable is the later 
occurrence (approx. 10 ms) of WorldSID peak 
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inboard and backward upper spine accelerations 
compared with ES-2.     
 

 
Figure 16. ES-2 arm and shoulder position 
approximately 75 ms after time-zero (oblique 
impact condition).  
 
 

 
Figure 17. WorldSID arm and shoulder position 
approximately 75 ms after time-zero (oblique 
impact condition).      
 

 
Figure 18. Longitudinal upper spine acceleration 
(Ax). 
 

 
Figure 19. Lateral upper spine acceleration (Ay). 
 
Figure 20 shows longitudinal upper neck load for 
each vehicle-to-pole side impact test.  For the ES-2 
dummy, oblique pole impact produced substantially 
more longitudinal upper neck load than 
perpendicular impact.  In oblique impact, ES-2 
longitudinal upper neck load is predominantly 
negative.  This indicates forward movement of the 
head relative to the chest.  It is also noteworthy that 
peak (negative polarity) longitudinal upper neck 
load occurred at approximately the same time as 
peak (negative polarity) longitudinal shoulder load 
(see Figure 12).  This suggests that the ES-2 
dummy head is pulled / accelerated rearward of the 
pole by load transferred through the shoulder and 
upper neck.  For the oblique pole impact condition, 
WorldSID longitudinal head acceleration rapidly 
changed from negative to positive.  This polarity 
change was coincident with dummy hard head 
contact with the pole, and indicates rearward 
movement of the head relative to the chest (i.e. pole 
pushed dummy head back relative to chest). 
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Figure 20. Longitudinal upper neck force (Fx). 
 
Figure 21 shows lateral upper neck load for each 
vehicle-to-pole side impact test.  For the 
perpendicular pole test, ES-2 lateral upper neck 
load is predominantly positive.  This means the 
head moves leftward (inboard) relative to the chest.  
For the oblique impact condition, the ES-2 lateral 
upper neck load is initially negative (i.e. head 
moves right relative to chest).  This negative lateral 
upper neck load pulls the upper neck towards the 
pole, and an equal and opposite (i.e. positive) 
resistive load pulls the head away from the pole.  
For the ES-2 dummy and oblique impact condition, 
peak (negative polarity) lateral upper neck load 
occurred at approximately the same time as peak 
(negative polarity) lateral shoulder load (see Figure 
13).  This suggests that the ES-2 dummy head is 
pulled / accelerated away (inboard) from the pole 
by relatively large (negative polarity) lateral upper 
neck and shoulder loads.  For the oblique pole 
impact condition, WorldSID lateral upper neck load 
was also initially negative.  However, the peak 
magnitude and the duration of negative lateral 
upper neck load were considerably less for the 
WorldSID.  For this dummy, lateral upper neck 
load changed polarity immediately prior to hard 
head-to-pole contact.  Therefore, in contrast to ES-
2, the WorldSID head was pushed inboard relative 
to the chest, during head interaction with the curtain 
airbag / pole.          
  

 
Figure 21. Lateral upper neck force (Fy). 
 

Figures 22 to 24 show upper, middle, and lower 
thorax rib deflection for each vehicle-to-pole side 
impact test.  For the ES-2 dummy, perpendicular 
impact produced more upper and middle rib 
deflection, than oblique impact.  This is despite the 
fact that the thorax airbag failed to deploy 
successfully during oblique impact.  For the oblique 
impact condition, the location of maximum rib 
deflection (i.e. upper, middle, or lower rib) varied 
depending on the dummy used.  WorldSID 
predicted greatest injury risk (i.e. highest rib 
deflection) at the upper thorax, while ES-2 
predicted greatest injury risk at the lower thorax.  
This is likely to be attributable to a range of factors, 
including differences in the seating posture, and 
biomechanical response of each dummy.  The 
capacity of each dummy to detect oblique (i.e. not 
purely lateral) rib loads may also be a factor.  It 
should be noted that the ES-2 rib is only capable of 
lateral rib deflection, and the WorldSID is only 
capable of measuring the lateral component of rib 
deflection.  Furthermore, under oblique impact, 
friction in each dummy’s linear rib deflection 
sensor could potentially provide resistance to rib 
deflection.  As a result, it is possible that either 
dummy could have failed to detect some oblique rib 
loading.   
 

 
Figure 22. Upper thorax rib deflection. 

 

 
Figure 23. Middle thorax rib deflection. 
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Figure 24. Lower thorax rib deflection. 
 
Pole Sled Test Series 
 
Table 4 includes dummy head, neck, shoulder, and 
upper spine results for each pole sled test.  Each test 
was conducted with an ES-2 dummy at a 22 km/h 
impact speed.  This impact speed was selected to 
achieve marginal head contact with the pole.  A 40º 
arm angle was used for oblique impact, and a 0º 
(horizontal) arm angle was used for perpendicular 
impact.  The test variables investigated were pole 
impact angle, head impact location, and shoulder 
deflection (simulated by a stepped pole).  The 
purpose of these tests was to investigate the relative 
influence of each test variable on dummy head, 
neck, and shoulder response.   
 
Oblique and perpendicular pole impact conditions 
were simulated by altering the dummy orientation 
relative to the seat and pole.  Results show dummy 
impact angle (i.e. pole impact angle) to have a 
greater effect on shoulder load, upper neck load, 
and upper spine acceleration, than any other test 
variable.  Similar to results obtained from the full 
scale vehicle-to-pole tests, peak longitudinal and 
lateral components of shoulder load and upper 
spine acceleration were all greatest for the oblique 
impact condition.  Other similarities between these 

results and those obtained from the full scale 
vehicle tests include, increased HIC 36 for oblique 
impact, and reversal of peak upper neck load 
polarities for each impact angle.  In this series of 
tests, peak longitudinal / lateral upper neck loads 
were negative for oblique impact, and positive for 
perpendicular impact.   
 
Head impact location was controlled by moving the 
head curtain airbag relative to the pole.  Four head 
impact locations were tested.  These were chosen to 
match ES-2 and WorldSID head-to-airbag impact 
locations from full scale vehicle-to-pole oblique 
and perpendicular impact tests.  Of all the test 
variables investigated, head-to-airbag impact 
location had by far the least effect on dummy head, 
neck, shoulder, and upper spine results.  
 
The ES-2 shoulder design does not allow pure 
lateral deflection of the shoulder relative to the 
upper spine.  In contrast, the WorldSID shoulder is 
able to deflect inwards, thereby reducing the lateral 
distance between the point of the shoulder / pole 
and the side of the head.  In this series of tests, pure 
lateral deflection of the ES-2 shoulder was 
simulated by conducting a pole sled test with a 
stepped pole fixture.  This stepped pole was used to 
reduce the lateral distance between the pole and the 
head, during shoulder interaction with the pole. The 
simulated shoulder deflection condition (test 5) 
produced a substantially greater HIC 36 than any 
other test condition.  Therefore, of the test variables 
investigated, shoulder rib deflection / design 
appears to have the greatest influence on 3 ms head 
acceleration and HIC 36 results.  This relationship 
between shoulder rib deflection and 3 ms head 
acceleration / HIC 36 could be further substantiated 
by conducting similar pole sled tests using a 
WorldSID.  This work is part of further planned 
research.     
 

 
Table 4. 

Pole Sled Test Results 
 

Test Dummy 
Angle 

(Degrees) 

Pole 
Step 
(mm) 

Head / 
Airbag 
Impact 

Location 

Right 
Arm 

Angle 
(Degrees) 

3 ms 
Head 
Acc. 
(g) 

HIC 
36 

Peak 
Upper 
Neck 
Load  

X   
(kN) 

Peak 
Upper 
Neck 
Load  

Y   
(kN) 

Peak 
Upper 
Spine 
Acc.    

X      
(g) 

Peak 
Upper 
Spine 
Acc.   

Y      
(g) 

Peak 
Shoulder 

Load      
X       

(kN) 

Peak 
Shoulder 

Load      
Y       

(kN) 

1 90 0 ES-2 / 0 40.2 155 0.13 0.42 17.7 -30.8 -2.00 -2.88 
2 90 0 WS / 90 0 40.4 153 0.13 0.46 17.0 -29.1 -1.97 -2.77 
3 75 0 WS / 75 40 43.0 218 -0.38 -0.58 -16.7 -50.3 -3.43 -3.70 
4 75 0 ES-2 / 40 46.5 242 -0.44 -0.72 -16.8 -52.4 -3.92 -4.46 
5 75 50 ES-2 / 40 56.9 1009 -0.52 -0.66 -18.6 -50.7 -3.86 -4.56 
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CONCLUSION 
 
Under oblique vehicle-to-pole lateral impact test 
conditions using the same vehicle model, ES-2 and 
WorldSID dummies predicted very different levels 
of head injury protection provided by a head 
protecting curtain airbag.  The test data suggest that 
these differences are a result of the design and 
mechanical response of the shoulders of the ES-2 
and WorldSID dummies. 
 
Perpendicular and oblique vehicle-to-pole lateral 
impact tests using ES-2 show a significant 
difference in shoulder behaviour between these test 
conditions.  Dummy to pole sled tests confirmed 
the influence of ES-2 shoulder behaviour on head 
kinematics and consequently on the ability of this 
dummy to discriminate the level of head protection 
offered by head protecting side airbags.  The head, 
neck, and shoulder kinematics and peak shoulder 
loads of the ES-2 were found to be highly sensitive 
to the direction of loading to the shoulder resulting 
from each pole impact angle. 
 
These results suggest that ES-2 may not be an 
appropriate test tool for evaluation of side impact 
head protection systems in vehicle-to-pole lateral 
impact tests. 
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ABSTRACT 
 

In order to reduce high impact load occurring in 
axial collapse of a crush can, which is installed in the 
front part of car, the elastoplastic nonlinear behavior 
of short thin-walled frusta with square cross-section 
subjected to statically axial compression is studied by 
using finite element method. The square tubes 
1.8mm in thickness, with upper cross-section of 
85mm x 90mm and lower cross-section of 130mm x 
135 mm, have different lengths ranging from 135mm 
to 225mm. A typical tensile stress-strain curve for 
aluminum is modeled as 2 straight-line hardening 
relationship. 
The FEM code MSC.Marc is used to simulate the 

axial compression of thin-walled frusta of square 
cross-section. The load-displacement curves of frusta 
are obtained from the numerical analyses. It is found 
from the curves that in the axial collapse process of 
the frusta there are two peaks of the load, 
corresponding to the initial buckling and formation 
of the second wrinkle. Unlike the axial collapse of 
long tubes, however, the load due to the second 
wrinkle is higher in magnitude than the initial 
buckling load. The reason for high second peak load 
is that the frusta are too short to form the 2nd 
wrinkle. 
The second peak load is very sensitive to the 

boundary condition on the lower end. Usually, high 
load occurs in a strong restraint. 
Also, it is found the effects of holes in side plate of 
frusta on the second peak load are very complex. If 
the holes were located exactly right on the folding 
lobes, the second peak load could be reduced. The 
other methods to reduce the second peak load were 
also investigated. It seems that the most effective 
method for lowering load is shortening the 
wavelength of wrinkles. 
 
INTRODUCTION 
 

In the development of vehicle crashworthiness, 

crush can, which is located in bumper, must strike a 
balance between high energy absorption to secure 
reparability in low-speed crash and frame resistance 
in high-speed crash. In particular, in order to satisfy 
reparability while maintaining good styling, crush 
can should be as short as possible while being able to 
absorb energy efficiently. In this paper, influence of 
length and restraint condition on crush characteristics 
was studied using a base geometry simulating crush 
can. Besides, geometry variations were also studied 
to absorb energy efficiently.  
 
Method and Model of Analysis 
 

In this analysis, generic FEM analysis software 
MSC.Marc was used to analyze the axial 
compression of an analytical model (Figure 1) 
representing the aforementioned simplified model.  
A square tube was modeled with 3D quadrilateral 
shells and its bottom was completely fixed to a rigid 
wall. The square tube was compressed by pressing 
the rigid body against its top with displacement 
control, taking into consideration the friction 
coefficient between the rigid body and the top of 
square tube.  The dimensions of base model are 
shown in Figure 1. The model is 1.8mm in thickness 
and made of 440Mpa steel plate.    

The characteristics of the simplified model were 
studied by changing the length of square tube, 
restraint conditions, etc. from the base model.  
Though the crush behavior of square tube also relates 
to the impact speed, quasi-static crush was studied 
since the characteristics at low speed are similar to 
quasi-static crush and the characteristics at low speed 
are also related to quasi-static crush. 
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Figure 1.  Analytical model 
 

A homogeneous isotropic elasto-plastic body 
conforming to Von Mises yield criterion was used for 
the analysis so that stress σ and strain ε can be 
approximated by 2 straight-line hardening 
relationship.  σy, E, and Eh represent yield stress, 
longitudinal elastic modulus, and work hardening 
respectively. In this study, material Poisson's ratio ν 
= 0.3,  longitudinal elastic modulus E = 70.6 (GPa), 
and  yield stress σ y = E/1000 and work hardening 
characteristics Eh is used for the influence of material 
characteristics. Though actual material may not be 
approximated by 2 straight-line hardening 
relationship, the influence of magnitude of work 
hardening on the crush characteristics can be 
represented by the effect of work hardening 
characteristics Eh obtained here. 
 
Analysis Results of Base Model 
 
Figure 2 and 3 show the relationship between 
compressive load and axial displacement of base 
model in axial compression and its deflection.  In 
Figure 2 and 3, after high peak load was generated, 
deformation progressed with fluctuation of load. 
Once the first wrinkle collapsed, the second wrinkle 
was generated.  At that time, a load generated by the 
second wrinkle was higher than the first peak load.  
At the early phase of deflection, the load fluctuated 
due to the influence of contact condition between 
rigid body and component. 
 

 
 

Figure 2. Load-deflection curve of base model 

 

(1) (2) (3) (4)

Figure 3. Deflection of base model 
 
Study on the Length of Model 
 

The length of model was changed to 180mm and 
225mm from base model with its angle fixed 
(θ=tan-1(20/135)). 
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second wrinkle.  In case of base model, with 
remaining length of 5mm, the second wrinkle was 
not made like the first one since its end was 
restrained. As a conclusion, its length is not enough 
to generate the second wrinkle.  Therefore, in case 
of base model, the second peak load rose 
significantly since collapse margin is insufficient to 
generate a wrinkle and its bottom restraint hinders 
deflection that leads to wrinkle.  This is also 
obvious from the difference in the third load 
amplitude between model l20 and model l25. 
 

Table 2.  Length of the first wrinkle  
Model Wrinkle  

Length(mm) 
Remaining

Length(mm)
l15 65 5 
l20 70 40 
l25 70 85 

 
The axial compression of square tube can be 

categorized into three types depending on its length 
in axial direction. 
(1) A square tube long enough to generate more than 

three wrinkles  
In this case, with less influence of bottom 
restrain, wrinkles are generated one after another 
with its length controlled automatically; thus, the 
load does not rise due to the last wrinkle 
generation.  

(2) A short square tube that cannot generate a 
wrinkle 
In this case, the deflection is similar to that of a 
plate as circumferential wrinkle is be made. 

(3) A square tube with one or two wrinkles  
Without a length enough to generate the second 
wrinkle, load generated by wrinkle becomes 
high with great influence of restraint. 

Since the base model falls within category (3), it is 
subject to the influence of restraint; thus, it is very 
important to adjust the length of wrinkle. 
 

Study on Influence of Restrain Condition 
 

The results of study on the influence of restraint 
condition are described in this section. Figure 5 
shows respective restraint conditions that were 
studied. 
 

 

 

 

 

 

 

 

 

pot welding Spot welding

Figure 5.  Restraint condition 
 
Table 3 shows the measurement results of length of 

wrinkle generated in cases 1 through 5. Figure 6 
shows the measurement positions of individual 
wrinkles. Figure 7 shows load-deflection curve of 
cases 1 through 3.  Figure 8 shows load-deflection 
curve of case 1, case 4, and case 5. 
 

Table 3.  Length of first wrinkle 
Model Wrinkle  

Length(mm)
1 (Top & bottom circumferences 
restrained) 

65 

2 (Top center restrained) 80 
3 (Top corner restrained) 80 
4 (Bottom center restrained) 67.5 
5 (Bottom corner restrained) 65 

 

Figure 6. Measurem
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Figure 9.  Geometry of analytical model with 
holes 
 
Figure 10 shows the analysis result.  Figure 11 

shows the deflection.  Points (1) through (4) shown 
in Figure 10 correspond to numbers shown in Figure 
11.  These figures indicate that, by making local 
holes, the second peak load can be reduced. The 
effect of local holes, however, is only limited to the 
case where the location of wrinkle is predictable. It is 
still not sure whether the same effect is expected in a 
complicated load input or oblique impact.  If the 
number of holes is increased, it may intentionally 
reduce the energy absorption area. 
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Figure 10. Load-deflection curve of model with 
holes  

 
Figure 11. Deflection of model with holes  
 
Model with Corrugation in Axial Direction 
 

Chen [2006] elucidated the following three deflection 
modes of a square tube: 
(1) N mode: a mode where no deflection is 

generated along corrugation 
(2) S mode (Simultaneous Crush): a deflection 

mode along corrugation where a load 
monotonically increases. 

(3) P mode (Progressive Crush): a deflection mode 
along corrugation with load amplitude 

(1)

(4)(2)
(3)
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S mode is favorable since no peak load is generated 
at initial phase. The load monotonously increases in 
compression with small load amplitude, and so on. 
Though corrugation may decrease energy absorption 
rate compared with the conventional square tube, it 
has been proven out that by optimizing the geometry, 
the equivalent effect as the conventional one can be 
obtained.  

Therefore, a study was made to figure out whether 
the corrugate square tube is applicable as a 
refinement of the base model.   

Three geometries were studied with regular 
corrugation of wave amplitude of 2a and a sin 
functional curve of y=asin (2πλ), where a, λ  is 
amplitude and wavelength respectively. Figure 12 
shows load-deflection curve of individual models, 
and Figure 13, 14, and 15 show their deflection. 
 

 
 
Figure 12.  Load-d
2 and 3 
 

Figure 13.  Deflect
 

Figure 14.  Deflect
 

Figure 15.  Deflect
 
As is indicated in lo
and deflection in F
resulted in S mode
geometry 3 resulte

among those 3 geometries.  Though this geometry 
with corrugation is able to obtain S mode, the design 
must be optimized in order to control deflection 
mode and to have high energy absorption rate. 
 
CONCLUSION 
 
The following conclusions have been obtained from 
analytical results.  
(1) Length of component 

As a short square tube, the base model does not 
have enough length to generate the second 
wrinkle; thus, the second peak load rises.  
Control is required so that the second wrinkle 
can be generated. 

(2) Influence of restraint condition 
With short overall length of square tube, the 
influence of restraint condition is complicated; 
thus, it is difficult to cope with the issue by 
changing restraint condition. 

(3) Study on geometry change 
-A model with holes locally 

The second peal load is decreased by having 
holes. However, it is not desirable solution 
since this is only applicable to the case where 
wrinkle position can be predicted and this 
may lead to the initial peak load increase.  

-A model with corrugation in axial direction 
By having corrugation, such a deflection 
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eflection curve of geometry 1, 

 
ion of geometry 1 

 
ion of geometry 2 

 
ion of geometry 3 

ad-deflection curve in Figure 12 
igure 13 though 15, geometry 3 
.  As was mentioned, however, 
d in the lowest average load 

mode is obtained that the load monotonously 
increases without initial peak load. It is, 
however, difficult to apply the geometry 
studied as it is. The fact that wrinkle length 
can be controlled with the corrugation could 
be a clue for the improvement of component.   
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ABSTRACT 
 

Through the global research of the past decade, it can 

be said that fundamental issues of frontal impact 

compatibility have been almost fully  understood. 

The first step is to enhance the structural interaction 

between the front-end structures of colliding vehicles 

and the next step is to help match the  stiffnesses 

between vehicles. In the previous ESV conference, 

the authors reported the results of a study in which 

stiffness matching in SUV-to-car frontal impact was 

accomplished by increasing the car's stiffness only[9]. 

In this paper, the stiffness matching in SUV-to-car 

frontal impact will be accomplished by only reducing 

the SUV’s stiffness using FE (finite element) vehicle 

models. These two studies would contribute to 

furthering the research for more practical 

compatibility countermeasures. 

 

INTRODUCTION 
 

Automobile manufacturers' continuous efforts to 

improve vehicle safety performance in cooperation 

with the introduction of various vehicle safety 

standards and the new car assessment programs have 

led to significant improvement of vehicle 

self-protection performance over the past years. As a 

consequence, the improvement of impact 

compatibility for partner-protection is recognized as 

an indispensable approach to further help enhance 

vehicle safety performance. 

Many studies in the past several years have indicated 

that the fundamental issues of frontal impact 

compatibility were to enhance structural interaction 

between the front-end structures of colliding vehicles 

as the first step, and to help match stiffnesses 

between vehicles as the subsequent necessary step. 

On the basis of this philosophy, various approaches 

to improve frontal impact compatibility have been 

proposed and discussed around the world [2]-[8]. 

The authors have been focusing their attention on the 

stiffness matching issue in the case where good 

structural interaction was ideally achieved and 

reported the results of a study in which stiffness 

matching in SUV-to-car frontal impact was tried only 

by increasing the car's stiffness[9]. The results were 

reported in the previous ESV conference. The 

conclusion of that study was that achieving good 

stiffness matching between a SUV and a car only by 

increasing car's stiffness was unrealistic due to 

substantial weight increase by the necessary 

reinforcement of the body structure. 

On the other hand, NHTSA(National Highway 

Traffic Safety Administration) is now studying the 

effect of reducing the SUV's stiffness on stiffness 

matching by the introduction of new metrics called 

KW400[10]. In this paper, stiffness matching in 

SUV-to-car frontal impact (see Table 1) was 

performed only by reducing the SUV's stiffness to a 

certain level of KW400. In order to focus on stiffness 

matching, it was assumed that structural interaction 

between the vehicles is ideal. The study was done 

using FE vehicle models(see Figure 1). The FE 

vehicle models were respectively correlated with 

fixed-barrier physical impact tests. 
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Table 1. 

SUV-to-car impact conditions 

Vehicle type SUV 
Car 

(Middle-sized 
sedan) 

Curb mass 2500kg 1400kg 
Overlap ratio Full overlap 

 

 

 

 

 

 

 

 

 

INFLUENCE OF KW400 ON VEHICLES 
 

NHTSA's report shows that KW400 is calculated as 

shown in Figure 2 using a vehicle force-deformation 

curve obtained in a 56km/h full overlap frontal 

impact test. Although the appropriate upper limit of 

KW400 for SUVs has not been decided yet, NHTSA 

indicates that the occupant injury probability in 

impacts between vehicles whose KW400 is between 

1300N/mm and 1700N/mm is lower than that in 

impacts between other vehicles[11]. Therefore in this 

study, it was assumed that the SUV's KW400 shall 

not exceed 1700N/mm. 

 

 

 

 

 

 

 

 

 

 

Figure 3 represents the force-deformation curve of 

the SUV shown in Table 1, which is obtained from 

the result of FE simulation for a 56km/h full overlap 

impact test. The SUV’s KW400 is approximately 

2400N/mm and larger than the assumed upper limit 

of 1700N/mm. The measure that was considered was 

to decrease the KW400 below the upper limit. 

 

 

 

 

 

 

 

 

 

 

 

 

According to the KW400 definition, it is expected 

that reducing the front longitudinal stiffness where 

vehicle deformation ranges from 0mm to 400mm 

will lead to the achievement of preferable KW400 

values. However this causes the reduction of energy 

absorption in the engine compartment. As a result, it 

is believed that passenger compartment intrusion 

increases and occupant injury indexes increase. The 

increase in occupant injury results from a 

combination of delay in occupant restraint and 

changes in allowable relative occupant displacement 

due to deformation and intrusion. 

Therefore reducing the front longitudinal stiffness to 

decrease the KW400 has to be combined with some 

of the following measures to improve vehicle safety 

performance. 

 

• To prevent increased passenger compartment 

intrusion 

• Prevent the energy absorption in engine 

compartment from decreasing by means of 

extending vehicle front overhang. 

• Increase vehicle stiffness where vehicle’s 
deformation is over 400mm. 

• To prevent increased relative displacement of 
occupant to vehicle 

• Improve the restraint system performance. 

 

At the same time, automotive manufacturers 

generally take into consideration the following 

viewpoints when deciding on which measures should 

be adopted. 

 

• Minimizing vehicle front overhang in order to 
maintain vehicle exterior design flexibility and 

good handling performance among other 

factors. 

• Keeping cabin strength below a certain level to 

Figure 1.  FE vehicle models. 

Figure 2.  Difinition of KW400. 

Figure 3.  Force-deformation curve of SUV in 
56km/h full overlap impact. 
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avoid the increase of relative displacement of 

occupant to vehicle. 

• Technical limitations associated with improving 

restraint system performance. 

 

Based on the above-mentioned factors, a set of 

measures to decrease the SUV's KW400 below 

1700N/mm without an increase of occupant injury 

indexes in a 56km/h full overlap impact was 

determined using FE simulation. The result is shown 

in Table 2 and Figure 4. 

 

Table 2. 
A set of measures to decrease the SUV’s KW400 

Front overhang Increased 
Restraint system Improved 

Vehicle 
force-deformation 

curve 
See Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

EFFECT OF KW400 ON STIFFNESS 

MATCHING IN SUV-TO-CAR IMPACTS 
 

In the previous chapter, a set of measures to achieve 

the preferable SUV's KW400 from a compatibility 

viewpoint without an increase of occupant injury 

indexes in a 56km/h full overlap impact was shown. 

As a next step, we compared whether the car’s 

deformation decreased or not in a SUV-to-car frontal 

impact with an SUV that had preferable KW400 

values. 

At the beginning, the following basic study was 

conducted. 

When an SUV with a mass m1 impacts a car with a 

mass m2 at a relative speed of V, the deformation 

energy of both vehicles E, is given by: 

2

21

21

2
1

V
mm

mm
E ⋅

+
⋅⋅=  (1). 

In the above equation, it is assumed that the impact is 

perfectly inelastic. When the force-deformation 

curves of both vehicles are known, the deformation 

of each vehicle in this impact can be derived from the 

relationship identified in the hatched area of Figure 5 

is equal to E. 

 

 

 

 

 

 

 

 

 

 

 

Using the above-mentioned method, the deformation 

of each vehicle was predicted. Additionally, 

prediction of two impact scenarios using different 

impact speeds was performed. The detailed impact 

conditions are shown in Table 3. The prediction of 

Case 1 was done using force-deformation curves 

obtained in 56km/h full overlap impact FE 

simulations. In contrast, in the prediction of Case 2, a 

force-deformation curve of a car was obtained in a 

70km/h full overlap impact FE simulation because it 

was expected that the car’s deformation in Case 2, 

SUV-to-car impact, was larger than that in a 56km/h 

full overlap impact. 

 

Table 3. 
SUV-to-car impact conditions 

Case 1 2 

Vehicle 
type 

SUV 
Car 

(Middle-sized 
sedan) 

SUV 
Car 

(Middle-sized 
sedan) 

Curb 
mass 

2500kg 1400kg 2500kg 1400kg 

Impact 
speed 

32km/h each vehicle 56km/h each vehicle 

Overlap 
ratio 

Full overlap Full overlap 

 

Figure 6 shows the prediction result. In both Cases 1 

and 2, the car’s deformations were larger than SUV’s 

deformations. These results are not considered 

compatible. 

Figure 4.  Force-deformation curve in 56km/h 
full overlap impact of SUV with decreased 
KW400. 

Figure 5.  Prediction method of vehicle 
deformation. 
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Next, the deformation of each vehicle when a SUV 

with decreased KW400 was modeled (by installing 

the measures shown in the previous chapter), and the 

impacts on a car were predicted. Also, prediction of 

two impact scenarios using different impact speeds 

was performed.. The detailed impact conditions are 

shown in Table 4. 

 

Table 4. 
SUV-to-car impact conditions 

Case 3 4 

Vehicle 
type 

SUV 
with 

decreased
KW400 

Car 
(Middle- 

sized 
sedan) 

SUV 
with 

decreased
KW400 

Car 
(Middle- 

sized 
sedan) 

Curb 
mass 

2500kg 1400kg 2500kg 1400kg 

Impact 
speed 

32km/h each vehicle 56km/h each vehicle 

Overlap 
ratio 

Full overlap Full overlap 

 

The prediction result is shown in Figure 7. The car’s 

deformation in Case 3 decreases in comparison with 

that in Case 1 and compatibility is improved. 

However the car’s deformation in Case 4 increases in 

comparison with that in Case 2 and compatibility is 

deteriorated. The reason of this deterioration is that 

the energy absorbed by the SUV at this 

comparatively high impact speed has decreased due 

to measures meant to achieve the preferable SUV's 

KW400. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From these results, it is expected that there is a 

critical impact speed at which the effect of 

decreasing the SUV's KW400 below the assumed 

upper limit on the car’s deformation changes from 

reduction to increase. The method described above 

indicates that the critical impact speed is 

approximately 52km/h(see Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The result obtained by the above basic study suggests 

Figure 6.  Deformation prediction of SUV 
and car. 

Figure 7.  Deformation prediction of SUV 
with decreased KW400. 

Figure 8.  Relation between variation of car’s 
deformation and impact speed. 
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that, depending on how to decrease the SUV's 

KW400, compatibility in SUV-to-car frontal impact 

under a critical impact speed is improved while 

compatibility in SUV-to-car frontal impact over the 

critical impact speed could be deteriorated. 

In the above-mentioned basic study, it was assumed 

that impact is perfectly inelastic, but an actual impact 

is not. In addition, vehicle force-deformation curves 

in SUV-to-car impacts may not correspond to those 

in full overlap impacts, especially at a late impact 

stage due to static/dynamic ratios and other factors. 

Therefore in order to verify the result more 

accurately, SUV-to-car frontal impact FE simulations 

were conducted (see Figure 9) for all four cases 

shown in Table 3 and 4. In these FE simulations, a 

plane perpendicular to a vehicle’s longitudinal 

direction was set at the junction between both 

vehicles to assume that structural interaction between 

both vehicles is ideal. The plane can move only in a 

vehicle’s longitudinal direction. 

 

 

 

 

 

 

 

 

 

Figure 10 shows the result. In the cases that impact 

speed of each vehicle is 32km/h, the car’s 

deformation in Case 3 decreases in comparison with 

that in Case 1. However, in the case where the impact 

speed of each vehicle is 56km/h, which slightly 

exceeds the critical impact speed obtained from the 

basic study, the car’s deformation in Case 4 does not 

decrease but rather slightly increases in comparison 

with that in Case 2. The FE simulations correspond 

well to the basic study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 
 

The purpose of this study is to validate the 

effectiveness of the SUV's KW400 reduction as a 

countermeasure for compatibility improvement in 

SUV-to-car frontal impact. For that purpose, at the 

beginning a set of realistic measures to decrease the 

SUV's KW400 below the assumed upper limit 

without the increase of occupant injury indexes in 

56km/h full overlap impact was determined. The 

measures are an example of solutions with a practical 

balance between safety performance and other 

requirements in actual vehicle design and contain not 

only vehicle stiffness reduction but also vehicle front 

overhang extension, restraint system improvements 

and so on. 

However, as a result of subsequent SUV-to-car 

frontal impact FE simulations using the SUV model 

installed with the above measures, it turned out that 

such design changes, which were originally intended 

to improve compatibility between two vehicles, can 

be effective in a certain impact speed range, but at 

the same time could not be effective and worsen the 

situation over the entire speed range. 

In the latter case, it is apparent that the reason why 

the SUV's stiffness reduction based on KW400 

metrics results in an increase of the opponent car's 

deformation is the deficiency of the SUV's energy 

absorption capability in the engine compartment per 

the design change. Such deficiency of energy 

Figure 10.  Calculation result of vehicle 
deformation. 
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absorption has often been considered as a result of 

poor structural interaction. 

Perhaps a promising approach to enhance stiffness 

matching without the problem described above is to 

establish guidelines for the amount of minimum 

necessary energy absorption by a certain force level 

for both vehicles(see Figure 11). However, a wide 

range of studies about how to decide appropriate 

energy amounts and force levels and a cautious 

feasibility assessment from a viewpoint of actual 

vehicle design are necessary to translate the approach 

into reality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 
 

Stiffness matching in SUV-to-car frontal impact by 

only reducing the SUV's stiffness was studied using 

FE models of actual existing vehicles in the market. 

The following conclusions were made. 

 

• In order to decrease the SUV's KW400 below 
the assumed upper limit, 1700N/mm, without an 

increase of occupant injury indexes in 56km/h 

full overlap impact, vehicle front overhang 

extension, restraint system improvements and 

other alterations in addition to vehicle stiffness 

reduction are needed. 

• The results of SUV-to-car frontal impact FE 
simulations using the SUV model installed with 

the above design changes for KW400 reduction 

indicates that the design changes can reduce the 

opponent car's deformation under a certain 

impact speed, but could increase and worsen the 

situation at higher impact speeds. 
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ABSTRACT 

The development of new and sophisticated in-car 
systems fostered by technical innovation demands 
careful evaluation of these systems. Driving 
simulation is an important tool for this kind of 
evaluation. In-depth knowledge of the driving 
simulator as a tool as well as of measures recorded 
and calculated while using the simulator is needed 
to improve new driver information systems or 
similar devices during the development process. 
For this reason, two experiments were conducted to 
investigate the sensitivity of lane keeping and 
steering measures. Participants were exposed to 
varying fields of view as well as cognitive and 
visual-motor secondary tasks. 
The results yielded by the two experiments were 
quite consistent. All used measures are more 
sensitive to a visual-motor secondary task and the 
reduction of the peripheral field of view than to a 
cognitive secondary task. Out of the various 
steering measures the “High Frequency Component 
of Steering Wheel Angle” and the “Steering Wheel 
Reversal Rate” showed the best results. “Time to 
Line Crossing” and the “Standard Deviation of 
Lateral Position” were the most sensitive of the 
lane keeping measures. Since the level of difficulty 
in implementing and analyzing the examined 
measures differs widely these results can help to 
choose suitable measures in an economic manner. 
Analyses showed that a harmonization process is 
needed with regard to the various calculation 
methods of some of the measures. 
Another topic was subjects’ level of experience 
with the driving simulator. We found that only a 
short period of training was needed to be perfectly 
prepared for this kind of experiment. Interpretation 
of the results is limited to male persons between the 
age of 20 to 36 years. 
 

INTRODUCTION 

The number of built-in driving assistance and 
driver information systems increases continuously. 
Before such systems can be implemented they are 
tested thoroughly during the development process. 
These test runs ensure that driving comfort is 
increased without compromising safety aspects of 
the driver and of other traffic participants. 
Driving simulation is an important tool to carry out 
such testing. The complexity of different driving 
simulators varies considerably (see Evans, 2004). 
Low fidelity static driving simulators consist of 
only a computer screen and a steering wheel as 
used for computer games. High fidelity driving 
simulators have their own mock up, the scene is 
extensively projected to a screen or high resolution 
monitors. However, a precise classification is 
difficult. 
The dynamic driving simulator is the most complex 
and impressive variant, which simulates centrifugal 
and acceleration forces matching the according 
driving maneuver (see Huesmann, Ehmanns & 
Wisselmann, 2006). 
Assessment of driving performance and driver 
distraction is realized by tracking eye movements, 
analyzing physiological measurements like pulse or 
heartbeat, and, probably most important, recording 
driving data. 
A significant advantage of driving simulator tests 
over real-life driving tests is the fact that an 
expensive installation of vehicle dynamic sensors is 
not necessary (see Reed & Green, 1999). As a 
further advantage Reed and Green (1999) name the 
possibility to conduct standardized tests without 
endangering participants. 
Measurements of lateral control have been used by 
numerous studies for a long time (see Zwahlen, 
Adams & DeBald, 1988, Pohlmann & Traenkle, 
1994 or Pizza, Contardi, Mostacci, Mondini & 
Cirignotta, 2004). Many measures with various 
calculation methods have been suggested. Some of 
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these measures are recorded with different points of 
reference. In-depth knowledge of these points of 
reference and the calculation methods is necessary 
in order to facilitate a comparison of results across 
different studies. 
With respect to efficient and economic test 
execution it is certainly advantageous to choose 
fitting candidates out of the set of existing 
measures, which are capable to show the influence 
of driving assistance systems on driving 
performance. 
The presented survey deals with the systematic 
investigation of factors that influence driving 
performance when using the static driving 
simulator of the BMW Group. The identification of 
suitable lane keeping and steering wheel measures 
was another aim of this study. In this article 
findings regarding the sensitivity of measures from 
two experiments of the survey will be reported. 

LANE KEEPING PERFORMANCE AND 
MEASURES OF LATERAL CONTROL 

Lane keeping is a basic component of the driving 
task. It is the lowest level of Michon’s hierarchical 
model (Michon, 1985). The motor and cognitive 
processes needed for lane keeping purposes are 
more or less automated at this level. 
Measures of lateral control are used to describe the 
performance of lane keeping. They can be 
classified into lane keeping and steering wheel 
measures. Lane keeping measures are concerned 
with the position of the vehicle within the road or, 
more precisely, within a certain lane. The focus of 
steering wheel measures is the deviation of the 
steering wheel. Zwahlen, Adams & DeBald (1988) 
were able to show that lane keeping and steering 
wheel measures are sensitive to various types of 
distraction such as performing secondary tasks 
during driving. 
On the basis of the norm DIN EN ISO 17287 
(2003) and other surveys (see Roskam, Brookhuis, 
de Waard, Carsten et al., 2002), eight measures of 
lateral control where selected for the survey. 
The chosen lane keeping measures were “Mean 
Lateral Position”, “Standard Deviation of Lateral 
Position”, “Time to Line Crossing” and “Number 
of Lane Exceedances”. Steering wheel measures 
were “Standard Deviation of Steering Wheel 
Angle”, “Number of Zero-Crossings”, “Steering 
Wheel Reversal Rate” and “High Frequency 
Component of Steering Wheel Angle”. 
These measures will be briefly explained in the 
following sections and reasons for their use in the 
survey will be specified. The following 
explanations follow Knappe, Keinath and 
Meinecke (2006). 

NUMBER OF LANE EXCEEDANCES (LANEX) 

A lane exceedance is counted as soon as a specified 
part of the vehicle leaves the current lane 
unintentionally. In the literature, several varying 
definitions can be found. Östlund, Nilsson, Carsten, 
Merat et al. (2004) count a lane exceedance as soon 
as the outer side of a tire touches a lane marking. 
Liu, Schreiner and Dingus (1999) mention a less 
restrictive definition: they only talk about a lane 
exceedance if more than half the vehicle is on the 
adjacent lane. 
Depending on the chosen test track the occurrence 
of lane exceedances might be a rare event, which is 
a disadvantage as it complicates the analysis of the 
measure. On the other hand, face validity is very 
high, because any lane exceedance poses a safety 
risk, which is why this measure was included in the 
survey. 
For the current experiment, a lane exceedance was 
counted when the outer edge of either front tire 
exceeded the inner edge of the lane marking. All 
lane exceedances were counted and then divided by 
the distance driven (Equation 1).  

driven

lanex

d

n
LANEX=     (1). 

This allows a comparison of results of different 
experiments. 

MEAN LATERAL POSITION (MLP) 

The mean lateral position is the average of all 
recorded distances (d) between a fix point of 
reference of the vehicle and the left or right lane 
boundary (Equation 2). 

n

d
MLP

n

i

i∑
== 1     (2). 

This measure is therefore an indicator of general 
driving strategy or, in other words, the inclination 
of a driver to drift to either of the lane boundaries. 
When driving with extreme orientation towards one 
of the lane boundaries, the likelihood of a lane 
exceedance is increased. As de Waard, Steyvers 
and Brookhuis (2004) report, the lateral position 
might be dependent on speed: with rising speed, 
drivers tend to orientate towards the road center. 
When evaluating driving assistance and driver 
information systems, the question arises whether 
driving strategy changes while the driver uses these 
systems. However, a driving error can only be rated 
when extreme orientation towards a lane boundary 
is present. 
The inclusion of this measure in this survey is 
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owed to the fact that it supplies basic information 
about the driving strategy. 

STANDARD DEVIATION OF LATERAL POSITION 

(SDLP) 

This measure is defined as the standard deviation of 
all recorded distances between a fix point of 
reference and the left or right lane boundary (d) 
(Equation 3), where davg is the average of all 
recorded distances and n the number of distances 
recorded. 
 

n

dd
SDLP

n

i

avgi∑
=

−
= 1

2)(
       (3). 

 
In contrast to the MLP measure, the SDLP measure 
is considered to judge driver distraction directly. 
Higher SDLP values can be interpreted as a higher 
deviation from the driver’s chosen “ideal route” 
represented by the MLP. When the SDLP has very 
high values the probability of lane exceedances is 
increased. Therefore, the notion of defining driving 
errors based on the level of SDLP values seems 
justified (see Nirschl, Böttcher, Schlag & Weller, 
2004). 
Taking into account that the calculation of the 
SDLP measure is simple, it is no surprise that this 
measure is often included in surveys, as is the case 
with the paper at hand. 

TIME TO LINE CROSSING (TLC) 

This measure was developed and specified by 
Godthelp, Milgram and Blaauw (1984). It specifies 
for a given point in time when the left or right front 
wheel of the vehicle would cross the lane boundary 
while maintaining the current course. As units of 
the TLC normally seconds are used. The smaller 
the TLC value gets, the more likely is a lane 
exceedance. When driving straight on a straight 
lane the TLC value is indefinite. Out of the 
recorded TLC values various TLC measures can be 
calculated. The simulator software calculates a 
TLC value for a given point in time in the 
following manner (Equation 4): 
 

offsdir dtlcvtlc
cvyv −⋅⋅−⋅⋅−−= α2

2

2

)(
0    (4). 

In this quadratic equation v is the speed of the 
vehicle, y is the yaw rate of the vehicle, c is the 
curvature of the road, αdir is the angle between 
vehicle and road direction and doffs is the distance 

to the lane boundary. To obtain the TLC value, this 
quadratic equation can be solved with the 
determinant for quadratic equations. 

STANDARD DEVIATION OF STEERING WHEEL 

ANGLE (SDST) 

The standard deviation of all recorded steering 
wheel angles is calculated to obtain this measure 
called SDST (see Liu et al., 1999). Although 
calculation of this measure is simple, the 
dependency on track curvature is high, which 
makes it difficult to sort out the influence of driver 
distraction. However, when comparing secondary 
task test runs with baseline driving, this drawback 
is eliminated. Since this method was employed in 
this survey, the according measure was also 
included in this study. Calculation of this measure 
is the same as with the SDLP measure, only with 
steering wheel angle deviations instead of 
distances. 

NUMBER OF ZERO-CROSSINGS (ZERO) 

Each change of sign in the recorded steering wheel 
angle signal is counted in order to obtain the ZERO 
measure. The number of zero-crossings (nzero) is 
divided by the distance driven (ddriven) to allow 
comparisons across experiments (Equation 5). 
 

driven

zero

d

n
ZERO=       (5). 

 
High values of this measure might indicate unstable 
driving behavior induced by driver distraction. 
However, this measure is highly influenced by 
track curvature like the SDST measure described in 
the previous section. Therefore, a comparison of 
task versus baseline driving is necessary. 
Comparisons across different surveys are only 
possible with accurate knowledge of track 
curvature (see Roskam et al., 2002). 
Since the test track used in this survey was only 
moderately curved the measure was included 
despite its drawbacks. 

STEERING WHEEL REVERSAL RATE (SRR) 

As first mentioned by McLean and Hoffmann 
(1975), the calculation of this measure means a 
higher mathematical effort than the steering wheel 
measures described in the previous sections. 
All reversals within the steering wheel angle signal 
that are greater than a given gap size are counted. 
The proportion of this absolute number of counted 
reversals (ngap) and the time needed (tdriven) is called 
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steering wheel reversal rate (Equation 6). 
 

driven

gap

t

n
SRR =      (6). 

 
In order to facilitate the determination of the 
reversals the steering wheel angle signal is filtered 
with a low pass filter, which eliminates noise in the 
signal. An extrema detection algorithm is employed 
to find minimum and maximum values in the 
signal. When the angle between two neighbouring 
extrema points is greater than the gap size, a 
reversal is counted. 
Typically, gap sizes between a half and ten degrees 
are selected (see McDonald & Hoffmann, 1980). 
The smaller the chosen gap size, the finer the 
steering wheel correction that is captured with this 
measure. The optimal gap size has not been 
determined yet. Frequently, different gap sizes are 
used within a survey and the gap size that leads to 
the highest effect size is chosen. However, too 
large gap sizes pose the danger that reversals are 
only a rare event. 
This measure was included in the survey to check 
whether the increased difficulty in obtaining the 
measure is worth the effort. Since the dependency 
on road curvature is rather low it is a promising 
candidate for the comparison of different surveys. 

HIGH FREQUENCY COMPONENT OF STEERING 

WHEEL ANGLE (HFC) 

McLean and Hoffman (1971) also proposed the 
measure called HFC. They found that steering 
wheel movements in a frequency band between 
0.35 Hz and 0.6 Hz are sensitive for a secondary 
task load. 
Calculation of this mathematical demanding 
measure is possible with different variants. 
According to Östlund et al. (2004), the steering 
wheel signal is filtered with a low pass filter 
(Butterworth 2nd order, cut off frequency 0.6 Hz) to 
eliminate noise. This filtered signal is called the 
“all-steering activity signal”. The frequency band 
of interest is obtained by further filtering of the all-
steering activity signal with a high pass filter 
(Butterworth 2nd order, cut off frequency 0.3 Hz). 
The HFC value is finally calculated as the 
proportion of the power of the frequency band 
signal (Pband) and the all-steering activity signal 
(Pall) (Equation 7). 
 

all

band

P

P
HFC =       (7). 

 
This measure captures first and foremost high 

frequency steering wheel movements and thus 
gives information about an important aspect of 
steering behavior. Therefore, it was included in the 
survey. 
Two experiments were conducted to provide a 
basis for publishing recommendations concerning 
appropriate measures in the context of evaluating 
driver assistance and information systems. 

EXPERIMENTAL VARIATION OF THE 
AVAILABLE FIELD OF VIEW 

The literature provides information about visual 
input needed for lane keeping. For example, Land 
& Horwood (1995) showed that a nearer part of the 
road (about 0.53 seconds away) is important with 
regard to the positioning of a car in the lane. A 
more distant part of the road (about one second 
away) gives necessary information concerning the 
curvature of the road. Speed plays a critical role 
concerning the necessary visual input. The faster a 
person drives, the more important is the more 
distant part of the road or lane-keeping 
performance deteriorates. Mourant and Rockwell 
(1972) as well as Summala, Nieminen and Punto 
(1996) showed how novice drivers use foveal 
vision for the lane-keeping task. After more driving 
practice has been acquired, drivers tend to use also 
peripheral vision. The question arises how much 
deterioration in the lane-keeping task occurs when 
peripheral vision is suppressed but still every part 
of the scenery can be perceived foveally. 

METHOD 

It was one aim of the first experiment to check 
whether a limitation of the field of view down to 5° 
degrees causes deterioration in the lane-keeping 
task although all parts of the road can be focused 
and the position of the car can also be checked 
foveally. 
The second aim was to check whether all selected 
measures, including their different ways of 
calculation, indicate the expected change in lane 
keeping performance in a similar manner. 

PARTICIPANTS 

Twenty-one participants, mainly man, participated 
in the experiment. Participants were between 20 
and 36 years old with an average age of 28.9 (SD = 
3.9). 
Participants either had normal vision or ametropia 
was corrected completely via contact lenses. It was 
not possible to wear glasses due to the experimental 
setup. 
All participants were employees of the BMW 
Group and had no practical experience with driving 
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in a simulator before the experiment. Experiments 
were conducted during regular office hours; 
subjects participated on a voluntary basis. 

APPARATUS 

     Driving Simulator - The static driving 
simulator of the BMW Group consists of a 
projection screen and a limousine mock-up 
including a roof without rear passenger area and 
without a trunk. The simulator is depicted in figure 
1. 

 
Figure 1.  Static driving simulator with 
projection screen of the BMW Group 

The projection screen consists of an angled 
installed screen. Three LCD projectors having a 
resolution of 1280x1024 pixel, project the scenery 
on the screen. There is a horizontal field of view of 
about 135° and a vertical field of view of about 
38.5°. The participant is centrally seated in front of 
the central screen in the mock-up. The mock-up 
was equipped with a force-feedback steering wheel 
providing steering feedback depending on speed 
and stamped steering angle. The speedometer was 
fully functioning. Accelerator and brake paddle 
provided feedback similar to reality. By means of 
built-in loudspeakers driving noise was produced 
depending on the actual speed. Passing cars could 
also be determined acoustically by their simulated 
driving noise. 
     Test track - The test track used represents a 25 
km long, fictitious motorway circuit, featuring 
three lanes in both directions. The lane width was 
3.5 meters and the car width 1.89 meters. The 
starting point of the experimental drive was a slip 
road. In the experiment, participants drove the 
circuit anticlockwise. 
The displayed scenery was to some extent slightly 
hilly, the maximum altitude difference being 92.3 
meters with regard to the whole circuit. The 
scenery did not contain any hairpin bends and was 
just moderately curved. Different than shown in 

Figure 1, there were no other cars in the scenery. 
Other cars were not included to ensure that no 
additional cues for the lane-keeping task were 
given. 
     Limitation of Field of View – For 
methodological reasons the field of view was 
limited to 5° degrees via a so-called trial frame. 
Trial frames are glasses that can be variably 
adjusted and can hold glasses of different strengths. 
Such trial frames are used by ophthalmologists or 
optometrists to determine amblyopias. 
For the experiment, very dark sunglasses were 
inserted in the trial frame. These glasses were 
additionally painted black on the inside. Boreholes 
in the center of the glasses caused a field of view of 
5° degrees as depicted in figure 2. 
 

 
Figure 2.  Limitation of the field of view  

Two specially prepared “blinkers” made from 
robust cardboard could be mounted on the trail 
frame. Those “blinkers” had also a black-painted 
inside and prevented the lateral intrusion of light as 
well as the enlargement of the available field of 
view. 
This way of limiting the field of view allowed the 
participants to move their head freely and to fixate 
any chosen part of the lane any time. 

DESIGN 

The size of the field of view (limited vs. standard) 
served as the independent variable. All lane-
keeping measures described at the beginning of the 
paper represent the dependent measures. 
Participants were assigned to two groups by 
random in order to eliminate order effects. Every 
participant took all drives under all experimental 
conditions. This within design excluded possible 
subject effects. 
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PROCEDURE 

The experiment was conducted at the Research and 
Innovation Center of the BMW Group in Munich. 
After a short introduction, participants got 
acquainted with the driving simulator during a five 
minutes familiarization drive. After this drive, all 
participants felt comfortable and perfectly prepared 
for the experimental drives. 
Every subject participated in all drives under all 
experimental conditions. Half of the group started 
driving with just a limited field of view; the other 
half took the standard viewing condition first. 
Participants were randomly assigned to the 
experimental groups. The trail frame was adjusted 
before a trial under limited viewing conditions was 
started. 
The instruction was given verbally via microphone 
and contained the following information: The 
participant was asked to hold a constant speed of 
140 km/h while driving on a given lane. Despite the 
absence of real dangers, the participants were asked 
to drive as accurately and focused as under real 
driving conditions. As soon as speed exceeded or 
fell below the fixed speed of 140 km/h by more 
than 15 km/h the participant was reminded via 
microphone to keep a stable speed. 
Due to the chosen within experimental design, the 
influence of single participants as source of 
irritation could be excluded. 

RESULTS 

Data like steering wheel angle or car position 
within the lane were recorded with a frequency of 
25 Hz. 
The recorded distance between the right lane 
boundary and the car’s center point was used to 
calculate MLP and SDLP. The measure SDST was 
calculated over all measuring points of the steering 
wheel angle. Out of all recorded steering wheel 
angle values ZERO was determined. The 
calculation of the measure HFC was conducted as 
specified by Östlund et al. (2004). Within the 
experiment, a LANEX was counted as soon as the 
outer part of a tire exceeded the lane marking of the 
current lane. Following Östlund et al. (2004) the 
gap size for the SRR measure was set at two 
degrees. This gap size exceeds smaller steering 
corrections and provides additional information 
with respect to other measures like the HFC 
measure. 
Three different ways of calculating the TLC 
measure were used. The first one was the mean 
value over all local minima values (TLCmean) 
according to Östlund et al. (2004). For the 
identification of TLC minima, TLC values over 20 
seconds were ignored and minima were just 

counted when the wave trough was broader than 
one second. 
The second method of calculation was also 
suggested from Östlund et al. (2004). For this TLC 
measure (TLCthresh), the proportion of minima 
less than or equal to one second of the whole 
number of minima is determined. Values less than 
or equal to one second are considered to be 
especially critical as there remains almost no time 
for steering wheel corrections before leaving lane. 
Contrary to Östlund et al. (2004) minima less than 
or equal to two seconds were selected since minima 
less than or equal to one second did not occur 
frequently. Due to the relatively high speed of 
140km/h, minima less than or equal to two seconds 
are regarded as critical with respect to possible lane 
exceedances. 
Finally, the proportion of values smaller than two 
seconds and all values was calculated as a third 
method of calculation (TLCpc2). 
The sensitivity of every measure concerning a 
limitation of the field of view was determined 
according to Östlund et al. (2004) by calculating 
Cohen’s d (see Cohen, 1988). This procedure 
allows comparisons across different surveys. 
Cohen’s d can be determined as soon as there is a 
baseline drive in addition to the experimental drive. 
Cohen’s d is calculated as the difference of 
experimental drive and related baseline drive 
divided by their common standard deviation. 
According to Cohen (1988) a Cohen’s d of 0.2 is 
considered a small effect; a Cohen’s d of 0.5 or 
higher is considered a moderate effect. Values of 
0.8 or more are considered a large effect and values 
greater than 1.0 describe a very large effect. The 
magnitude of the resulting effect size tells whether 
the measure in question is sensitive to a limitation 
of the field of view. Figure 3 depicts the results of 
effect size calculation. 
 

 
Figure 3.  Effect sizes of experiment 1 

All measures show large or very large effect sizes. 
Zero crossings show a large effect. All other 
measures have very large effects. 
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DISCUSSION 

These large and very large effect sizes show that all 
measures in question are sensitive to a limitation of 
the field of view. Without peripheral vision, all 
measures reflect a deteriation in lane keeping 
performance. 
However, these results are only valid for the 
limitation of field of view down to 5 degrees and 
the motorway circuit used in this experiment. 
A second experiment was conducted to further 
examine the sensitivity of theses measures in a 
setting of more practical relevance. 

INFLUENCE OF SECONDARY TASKS ON 
DRIVING PERFORMANCE 

The next focus of interest was whether all measures 
would show similar effect sizes while the 
participant was carrying out secondary tasks.  
Based on the result, recommendations regarding 
measures with regard to analyzing lane-keeping 
performance will be derived. A further field of 
interest was whether a 5 minute long 
accommodation drive would be sufficient for 
driving simulator novices. 

METHOD 

A visual-motor and a cognitive secondary task 
were examined in this experiment. Regarding the 
visual-motor task it was of interest whether this 
secondary task would show a similar pattern of 
effect sizes as in the first experiment. Furthermore, 
the sensitivity for cognitive load was examined for 
all measures. Engström, Johansson and Östlund 
(2005) reported that cognitive load causes the 
SDLP to stabilize. When examining the results of 
this experiment, special attention was paid to 
whether this result of Engström et al. (2005) could 
be replicated and whether this stabilization was due 
to an increase in micro steering corrections as 
Engström suggested. 

PARTICIPANTS 

Twenty-nine men participated in the experiment. 
Age of the participants was between 22 to 36 years 
with a mean age being 27.2 years (SD = 3.7). 
All participants were employees of the BMW 
Group and had no experience concerning driving 
simulators prior to the experiment. The experiment 
was conducted during regular office hours; subjects 
participated in the experiment voluntarily. 
Participants had either normal vision or brought 
their vision aids with them. In this case, it was also 
possible to wear glasses. 

APPARATUS 

    Driving Simulator, Test track & 
Configuration of Traffic - This experiment used 
the same static driving simulator as the first 
experiment. The test track was also the same. 
Participants were supposed to drive alone in the 
right-hand lane with a constant speed of 120 km/h. 
In comparison to the first experiment, speed was 
reduced in order to prevent overtaxing of the 
participants. Other cars occupied middle and left-
hand lane. Every three to five seconds those cars 
passed the participant’s car with a speed of 130 
km/h in the middle lane and 150 km/h in the left-
hand lane respectively. 
     Secondary Tasks - One plain cognitive and one 
visual-motor task were chosen to judge the effects 
of different kinds of distraction on lane keeping 
performance. 
The visual-motor task was taken from the ADAM 
project since it already proved suitable for causing 
visual-motor workload (see Bengler, Huesmann & 
Praxenthaler, 2003). Participants had to change an 
audiocassette while driving on the test track. This 
task included no cognitive aspects, as it was not 
necessary to keep other information such as 
navigation information in mind. Participants had 
only to perform the manual task steps and glance 
away from the road from time to time. 
A BMW CARIN system was used for this purpose. 
Figure 4 shows how the system was placed in the 
head unit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  BMW CARIN system placed in the 
head unit 

Only one button had to be pressed at the right 
corner of the system to open the slot and to eject 
the cassette. 
The cognitive task required neither manual nor 
visual interaction with any system. Participants had 
to call a speech based electronic information 
system of the German Railway Company. They had 
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to find out about the arrival time of a given train at 
a certain station. 
By using a modified head set it was ensured that no 
manual interaction was necessary to establish the 
telephone connection. Furthermore, participants 
were instructed to memorize arrival time and 
station before executing the secondary task. Thus, 
participants were able to keep both hands on the 
steering wheel during task execution. 

DESIGN 

The type of drive (baseline vs. visual-motor task vs. 
cognitive task) was the independent variable. All 
lane-keeping measures described at the beginning 
of the paper represent the dependent measures. 
Participants were randomly assigned to one of the 
six possible type pf drive orders to minimize order 
effects. Every participant took all drives under all 
experimental conditions. This within design 
excluded possible subject effects. 

PROCEDURE 

The experiment took place in the Research and 
Innovation Center of the BMW Group in Munich. 
One test run took about one hour. After a short 
introduction, the participants got to know the 
driving simulator by a five minutes familiarization 
drive. After this the two secondary tasks were 
explained. The BMW CARIN system was 
explained to the participant and the full and empty 
cassette cases used were shown. Afterwards the 
visual-motor task was demonstrated, then the 
participant was allowed to practice the task without 
driving: First the cassette already inserted was 
ejected by pressing a button in the upper right 
corner of the BMW CARIN system. The 
participant placed the cassette into the empty 
cassette case on the passenger seat before he 
removed the other cassette from its case and placed 
it in the cassette slot with side 2 facing up. This 
procedure was repeated once more before the task 
was completed. However, this time, the first 
cassette was placed with side 1 facing up into the 
cassette slot. The participant was instructed to 
begin the task on command. As soon as the 
participant had no further questions about the 
cassette task, the cognitive task was explained. 
Here, the participants completed the whole 
information dialog as an exercise. The information 
dialog was communicated via speech recognition to 
the participant. 
Test runs were divided into three blocks. During 
each block the participant drove the same track 
three times, each time either performing the first, 
the second or no task at all. 
Participants were asked to drive with a fixed speed 

of 120 km/h on the designated lane. They were 
instructed to drive as focused and carefully as when 
driving a real car. Furthermore, the participants 
were reminded that it was more important to 
execute the task carefully rather than quickly and 
that the tasks were not meant to assess their 
abilities. Each block was followed by a short break. 
As soon as speed differed by more than 15 km/h 
from the proposed speed, a high sound was emitted 
by the sound system to remind the driver to keep a 
stable speed. After the sound was emitted, the 
driver had a 10 second time frame to adjust his 
speed. When the speed was still not within the 
correct range the sound was emitted again until the 
speed was correct. Sound frequency held no 
information on the direction of speed deviation. 
However, the chosen frequency contrasted well to 
the ambient driving noise. 

RESULTS 

All ten measures were calculated as explained 
before. Only data from the second drive of every 
block was used for calculation. Calculation of 
sensitivity also follows the description given in the 
corresponding section of experiment 1. 
Figure 5 shows an overview of the effect sizes of 
both the visual-motor and the cognitive task. 
 

 
Figure 5.  Effect sizes of both tasks 
 
The visual-motor task features the first six 
measures showing a very large effect. The LANEX 
measure and the TLCthresh measure show a large 
effect. MLP and SDST only have a small effect. 
In contrast to the visual-motor task, the cognitive 
task’s effect sizes are overall smaller. MLP, 
TLCthresh and SRR have no effect. HFC, 
TLCmean, TLCpc2, ZERO, LANEX and SDST 
show small effects. SDLP has a moderate effect. A 
stabilization of lane keeping compared to baseline 
driving is found with the measures SDLP, SDST, 
TLCpc2, TLCmean and LANEX. 
As a result of balancing the blocks, nine 
participants executed the baseline driving directly 
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after the familiarization drive. An example of the 
learning curve of the three drives of the block for 
the SDLP measure is depicted in figure 6. 
Higher SDLP values represent unstable lane 
keeping. The line graph shows that there is no 
improvement for repeated baseline driving. A 
Friedman Test over all three baseline drives 
revealed no significant difference (p=0.91). 
 

Figure 6:  Learning curve for novice driving 
simulator drivers 

DISCUSSION 

The hypothesis that a visual-motor task would lead 
towards a measurable change in lane keeping was 
confirmed by eight high or very high effect sizes. 
Except for the MLP and the SDST, the magnitude 
of the effect sizes of the first and the visual-motor 
part of the second experiment matches remarkably 
well. 
Since MLP does not reflect steering or lane keeping 
aspects but general strategy, it has a special 
position within the selected measures. However, a 
possible explanation for the lack of a significant 
effect of SDST might be that steering behavior 
while driving with unrestricted view was more or 
less the same regardless of task type respectively 
baseline driving. For the SDST to reach higher 
values it would be necessary to have greater 
steering wheel angle deviations from the average. 
In the second experiment, steering wheel deviations 
seemed to have been either equally high or equally 
low regardless of driving condition. 
With regard to the cognitive task, all measures 
show no or only a small effects with the exception 
of the SDLP, which shows a moderate effect size. 
The selected measures show only a minor 
sensitivity for a cognitive secondary task. In other 
words, steering behavior while executing a 
cognitive task is almost the same as when 
performing a baseline drive. Another explanation 
could be that the used task was too easy. 
Nonetheless, the stabilization of lane keeping found 

by Engström et al. (2005) can not only be seen in 
the SDLP measure but in LANEX, TLCmean, 
TLCpc2 and SDST as well. 
The SDLP learning curve shows that a five-minute 
familiarization drive seems to be sufficient for 
novices to become accustomed to the static driving 
simulator used in this study. After this period of 
time no learning process can be discerned since no 
differences were found. 

CONCLUSION 

The second experiment showed that a five-minute 
familiarization drive is sufficient for driving 
simulator novices when the test track is fairly easy 
and no complicated maneuvers like breaking at 
traffic lights are required. 
Additionally, all chosen lane-keeping measures 
proved to be sensitive to a visual-motor task as well 
as to a limitation of the field of view. The effect 
sizes are comparably high across all measures, with 
the exception of the measures MLP and SDST, 
where effect sizes were smaller for the visual-
motor task. 
Thus, the SDST would be an obvious candidate to 
omit when assessing visual-motor task influence. 
With respect to the other measures, a good option 
might be an integrative examination. 
Here, additional research and/or comparison with 
other experiments are needed. Such a comparison 
might prove difficult, since calculation methods 
and reference points of some measures vary. In this 
respect, the SDLP is the least problematic measure, 
since the reference point is not relevant for the 
calculation of the standard deviation. It would 
facilitate matters if the calculation methods and 
reference points were standardized. 
With regard to the cognitive task, measures proved 
not as sensitive as for the visual-motor task. The 
stabilization of lane keeping found by Engström et. 
al. (2005) was replicated. However, the results 
indicate that this stabilization is not necessarily due 
to increased micro steering corrections since the 
HFC shows only a small effect. 
Due to the low sensitivity of lane keeping measures 
other methods such as analyses of glances, object 
and event detection, or measures of longitudinal 
control when assessing cognitive load might be 
preferred. 
As some of these measures, for example the SDST, 
are more affected by road characteristics than other 
ones, the distribution of effect sizes across 
measures should be compared with results of a 
more curved test track. 
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ABSTRACT 
 
Studies are underway in JAMA on appropriate static 
(height of head restraint and backset) and 
quasi-dynamic (dynamic head rotation angle of Hybrid 
III dummy and dynamic backset) seat & head restraint 
evaluation methods for assessing whiplash-associated 
disorders in rear impacts. For various types of seats, the 
following items were evaluated for each index: i) road 
accident & whiplash phenomena, ii) reproducibility 
and repeatability, iii) correlation with dynamic 
evaluation results on BioRID II, iv) suitability for 
various seat types. The results revealed new findings as 
follows: 
 
1) As for height of head restraint, if the height of head 
CG + ramping up is secured, a further increase in 
height does not provide much support for reducing 
injury. 
2) As for backset, due to poor reproducibility in 
measurements on conventional HRMD, a new 
measuring method on the basis of SRP is effective. A 
decrease in backset reduces injury, however, since an 
excessively small backset impairs comfort, the balance 
between safety and comfort was examined. 
3) As for dynamic head rotation angle of the neck of 
the Hybrid III dummy, because of poor biofidelity of 
the dummy, the angle is not considered to be good for a 
proper dynamic evaluation, however, thanks to good 
reproducibility and repeatability of the dummy as well 
as some correlation between head rotation angle and 
injury criteria, the angle can be used as a tool for 
alternative evaluation of the backset. 
4) The dynamic backset was proposed as an alternative 
test to the static backset. However, the evaluation uses 
only the neck behavior of the dummy, and 
reproducibility and repeatability are still low. 
Consequently, the backset is not regarded as an 
appropriate evaluation method at this time. 
 
INTRODUCTION 
 
The death toll in traffic accidents is falling in Japan; 

however, the number of traffic accidents remains 
unchanged. Rear-end accidents in particular are 
significantly increasing (See Figure 1). About 90% of 
injuries caused by rear-end accidents are light injuries 
of the neck such as whiplash flagellum and about 90% 
of victims are the driver or the passenger occupant (See 
Figure 2). Therefore, the Ministry of Land, 
Infrastructure and Transport of Japan announced in 
September 2002 that it would take countermeasures 
against whiplash-associated disorders (WAD) in rear 
impacts (WAD reduction seat) as a candidate for the 
next safety standardization (1). 
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Figure 1.  Trends of number  of accidents by 
accident type in J apan (as of end of December of 
each year). 
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Figure 2.  Breakdown of injuries caused by 
rear -end collisions in J apan. 
 
WAD in rear impacts is attracting global attention. In 
the World Forum for the Harmonization of Vehicle 
Regulations (WP.29) held in March 2005, the 
establishment of global technical regulations (gtr) 
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based on the FMVSS202a head restraint regulation 
issued that year was approved(2). In accordance with 
the MLIT announcement, in June 2003 the Japan 
Automobile Manufacturers' Association (JAMA) 
established a working team for examining with MLIT 
the standardization of whiplash reduction seats. JAMA 
has also participated in the informal head restraints gtr 
meeting, which began in February 2005. Moreover, in 
July 2005, a working group for WAD in rear impacts 
was established to start studying an appropriate 
dynamic evaluation method. This paper outlines the 
static and quasi-dynamic evaluation methods for the 
seat and head restraint for reducing WAD in rear 
impacts on the front outboard seats, which were 
examined by JAMA. 
 
Causes of WAD 
 
To examine an appropriate method for evaluating 
WAD in rear impacts, it is necessary to understand the 
mechanism by which whiplash flagellum is generated. 
However, since the mechanism is not clarified yet, this 
study employed the following latest hypothesis 
proposed by Ono(3) to examine the evaluation method. 
 
As shown in Figure 3, the behavior of the passengers 
when a car is hit at low speed can be roughly 
categorized into three stages: (1) Straightening of the 
spine and extending it up to the neck, (2) S-shaped 
deformation of the neck by the forward displacement 
of the trunk and subsequent shearing, and (3) 
Hyperextension of the neck. The mechanism of 
whiplash flagellum seems to be caused by the S-shape 
deformation of cervical vertebrae, tucking synovium 
into the intervertebral joint when extending the cervical 
vertebrae, and flexure of the articular capsule around 
the joint. Therefore, an evaluation and indicator that 
lead to suppression of the S-shape deformation and 
extension are considered to be appropriate. 
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Figure 3.  Behavior of passenger’s head and neck 
during a rear  impact. 

 
STATIC EVALUATION 
 
To statically evaluate the WAD reduction seat, “Height 
of head restraint” and “Backset” are considered to be 
important indexes as the International Insurance 
Whiplash Prevention Group (IIWPG) is conducting an 
assessment(4). 
 
Height of Head Restraint 
 
To reduce the S-shaped deformation of passengers with 
various physical frames, the height of the head restraint 
must be appropriate for the occupant’s head. If the head 
restraint is too high, it may disturb the field of rear 
vision and impede an emergency escape since it causes 
an obstacle to the head when getting in and out of the 
rear seat of a two-door vehicle. Therefore, the required 
height should be minimized. 
     Maximum Height - First, JAMA examined the 
height of the head restraint necessary for properly 
protecting the head of the passenger from AF5%ile to 
AM95%ile. As the occupant’s behavior in Figure 3 
shows, the maximum head restraint height (Hmax) 
must be higher than the height reached when 
straightening of the spine in a rear-end collision (S) and 
ramping up of the trunk (R) are added to the height 
from the H-point to the center of gravity of the head at 
the time of seating (H)(5)(6): 
 

Hmax = H+S+R of AM95%ile (1). 
 
The length S is 34–38mm and the length R is about 
15mm based on experience, however, data that 
demonstrates the length R is not sufficient. Hmax for 
US 95%ile male was calculated as 813mm(5)(6).  
 
IIWPG also determined their own evaluation threshold 
by examining the required height of the head restraint 
obtained from past accident analyses (See Figure 4). 
The statistics in the figure show that reduction of injury 
cannot be expected even if the head restraint is higher 
than the height to the center of gravity of the head, and 
that taller women tend to be more affected by the 
height of the head restraint (3).  
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Figure 4.  IIWPG head restraint height evaluation. 
 
JAMA examined these hypotheses with an actual car 
seat in experiments. In the experiments, various 
changes in injury value were confirmed by changing 
the height of the head restraint of the existing seat and 
by IIWPG’s dynamic evaluation method. As the results 
in Figure 5 show, the injury value was not improved 
even when the height was higher than that proposed by 
IIWPG. Our test has shown the same tendency as 
IIWPG accident research. The BioRID II dummy was 
used for this evaluation. The height of BioRID II is 
equivalent to the AM50%ile. From these results, an 
appropriate head restraint height for AM95%ile 
equivalent passengers is considered to be 820mm, 
because the height difference to the center of gravity 
between AM50%ile and AM95%ile is 35mm. The 
value is almost the same as that calculated from human 
height. 
 

 
Figure 5-1.  Relationship between head restraint 
height and IIWPG dynamic evaluation. 

 

 
Figure 5-2.  Relationship between head restraint 
height and NIC. 
 

 
Figure 5-3.  Relationship between head restraint 
height and Nkm. 
 
     Rear  Visibility Effect - Next, we evaluated the 
influence of maximum head restraint height on the 
field of rear vision for a Japanese mini car, which is 
considered to be significantly affected by head restraint 
height, because the width of cars in this class must be 
1480mm or less, and the distance between driver and 
passenger seats is almost the smallest in the world. For 
the evaluation, a vehicle with the head restraint 
integrated into the seat back was used, as this is 
common among reasonably priced compact cars, to 
evaluate the influence of the head restraint height on 
the direct and indirect field of rear vision and the 
feelings of passengers. As a result, in the case of such 
narrow vehicles, it was found that a head restraint 
height of 850mm or higher might affect the direct 
rear-diagonal field of vision and the indirect field of 
vision through the inside rearview mirror (See Figure 
6). In the case of 800 to 820mm height, both direct and 
indirect vision were marginal. 
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Figure 6.  Relationship between the height of head 
restraint and field of view on the mini car. 
 
Backset 
 
The backset between the head and head restraint was 
examined as another important requirement. The 
backset measurement method using HRMD, which was 
developed by the Research Council for Automobile 
Repairs (RCAR)(7) and quoted in the assessment of 
IIWPG and FMVSS202a, has been shown to have 
problems regarding repeatability and reproducibility 
during measurement(8). Accordingly, we examined 
repeatability and reproducibility in order to seek a 
more precise measurement method, and studied 
reasonable requirement values for the measurement 
method. 
     Repeatability and Reproducibility – Variation 
measurements of backset using HRMD were evaluated 
with four typical seats (See Table 1). The repeatability 
was evaluated from three to five measurements for the 
fixed seat reclining position by the same evaluator for 
each seat. The results were evaluated by maximum 
variation and coefficient of variation (C.V): 
 

Repeatability C.V =
X
Sd  100 (%)        (2). 

X = Average value of each measurement 

dS =  Standard deviation of each measurement 
Admissible level: C.V < 10% 

 
Maximum variation was within ±2mm and C.V was 
within 1.75%, showing sufficient precision (See Figure 
7 and Table 3). The reproducibility was evaluated for 

two or three measurements with variable seat reclining 
positions, which could maintain a torso angle of 25 
degrees. The result was also evaluated by maximum 
variation and C.V: 
 

Reproducibility C.V =
G

b

X
S

 100(%)        (3). 

GX =  Average value of all measurements 

 BS =  
2/1

n
MSWMSB

 

 MSB: Average square between measurers 
MSW: Average square within a measurer 
n: Number of repetitions of test 
Admissible level: C.V < 10% 

 
The maximum variation was up to ±14.5mm and the 
C.V diverged towards infinity, thus making it 
uncalculatable (See Figure 7 and Table 3). This was an 
unacceptable variation. 
 

Table 1. 
Conditions of repeatability and reproducibility 

evaluation by using HRMD 
 

Type No.

A 3 3 3 1
B 3 3 3 1
C 3 3 3 1
D 1 4 1 to 4 1
B 3 3 4 1
C 3 3 4 1
D 1 4 1 to 5 1
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The three major causes of the deviation are: 
 
(1) Variation of the seatback angle when aligning the 

seat torso angle to 25 degrees 
(2) Variation of H-point when seating the 3DM 

manikin with HRMD 
(3) Variation of vehicle configuration at the time of 

measurement 
 
The variation, which occurs when mounting the 3DM 
manikin with multiple joints on a soft seat, has long 
been a common problem. Therefore, the torso angle of 
±5 degrees and H-point of ±25mm have been approved 
by ECE regulations. In the case of ECE regulation R17, 
the seating reference point (SRP) and design seat back 
angle are used as a datum of seat dimensional 
measurement such as height if the measurement value 
is within this variation range. Then, we examined 
applying this idea to the backset measurement. We 
modified and experimentally manufactured equipment 
to measure the backset based on SRP and the design 
seat back angle (See Figure 8), and then evaluated the 
measurement variation of the backset using the same 
two types of seats, which were evaluated by the 
HRMD method, and one new type seat (See Table 2). 
Since the load by the back pan was applied to the seat 
back during measurement with the traditional 3DM 
manikin, we also checked the effect of this. We did not 
evaluate repeatability because there is almost no 
potential repeatability variation. The reproducibility 
was evaluated by using different equipment. The 
maximum variation was drastically improved from 
±14.5mm to ±2.3mm, and C.V from uncalculatable to 
within 4.41%. The absolute value also became close to 
the design value (See Figure 9 and Table 3). The value 
without the back pan was closer to the design value. 
Similar research conducted by Alliance found that this 
phenomenon occurred because of excessive back pan 
load on the seat back due to the difference between 
SRP and H-point(9). Within proper load such as back 
pan load from the normal 3DM manikin, the difference 
of head restraint position that affects the measurement 
value of the backset was very minor. Therefore, 
measurement without the back pan is more appropriate 
for the new measurement method. On the other hand, 
some consider that the true value of the vehicle cannot 
be measured with the new measurement method. Our 
examination of the difference between SRP and the 
design standard back angle, and actual measurements 
on various vehicle seats, showed that the variation is 
almost even, centered on the reference value (See 
Figure 10). Therefore, SRP and the design standard 
back angle are considered to be generally 
representative of the true value. 
 

 
Figure 8.  New backset measurement method 
based on SRP and design seat back angle. 
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Conditions of repeatability and reproducibility 
evaluation by using new backset measurement 

method 
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Table 3. 
Comparison of backset repeatability and 

reproducibility between HRMD method and  
New method 

 

Variation
(mm) C.V. Variation

(mm) C.V. Variation
(mm) C.V. Variation

(mm) C.V.

A ±1.50 0.99 - - ±1.00 1.70 ±2.25 4.41
B ±2.00 1.36 ±14.50 ∞ - - - -
C ±1.75 1.75 ±8.25 ∞ ±0.75 1.46 ±1.50 3.61
E - - - - ±1.75 4.39 ±0.50 1.68

Reproducibility
New Method
w/o Back panSeat

Type

New Method
with Back pan

Repeatability

HRMD Method
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Figure 10-1.  Relationship between SRP and 
H-point. 

 
Figure 10-2.  Relationship between design torso 
angle and actual measurement angle. 
 
     Comfor t - To reduce whiplash flagellum, an 
effective backset value is 100mm or less and a smaller 
value produces a larger effect (3). However, it is known 
that if the backset is too small, it impairs sitting 
comfort (10). For these reasons, we examined backset 
values that balance safety and comfort. UMTRI 
summarized the correlation between backset and 
comfort, but there was not enough data for values 
smaller than 70mm (with hair margin). Accordingly, 
we examined whether correlation data for smaller than 
70mm could be a substitute. In the examination, we 

modified the backset of the head restraint of a typical 
seat to be variable and then determined the actual 
backset length that made drivers with various frames 
feel uncomfortable through a sensory evaluation. We 
found that the evaluation results of UMTRI could 
extend to the backset range smaller than 70mm. Hence, 
the backset value could be 40mm or more to secure 
about 70% comfort (See Figure 11). 
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Figure 11.  Relationship between comfort and 
backset. 
 
QUASI-DYNAMIC EVALUATION METHOD 
 
Normally, WAD must be evaluated by the dynamic test, 
which represents typical rear crash accident conditions. 
The test must take into consideration the vehicle crash 
pulse of an actual accident, a dummy with high 
biofidelity, and injury indicators. However, there was 
no standardized dynamic evaluation method for 
regulatory use. On the other hand, it is difficult to 
measure the static backset value of an active head 
restraint, in which the seat moves the head restraint 
forward using the pushing force of the passenger or 
another drive force at the time of a rear-end collision. 
The active seat has been increasingly adopted recently 
to reduce WAD. Therefore, a quasi-dynamic evaluation 
method with the Hybrid-III dummy was proposed in 
FMVSS202a as an alternative method of evaluating 
static backset. We examined the validity and possibility 
of this method and alternative test methods. 
 
Assessment Dummy 
 
BioRID II, which was developed for evaluating 
rear-end collisions, is considered to be suitable since it 
can simulate the behavior aforementioned (knocking 
up by straightening of the entire spine, S-shaped 
deformation, etc.) and has high biofidelity, however, it 
is incomplete as measurement equipment. Therefore, 
we confirmed a comparison test with Hybrid-III, which 
has been proven in many proposed collision tests. K. 
Ono et al. examined the repeatability and 
reproducibility of two types of dummies (11). 
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     Test Conditions – The evaluation method was 
as follows (See Figures 12 and 13). 
 

 
Figure 12.  Sled test using BioRID II. 
 
 

 
Figure 13.  Sled test using Hybrid-III. 
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Figure 14.  Sled pulse. 
 
-  HYGE sled test that simulates the rear-end collision 
-  Pulse wavelength is V = 16km/h (See Figure 14) 
- Rigid seat 
- Test conducted five times under the same conditions 
-  Dummy: BioRID II (A, B, C), Hybrid-III (A, B, C) 
- Features of the dummy, standard calibration 
description, and measurement items are as follows. 
 
BioRID-II Level F 
Dummy A: Owner A (With standard calibration) 
Dummy B: Owner B (Without calibration) 
Dummy C: Owner C (With standard calibration) 

Hybrid-III 
Dummy A: Owner A (With standard calibration) 
Dummy B: Owner D (With standard calibration) 
Dummy C: Owner E (With standard calibration) 
 
Evaluation Indicators 
BioRID-II 
•  Acceleration of the first thoracic vertebra (T1)  

(T1_Acc) 
•  Shearing load to the neck (Fx) 
•  Axial load to the neck (Fz) (Reference evaluation) 
•  Acceleration of the head (Head_Acc) 
•  Neck moment (My) 
•  Rearward rotation angle of the head (HA-TA) 
 
Hybrid-III 
•  Rearward rotation angle of the head (HA-TA) 

(Reference evaluation) 
•  Acceleration of the first thoracic vertebra (T1) 

(T1_Acc) 
•  Shearing load to the neck (Fx) 
•  Axial load to the neck (Fz) 
•  Acceleration of the head (Head_Acc) 
•  Neck moment (My) 
     Method and Cr iter ia for  Evaluating 
Repeatability – The definition of the C.V value used 
as an evaluation indicator was as follows: 
 

Repeatability C.V =
X
Sd  100 (%)        (4). 

X = Average value of each dummy 

dS =  Standard deviation of each dummy 
Admissible level: C.V < 10% 

 
For both BioRID II and Hybrid-III, the repeatability of 
the evaluation indicators was within the limit of 
tolerance (See Figures 15 and 16). 
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Figure 15.  Repeatability C.V for  BioRID II. 
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Figure 16. Repeatability C.V for  Hybr id-III. 
 
     Method and Cr iter ia for  Evaluating 
Reproducibility – The respective three dummies of 
BioRID II and Hybrid-III of different owners were 
used and the C.V value to evaluate the reproducibility 
was calculated as follows: 
 

Reproducibility C.V =
G

b

X
S

 100(%)       (5). 

GX = Average value of 3 dummies 

 BS =  
2/1

n
MSWMSB

 

 MSB: Average square between dummies 
MSW: Average square within a dummy 
n: Number of repetitions of test 

Admissible level: C.V < 10% 
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Figure 17.  Reproducibility C.V for  BioRID II. 
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Figure 18.  Reproducibility C.V for  Hybr id-III. 
 
For Hybrid-III, the reproducibility of the evaluation 
indicators was within the limit of tolerance (See Figure 
17). On the other hand, some of the indicators of 
BioRID II exceeded the evaluation reference value of 
the reproducibility (See Figure 18). This occurred 
because the calibration method for the dummies 
differed. 
 
Cr iter ion 
 
The backward rotation angle of the head was proposed 
as an evaluation criterion for Hybrid-III for head 
restraint gtr, the same as FMVSS202a. The threshold 
of the rotation angle was also proposed as 12 degrees 
or less (12). JAMA conducted a comparison sled test 
between BioRID II and Hybrid-III to evaluate the 
validity of the indicators aforementioned. 
 
   Test Condition – The test was conducted under 
certain conditions (using Hybrid-III dummy, thread test, 

V=16km/h, measurement of backward rotation angle 
of the head) proposed in gtr with the same type of seat 
as tested by IIWPG that has already been evaluated 
with BioRID II. The results of the test and IIWPG were 
then compared 
 
     Test Result – As shown in Figure 19, the results 
are roughly correlated. However, since even the seat 
with a “Good” evaluation in IIWPG is slightly above 
the proposed criterion, 12 degrees, the proposed 
criterion is slightly too severe to compare IIWPG 
criteria. 
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Figure 19.  Corr elation between IIWPG (BioRID 
II) and FMVSS 202a (Hybr id-III) evaluations. 
 
     Test Variation – The results of backward 
rotation angle of the head when the thread test was 
conducted five times under the same conditions with 
three types of Hybrid-III dummies are shown in Table 
4. The difference between the maximum and minimum 
value is about 4 degrees. Therefore, the criterion 
should have this ±2 degrees variation margin. 
 

Table 4. 
Head rear  rotation angle variation 

 
1st 2nd 3rd 4th 5th max min 

Hybrid-III A  48.6 48.9 48.0 48.4 48.4 48.9 48.4 
Hybrid-III B 50.3 48.1 49.4 48.7 48.4 50.3 48.1 
Hybrid-III C 48.3 46.5 47.2 47.4 46.8 48.3 46.5 

Value 

16 HA-TA 
(deg) 

Value Speed 
(km/h) Dummy 

 
 
DISCUSSION 
 
We have examined the static and quasi-dynamic 
evaluation methods and requirements concerning the 
effects of head restraints and seats for WAD in rear 
impacts. These static requirements mainly affect only 
the part of first stage of the whiplash phenomenon (the 
stage before the head contacts the head restraint) as 
shown in Figure 3. To evaluate the S-shaped 
deformation of cervical vertebrae, which is a major 
factor of whiplash flagellum, the difference of behavior 
between the trunk and head before and after contacting 
the head restraint and the degree of load applied to the 
neck must be evaluated. To do so, a dynamic 
evaluation using a dummy for the rear-end accident 
simulation is effective, and many studies and 
assessments have already been conducted. In fact, the 
correlation between the IIWPG backset value and 
result of the dynamic evaluation in terms of only the 
seats with sufficient head restraint heights is extremely 
low (See Figure 20). Therefore, to properly evaluate 
the seat and head restraint performance for WAD, it is 

essential to introduce the dynamic evaluation. 

 

Average 

+3 sigma  

-3 sigma 

 
Figure 20.  Corr elation between IIWPG backset 
and dynamic evaluation score for  proper  height of 
non active seat. 
 
     Proposal from JAMA – A new workgroup must 
be established to examine the proper dynamic test and 
evaluation method. The results of the tests and method 
must be fed back to the head restraint gtr as phase two 
which was agreed in GRSP held in December 2006. 
This workgroup should clarify the following items. 
Agenda Items for WG 
•  Sled pulse conditions: 

Reflecting accident realities 
•  Assessment dummy: 

Biofidelity level, Test method, Seating method, etc. 
•  Assessment criteria: 

Reflecting injury phenomena; Assessed in terms of 
injury values 

•  Limit value: 
An appropriate value based on injury risk analyses 
and feasibility studies 

•  Effect assessment: 
Determining the injury-reducing effect on real-world 
accidents 

 
CONCLUSIONS 
 
From the evaluation results described in this paper, 
JAMA recommends the following description as the 
static and quasi-dynamic evaluation method and the 
evaluation standard on the front outer seat and head 
restraint. 
 
Height 
 
The appropriate required maximum height (Hmax) is 
820mm for both protection and visibility. 
We could not find any further benefit of setting the 
head restraint higher than 820mm for up to AM95%ile. 
We also found by our internal review that most of the 
current head restraints, complying with the 800mm 
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requirement regulated in ECE R17, are already higher 
than 820mm; therefore, the current regulation 
requirement, Hmax = 800mm, virtually already covers 
the required height. 
 
Backset 
 
To achieve a good balance between competing 
requirements, WAD reduction performance and 
comfort, the backset value should be made as small as 
possible without sacrificing comfort. To achieve this, 
the variation of the evaluation method should be 
minimized. In this regard, our study showed that the 
new backset evaluation method is the most appropriate 
method. Since even this test method cannot eliminate 
manufacturing variations of the seat itself (±10mm), we 
propose that the limit of the backset requirement value 
with the new measurement method be as follows: 
 
Backset requirement =Comfort boarder [40mm] 

+ Measurement variation [4.5] 
+ Manufacturing variation [10mm] 
 =[ 54.5mm]               (6). 

 
QUASI-DYNAMIC 
 
This test method is an alternative to the backset 
evaluation for the active head restraint in which the 
head part moves at the time of a rear-end collision. 
As well as the active head restraint, the test method that 
measures the backward rotation angle of the neck of 
the Hybrid-III dummy was also considered to be 
effective since the variation is smaller than that of the 
traditional HRMD backset measurement method. 
However, since Hybrid-III has less biofidelity during a 
rear-end collision, it was found that they were 
evaluated differently from the BioRID II dummy 
having high biofidelity on some seats. Therefore, it is 
difficult to introduce the dynamic evaluation with 
severer criterion unless a highly reproducible method 
that can properly reproduce the actual phenomenon 
with a dummy with high biofidelity is established. For 
these reasons, for the time being, a Hybrid-III dynamic 
test with slightly less severe criterion or the new 
backset measurement method incorporating the 
activation margin of the active headrest are considered 
to be effective in the case of the active head restraint. 
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ABSTRACT 

 

If vehicle manufacturers have an airbag sensing 

algorithm, they could use this algorithm to find optimal 

airbag sensor locations for the better airbag sensing 

performance, to get an optimal firing logic for their 

certain vehicle, and to get the overall good performance 

by considering both the vehicle structure and the airbag 

sensing algorithm. One study in this paper shows how to 

find the optimal locations of front impact sensors (FIS) 

using in-house airbag sensing algorithm, crash test data 

and CAE simulation models. For this purpose, three 

steps are fulfilled as follows. In the first step, the 

acceleration sensor signals of the crash tests are collected 

at several positions of the vehicle. In the second step, the 

full car crash simulations are made and correlated to the 

crash test data. Using these well defined crash vehicle 

models and crash test data, the acceleration signals of the 

FIS candidate locations, such as radiator, front side 

members, and bumper back beam, are obtained. In the 

final step, using these acceleration signals and airbag 

algorithm, the airbag sensing performance are evaluated, 

and the final candidate positions are selected. The robust 

FIS positions are selected effectively for various crash 

conditions and velocities via this approach. 

The other study shows how to determine an airbag 

deployment logic using CAE. From simulation models 

which have several crash speeds, several crash modes, 

and several restraint conditions, the airbag deployment 

logic can be determined to minimize the occupant injury 

level. In addition, the roles and limitations of CAE 

simulations are demonstrated in the airbag algorithm 

calibration process and the airbag restraint system 

development. 

 

 

INTRODUCTION 

 

Out of several requirements for airbag sensing 

performance, it is very important to find the optimal 

locations of ACU (Airbag Control Unit) and FIS in the 

early phase of vehicle development. Besides the 

accelerometers in ACU near vehicle front tunnel, the FIS 

has very important role, too. 

The current vehicle’s FIS have various locations such 

as front side member, radiator upper or lower, bumper 

back beam and so on; therefore, further survey and 

research to find optimal sensor positions for airbag 

sensing must be carried out now and after. 

The purpose of this paper is to find the optimal 

location of FIS in order to prevent airbag malfunctioning 

from inaccuracy of airbag sensibility under various crash 

modes and velocities. From this optimization point of 

view, airbag sensing algorithm and calibration technique 

were developed and various vehicle crash test data with 

various crash modes and speeds, and airbag sensing 

crash simulation data were handled to find our goal for 

sensor locations. 

 

 

VEHICLE CRASH TEST DATA ANALYSIS 

 

Requirements for Frontal Crash Airbag Sensing 
 

The so-called advanced airbag system to meet the 

requirements of FMVSS208 should be able to 

discriminate crash severity with the help of frontal 

impact sensor(s) under multiple crash modes and impact 

speeds. In general, crash signal from FIS should survive 

at least up to 15ms for the high speed frontal impact and 

until over 40ms for the offset crash. That sensor survival 

time could be the necessities against the sensor damage 

and wiring cutting. 

The peak of FIS signal must be larger and earlier than 

that of ACU. And for the ACU, the signal of lower crash 

severe modes must not be more than that of higher crash 

severe modes to prevent firing the airbag in case of Must 

Not Fire condition, and also to prohibit firing the airbag 

in case of Must Fire condition, on the contrary. 
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Fig.1 Crash Modes (Frontal, Oblique and Offset) 

 

Crash Test Matrix and Test Conditions 

 

Table.1 shows crash test matrix which has various 

crash modes and crash speeds for this project. 
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Table.1 Crash Test Matrix 

 

To minimize test numbers and costs, indispensable test 

items were selected from the past vehicle development 

test results by adjusting test speeds and distributing the 

number of tests, and using the past crash test data. 

 

FIS Location Candidates 

 

After surveying the FIS locations from many vehicle 

platforms in the real field, 3 points at the radiator support 

upper member (left, center, right), 3 points at the radiator 

support lower member (left, center, right), 3 points at the 

bumper back beam (left, center, right), 2 points at the 

front side inner member (left, right), and 2 points at the 

front side outer member (left, right) were selected and 

classified into 4 categories and 13 points per crash test. 

Fig.2 shows one of the FIS location candidates (radiator 

support upper member). 

 

 
 

Fig.2 FIS Candidates - RAD SUPT UPR 

 

Validity Analysis of Crash Test Data 

 

The numbers in Table.2 are signal failure number 

according to crash modes, crash speeds and FIS location 

candidates including left, center and right positions. 

Especially failure rate in central positions of radiator 

support lower panel and bumper back beam plate is 

higher than other positions, because those positions are 

the direct crash deformation area. And the rate of the 

front inner and outer side member is relatively higher 

than radiator support panels and bumper back beam. 
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Table.2 Failure Rate according to Crash Modes and 

Crash Speeds at FIS Candidates 

 

From a validity view with FIS signal observation, the 

failure numbers of frontal crash are proportional to the 

crash speed in the nature of thing. But because most of 

failure time is fortunately beyond the RTTF (Required 

Time To Fire) (Fig.3), it almost doesn’t matter to airbag 

sensing performance of crash discrimination. And other 

crash modes such as oblique, offset etc. have lower 

failure rates than frontal impact. 
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(a) Mid Frontal FIS Signal Failure 
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(b) High Frontal FIS Signal Failure 

 

Fig.3 FIS Signal Failure Time Analysis 
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Threshold Analysis (Stage 1 and Stage 2) 

 

Table.3 and Fig.4 show the discrimination results of 

threshold stage1 with the crash test data including low 

speed frontal crash test modes, middle offset and middle 

oblique crash tests, and other crash modes. Where, 

‘possible’ means that it is possible to discriminate the 

FIS signals according to the impact speeds, and ‘mixed’ 

means that the FIS signals are mixed one another, and 

‘reverse’ literally means that the signals are reversed 

regardless of crash severity. 
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Table.3 Threshold #1 Discrimination Results 
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(a) FIS-LH @ RAD UPR 
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(b) FIS-RH @ RAD UPR 

 

Fig.4 FIS Signal Comparison between Low Frontal 

and Mid Oblique/Offset 

 

It is possible to classify FIS signals according to crash 

severity in the offset, oblique and other crash mode using 

crash test data of FIS-LH and RH at the radiator support 

upper member, the radiator lower member and bumper 

back beam. On the other side, it is difficult to divide 

crash data because of the FIS signal failure in the offset 

and oblique crash modes at the front side member which 

is the most general FIS locations, and also difficult to 

stand in line reversed crash test data according to crash 

severity. The crash signals from central FIS position 

can’t be arranged as crash severity throughout the crash 

data set. 

Finally, bumper back beam plate is the most likely to 

discriminate in view of discrimination time, and radiator 

support lower member, radiator support upper member 

follows after that position 

Table.4 and Fig.5 show the discrimination results of 

threshold stage2 with the crash test data including low 

speed frontal crash test modes, high offset and middle 

oblique crash test modes, and other crash mode.  
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Table.4 Threshold #2 Discrimination Results 
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(a) FIS-LH @ RAD UPR 
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(b) FIS-RH @ RAD UPR 
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Fig.5 FIS Signal Comparison between Low Frontal 

and Mid Oblique/High Offset 

 

It is possible to divide FIS signals according to crash 

severity in the offset, oblique and other crash mode using 

crash test data of FIS-LH and RH at the radiator support 

upper member, and also possible to classify signals only 

in the offset mode using FIS crash data at the radiator 

support lower member, but impossible to discriminate in 

the oblique and other crash mode at that position. At the 

bumper back beam, it is possible to classify in the offset 

and oblique mode with FIS-LH and RH data. At the front 

side member, it is impossible to analyze the results 

because of the FIS signal failure of low speed frontal 

cash modes. Crash signals from central FIS position also 

have difficulties in arranging as crash severity from 

whole crash data set. 

 

Parametric Study and Discussion 

 

First, the evaluation results whether the FIS signal 

amplitude from various crash speeds is proportional to 

crash severity or not at the same FIS locations, are in 

Table.5. From the table, FIS signal discrimination 

performance from FIS-LH and RH is directly 

proportional to crash severity at the radiator support 

member locations (Fig.6), but FIS-CTR is not. 

Exceptionally, at the bumper back beam, whole FIS 

candidates have good proportionality. 

At the front side member, the FIS signal of low crash 

speed is bigger than that of high speed in reverse at some 

locations. 
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Table.5 FIS Signals according to crash speed at the 

same FIS locations 
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(a) FIS-LH Signals @ RAD UPR 
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(b) FIS-RH Signals @ RAD UPR 

 

Fig.6 FIS Signals of Frontal Crash Mode According 

to Impact Velocities @ RAD UPR 
 

Signal amplitude from various locations is in good 

order at the same cash speed as follows: bumper back 

beam, radiator support upper and lower member, and 

front side inner and outer member. 

It is noted that after reviewing the comparison results 

of FIS data analysis and parametric study, the radiator 

support upper member is the preferred location of FIS 

mounting. 

 

 

CALIBRATOIN RESULTS OF FIS CANDIDATES 

 

Calibration Data Set & Test Conditions 

 

Airbag calibration controls the crash performance by 

decision of airbag firing at a proper time, so calibration 

results from whole the candidate locations, should be 

compared and analyzed to find the optimal positions. 

Table.6 shows the test set and conditions for this 

project including 14 vehicle crash tests. And though not 

listed in Table.6, the other 94 rough road and misuse tests 

(25 constant road tests, 22 obstacle tests and 47 static 

tests) are also included in the calibration data set. 
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Table.6 Calibration Data Set & Test Conditions 
 

Calibration Results at Various Locations 

 

(1) Bumper Back Beam 

Over 80% (59 over 70, No.3) probability of No 
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Trigger exists at low speed frontal crash mode, which 

must be triggered into stage1 condition. And about 40% 

(42 over 70, No.5) probability of stage2 exists at another 

low speed frontal crash mode. And at the other modes 

such as mid speed oblique, mid speed offset, the 

calibration results couldn’t satisfy the requirements. 

(Table.7) 

Investigation of the misuse test margin, O17AS, 

O20AS and other 3 items have a margin of No Trigger 

less than 200%. 
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Table.7 Calibration @ Bumper Back Beam 
 

(2) Radiator Lower Support Member 

Table.8 shows that the calibration results can’t fulfill 

the requirements at low speed frontal crash, mid oblique, 

mid offset and other conditions, and O17AS, O18AS, 

O20AS and the others at misuse tests, also can’t meet the 

requirements. 
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Table.8 Calibration @ RAD SUPT LWR 
 

(3) Radiator Upper Support Member 

The calibration results at radiator upper support 

member can’t satisfy the requirements at low speed 

frontal crash, mid oblique, mid offset and other 

conditions like the proceeding locations, and O17AS, 

O20AS, and so on at misuse tests, also can’t meet the 

requirements. (Table.9) 
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Table.9 Calibration @ RAD SUPT UPR 
 

(4) Front Side Inner Member 

Many FIS crash signals are failed at low speed frontal 

crash test, and so the calibration was performed with 

other position signal from some other crash modes. As a 

result, at somewhat more crash types and speeds than 

other locations, couldn’t meet the requirements 

especially mid speed offset crash mode. 
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Table.10 Calibration @ FR S/MBR INR 
 

Discussion of Calibration Results 

 

To summarize and compare the calibration results 

objectively according to FIS location candidates by 

numerical value, weighting factors are enforced into each 

crash mode. The weighting values vary from 1 to 5 as the 

importance of crash mode, requirement margin of crash 

and misuse test and so on as shown at Table.11 
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Table.11 Summary of Calibration Results 
 

The summary of calibration results explain that the 

radiator support upper and lower member are the best 

location for FIS mounting among candidates after 

investigation of airbag sensing crash test data, and that 

the locations except only the radiator support lower 

member get the same marks for the misuse test. In 

conclusion the radiator support upper member is proved 

again to be the better FIS candidate after considering all 

the calibration results. 

 

 

OPTIMIZATION OF FRONTAL CRASH SENSING 

PERFORMANCE BY FIS SIMULATION PULSES 

 

Robust Design Concept with Taguchi-Method 
 

To prevent the reversal phenomenon of crash severity 

between frontal and offset crash pulses, the first peak of 

FIS signal from low speed frontal crash is defined as one 

variable, which has the smaller-the-better characteristics. 

On the other hand, the first peak of FIS signal from mid 

and high speed offset crash is defined as another variable, 

which has the larger-the-better characteristics. 

After all, the smaller frontal FIS crash pulse and the 

larger offset FIS crash pulse are preferred, and which 

have an effect on the improvement of crash severity 

discrimination. On this method, control factors which 

have the highest signal to noise ratio are to be 

determined. 

 

Selection of Control Factor and Noise Factor 
 

For the optimization of FIS sensing performance, 

control factors with high priority are the number of FIS, 

position of FIS and the number of FIS mounting in 

relation to FIS, and other control factors are the material 

types and thickness of FEM (Front-End-Module). As 

shown in Table.12, all the control factors except the 

number of FIS have 3 control levels, and the umber of 

FIS has 2 levels. 
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Table.12 Level of Design Variables 
 

Table of orthogonal arrays for Taguchi method in this 

study are L18 (2
1
X3

4
), and the noise factors are like these: 

the distribution of vehicle weight which is a very 

important factor for frontal crash test, and that of 

stiffness and strength of bumper back beam, front side 

member which are the main parts for vehicle 

crashworthiness. The noise levels are ±100kg of 

vehicle weight distribution and ±10% stiffness and 

strength. The strategies of noise factor are composed of 

N1 which is toward improving FIS sensing performance 

and N2 in reverse. 

 

 
 

Fig.7 FIS Position According to the Level of Design 
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Variable 

 

Crash Simulation of Orthogonal Arrays 
 

Reduced crash simulation model was formulated to 

reduce the simulation time and cost as shown in Fig.8 

 

 
 

Fig.8 Reduced Crash Simulation Model 
 

With reduced crash model, CPU time was reduced by 

41% compared with full vehicle model in case of high 

speed offset crash simulation. Frontal and offset crash 

simulation results according to the impact velocities and 

noise factors represented in the table of orthogonal arrays 

are listed in Table.12. In general, the signal to noise ratio 

from radiator support upper panel is relatively higher 

than other positions. 
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(a) Low Frontal 1 vs. Mid Offset Crash 
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(b) Low Frontal 2 vs. High Offset Crash 
 

Table.12 Orthogonal Arrays and Analysis Results as 

Regards the Frontal and Offset Crash 
 

Selection of Robust Optimal Design Specification 
 

From the results of Table.12, response charts of S/N to 

select the robust optimal design specification are shown 

in Fig.9. According to the impact velocity of frontal and 

offset crash, the degree and tendency by which each 

control factor level has an effect, can be figured out from 

Fig.9, and from that charts S/N is the most sensitive to 

the control factor of A(number of FIS) and B(position of 

FIS). 

Therefore, the robust and optimal control factors are 

chosen as the number of FIS equals ‘Two’ and the 

position of FIS is ‘3(FEM UPR MBR). And the other 

factor C(number of FIS mounting) is 1 point, D(material 

type of FEM) is Hybrid, and E(thickness of FEM) is 

0.6mm. The summary of these factors are listed in 

Table.13. 

 

 
 

(a) Low Frontal 1 vs. Mid Offset Crash 
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(b) Low Frontal 2 vs. High Offset Crash 
 

Fig.9 Response Chart of S/N 
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Table.13 Comparison of Initial with Robust Optimal 

Design 
 

Verification and Discussion of Robust Optimal Design 

Specification 
 

To verify the FIS sensing improvement, additional 

crash simulation results which is performed with selected 

optimal control factors are in Table.14, in which S/N 

values are summarized from the first peak of each FIS 

signal. 
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Table.14 Summary of Optimization Results 
 

When comparing between low frontal and mid offset 

FIS signal, S/N ratio are raised by 19.02dB from current 

design specification, and S/N ratio are also raised by 

17.7dB in comparison between another frontal and high 

offset crash mode. These results explain that with current 

base design specification, the crash severity of low 

frontal crash may be larger than that of mid offset crash, 

but after optimization, the robust optimal design can 

drastically reduce the possibility of airbag malfunction. 

Fig.10 show the FEM sample of optimal FIS position. 

 

 
 

Fig.10 FEM Sample of Optimal FIS Position 
 

 

DETERMINATION OF AIRBAG DEPLOYMENT 

LOGIC WITH CAE TECHNIQUE 

 

Development of Unified Crash Simulation Model 
 

Occupant injury simulation generally uses the 

different simulation model case by case for various crash 

modes. But in this study, to compare the crash severity 

between different crash modes in view of occupant 

injuries, unified occupant simulation model was 

developed and used. And the model was verified and 

confirmed through the correlation with the crash test 

results. Table.15 shows the notation for the unified 

simulation model used in this study. 
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Table.15 Notation for the Unified Simulation Model 
 

Fig.11 shows the development procedure of the 

unified occupant simulation model. Crash simulations 

with PAM-CRASH to acquire vehicle deceleration and 

deformation were performed, and as a result the unified 

occupant simulation with MADYMO followed after that. 
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Fig.11 Development Procedure of the Unified 

Occupant Simulation Model 
 

Based on old occupant simulation model for frontal 

crash, the unified occupant model was constructed with 

the utilization of crash simulation deformation results as 

follows, 1) model geometry and JOINT (vehicle 

structure, steering system, side plane), 2) lower leg 

contact model, 3) deformation scale factor. Validation 

results between the simulation and test using the unified 

simulation occupant model are listed in Table.16. 
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Fig.12 Unified Occupant Simulation Model 
 

 
 

(a) Vehicle and Occupant Behavior 
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(b) Injury Graph 
 

Fig.13 Validation Results (Offset Mode) 
 

70%48282845169%33611251-3%39.741.174%408.0235.0HighOffset

-12%45355157161%29961148-6%40.643.242%341.3240.9HighOblique

64%2090127321%725598-10%19.321.4-10%95.4106.0MidOblique

0%46094609-10%1752195213%38.734.4-38%234.5377.2MidOthers

16%477141309%14591344-4%43.145.1-8%329.0357.5HighFrontal

30%40933137-9%11151229-9%31.9 35.016%179.1154.4MidFrontal

ErrSimTestErrSimTestErrSimTestErrSimTestSpeedMode

Femur Load RHFemur Load LHChest GHICTEST

70%48282845169%33611251-3%39.741.174%408.0235.0HighOffset

-12%45355157161%29961148-6%40.643.242%341.3240.9HighOblique

64%2090127321%725598-10%19.321.4-10%95.4106.0MidOblique

0%46094609-10%1752195213%38.734.4-38%234.5377.2MidOthers

16%477141309%14591344-4%43.145.1-8%329.0357.5HighFrontal

30%40933137-9%11151229-9%31.9 35.016%179.1154.4MidFrontal

ErrSimTestErrSimTestErrSimTestErrSimTestSpeedMode

Femur Load RHFemur Load LHChest GHICTEST

 
 

Table.16 Validation Results of the Unified Model 
 

Discussion of Simulation Results with Variable Crash 

Modes and Velocities 
 

As crash modes and velocities change, corresponding 

values are put into MADYMO input data file such as 

body pulse, vehicle deformation graphs, DAB/PT TTF, 

and so on. (Fig.14), and corresponding occupant 

simulation model can be classified into 7 groups 

according to restraint conditions: bagS2+PT, bagS1+PT, 

bagS2 only, bagS1 only, PT only, belt only and no 

restraints. 
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Fig.14 Crash Simulation Body Pulses according to 

Crash Velocities 
 

After 525 crash and occupant simulations, occupant 

injuries of 21 items are extracted and selected as 4 

representative injuries for this project as like: HIC15, 

Chest G, Nij and Femur Load, which represent the injury 

of head, chest, neck and lower leg. Fig.15 shows the 

injury results graph classified according to occupant 

injury levels, restraint conditions and crash modes. 

 
HIC15 (Belted) - Crash Modes and Velocities

Velocity

H
IC

1
5
 (

N
o
rm

a
liz

e
)

bb2
bb1

PT
noPT

bb2
bb1

PT

noPT

bb2

bb1
PT

noPT
bb2

bb1
PT

noPT

HIC15 (Unbelted) - Crash Modes and Velocities

Velocity

H
IC

1
5
 (

N
o
rm

a
liz

e
)

bag2

bag1

nores

bag2

bag1

nores

bag2

bag1

nores

bag2

bag1

nores

 
 

(a) by Occupant Injury Level 
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(b) by Restraint Conditions and Crash Modes 

 

Fig.15 CAE Simulation Results 

 

 

Airbag Firing Decision Logic Determination 
 

To determine airbag firing decision logic, the optimal 

restraint constraint condition which has a minimum 

occupant injury level for certain crash modes and impact 

velocities, must be found, but the optimal restraint varies 

as the injury items what we focus on. 

To solve this problem, new dimensionless and 

combined injury severity index is used on this study, and 

which expresses multiple occupant injuries with one 

number by equation. 

FemurloaddNcChestGbHICaIndex ij ×+×+×+×= 15

Where, a, b, c, d are weighting factors, and have different 

levels as belted and unbelted condition. 

Two methods are proposed in this study as the manner 

to determine the weighting factors, one is an area 

weighting factor method and the other is a standard 

deviation weighting factor method. 

Area weighting factor method means that the larger 

the area, the higher the weighing factor, that is the largest 

weighting factors are granted to the severest injury levels 

in order to reduce that injuries, so the firing time of 

airbag and P/T is determined by the weighting factor. 

Standard deviation weighting factor method means 

that the larger the standard deviation of each restraint 

conditions, the higher the weighting factor, so to speak 

the largest weighting factors are given to the most 

sensitive injury levels to determine the firing time of 

airbag stage and P/T. Table.17 is the weighting matrix for 

combined injury severity index (where, 30 means the 

velocity range are from 0 to 30mph, and 24 means up to 

24mph). 
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Table.17 Weighting Matrix for New Index 
 

To determine the airbag deployment logic, first, crash 

and occupant simulation results are used, and various 

crash modes for example frontal, offset, oblique etc. and 

belt condition such as belted and unbelted are also used. 

And 6 injury indexes are also used: HIC15, Chest G, Nij, 

Star rate Pcomb, and two indexes (area30 and standard 

deviation30). Methodologies of determination are 

divided into 2 categories 

1) Airbag deployment logic to minimize injury level 

2) Airbag deployment logic of Must Fire 

Method of minimizing the injury level can use an ideal 

and definite restraint condition in a certain region, but 

the firing condition is somewhat lower velocity than 

needed, that is, restraint system is inclined to fire at 

lower velocities (Fig.16a). On the other side, the method 

of Must Fire uses a restraint condition without which the 

injury level increases rapidly. That condition seems to be 

the Maginot line for deployment, but the firing comes 

from higher velocities and is apt to be arbitrary because 

of indefinite basis (Fig.16b). 
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(a) Minimize Injury Level 
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(b) Must Fire 

 

Fig.16 Airbag Deployment Logic 
 

Discussion of Airbag Firing Decision Logic with Pcomb 
 

Apart from the new methodologies ahead proposed in 

this paper, however, the airbag deployment logic is 

constructed using NCAP star rate Pcomb as an injury 

severity index, which is already verified and generally 

used, and with the method to minimize injury level. 

Fig.17 shows the final logic chart. 
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Fig.17 Proposed Final Airbag Deployment Logic 

Chart 
 

 

CONCLUSIONS 

 

To find out the optimal location of FIS which can 

enhance the airbag sensing and calibration performance, 

vehicle crash test results are used and 4 calibration set 

are carried out. As a result of FIS data analysis and 

airbag calibration, the relatively superior FIS locations 

are selected and proposed into the vehicle development 

process. 

From now on, CAE simulation results which have a 

limitation in accuracy to use in the airbag calibration 

process must go further in comparison with test results. 

 

To promote FIS sensing discrimination performance, 

CAE and Taguchi robust optimization design technique 

were used. At frontal and offset crash mode, the number 

of FIS and the positions of FIS are the most sensitive 

control factors for airbag sensing performance. And also 

the distribution of vehicle weight and stiffness/strength 

as a noise factor are also considered in this progress. 

 

To determine the airbag deployment logic, crash and 

occupant simulation techniques are applied and adapted 

to this project, and as a result, the optimal restraint 

condition to minimize occupant injury level and to 

suppress the rapid increase of injuries are proposed. As 

an injury criterion to determine firing decision logic, two 

combined injury severity indexes are proposed. But at 

lower speed region less than about 20mph, there are few 

differences in injury levels irrespective of restraint 

condition. 
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ABSTRACT 
 

Multibody simulations of pedestrian impact 
scenarios as well as pedestrian accident 
reconstructions have been used and improved 
through the years to enhance the pedestrian 
protection (Lestrelin 1980, Wismans 1982 to Van 
Hoof 2003, Yao 2005). 

In these years, pedestrian multibody models have 
been developed and validated extensively but there 
has not been a uniform approach to the pedestrian-
vehicle contact interactions. In general, the 
reference values used for the stiffnesses of the 
impacted cars were individually obtained for each 
car through testing (Mizuno 2000) or through FEM 
simulations (Van Rooij 2003). 

This paper aims to define and supply to the 
research community appropriate and wide test 
based estimates on the stiffnesses of the European 
vehicles front parts for pedestrian simulations 
through the development of a set of stiffness 
corridors based on the pedestrian subsystem tests 
from EuroNCAP. 

Based on the 425 tests that EuroNCAP has made 
available for APROSYS SP3 sub-project, this 
paper defines procedures to derive the vehicle 
stiffness out of these pedestrian tests. Moreover, 
these methodologies are applied extensively to 
these 425 tests to build a set of stiffness corridors 
for the different vehicle front parts areas. 

Finally, some guidelines are included in the paper 
to use appropriately the obtained corridors to 
simulate properly the different current European 
vehicles. 

 

INTRODUCTION AND APPROACH. 
 

As pedestrian subsystem tests have been performed 
since 1998, EuroNCAP owns a huge database with 

over 3,000 pedestrian tests. This dataset includes 
tests on at least 18 pedestrian potential impacting 
areas in each car, with four different impactors: 
adult and child headform, legform and upper 
legform (EuroNCAP 2004). 

Considering the raw data channels of these tests, it 
is feasible to define procedures to process these 
data and derive information regarding the 
behaviour of the vehicle structure in those tests, 
that can be used as contact characteristics into 
pedestrian simulation models. 

In a first phase, the kinematics of the different test 
configurations has been analysed. These analyses 
have led to identify a set of assumptions to define a 
unique methodology to obtain the force-deflection 
characteristics for the different impactors 
(headform tests, legform tests and upper legform 
tests).  

Secondly, these methodologies have been applied 
extensively to the whole set of tests (425), 
differentiating the adult headform tests impacting 
on the bonnet from the ones impacting on the 
windscreen base.  

The responses have been grouped for each test 
configuration (legform tests, upper legform tests, 
child headform tests, adult headform tests on the 
bonnet and adult headform tests on the windscreen 
base) in five vehicle groups (super mini cars SMCs, 
small family cars SFCs, large family cars LFCs, 
multi purpose vehicles MPVs and sport utility 
vehicles SUVs), getting 25 groups.  

An analysis on these 25 groups showed the 
existence of different stiffness trends in the same 
test configurations not linked to the vehicle groups; 
therefore, an EuroNCAP rating variable (red, 
yellow, green) was included to explain these 
differences. Consequently, each test was rated 
individually, following EuroNCAP rating 
protocols, and a re-grouping was performed to the 
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whole set of tests into red, yellow and green groups 
in each test configuration. 

 

 

Figure 1: Approach to the development of stiffness corridors for the European fleet. 
 

As a next step, average parameters (average curves, 
standard deviation and average unloading slopes) 
have been calculated for each of the 15 groups (red, 
yellow and green groups in each of the 5 test 
configurations defined) leading to a set of 
corridors, which have been simplified into straight 
lines to ease handling and dissemination. 

The validity of these corridors have been checked 
with MADYMO. It has been analysed that impacts 
with the different pedestrian impactors, according 
EuroNCAP configurations, into detailed vehicle 
models implemented with the average contact 
characteristics curves obtained for the different 
groups do result in EuroNCAP ratings according 
the groups they represent. 

Finally, to couple the obtained 15 corridors with 
the current European fleet, guidelines are given on 
how to implement them into simulation models 
based on the matrix used by EuroNCAP for 
defining the impact points and rating the pedestrian 
tests. 

 

METHODOLOGIES TO OBTAIN CONTACT 
CHARACTERISTICS FROM SUB-SYSTEM 
PEDESTRIAN TESTS. 
 

Objective and limitations. 
 

Considering the kinematics of the different 
impactors along with the instrumentation used in 
each of the test configurations, it is intended to 
define the most suitable methods to obtain force-
deflection characteristics for each of the three 

pedestrian impactors (headform, legform and upper 
legform) in the most realistic and univocally 
possible way. 

As in most cases no trigger signal has been 
available for the analysis, a t0 has needed to be set. 
This t0 has been defined as the time when the 
corresponding acceleration or force in the impactor 
exceeded a certain limit, as described in Table 1. 

In order to quantify the effect of the non-zero value 
of the acceleration or force in t0 in the force-
deflection curve calculation, an error analysis has 
been performed for the three different impactors 
and test configurations.  

The average time delay for the different channels to 
exceed their limits with respect its zero value has 
been calculated and summarized in Table 1. 

Table 1: t0 definition for the different test 
configurations and time delay to reach it. 

Test 
configuration 

t0 definition Average 
time delay 

Headforms Time where Fore-aft 
acceleration > 2g 

0.3 ms 

Legform Time where Tibia 
acceleration > 2g 

0.4 ms 

Upper legform Time where Sum of 
forces > 100 N 

0.5 ms 

 

Supposing a linear behaviour of the acceleration 
within this delay, an error in the change of velocity 
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and in terms of deflection caused by this delay can 
be calculated as shown in the Table 2. 

In the case of headform and legform tests, the 
velocity is fixed to 11.1m/s in the protocol. 
However, in the case of the upper legform tests, the 
parameters are dependent on the geometry of the 
vehicle. 

This test configuration is performed at energy 
levels between 200 J and 700 J with a practical 
lower limit in the impactor mass behind the load 
cell (MLC) of 6.95 kg, which limits the maximum 
speed in this configuration to 12.13 m/s. In this 
configuration, the worst case is considered to 
calculate the error. 

Table 2: Summary of error parameters 
calculated. 

Test Delta V error 

Headform 0.5·(2g)·(0.0003s) = 0.00294m/s 

Legform 0.5·(2g)·(0.0004s) = 0.00392m/s 

Upper 
legform 

0.5·(100/MLC min)·(0.0005s) = 0.00359m/s 

Test Deflection error 

Headform 11.10m/s · 0.0003s = 0.00333m 

Legform 11.10m/s · 0.0004s = 0.00444m 

Upper 
legform 

12.13m/s · 0.0005s = 0.00605m 

 

These change of velocity errors are rather below 
the impact velocity tolerance of the test (± 0.2 m/s). 
Furthermore, these errors are within the range the 
accuracy for the speed measurement devices and no 
extra error is added in these calculations. 

Regarding deflection, the error obtained in the 
calculation process is of 3, 4 and 6 mm for the 
headforms, legform and upper legform 
respectively, which represent 3-4% with respect to 
the maximum deflection values found in the 
different test configurations. 

It can be concluded that the velocity error is 
negligible while the deflection errors due to the t0 
definition is acceptably low for the scope of this 
methodologies . 

 

Methodology applied for headform tests. 
 

The pedestrian headform tests consist of a set of 
free flight impacts at 11.1 m/s (± 0.2) of a 
headform into the bonnet and windscreen area of 
the vehicle between WAD (Wrap Around Distance) 
1000 and 2100 mm. (child and adult areas) 

The pedestrian adult headform is a 4.8kg ± 0.1 rigid 
sphere of 165mm ± 1 diameter fitted with a vinyl 
skin. It impacts on the vehicle area determined by 
WADs between 1500 and 2100 mm, with an 
impact angle of 65º (± 2º) to the ground. 

The pedestrian child headform is a smaller rigid 
sphere, 2.5 kg ± 0.05 kg and 130 mm ± 0.1 
diameter also fitted with a vinyl skin. It impacts on 
a vehicle area determined by WADs between 1000 
and 1500 mm, with an impact angle of 50º (± 2º) to 
the ground. 

These two headforms are equipped with a tri-axial 
accelerometer in the centre of the sphere and the 
HIC is used as the rating criterion. 

Further details on the headforms and the procedure 
are given in EEVC WG17 1998, EuroNCAP 2001, 
2004. 

The next table summarizes the test parameters 
measured in the test and calculated in the post-
process to derive the force deflection functions 
from the headform tests. 

Table 3: Tests parameters for headform tests. 

Parameters Value 

Headform mass (MH) A (4.8 kg); C (2.5 kg) 

Impact angle (αI) Measured. 

Impact speed (V0) Measured. 

Fore/aft acceleration (AFH) Channel output. 

Vertical acceleration (AVH) Channel output. 

Lateral acceleration (ALH) Channel output. 

Normal angle at the impact 
point in headform 
coordinate system (αH) 

Calculated 

Normal angle at the impact 
point with respect the 
impact angle (αN) 

Calculated. 

Normal angle at the impact 
point with respect the 
ground level (αNG) 

Calculated. 

Normal Force at the 
impact (FN) 

Calculated 

Normal velocity at the 
impact (VN) 

Calculated 

Normal deflection (DN) Calculated 

 

Considering that the characteristic functions for a 
contact in multibody or facet surfaces need to be 
defined in terms of normal force vs. normal 
penetration (TNO, 2003), the normal at the impact 
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point is a key parameter to get the stiffness. 
Moreover, its importance is higher as the headform 
angles of impact with the car are not always 
perpendicular.  

The headform protocol requires that the free flight 
headform direction prior to impact is to be 
contained in a vertical plane parallel to the midline 
of the car. However, in the rebound phase of the 
tests, the headform may be ejected from this plane 
due to many factors, for example the structure 
deformation or the surface curvature.  

Moreover, as the impact is not performed 
perpendicular to the car surface, the high friction 
coefficients between the headform and the bonnet 
causes tangent forces that may induce rotation in 
the headform. The less perpendicular the impact is, 
the more important these effects become. 

These two effects are not considered to be 
significant in the relevant window analysed in the 
tests (on average, the time to max acceleration is 
10-15 ms) and, therefore rotations around both axis 
are neglected. 

In the first moment of impact, the acceleration 
channels signs and values are such that the resultant 
acceleration coincides with the normal direction of 
impact. In this moment, the three angles of the 
acceleration components with respect to the 
headform reference coordinate system define the 
orientation of the normal at the impact point in the 
headform reference coordinate system.  

If rotations are neglected during the relevant time 
window of the tests, it can be assumed that: 

• These three angles will be constant during the 
relevant test window. 

• As the headform c.o.g is contained in a 
vertical plane parallel to the midline of the 
car, the lateral acceleration contribution to the 
normal will be always equal to zero. 

• The normal resultant acceleration ARN will be 
the result of projecting, with their signs, the 
fore/aft and the vertical components of the 
acceleration. 

Orientation of the normal direction at the 
impact point.  
With the given assumptions, the normal direction at 
the impact point coincides with the direction of the 
normal resultant acceleration ARN. 

αH is the angle of this normal resultant acceleration 
(ARN) with respect the positive direction of AVH, 
and therefore, of the normal direction at impact 
with respect to the headform coordinate system. 
This angle is obtained by calculating the inverse 
tangent of AVH and AFH, transformed to degrees. 
and it is defined as the normal angle at the impact 
point with respect the headform reference 
coordinate system (αH). 

To compare this angle with the one measured in the 
real car, a conversion to the laboratory coordinate 
system needs to be performed. To ease this 
conversion, αH is expressed with respect to the 
impact angle direction by a 90º rotation, resulting 
in the αN angle, that added to the impact angle (αI) 
results in the normal direction angle at the impact 
point with respect to the ground level (αNG). 

This methodology has been verified geometrically 
measuring in the lab the normal to the impact point 
in several adult and child headform test locations 
and comparing it with the data obtained 
analytically. 

Two cases are shown in Figure 2 and Figure 3 as 
examples: An adult headform test impacting on the 
windscreen and a child headform test impacting on 
the bonnet. 
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Figure 2: Summary of angles calculated for the 
example tests. 

In the case of the adult headform test, the obtained 
normal angle at the impact point (αN) with respect 
the impact direction, following the above 
calculations, has resulted to be -7º, which means 
that the normal angle at the impact point with 
respect the ground level (αNG), considering an 
impact angle of 65º, turns out to be 58º.  

In the child case, as the impact occurs in the 
bonnet, the calculated normal angle at the impact 
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point (αN) with respect the fore-aft directions is 27º, 
which lead to a αNG of 77º with an impact angle for 
the child headform of 50º. 

On the other hand, the measures obtained in the 
laboratory for the car the same impact locations has 
led to normal angle at the impact point of 57º for 
the adult case and 79º for the child case (Table 4). 

These results show that the method proposed to 
calculate the normal at the impact point (αN) has an 
error within the tolerance interval that EuroNCAP 
permits for the impact angles in these tests 
protocols, therefore it is considered to be valid for 
the purpose of this methodology. 

Table 4: Summary of angles calculated and 
measured compared to the tolerances in the 

EuroNCAP headform protocols. 

 αNG 

calc. 
αNG  
lab  

Diff 
Impact 
angle 

tolerance 

Adult case 58º 57º 1º ± 2º 

Child case 77º 79º 2º ± 2º 

 

 

Figure 3: Impact point location of the adult 
headform and child headform tests example 

Headform tests stiffness calculation. 
With the assumption given regarding the lack of 
rotation, the next steps are followed to derive the 
stiffness. 

• The test t0 is determined when the fore-aft 
acceleration (AFH) exceeds 2g. 

• In the (t0, t0 + 1 ms) interval, the normal angle 
at the impact point with respect the fore-aft 
direction (αN) is obtained as it has been 
described earlier.  

• The vertical and the fore-aft acceleration 
signals are projected with respect the normal 
of impact obtaining the resultant normal 
acceleration (ARN) as the addition of both 
projections. 

• Multiply the ARN with the impactor mass, MH 
to obtain the normal force in the impact FN. 

• Project the impact velocity (V0) to the normal 
of impact to get the initial normal velocity 
(V0N) at t0.  

• Double integrate the ARN to get deflection DN 
using the V0N as the initial velocity, making 
the zero of the displacement at t0. 

 

Methodology applied in legform tests. 
 

The pedestrian legform tests involve a set of, at 
least three tests, of a legform impacting 
horizontally in free flight with the bumper area of 
the car. The bottom of the legform impactor shall 
be at Ground Reference Level at the time of first 
contact with the bumper (tolerance ± 10 mm) and 
the impact velocity of the legform at this instant 
shall be 11.1 ± 0.2 m/s.  

This test is only performed to cars when the lower 
bumper reference line is less than 500 mm above 
the ground reference level. 

The legform impactor consists of two foam covered 
rigid segments, representing femur (upper leg) and 
tibia (lower leg), joined by a deformable, simulated 
knee joint. The overall length of the legform 
impactor shall be 926 ± 5 mm, having a required 
test mass of 13.4 ± 0.2 kg. A full description of the 
legform along with the EuroNCAP procedure is 
given in EEVC WG17 1998 and EuroNCAP 2001, 
2004. 

This legform is equipped with a uni-axial 
accelerometer in the non impacted part of the tibia 
and two potentiometers, one in the tibia and one in 
femur to account for shear and bending. 

The parameters involved in the legform tests and 
the stiffness derivation are: 

Table 5:Tests parameters for legform tests. 

Parameters Value 

Legform mass (M) 13.4 kg (6.8 in femur 
and 4.8 kg in tibia) 

Test Speed (V0) Measured. 

Shear displacement (sh) Channel output. 

Bending angle (Bd) Channel output. 

Tibia acceleration (AT) Channel output. 

Force in the impact (FL) Calculated 
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Velocity (VL) Calculated 

Deflection (DL) Calculated 

Legform tests stiffness calculation. 
Considering the channels measured and the real 
kinematics of the bending, some channels are 
missing to undertake a fully realistic stiffness 
derivation.  

In order to get some approximate values a 
simplification is done considering the whole 
legform as rigid, which is not true, but it may 
approximate well in cases where knee bending is 
low. With this assumption, the calculated force is 
likely to be a overestimate in most cases. 

With the assumption of a rigid legform impactor, 
the following steps have been followed to derive 
the stiffness.  

• Define the t0 of the test. 

• Multiply the tibia acceleration AT with the 
impactor mass, M to obtain the force in the 
impact FL. 

• Double integrate the AT to get displacement 
using the V0 as the initial velocity and making 
the zero of the displacement in the t0. This 
displacement includes the car structure 
displacement together with the crush of the 
impactor (likely to be around 20 mm). 

 

Methodology applied for upper legform tests. 
 

The upper legform impactor is rigid, foam covered 
at the impact side and 350 ± 5 mm long.  

Two load transducers are fitted to measure 
individually the forces applied at each end of the 
upper legform impactor, plus strain gauges 
measuring bending moments at the centre of the 
upper legform impactor and at positions 50 mm 
either side of the centre line. 

The total mass of the front member and other 
components in front of the load transducer 
assemblies, together with those parts of the load 
transducer assemblies in front of the active 
elements, including the foam and skin, shall be 
2.55 ± 0.15 kg.  

The total mass of the upper impactor, as well as the 
impact angle and the impact velocity is dependent 
on the general shape of the front of the car. Further 
details on the impactor, the procedure and 
geometry dependencies are given in EEVC WG17 
1998 and EuroNCAP 2001, 2004. 

The upper legform tests parameters needed are the 
followings: 

Table 6: Tests parameters for upper legform 
tests. 

Parameters Value 

Upper Legform mass (MUL) Geometry dependent  

Impact angle (αI) Geometry dependent 

Test Speed (V0) Geometry dependent 

Force Top Channel output. 

Force Bottom Channel output. 

Sum of Forces (FS) Channel output. 

Femur upper bending 
moment 

Channel output. 

Femur centre bending 
moment 

Channel output. 

Femur lower bending 
moment 

Channel output. 

Upper Legform mass behind 
the LC (MLC) 

M-2.55 kg 

Acceleration of the upper 
legform (AUL) 

Calculated 

Total Force (FT) Calculated 

Velocity (VUL) Calculated 

Deflection (DUL) Calculated 

 

Upper legform tests stiffness calculation. 
As the upper legform is a linear guided impact 
device measuring force, the following steps are 
needed to obtain the stiffness in these tests. 

• Define t0 of the test. 

• Divide the sum of forces (FS) with the upper 
legform mass behind the load transducer 
(MLC) obtaining the acceleration of the whole 
device (AUL). 

• Multiply the calculated acceleration with the 
upper legform total mass (MUL) to get total 
Force (FT).  

• Double integrate the AUL to get displacement 
using the V0 as the initial velocity and making 
the zero of the displacement in the very first 
moment of impact DUL. Again, the 
displacement obtained through this procedure 
includes the displacement of the car structure 
together with the crush in the impactor 
(typically 40 mm). 
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PEDESTRIAN TESTS ANALYSIS. 
 
Sample analysis. 
 

EuroNCAP has made available for this analysis a 
total of 425 pedestrian sub-system tests, for a total 
of 26 vehicles, including super mini cars (SMC), 
small family cars (SFC), large family cars (LFC), 
multipurpose vehicles (MPV) and sport utility 
vehicles (SUV).  

This sample represents hardly 10% of the whole set 
of vehicles tested by EuroNCAP but it is 
considered to be large enough for the scope of this 
work. 

36%

19%

15%

15% 15%

SMC

SFC

LFC

MPV

SUV

 

Figure 4: Vehicle type of the sample. 
As defined in EuroNCAP pedestrian tests protocol 
(EuroNCAP 2004), a test is performed in the most 
dangerous point for a pedestrian to hit in each of 
the 18 areas in which a matrix divides each car 
front part. This matrix, defined individually for 
each car, consists of: 

• Three zones for legform impact in the bumper 
and three zones for the upper legform impact 
in the bonnet leading edge. 

• Twelve zones for the headform impact, six for 
the child headform at WAD between 1000 
and 1500, and six for the adult headform at 
WAD between 1500 and 2100. 

Table 7: Summary of tests considered in the 
study 

Segment Legform Upper 
legform 

Child 
head 

Adult 
head 

Total 

SMC 14 15 25 15 69 

SFC 24 32 63 34 153 

LFC 9 12 22 13 56 

MPV 14 16 39 11 80 

SUV 8 9 26 24 67 

TOTAL 69 84 175 97 425 

The total number of tests analysed in this study is 
425. The breakdown according test configurations 
and vehicle groups is found in Table 7. 

 

Force-deflection curves derivation. 
 

Following the methodologies defined the post-
process of the EuroNCAP tests have been 
performed to get force-deflection curves for all the 
tests. Different trends were observed in each of the 
vehicle segment within the same configurations, 
not dependent on the vehicle groups.  

Therefore a new variable needs to be incorporated 
capable to discriminate these tendencies. The 
EuroNCAP rating variable has been introduced in 
the analysis with such purpose. 

As EuroNCAP rates each test individually to give a 
final rating to the car, the rating procedure followed 
by EuroNCAP (EuroNCAP 2004) has been applied 
in this point, with some remarks (* and **, see 
Table 8) to the whole set of tests.  

Table 8: Rating procedure followed in the tests. 

Test config Red score Green 
score 

Yellow 
score 

Headforms HIC>1350 HIC<1000 

Between 
red and 
green 
values 

Upper 
legform* 

Max bending 
>380Nm 

Total forces 
>6.0 kN 

Max 
bending 
<300Nm 

Total 
forces 
<5.0kN 

Between 
red and 
green 
values 

*: As the total force is the parameter considered in 
the process to get to force-deflection, the rating 
procedure has only been based on results 
regarding total force criteria. 

Legform** 

Max 
shear>7mm 

Max 
bending>20º 

Max tibia 
accel>200g 

Max shear 
<6mm 

Max 
bending 
<15º 

Max tibia 
accel. 
<150g 

Between 
red and 
green 
values 

** As the impactor has been considered rigid in the 
process to get to force-deflection, the rating 
procedure has only been based on results 
regarding the maximum tibia acceleration criteria. 
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The next figure summarizes the distribution of the 
tests according this rating procedure per each test 
configuration. 
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Figure 5: Distribution of test ratings along test 
configurations. 

It can be seen that red curves represent in total over 
the 50% of all the tests, while green curves are near 
the 30%. Per test configuration, it seems that adult 
impacting on the windscreen area is the test 
configuration where red reaches its top value 
(almost the 70% of all the cases), while if it 
impacts in the bonnet area it reaches its minimum 
value (only the 45% of the cases). 

Regarding the green curves, legform seems to be 
the test configuration where it reaches its maximum 
(33%) and the adult impacting on the windscreen 
where it reaches its minimum (15%). 

Figure 6 to Figure 10 show the whole dataset once 
rated according the criteria from Table 8. 

Two trends in the legform tests are clearly 
highlighted and linked to the red or the green 
curves group. Figure 6 suggests, for all the 
segments, the existence of a high stiffness trend 
characterized by steep slopes that reaches high 
peak forces, (over 40 kN) in short deflections (0.04 
to 0.06 m) and a low stiffness trend were the slopes 
are rather progressive, the peak forces are keep 
below 20 kN and deflection stands over 0.08 m or 
more.  

It similarly happens in the upper legform tests. 
Figure 7 shows how the narrow bunch of curves in 
the start (below 0.03-0.04 m) starts to open up to 
red curves with peak force over 12 kN at 0.08 m of 
deflection and green curves with peak forces below 
6 kN at 0.12 m of deflection. 

Moreover, in these two configurations the yellow 
group fits in between the red and the green one, 
which is rather coherent with the process. 

With respect to the bonnet middle area, it is seen 
that most curves reach its peak force near 0.02 m of 
deflection to start decreasing from then. Green 
curves slopes are rather soft to reach a maximum 
deflection over 0.06 m, while a trend for red curves 
exists where deflection is kept below 0.06 m in all 
cases and steeper unloading slopes are registered. 
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Figure 6: Force-deflection data for the bumper 
area. 
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Figure 7: Force-deflection data for the bonnet 
front area. 
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Figure 8: Force-deflection data for the bonnet 
middle area. 

In the bonnet rear area, it can be seen red curves 
with soft loading slopes in the beginning and 
sudden steep slopes to get to the maximum and 
green curves where a plateau close to the maximum 
level is maintained throughout the deflection range. 
In terms of unloading slope, great difference 
appears according the former ways of loading.  

In the windscreen base impacts, it is generally 
observed an initial peak to describe the breaking of 
the glass during the impact (independent of the 
colour) and then, a softer slope to get a second 
maximum peak force, with the slope variation in 
this second loading, linked to the different ratings. 

In general, in headform tests, the yellow curves fit 
below the red ones but they overlap significantly 
with the green curves. 
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Figure 9: Force-deflection data for the bonnet 
rear area. 
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Figure 10: Force-deflection data for the 
windscreen base area. 

 
PROPOSED STIFFNESS CORRIDORS. 
 

The average parameters have been calculated for 
each of the 15 groups (red, yellow and red groups 
in each of the 5 test configurations defined) taken 
into account that: 

• As the force deflection curves come from a 
cross plot between force-time and deflection-
time, they result in curves with different 
sample rates in deflection in the same group.  

• There are force deflection curves in the same 
group that reaches different maximum 
deflection levels. 

To tackle the former, a re-sampling in deflection 
has been applied to all curves.  

To address the latter, and not to penalty the average 
curves, only the curves with force level different 
from 0 in each deflection step are considered in the 
calculation of the averages instead of using the 
whole set of curves. Even with this approach, it can 
be observed in the averages the discontinuities 
caused by the end of the different curves. If the 
mean values were used instead, not only were these 
discontinuities higher but also, at high deflection 
levels, the mean curves will be considerably under-
estimating the actual curves. 

Considering the great variation in force and 
deflection level of the peak value, the average force 
±1 standard deviation at each point in deflection is 
the method preferred (Hynd 2005) to derive the 

contact characteristics corridors as it describes 
better the local behaviour of the curves.  

However, due to that great variation, an 
overlapping between rating groups in some of test 
configuration appear, especially for the cases of the 
headform impactor.  

This variation may induce some problems in the 
corridor interpretation if corridors are expected to 
univocally define red, green or yellow areas. 
However, considering how the corridors have been 
constructed, they aimed to represent the mean value 
of the sample with an indication of its variability 
through the standard deviation. 

With these premises the average curves and 
corridors have been generated and are shown in 
Figure 12 to Figure 16. As seen in these figures, the 
calculated average curves, along with the upper and 
lower boundaries of the corridors, are reduced to a 
number of points that represents their real shape 
details in order to ease their handling as simulation 
inputs and dissemination possibilities. The tabular 
form of these curves is included in Appendix I. 

The similarity of the simplified curves with the real 
curves has been ensured by restraining the 
difference in area below each curve to less than 1‰ 
difference in all cases, as shown in Figure 11.  

Asimplified

Areal

Asimplified
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1 - < 0.1‰

 

Figure 11: Area coverage between the simplified 
curve and the real curve. 

It is relevant to observe that the rating does reflect 
three significantly different average trends for the 
legform and the upper legform tests, while this is 
not so clear in the case of headform tests, where 
trend differences are not so highlighted. 

In Figure 12, legform red average curve reaches 
peak values over 25kN at deformations of 0.06m, 
while green average curve gets to peak values near 
10kN at deformation of 0.08m and a plateau until 
deformations of 0.15m. In this case, the average 
yellow curve lies in between, with peak values 
below 20 kN and maximum deformations in 0.09m. 

It can be seen in this figure that the corridor for the 
red group is broader than the green and yellow 
ones, especially in the areas of maximum forces, 
and considerably shorter in deflection. The higher 
deflection needed in green curves (over 0.1m, 
which may mean 0.08m in the vehicle) can give a 
hint on the deformation space needed in the bumper 
to achieve a “green score. 
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Figure 12: Simplified average force deflection 
curves and ±1 standard deviation corridors for 

the bumper. 
Regarding the upper legform, red average curves 
reach a peak value of 8.5kN at 0.08m of 
deformation, while green stands below 5.0kN with 
the same deformation levels. Again, the yellow 
average curves lie in between, with peak values of 
6.0kN, although the first slope (deformation 
<0.06m) is the same as the green curve. 

In the case of corridors, the red corridor width is 
again higher than for the yellow and green 
corridors, but the deflection ranges are rather 
similar. In any case, the overlap between the three 
corridors is clear, especially for the yellow and the 
green one, as it can be seen in the Figure 13. 

It is interesting in this case that green curves 
maintains the force value close to 5 kN over 0.06m 
of deflection (which may mean 0.02-0.03 m 
deflection in the vehicle). This force value at these 
deflection ranges can be a valuable target for 
“green scores” in the bonnet front. 
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Figure 13: Simplified average force deflection 
curves and ±1 standard deviation corridors for 

the bonnet front. 
Regarding the child headform tests, the average red 
curve reach a peak of 4.0kN at 0.022m of 
deflection while the green one gets to 3.4kN at 
lower deflection (0.02m). Moreover, it can be seen 
in the Figure 14 that the average red curve 
maximum deflection is 0.06m, while for the green 
one, it goes up to 0.10m. The yellow curve stands 
in between red and green (peak value of 3.6kN and 
maximum deflection of 0.08m).  

It is remarkable in this case that the initial slope 
(deformation <0.015m) is the same for the three 
average curves, however, when they reach the 
maximum, they decrease significantly when similar 
curves to the ones for the adult case may be 
expected. It seems that the high non-perpendicular 
impact angle of child tests causes this sudden 
decrease due to the slip of the impactor on the 
bonnet. 
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Figure 14: Simplified average force deflection 
curves and ±1 standard deviation corridors for 

the bonnet middle. 
In the case of the adult headform tests on the 
bonnet (Figure 15), red trend seems to deviate from 
the green-yellow one after 0.01m of deflection. 
Only then, the red curve continues increasing until 
values of 7.0kN, the green curve loads up to 4.3kN 
at deflection 0.018m and start decreasing from then 
and the yellow curve reaches its maximum also in 
4.3kN but with an increasing slope until 0.05m of 
deflection. 

In this case, green and yellow curves maintains the 
force value close to 4kN over 0.02 m of deflection. 
Again, these values can be good estimates for 
getting a “green” bonnet rear. 

0

2000

4000

6000

8000

10000

12000

0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 0.100

Deflection (m)

F
or

ce
 (

N
)

Nº Red = 14
Nº Yellow = 9
Nº Green =9

 

Figure 15: Simplified average force deflection 
curves and ±1 standard deviation corridors for 

the bonnet rear. 
At last, the adult headform tests on the windscreen 
in Figure 16 show the effect of glass breaking. The 
red average curve reflects it with a short plateau at 
deformation values of 0.01m and 2.5kN and then it 
continues increasing to 7.0kN at 0.06m.  
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Figure 16: Simplified average force deflection 
curves and ±1 standard deviation corridors for 

(in order) the windscreen base. 
The green curve shows it with a first peak of 2.5kN 
at 0.01m and then, following an unloading phase, a 
moderate increasing phase until 4.5kN at 0.08m. 
Finally, the yellow curve, again mostly between the 
red and green curve, increase to values of 4.0kN at 
0.02m, maintains similar values up to 0.03m, and 
then continues increasing up to 6.0kN at 0.08m. 

In the case of headforms, the corridors overlap 
considerably, especially the green and yellow ones. 
Moreover, for the three configurations, the lower 
half red corridor is partially contained in the yellow 
or green corridors while the upper half red corridor 
stands differentiated. 

For the case of unloading slopes, it is analysed as a 
range of variation (maximum-minimum) and is 
presented in Table 9. 

In general, the slope ranges within each colour are 
rather wide (max/min is about 100 times), which 
indicates that the variability is very high for all 
configurations.  

Table 9: Maximum, average and minimum 
unloading slopes for the different groups and 

impacted vehicles area. 

Units: 
N/m 

Bumper Bonnet 
front 

Bonnet 
middle 

Bonnet 
rear 

Wind 
screen 
base 

Max 7.07 E8 1.70 E7 2.63 E7 1.38 E8 1.84 E7 

Avge 9.61 E7 1.46 E6 2.05 E6 1.32 E7 2.85 E6 

Min 1.58 E6 1.45 E5 4.031 E4 6.63 E4 1.60 E5 

Max 1.35 E8 1.04 E7 8.82 E7 1.85 E6 6.00 E6 

Avge 1.53 E7 1.66 E6 7.50 E6 8.47 E5 1.05 E6 

Min 9.73 E5 9.00 E4 5.85 E4 1.40 E5 7.71 E4 

Max 2.17 E7 2.08 E6 4.68 E6 1.51 E6 4.00 E6 

Avge 3.29 E6 6.30 E5 4.92 E5 4.81 E5 8.79 E5 

Min 2.51 E5 1.39 E5 2.85 E4 7.96 E4 2.01 E5 

 

STIFFNESS CORRIDORS VALIDATION 
WITH MADYMO MODELS. 
 

The main output of this work consists of a set of 
stiffness corridors for the different parts of the 
vehicle front to be used as input for simulation with 
pedestrian and vehicle interactions. To check that 
the corridors proposed behave accurately in 
simulation and they represent what it is expected, a 
validation has been performed in MADYMO.  

To evaluate the force-deflection calculated 
corridors, different models have been constructed 
to reproduce the EuroNCAP pedestrian test 
configurations.  

As in the case of upper legform and legform tests 
the vehicle geometry plays an important role, these 
cases have been kept out of this preliminary 
validation and only headform tests have been 
reproduced. 

Two MADYMO models have been constructed to 
reproduce the adult and the child headform 
EuroNCAP pedestrian tests configurations on a real 
vehicle. 

 

Figure 17: MADYMO models for the three 
EuroNCAP pedestrian configurations. 

In both cases, the model consists of two systems:  

• The MADYMO ellipsoid headform impactor, 
with the mass and geometry properties as well 
as the initial speed and direction from the 
EuroNCAP corresponding protocol. 

• A real vehicle, with the contact characteristics 
given by the force-deflection simplified 
average curve calculated for the red, green or 
yellow cases in the bonnet middle, bonnet rear 
and windscreen area, with fixed friction 
coefficient (0.25 for the bonnet and 0.15 for 
the windscreen) 

 

Comparison of results 
 

In order to compare the simulation results with the 
experimental tests, the mean HIC value is obtained 
for the red, yellow and green test groups in each of 
the three configurations (adult-bonnet, adult-
windscreen and child-bonnet). The average and the 



Martinez 12 

standard deviation is including along with the 
results from the simulation in Table 10. 

Table 10: Comparison of the HIC values. 

  
Child 

headform 
bonnet 

Adult 
headform 

bonnet 

Adult 
headform 

windscreen 

Expected 2324 
(±1014) 

2440 
(±1306) 

2388 
(±961) Red 

Obtained 2356 2444 2430 

Expected 1180 
(±108) 

1169 
(±106) 

1182 
(±140) Yellow 

Obtained 1273 1287 1255 

Expected 801 
(±114) 

809 
(±109) 

831   
(±115) Green 

Obtained 909 920 913 

 

It can be seen that HIC output from the models in 
all cases is rather similar to the mean HIC value 
obtained from the tests. 

It is remarkable that red behaviours are very close 
with their targets and very well distinguished from 
the other two rankings.  

Regarding the yellow and green best fit, they are 
also considerably close to the target.  

However, the output of these two models has been 
found to be dependant on the value in the hysteresis 
slope showing cases where green and yellow 
behaviour are exchanged, especially in the bonnet 
impacts. This behaviour is not surprising as the 
average curves in these two configurations show a 
significant overlap. 

 

GUIDELINES TO APPLY THE STIFFNESS 
CORRIDORS TO THE CURRENT FLEET OF 
EUROPEAN VEHICLES. 
 

 

Figure 18: EuroNCAP test matrix definition. 
Considering that EuroNCAP test selection is 
performed on an individual vehicle-based matrix 
(Figure 18), and this matrix is also the basis for the 

ratings (Figure 19), it is coherent to use it as a 
template to apply the proposed characteristics. 

 

Figure 19: EuroNCAP typical pedestrian rating. 
Moreover, as the result matrix for each car tested in 
EuroNCAP since September 2005 are available on 
the website, it can be used to apply the red, green 
and yellow curves obtained in this paper in the red, 
green and yellow rated areas on the car. 

Four consideration are to be taken into account 
when applying these stiffnesses to the vehicle 
models: 

• The force deflection curves derived do not 
separate the deflection of the vehicle and the 
one from the impactor. Therefore when the 
contact characteristic is defined in the model, 
this issue should be considered to define the 
stiffness correctly. 

• The force deflection curves derived only 
cover deflections up to those seen in the 
EuroNCAP tests from which they were 
derived, so they may not be suitable for 
modelling higher severity impacts. 

• The matrix areas on the A pillars are not 
tested in EuroNCAP and are given a red score 
directly. Red curves obtained in this study 
may underestimate the real stiffness of this 
part. 

• The matrix areas on the middle of the 
windscreen are not tested in EuroNCAP and 
are given directly a green score. Green curves 
obtained in this study may not represent the 
real behaviour of this part and more dedicated 
studies on glazing impact should be used. 

 

CONCLUSIONS. 
 

The following conclusions can be drawn from the 
work herein presented. 

1. Three methodologies have been developed 
and extensively applied to obtain force-
deflection curves from the EuroNCAP 
pedestrian tests. These methodologies have 
proved to be accurate enough to obtain the 
contact characteristics from these tests. 

2. The five sets of three stiffness corridors that 
have been generated in this work is an 
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important source of data for pedestrian 
simulation purposes that represents widely 
the European fleet stiffnesses ranges in the 
front part of the vehicle. 

3. From these corridors, target values to get a 
“green” score can be derived based on the 
forces and deflection achieved in the tests. 
Deflections over 0.08m in the bumper and 
force levels in 4-5kN in the bonnet over 
0.02m of deflection are valuable targets to 
get “green scores” in the different tests. 

4. Newly tested cars may change the average 
green, yellow and red curves of the fleet 
herein obtained, however, since the 
evaluation has been done gathering red, 
yellow and green curves, their validity as 
estimates will be maintained while the 
EuroNCAP rating of the tests is maintained. 

5. The stiffness maps for each individual 
vehicle segment define the way to 
implement the stiffness corridors into the 
current European fleet. Since 2005, 
EuroNCAP website publish this map for 
each tested vehicle. 

6. These two sets of data are valuable not only 
to identify the gaps in the current European 
fleet regarding pedestrian protection, but 
also, and together with the feasibility 
limitations (Lawrence 2004), to focus future 
research efforts to further improve the 
pedestrian protection in Europe. 
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APPENDIX I: STIFFNESS SIMPLIFIED CORRIDORS. 

 
The next tables present the different stiffness force-deflection corridors (deflection in m and force in N), in its 
simplified version, for each of the vehicle front parts and each of the three rating groups.  

Table-AI- 1: Simplified force deflection data for the bumper area (from the legform tests). 

BUMPER 

AVERAGE TOP LOW 

Red Yellow Green Red Yellow Green Red Yellow Green 

0.0000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 

0.0092 1794 0.010 2183 0.025 5100 0.009 2685 0.010 2670 0.025 7300 0.009 1080 0.010 1500 0.025 2800 

0.0260 6699 0.022 5844 0.044 7560 0.026 11500 0.022 7765 0.044 11090 0.035 2399 0.022 3950 0.044 4000 

0.0420 17195 0.044 14700 0.079 10595 0.042 25900 0.044 20900 0.079 15400 0.042 8900 0.044 8650 0.079 5495 

0.0492 25000 0.063 17700 0.091 9650 0.052 40450 0.063 21300 0.091 14000 0.052 14520 0.063 14026 0.091 5200 

0.0665 29000 0.070 19150 0.095 8500 0.065 40000 0.070 23400 0.095 12800 0.064 20200 0.070 14850 0.095 4000 

0.0790 14595 0.085 17995 0.125 10500 0.079 20500 0.085 21800 0.125 14800 0.071 12700 0.085 14150 0.125 6550 

  0.088 15485 0.146 9160   0.088 16800 0.146 10000 0.079 8289 0.088 14450 0.146 8690 

    0.150 6250     0.150 7800     0.150 4985 

 

Table-AI- 2: Simplified force deflection data for the bonnet front area (from the upper legform tests) 

BONNET FRONT 

AVERAGE TOP LOW 

Red Yellow Green Red Yellow Green Red Yellow Green 

0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 

0.0290 3000 0.0134 1250 0.0127 1030 0.0290 3900 0.0134 1900 0.0127 1400 0.0290 2150 0.0134 695 0.0127 700 

0.0370 3946 0.0377 3000 0.0257 2015 0.0370 4900 0.0377 3900 0.0257 2550 0.0370 3000 0.0377 2100 0.0257 1600 

0.0500 6000 0.0700 5400 0.0560 4000 0.0500 7600 0.0700 6700 0.0560 4850 0.0500 4475 0.0700 4190 0.0560 3300 

0.0570 7000 0.0770 5800 0.0696 4400 0.0570 8900 0.0770 7065 0.0696 5200 0.0570 5100 0.0770 4600 0.0807 3615 

0.0700 8100 0.0850 5910 0.1200 4800 0.0700 10500 0.0850 7150 0.1200 5250 0.0700 5600 0.0850 4800 0.1132 4100 

0.0800 8500 0.1000 5400 0.1460 4850 0.0800 11470 0.1000 6511 0.1460 5150 0.0800 5480 0.1231 4500 0.1200 4400 

0.1100 7700 0.1400 5600 0.1600 5075 0.1100 8900 0.1400 6425 0.1600 5645 0.1100 6495 0.1342 4080 0.1460 4600 

0.1350 7500 0.1530 4800 0.1660 4690 0.1350 8495 0.1530 5250 0.1660 5142 0.1350 6590 0.1535 4400 0.1600 4500 

0.1470 5510 0.1550 4380   0.1470 7675 0.1550 5590   0.1470 3197 0.1545 3875 0.1660 4100 

. 

Table-AI- 3: Simplified force deflection data for the bonnet middle area (from the child headform tests). 

BONNET MIDDLE 

AVERAGE TOP LOW 

Red Yellow Green Red Yellow Green Red Yellow Green 

0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 

0.0020 250 0.0020 250 0.0020 215 0.0020 420 0.0020 465 0.0020 340 0.0020 99 0.0020 50 0.0020 90 

0.0104 2500 0.0097 2520 0.0112 2510 0.0104 3550 0.0097 3325 0.0112 3270 0.0104 1530 0.0100 1715 0.0112 1720 

0.0127 3000 0.0135 3350 0.0139 3010 0.0127 4100 0.0135 4199 0.0140 3800 0.0127 1930 0.0135 2515 0.0139 2200 

0.0158 3500 0.0157 3600 0.0167 3323 0.0158 4625 0.0157 4475 0.0167 4120 0.0158 2380 0.0157 2725 0.0167 2535 

0.0190 3850 0.0180 3620 0.0190 3370 0.0190 5050 0.0180 4500 0.0190 4180 0.0190 2675 0.0180 2750 0.0190 2550 

0.0200 3900 0.0200 3550 0.0216 3250 0.0200 5075 0.0200 4400 0.0215 4045 0.0200 2720 0.0200 2720 0.0218 2450 

0.0215 3900 0.0265 2795 0.0344 1975 0.0215 5000 0.0265 3500 0.0345 2770 0.0225 2785 0.0265 2110 0.0344 1155 
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0.0336 3300 0.0332 2285 0.0390 1730 0.0336 4660 0.0332 3100 0.0390 2400 0.0270 2575 0.0332 1525 0.0400 1034 

0.0475 2355 0.0373 2150 0.0495 1495 0.0480 3505 0.0380 3000 0.0495 2140 0.0336 1950 0.0373 1355 0.0495 845 

0.0575 2045 0.0465 2100 0.0626 1475 0.0585 3095 0.0465 2775 0.0625 1945 0.0378 1500 0.0453 1210 0.0625 980 

0.0585 1740 0.0600 1500 0.0780 950   0.0600 2397 0.0780 1495 0.0475 1150 0.0600 770 0.0780 440 

0.0615 853 0.0780 1341 0.0951 1068   0.0780 2250 0.0951 1364 0.0563 990 0.0780 369 0.0951 810 

            0.0615 75     

 

Table-AI- 4: Simplified force deflection data for the bonnet rear area (from the adult headform tests). 

BONNET REAR 

AVERAGE TOP LOW 

Red Yellow Green Red Yellow Green Red Yellow Green 

0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 

0.0038 765 0.0040 840 0.0038 825 0.0038 1140 0.0038 1350 0.0038 1140 0.0038 400 0.0038 310 0.0038 510 

0.0076 1950 0.0086 2200 0.0072 2000 0.0076 3225 0.0086 3440 0.0072 2620 0.0076 700 0.0086 1020 0.0072 1380 

0.0100 2723 0.0150 3375 0.0107 3030 0.0100 4450 0.0150 4950 0.0107 3880 0.0100 1000 0.0150 1800 0.0107 2180 

0.0162 3750 0.0195 4070 0.0161 4265 0.0162 5725 0.0195 5290 0.0174 6000 0.0162 1820 0.0220 3300 0.0161 2665 

0.0196 3875 0.0290 4334 0.0244 4330 0.0210 5235 0.0274 5020 0.0244 5285 0.0215 2800 0.0265 3500 0.0244 3365 

0.0294 6300 0.0337 4880 0.0292 4110 0.0294 9450 0.0310 6020 0.0292 5060 0.0294 3150 0.0310 3300 0.0292 3155 

0.0404 6500 0.0455 5080 0.0395 3410 0.0381 10250 0.0456 6200 0.0395 4370 0.0405 3600 0.0500 3925 0.0400 2485 

0.0510 5550 0.0555 4050 0.0557 3600 0.0451 8500 0.0557 4630 0.0537 4850 0.0495 3100 0.0557 3530 0.0580 2500 

0.0570 6300 0.0625 4400 0.0680 2800 0.0535 7005 0.0650 5030 0.0690 3271 0.0570 5225 0.0620 3780 0.0690 2180 

0.0662 7283 0.0700 3865 0.0860 3774 0.0662 8999 0.0725 5080 0.0860 4250 0.0662 5500 0.0750 2890 0.0860 3280 

  0.0798 4650 0.0891 4300   0.0798 5290 0.0890 4800   0.0797 4100 0.0894 3802 

 

Table-AI- 5: Simplified force deflection data for the windscreen base area (from the adult headform tests) 

WINDSCREEN BASE 

AVERAGE TOP LOW 

Red Yellow Green Red Yellow Green Red Yellow Green 

0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 

0.0057 2015 0.0057 1960 0.0074 2004 0.0057 3150 0.0057 3025 0.0074 3500 0.0057 870 0.0057 890 0.0074 500 

0.0070 2388 0.0070 2485 0.0110 2525 0.0080 4100 0.0070 3785 0.0110 4600 0.0070 970 0.0090 1360 0.0110 425 

0.0100 2295 0.0090 3027 0.0152 1235 0.0100 4100 0.0090 4685 0.0152 2100 0.0100 500 0.0131 1250 0.0282 1010 

0.0131 2715 0.0160 3735 0.0225 2385 0.0131 4640 0.0151 5900 0.0220 3480 0.0270 1215 0.0180 1890 0.0320 1190 

0.0183 2700 0.0190 3290 0.0254 2012 0.0183 4825 0.0183 4925 0.0240 3230 0.0314 2020 0.0190 1630 0.0380 1665 

0.0214 3271 0.0236 4125 0.0305 2460 0.0214 5530 0.0232 6500 0.0320 3799 0.0383 2825 0.0236 1730 0.0480 2800 

0.0237 3545 0.0300 3240 0.0380 2680 0.0237 6300 0.0300 4750 0.0398 3750 0.0480 3870 0.0300 1690 0.0558 3105 

0.0270 4300 0.0395 3715 0.0480 3800 0.0270 7300 0.0395 5100 0.0480 4800 0.0574 4308 0.0395 2300 0.0665 3500 

0.0314 5060 0.0500 4447 0.0558 3860 0.0314 8100 0.0480 5650 0.0558 4600 0.0684 4800 0.0500 3150 0.0846 2999 

0.0383 5990 0.0666 4840 0.0666 4425 0.0383 9150 0.0570 5497 0.0690 5375 0.0780 5825 0.0666 4150 0.0930 2000 

0.0464 6350 0.0756 5240 0.0846 4075 0.0505 9550 0.0650 5300 0.0846 4800 0.0853 6500 0.0756 4845 0.0998 399 

0.0580 6700 0.0847 6300 0.0930 2520 0.0585 9100 0.0740 6000 0.0920 3941   0.0847 5800   

0.0656 6749   0.0998 1447 0.0656 8420 0.0847 6798 0.0998 2599       

0.0710 6550     0.0710 7690           

0.0770 6600     0.0770 7400           

0.0853 7699     0.0853 8351           
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ABSTRACT 

Real-life data has shown that booster cushions are 
highly beneficial to belted children, but misuse and 
non-use problems remain. Furthermore, the rear seat 
belt system may be optimized for both children and 
adults. 

The aim of this study was to evaluate protection 
concepts offering benefits in from of attitudes, 
handling and safety perspectives, for children seated 
on booster cushions. 

Focus groups, observations and sled tests were 
performed. Initially, focus groups consisting of 16 
children aged 7-8 years discussed the use of booster 
cushions. Seven children and their parents were then 
observed buckling up in a car using an integrated 
booster cushion and an aftermarket booster cushion. 
Lastly, sled tests were conducted with a Hybrid III 6 
year old dummy seated on different booster cushions 
and restrained by various seat belt systems, including 
belt load limiting and pretensioning.  

It was found that children wanted to use booster 
cushions for safety and comfort, but perceived the 
use of booster cushions as childish. Parents motivated 
non-use due to inconvenience. 

The handling study showed that adults felt secure 
when handling the integrated booster cushion because 
it could only be unfolded in one way. Integration 
facilitated buckling up. Furthermore, it was stable 
when entering or leaving the car. Misuse was 
detected for most children when using the 
aftermarket booster cushion as opposed to only one 
case of minor misuse with the integrated version. 

The sled tests with retractors with belt load 
limiting and pretensioning resulted in reduced head, 
neck and chest loading as well as forward 
displacement.  

By using an attitude, handling and safety 
approach, the combination of integrated booster 
cushion, belt pretensioning and load limiting would 
increase appropriate usage of restraints, decrease 
dummy injury values and keep forward displacement, 
thereby saving rear seat occupant lives.   

 
 

INTRODUCTION 

Occupants of all ages and sizes can be seated in 
the rear seat. Due to the presence of frontal airbags in 
the front seat, the rear seat might be the only 
available space for children in the car. Cuerden et al. 
(1997) found that children, females and older 
occupants sat oftener in the rear seat compared to the 
front seat. Smith et al. (2004) found in NASS-CDS 
data that 62% of all rear seat occupants were less than 
15 years of age. Swedish data showed that 50% of all 
rear seat occupants were children (Krafft, 1989).  

Although children have a lower risk of injury or 
death compared to adults (PCPS, 2006), motor 
vehicle accidents were the leading cause of death in 
children over three years of age in the US 
(Subramanian, 2005). There is a need for continuous 
improvement of the safety for rear seat occupants. 
The challenge is to design a restraint system for the 
rear seat suited to the wide range of occupants. 

Booster cushions – use, misuse and non-use    

At approximately 4 years of age, children should 
stop using child safety seats (forward or rearward 
seats with internal harnesses) and begin using booster 
cushions or booster seats (a booster cushion with 
back). It is recommended to continue using a booster 
cushion until approximately 10-12 years of age 
(NHTSA, Swedish Road Administration). The 
European Union has decided that by 2006 all 
concerned countries in Europe should have 
introduced a new law enforcing children shorter than 
135 cm to be restrained with additional protective 
equipment such as infant seats, child safety seats or 
booster seats/cushions (European Directive, 2003). A 
child of 133 cm corresponds to a 50th percentile of 9 
year olds (Pheasant, 2001). 

Durbin et al. (2003) showed that the injury risk 
for children aged 4-8 years was reduced by 59% 
when seated on a booster cushion compared to a seat 
belt only. In the same study, seat belt syndrome 
related injuries to abdomen and spine were nearly 
completely eliminated in accidents with children 
seated on booster cushions/seats compared to only 
seat belts.  

It could be assumed that parents perceive the 
booster cushion as much easier to use and handle 
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compared to forward/rearward facing child safety 
seats, since the seat and the child are buckled up 
simultaneously by the seat belt in one handling 
sequence. Observation studies confirmed a higher 
misuse rate (80%) with child safety seats compared to 
booster seats (39%) (NHTSA, 2004). Still, there 
remain problems with non-use and misuse of booster 
cushions.   

In a study by NHTSA (2004), critical child 
restraint system (CRS) misuse was identified by a 
number of experts. The parameters applicable to 
booster cushions were: Age and weight 
inappropriateness of CRS, placement of CRS in 
relation to airbag, installation and secureness of CRS 
to the vehicle seat (tight seat belt), fit of vehicle seat 
belts across child in belt-positioning booster seat, and 
defective or broken CRS elements. The same study 
showed that the most common misuse of booster 
cushions were improper fit of shoulder belt (21%), 
loose seat belt (16%), improper fit of lap belt (10%), 
and age/fit inappropriateness (9%). A study by the 
European CHILD project (Willis et al., 2006) showed 
a misuse rate of 67% among booster cushions, where 
belt routing problems over the guiding loops was the 
main problem (25%), followed by belt twisting 
(20%) and belt behind the back (16%), using French 
data. 

Recently, Partners for Child Passenger Safety  
(2006) showed how restraint use by age  group 4-8 
has increased from 15% in 1999 to 54% in 2005 in 
the USA. Although, there has been considerable 
improvement, a large proportion of children 4-8 and 
9-12 years old are still inappropriately restrained by 
seat belt alone.  

Several studies have been carried out to determine 
the reasons for using or not using booster cushions. 
Bingham et al. (2005) performed a survey with 350 
parents of 4 to 8 year-olds. The majority (93%) 
understood that booster cushions reduced the risk of 
injury, but 37% of parents said they would not use 
the booster cushion for short trips. Reasons for using 
booster cushions were safety, comfort, control of the 
child and enabling the child to see out of the car. The 
most common reasons for part-time non-usage were 
that the child rode with others, was in a hurry, and 
was too big or just refused to use the booster cushion. 
For the question “What would make booster seat use 
easier?” several test subjects answered; “built-in 
seat”, “required by law”, “everyone using it” and “the 
child likes it”.   

Similar findings were observed by Charlton et al. 
(2006) in their Australian questionnaire study to 
parents of children aged 4-11 years. The most 
frequent reasons for non-usage were that the child 
was too big, followed by the child disliked the 
booster cushions or were more comfortable in a seat 
belt only and that they were too “grown-up”. 

Most studies of booster-use attitudes have been 
directed towards adults, thus giving limited 

knowledge of children’s attitudes towards the use of 
booster cushions and how they handle the booster 
cushions.   

Crash safety  

Over time, vehicle structures have become stiffer 
(Swanson et al. 2003) resulting in less intrusion and 
decreased injury values. In addition, front seat 
protection nowadays normally includes pretensioners, 
load limiters and airbags. In the rear seat functions 
such as pretensioner and load limiters are rarely 
included. 

Until now, real-life data has shown rear seats to 
be safer than front seats (Braver, 1998). However, 
Kuppa et al. (2005) showed in a double paired 
comparison of FARS data that occupants older than 
50 were significantly more effectively restrained in 
the front seat than in rear seat. A new analysis of the 
same data by Kuppa (2006) showed a new trend that 
the rear seat was less safe than the front seat in newer 
car models (year model 1999-2005) compared to 
older car models (year model 1991-1998) This new 
trend was also recognized in British data by Welsh et 
al. (2006) in a study comparing older car models with 
younger car models (1998 and later).  

Aim of the study 

The aim of this study was to evaluate protection 
concepts offering benefits, in form of attitudes, 
handling and safety perspectives, for children seated 
in booster cushions.  

The study was limited to occupants aged 6 to 8 
years. This age group should be directly restrained by 
the seat belt seated on a booster seat/cushion. 

METHODS 

The study was divided into three parts:  attitude, 
handling and safety. The bulk of the safety study 
(sled tests) were published previously (Bohman et al., 
2006). 

In the attitude and handling studies children of 7 
to 8 years were participating. This is a critical age 
when children stop using booster cushions (PCPS, 
2006), despite a continued need for them.  

Attitude study 

The attitudes towards usage of booster cushions 
were studied by using three focus groups with a total 
16 children at 7-8 years of age. Each group 
discussion lasted for about one hour. Reasons for use 
and non-use were identified. The study took place at 
the children’s primary school.  

Handling study 

In a handling study, 7 children (7-8 years) together 
with a parent were observed when buckling up in a 
real car in a laboratory environment. Two different 
booster cushions were used: an integrated booster 
cushion (IBC) with one elevated height (Volvo V70, 
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year model 2005) and an aftermarket booster cushion 
(BC1) (Kid, Britax) (figure 1). This particular booster 
cushion offered better comfort with thicker padding 
compared to many aftermarket booster cushions. It 
also has a well defined belt routing path with red 
markings under the guiding loops. It also has an 
adjustable width, but was set to the maximum width 
in the tests. 
 

 

 
 
 

 
 

Figure 1. The IBC and the BC1 used in the 
handling tests. 

 
The children in the study still used booster 

cushions and considered themselves as consistent 
users. They were also used to aftermarket booster 
cushions. 

Participants were observed by 4 video cameras 
and a voice recorder. The children were asked to 
position the booster cushion, sit on the booster 
cushion, buckle up, unbuckle, leave the car, and 
remove the booster cushion. The parent was then 
asked to position the booster cushion, buckle up the 
child, unbuckle and then remove the booster cushion. 
adults. Information on attitudes towards booster 
cushions was also collected in the handling study.   

 

 

 

 

 
 

BCb1 BCb2 
 

In addition to the observations, interviews and 
surveys were conducted with both children and  

Sled tests  

Frontal sled tests were performed with a 
reinforced car body, front and rear seat included. A 
Hybrid III 6 year old child dummy (HIII 6y dummy) 
was positioned on the left outboard position in the 
rear seat. Three different 3-point belt retractors were 
used: a standard configuration, a retractor with 
pretensioner and a retractor with both pretensioner 
and load limiter. Hereafter the systems will be 
referred to as STD, STD+P and STD+P+LL. The belt 
force limit was 3,3 kN. The retractor was directly 
mounted on a shelf behind the seat back with direct 
belt outlet eliminating the need for an additional 
pillar loop.  

     Four booster cushions were used, two 
aftermarket booster cushions with backrest (BCb1, 
Volvo Booster seat and BCb2, Maxi-Cosy Rodi XP), 
one aftermarket booster cushion without backrest 
(BC2, Volvo booster cushion) and one integrated 
booster cushion (IBC, Volvo V70), which was 
designed with the vehicle seat (figure 2). The 
aftermarket booster cushions had belt guidance 
(guiding loops) for the lap belt. The BCb1 had a 
weight of 2.6 kg. BCb2 had shoulder belt guidance as 
well (pillar loop type) with a weight of 4.8 kg. The 
BC2 had a weight of 1.2 kg. All booster cushions 
were tested with the three different seat belt 
restraints, except for the BCb2, not tested with the 
STD+P. 

The crash pulse used in the tests was based on a 
mean of 5 real-life frontal crashes in which AIS2+ 
injuries were found in belted rear seat occupants 
(figure 3). The pulse data was provided by Folksam 
Insurance Company, Sweden, which has installed 
crash pulse recorders in a range of cars. The ∆v was 
55 km/h, peak acceleration 27g at 25ms and a mean 
acceleration of 12.1g. Some additional tests were run 
with  a  USNCAP  test  pulse  for a  large  family  car   

 
 

 

 
 
 
 

  
BC2 IBC 
 

                         Figure 2. Booster cushions for sled tests. 
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Figure 3. Crash pulses for the sled tests. 

 
with a ∆v of 56 km/h, peak acceleration of 38.6g and 
a mean acceleration of 19.3g. 

RESULTS  

Attitude 

From the child’s perspective, the most common 
reasons for using a booster cushion were: easier to 
see out, better seat belt comfort (particularly for the 
shoulder belt), safety and “parents told them to”.  

From the child’s perspective, the most common 
reasons for not using a booster cushion were: the 
booster cushion was perceived as being childish, 
crowded with 3 (or more) in the rear seat, friends not 
using the booster cushion and if the family had only 
one booster cushion, the youngest child used it. 

The most common reasons for using a booster 
cushion according to the adults were: safety and 
comfort, including both proper belt fit and the ability 
see out of the car. 

From the adult perspective, the most common 
reasons for not using a booster cushion were: 
inconvenience with storage and transportation, lack 
of space with 3 in the rear seat and the child 
negatively influenced by friends.  

For the question to adults “Why did children 
prematurely stop using the booster cushion?”, the 
answer was mostly related to inconvenience in 
combination with poor knowledge about child crash 
safety. Adults often expressed thoughts that the 
children wanted to feel older. Not using a booster 
cushion seemed to be a sign of getting older. 

When the children talked about their own booster 
cushions they usually described them in means of 
color, pattern and if the sitting surface was hard or 
soft. 

Handling 

Timing of the handling sequence - The average 
time to perform each action in the handling sequences 
for the two booster cushions is shown in the figures 4 
and 5.  

For the children, there was a marked difference 
between the two booster cushions for the time to fold 
up the IBC/put in BC1 and time to fold back the 

IBC/take out the BC1 respectively. It was the first 
time the children used an IBC and the average fold up 
time was 19 seconds the first time. They were asked 
to repeat the handling sequence a second time, and 
the time was reduced to 7 seconds. The time to 
unfold the IBC was reduced from 13 seconds to 4 
seconds when repeated a second time. 

The adults reduced the folding up time of the IBC 
from 6 to 3 seconds, when repeating the handling 
sequence a second time. There was no difference in 
time between the first and the second time the adults 
unfolded the IBC. 
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Figure 4. Average time for each action in the 
child’s handling sequence. 

Timing of handlig sequences -Adults
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Figure 5. Average time for each action in the 
adult’s handling sequence. 

 
Parents felt secure when unfolding the IBC 

whereby it could only be done in one way.  
Both booster cushions were perceived as being 

easy to leave and enter. However, the IBC was easier 
since it lacked guiding loops. The IBC was also more 
stable while the BC1 was unstable and moved 
around, especially during the entering phase. 

Buckle up - It was easier and faster to buckle up 
the child on the IBC since no belt routing around 
guiding loops were necessary. The IBC also allowed 
easy access to the buckle. The BC1 required the adult 
and child to lean further forward in order to be able to 
see and access the buckle, whereby it was partly 
hidden by the guiding loops.  

The parents appreciated the small risk of incorrect 
belt routing when seated on the IBC, due to the lack 
of guiding loops. 
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Figure 6. Misuse in the handling study of the BC1 
and IBC. 

 
Misuse was detected for 5 of 7 children when 

buckling up on the BC1 (figure 6). Two of the 
children failed to guide the lap belt under the guiding 
loops and one child had excessive slack. These three 
cases of misuse were graded as severe, according to 

the misuse study by NHTSA (2004). The other two 
children had the shoulder belt positioned over the 
guiding loops, graded as minor misuse. Severe 
misuse was detected for 1 of 7 adults when buckling 
up seated on the BC1, where the parent had failed to 
guide the lap belt around the outboard guiding loop. 
Two parents failed to put the shoulder belt under the 
guiding loop. One case was regarded as minor 
misuse, since the shoulder belt was too close to the 
neck, while the other case was not regarded as 
misuse, since the child was tall (140 cm) and the belt 
did not come too close to the neck. 

One case of misuse was detected for the IBC, 
where the child had twisted the diagonal belt. It was 
graded as minor misuse. No misuse occurred when 
the parents buckled up the children on the IBC. 

Sled tests  

In figures 7 and 8, the effect of pretensioning and 
load limiting is expressed by the load with   
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Figure 7. Reduction of chest loading for various retractor systems and booster cushions relative loading for 
configurations BCb1 with STD. 

 

Head and Neck 

0
10
20

30
40
50

BCB1, 
STD+P

BC2, 
STD

+P

IB
C, S

TD+P

BCB1, 
STD+P

+L
L

BC2, 
STD

+P
+L

L

BCB2, 
STD+P

+L
L

IB
C, S

TD+P
+L

L

re
du

ct
io

n 
re

la
tiv

e 
B

C
B

1 
&

 S
TD

 (%
)

HIC 15 

NIJ

neck tension 

 
Figure 8. Reduction of head and neck loading for various retractor systems and booster cushion relative 
loadings for configuration BCb1 with STD. 
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booster cushion with back and seat belt with a 
standard retractor (BCb1+STD). Adding a 
pretensioner to the standard retractor reduced the 
chest acceleration from 16-25%, HIC15 42-47%, NIJ 
0-24% and neck tension by 10-17%, but had only a 
limited effect on chest deflection. When adding a 
load limiter to the pretensioner, chest acceleration 
and neck loadings were further reduced. Additionally, 
the effect of load limiting reduced chest deflection by 
23% and 27% compared to a standard retractor for 
the BC2 and the IBC respectively. The average 
shoulder belt force was 4.2 kN with the STD and 3.3 
kN for the STD+P+LL. 

No head impacts with the interior occurred for 
any belt configuration. 

In four tests, BCb1+STD, BCb2+STD, 
BCb2+STD+P+LL, BC2+STD+P+LL, the shoulder 
belt slid off during the loading phase and fastened in 
the gap between shoulder and arm. 

Some additional tests were run with the more 
severe USNCAP pulse with the HIII 6y dummy 
restrained on the BCb1 with the STD and 
STD+P+LL. In these tests, all the dummy loadings 
were higher compared to tests using the real-life 
pulse. When the pretensioner and load limiter were 
added to the system, all dummy loadings were 
reduced. Chest acceleration was decreased by 35% 
but chest deflection was less affected (5%). Neck 
loadings were decreased from 11-16%. Shoulder belt 
force reached 6.4 kN with the STD and 3.7 kN with 
the STD+P+LL. The shoulder belt slid off the 
shoulder during loading phase when the dummy was 
restrained by the standard belt. 

Head forward displacement - The displacement 
of the head was within legal requirements (ECE R44) 
for all four types of booster seats and for all seat belt 
configurations. The longest forward displacement of 
the head was found when the dummy was seated on 
an aftermarket booster cushion restrained with a STD 
belt. When the pretensioner was added the forward 
head displacement was reduced by 23 to 74 mm for 
the various booster cushions. When the load limiter 
was added to the retractor (LL+P) displacement was 
increased compared to retractor with pretensioner, 
but was still a shorter displacement compared to STD 
configurations (figure 9). The shortest forward head 
displacement was found with the IBC for all seat belt 
configurations. 

 
 
 
 
 

 
9a) No pretensioner 

 
9b) With pretensioner 

 
9c) With pretensioner and load limiter 
 
Figure 9. a,b,c Forward displacement of the HIII 
6y dummy seated on the BC2. 

 
Not only the retractor function influenced head 

forward displacement, but the initial position of the 
head was also important. The initial position of the 
head was up to 130 mm forward with a booster with 
back compared to a booster without back (figure 10). 
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10a)  Initial position – BCb2 

 
10b) Initial position –IBC 

Figure 10. a,b Initial position of the HIII 6y 
dummy in two different booster cushions. 

 
There was a tighter coupling to the integrated 

booster cushion and the rear seat, preventing the IBC 
to move forward during the crash compared to the 
various aftermarket booster cushions, even when a 
pretensioner was added and thereby restricting 
forward displacement of the aftermarket booster 
cushion (figure 11).   

 

  
Figure 11. The HIII 6y dummy restrained by BC2 
(left) and IBC (right) at 60 ms. The belt include 
both pretensioner and load limiter. Note the 
difference in forward displacement of the BC 
compared to IBC. 

DISCUSSION 

Attitude and handling 

Adult’s attitudes in this study were similar to 
findings in the study by Bingham et al (2005), 
showing that inconvenience was a major issue in the 
non-use of booster cushions. Availability and ease of 
handling could reduce inconvenience-related causes 
of non-use. 

Another important attitude issue identified was 
the importance of the child feeling more grown up. A 
study by Edwards et al. (2006) confirmed the 
findings that children were concerned because 
“booster seats were for babies” and they saw adult 
belts as a more “grown-up” choice. The fact that 
Jakobsson et al. (2007) showed continued use of the 
integrated booster cushion in children up to 11 years 
of age indicated the importance of offering an 
appealing, “grown-up” restraint system.  

Several studies (NHTSA, 2001, Winston et al. 
2000) showed the problem of premature transition to 
seat belts in the age group intended for booster 
cushions. Children aged 9-15 have a greater injury 
risk than lower age groups (PCPS, 2006). 
Furthermore, a study (Kuppa, 2005) showed an 
increase in abdominal injuries in children older than 8 
years, which could be a consequence of decreased 
booster cushion use.  

Huang and Reed (2006) measured the seat 
cushion length of 56 late-model vehicles and found 
that only 13% of the children taller than 145 cm had a 
proper seating position without slouching using an 
average seat cushion. Using a booster cushion 
shortens the seat cushion length allowing the child to 
bend the knees without slouching resulting in a more 
comfortable and safer position. NHTSA recommends 
continued booster cushion use up to 145 cm, 
corresponding to a 50th percentile for an 11 year-old 
child.   In conclusion, it is important, however 
possible, to continue to encourage children to use 
booster cushions until the age of 10-12 years. 

It was unexpected in this study that 5 of 7 
children had misuse problems with the BC1. These 
children were used to this type of booster cushion and 
considered themselves as “consistent users” normally 
putting on their seat belts themselves. Furthermore, 
they were aware of being observed and thus should 
have been more cautious when buckling up. Still, 
misuse occurred. 

Two children and two parents placed the shoulder 
belt above the inboard guiding loop of the BC1, 
although this may not have been a severe misuse 
problem. But if poor fitting of the shoulder belt 
caused discomfort by rubbing the neck it may have 
lead to placing the belt under the arm or behind the 
back when trying to avoid discomfort resulting in 
severe misuse. 

One child twisted the shoulder belt one turn when 
buckling up with the IBC. It was considered a minor 
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misuse. In this case, the twist did not affect belt 
geometry and it was also considered to have a limited 
effect on the pretensioning of the seat belt.  

The misuse occurring with the BC1 due to the 
belt routing problems around the guiding loops could 
not occur on the IBC. The integrated booster cushion 
can be designed without guiding loops since it is 
fixed attached to the vehicle and the anchorage points 
of the belt is possible to design to maintain a good 
belt geometry of both booster seated children as well 
as adults. 

It was observed that only 5 of 14 tightened the 
belt after buckling up on the IBC and the 
corresponding figures for the BC1 were 4 of 14. It 
was the same two children and two adults who 
tightened the belt for the two booster cushions. This 
is an indication that neither children nor parents 
regularly tightened the belt after buckling up on the 
booster cushion. Belt slackening could easily occur, 
especially for the lap belt part, when buckling up on a 
booster cushion with guiding loops. A belt 
pretensioner eliminates slack in the belt system in the 
initial phase of a frontal crash. 

Information to parents on booster cushion use will 
always be needed, but this study showed moreover 
that improving the design of the booster cushion 
could encourage booster cushion use as well as 
decreasing misuse. 

 In an ongoing study by the authors, 150 children 
aged 4 to 12 children were observed when buckling 
up in two different designs of booster cushions. 
Misuse, such as bad belt routing and belt slack, are 
some of the parameters to be analyzed.  

Sled test  

Mechanical and mathematical simulations with 
the HIII 50th percentile and HIII 5th percentile for the 
rear seat exposed to frontal impact at 48 km/h were 
conducted in parallel to the current study. Various 
load limiting levels and pretensioners were evaluated.  

The HIII 50th percentile dummy had a belt force 
of 7.3 kN (pretensioner included, no load limiting) 
and when the load limiting of 5 kN was added the 
chest deflection was reduced by 12%. 

The HIII 5th had a belt force of roughly 6 kN 
when only a pretensioner was added to the belt 
system. When a load limiter level of 5 kN was added, 
chest deflection was reduced by 10%. With a further 
reduction of the belt force to 3 kN chest deflection 
was reduced by 31% compared to the case without 
load limiter. The head did not impact the front seat 
back.  

Chest, head and neck loading of the HIII 6y 
dummy was reduced when belt force was reduced 
from 4.2 kN to 3 kN. Results showed the need of 
adapting the load limiting level to the size of the 
occupant.     

Tylko et al. (2005) conducted full frontal rigid 
tests with late model vehicles (2003 to 2005) in range 
of 40 to 56 km/h with a HIII 6y dummy in the rear 
seat. Belt force loads of more than 6 kN were 
measured for the HIII 6y dummy seated in the rear 
seat, resulting in high chest loading for deflection and 
acceleration. Although real-life data has not indicated 
that chest injuries were a problem to booster-seated 
children (Kuppa et al. 2005), Tylko et al. (2005 found 
chest deflection as high as 52 mm in their tests. High 
chest deflections were also associated with belt 
sliding off the shoulder.  

Accident data has shown that the head was the 
most frequently injured body region among children 
(PCPS, 2006). Sled tests in this study showed that by 
introducing a pretensioner, head forward 
displacement could be reduced, even when a load 
limiter was introduced. Adding a load limiter in 
combination with a pretensioner, did not increase the 
risk of head impact with the interior. 

The HIII 6y dummy was sensitive to belt 
geometry, whereby the belt slide off the shoulder for 
some configurations thereby increasing the risk of 
impacting the interior. This emphasizes the 
importance of maintaining good control of belt 
geometry for the child, which could be achieved by 
designing the booster cushion together with the seat 
belt.  

Some additional misuse sled tests were performed 
with incorrect belt routing over the guiding horn of 
the BC2. This could only occur when using the 
booster cushion (with or without backrest) and not 
with the IBC, since there is no guiding horn for that 
design. When the lap belt was above both guiding 
horns, the dummy slid off the booster cushion, 
whereby the cushion was not restrained. The dummy 
submarined, but due to lack of instrumentation, the 
severity of injury to the abdomen or lumbar spine 
could not be estimated. 

CONCLUSIONS 

To motivate parents to use a booster cushion for 
the children it is essential to eliminate inconvenience 
by offering a booster cushion easily accessible and 
easy to handle. 

To encourage continued use of booster cushion up 
to the ages of 10-12 years, the design must be 
appealing while reducing feeling of being 
childishness. 

An integrated booster cushion offers fast and easy 
handling, with a reduced risk of possible misuse.  

A load limiter of about 3 kN reduced loadings to 
HIII 6y. When adding a pretensionern to the retractor 
it was possible to reduce head forward displacement 
and while adding a load limiter it was still possible to 
keep the head forward displacement shorter than with 
a standard retractor. 
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By applying an attitude, handling and safety 
approach the combination of integrated booster 
cushion, belt pretensioning and load limiting would 
increase appropriate usage of restraints, decrease 
dummy injury values and keep forward 
displacements thereby saving rear seat occupant 
lives.   
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ABSTRACT 

The electronic stability program (ESP®) is increasingly finding 
acceptance in vans and light commercial vehicles (LCV). 
Nearly all current models, whose gross vehicle weight is 
generally between 2.8 and 7.5 metric tons, are now available 
with this active safety system, either as an option or even as 
standard equipment.  

Many studies have now confirmed that ESP® can prevent a 
vehicle from skidding or rolling over in nearly all driving 
situations [1, 2]. This is particularly important in the case of 
vans, since their design and their use leave them with tighter 
safety margins. Depending on load, the center of gravity shifts, 
and consequently the risk of rollover may increase. Bosch has 
developed a system specifically for light commercial vehicles 
that automatically adapts its control mechanisms to the current 
situation.  

INTRODUCTION 

Worldwide traffic is increasing with more and more vehicles 
on the road. With further economic growth, we will continue 

to see more increase in mobility and in traffic density 
throughout the world. The progress of crash energy absorbing 
car body design and the standard fitting of airbags significantly 
improved the passive safety especially combined with the use 
of seat belts (Figure 1).  

But many of the serious accidents happen through loss of 
control in critical driving situations. When skidding occurs, a 
side accident is a frequent result. With a reduced protection 
zone for the occupants compared to front crashes, these 
accidents show an amplified severity. Especially with vehicles 
of an elevated center of gravity like vans, sport utility vehicles 
(SUV) and light commercial vehicles, the loss of control with 
subsequent skidding may even lead to rollover.  

1 CC/ES | 18.12.2006 | © Alle Rechte bei Robert Bosch GmbH, auch für den Fall von Schutzrechtsanmeldungen. Jede Verfügungsbefugnis, wie 
Kopier- und Weitergaberecht, bei uns.
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Figure 2.  European eSafety initiative of the European Union for 2010 is 
set to reduce road deaths by 50%   
 

According to accidentology conducted by VW [1], ESP® is 
considered to avoid 80% of the accidents caused by skidding. 
VW concludes that the safety benefit of  ESP® is even greater 
than that of the Airbag.  

Based on the analysis of Japanese traffic accident statistics, 
Toyota [2] estimated that the accident rate of vehicles with 
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Figure 1.  Traffic volume increase and road safety improvement in 
Germany from 1970 to 2005 
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ESP® is reduced by approximately 50% for severe single car 
accidents and reduced by 40% for head-on collisions with 
other automobiles. The casualty rate of vehicles with ESP® 
showed approximately 35% reduction for both types of 
accidents.   

Although good progress is shown with a reduction of 21% 
over the first half decade (Figure 2), the European Union will 
most likely not achieve the objective. Additional efforts will be 
required to furthermore enhance the road safety. Bosch 
supports this with ESP® systems for all vehicle segments 
including Light Commercial Vehicles (LCV) and furthermore 
with the combination of active and passive safety systems. 

MAIN SECTION 

Intelligent safety systems start to support drivers in situations 
where they are overburdened due to lack of training and 
driving experience. A study by Prof. Langwieder showed 
(Figure 3) that in 49% of car-to-car and car-only accidents no 
braking was applied at all, partial braking was applied in 12% 
respective 20%, and emergency braking in only 39% 
respective 31% of the accidents.  

16
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Source: Prof. Langwieder ( Gesamtverband der Deutschen Versicherungswirtschaft e.V.)
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Figure 3.  Braking behavior of drivers in car to car and car only 
accidents in Germany 
 

Although partial braking and to a certain extent emergency 
braking can be supported efficiently with brake pre-fill and 
hydraulic brake assist, no braking requires surrounding sensors 
to enable mitigation functions. First safety systems based on 
e.g. Radar sensors have already been introduced, supporting 
partial braking situations with adapted brake assist and brake 
pre-fill and no braking situations with automated vehicle 
deceleration.  

Still, special emphasize is required to cover the demanding 
requirements of light commercial vehicles (LCV) and light 
trucks (LT). For cargo space optimization, LCVs are  usually 
equipped with comparably small wheels. The resulting 
limitation of brake rotor diameter leads to high pressure ESP® 
applications with challenging durability requirements.  

LT are usually equipped with large wheels allowing 
remarkable brake sizes with high volume consumption. To 
ensure full ESP® and rollover mitigation functions and reduced 
stopping distance, a special brake system design is required. 
Consequently, Bosch develops the ESP®LT with an optimized 

motor, pump and valves for improved pressure build-up and 
better pressure response time during partial braking and ABS 
intervention (Figure 4). Low temperature conditioning is 
available to ensure full stability performance down to below 
-25° C. In addition a larger low pressure accumulator chamber 
is introduced for excellent ABS performance.  

Beside typical brake sizes or brake pressure levels, LT and 
light commercial vehicles share the rather demanding 
characteristic of high load and mass variances between empty 
and fully laden vehicle. Specific measures are mandated to 
ensure full braking, traction and ESP® performance both for 
the loaded as well as for the empty case. The measure is called  
Load Adaptive Control or LAC.    

LAC – LOAD ADAPTIVE CONTROL  

In particular, vehicles with a tare to gross vehicle mass ratio 
larger than 1.5 such as LCV or LT benefit from LAC. Figure 5 
shows the typical load variation for a passenger car compared 
to a LCV. When the maximum load variance for a car is 
typically below 40%, it can reach up to 100% and more for a 
LCV with even stronger relative variations for the Center of 
Gravity (CoG).  

 
Figure 4.  ESP® system for Light Trucks. ESP®LT with optimized 
motor, pump and valves for improved pressure build-up and better 
pressure response time during partial braking and ABS intervention; 
larger accumulator chamber for large brakes with high volume 
consumption  
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The load configuration has a profound impact on vehicle 
dynamics. In particular, the load significantly influences:   
- braking efficiency incl. ABS- and split-µ performance 
- traction efficiency and stability, esp. for vehicles with 

rear-wheel (RWD) or all-wheel drive (4WD)  
- cornering behavior 
- rollover tendency  

The maximum axle loads are important parameters. They are 
derived from the mass and longitudinal center of gravity. Since 
the loading platform tends to be behind engine and passenger 
compartment, payload mainly increases the rear axle load 
while only having a minor effect on the front axle load. This 
also means that front-wheel drive (FWD) vehicles may be as 
influenced by load changes as RWD and 4WD vehicles.  

1
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Figure 5.  Representative results for relative change of mass, longitudinal 
and vertical shift of Center of Gravity for empty and loaded cars and 
LCV 
 

Beside braking and traction performance, different load 
conditions influence the self-steering and cornering 
performance of the vehicle. Figure 6 shows the cornering 
behavior reflected by the yaw gain (according Ackermann) of 
one and the same vehicle under different load conditions. The 
empty vehicle shows the expected understeering behavior 
whereas oversteering is shown with a payload of 1500 kg on 
the rear axle. A non-adapted target yaw rate would lead to 
either too early or too late stabilizing interventions.  

With LAC, the load impacted characteristic speed is estimated 
and the target yaw rate and regulating thresholds are adapted 
accordingly.  

The Ackermann yaw gain presumes the free rolling case 
without longitudinal tire forces. The acceleration causes a 
pitch effect, thereby shifting load from the front to the rear 
axle which contributes to increased understeering. The 
stabilizing effect of traction forces is therefore taken into 
consideration by LAC.  

Figure 6.  Self-steering and cornering behavior of one vehicle under 
various load conditions. While the empty vehicle shows the expected 
understeering, a payload of 1500 kg on the rear axle results in oversteering 
   

LAC consists of algorithms for the estimations of mass, the 
longitudinal shift of CoG and the change of self-steering 
behavior reflected by the characteristic speed. The estimation 
algorithms are centralized while the resulting adaptations are 
by their nature decentralized and located in various vehicle 
dynamics modules like the brake slip controller. It is important 
to note that estimation-based adaptation algorithms need a 
learning phase, which means that they are never available 
immediately after key-on. Since estimations will never be 
100% accurate, they can only be used to such an extent that a 
maximum error will not lead to a safety-critical situation. This 
is to be considered in the FMEA and must be verified in 
vehicle tests prior to software release.  

The following sections describe the positive impact of LAC in 
different driving situations (for standard ESP® performance 
and control principles see [3, 4]).   

Traction Control and braking performance   

The Traction Control System (TCS) determines the target slip 
depending on the road friction coefficient µ, which is 
calculated based on the longitudinal and vertical wheel forces. 
The vertical or normal forces are based on the mass 
distribution of the vehicle. The high mass variance of LCV in 
different load conditions would lead to incorrect µ-estimations 
resulting in inappropriate target slip values. A loaded RWD 
vehicle during cornering on a low friction surface (i.e. during 
winter conditions) would estimate a higher µ with the result of 
excessive wheel slip and the potential of oversteering.  

But even with a correct µ estimation, the cornering stability 
depends on the load and load distribution especially with 
RWD vehicle. While a vehicle with a low rear axle load may 
begin to oversteer during acceleration in curves, the loaded 
vehicle at the same engine torque could still be very stable or 
even tend to understeer. To adapt for these conditions, ESP® 
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with LAC calculates an oversteering indicator based on the 
measured yaw rate compared to the target yaw rate.  

With the estimated mass and the longitudinal center of gravity 
(CoG), the activation thresholds of the rear and front axle 
torque are adapted. The more the CoG shifts towards the rear 
axle, the later the torque limitation for the rear brakes will be 
activated. This results in a more even load distribution 
between front and rear brakes thereby reducing rotor and pad 
wear and the risk of fading.  

For constantly good braking performance, the actual wheel 
loads are determined by comparing the braking forces with the 
prevailing slip values. The higher the estimated wheel loads, 
the higher the brake controller gains can be selected.  

By estimating mass, load distribution, wheel loads and 
improving the µ-estimation with LAC, the traction and braking 
stability is optimized for all load conditions.  

Fading-detection   

Especially with loaded vehicles, fading is more likely to occur. 
Depending on the design of the front brakes, the dissipated 
energy may cause excessive brake disc and pad temperatures, 
leading to fading and - in extreme cases - even to total brake 
failure. In these cases even high master cylinder pressures will 
not generate adequate brake torque especially at the front 
wheels. If front axle fading is detected, the rear axle braking 
pressure is increased, in case additional rear braking potential 
is available. Rather than being severely under-braked, the 
deceleration can be improved and the load on the front brakes 
reduced.   

Load dependent adaptations for split-µ braking  

During split-µ braking, different braking forces on the left and 
right wheels cause a yaw moment which would result in 
unwanted build-up of body slip angle. With an inappropriate 
or too late steering correction by the driver, the vehicle might 
start spinning and potentially rollover in case of vehicles with 
a high centre of gravity. Therefore the pressure difference 
between the left and right wheels of one axle is limited to 
ensure that an average driver can keep control over the vehicle 
subject to the split-µ caused yaw moment. However, a limit set 
too low leads to longer braking distance.  

Loaded vehicles are more stable during split-µ braking 
situations than empty vehicles. Therefore, the rear axle 
pressure difference of a laden vehicle can be increased to 
higher values at the same stability level. The steering angle 
information is utilized to adapt the pressure limitation. If small 
steering angles are sufficient, the rear axle pressure difference 
is increased and is frozen for large steering wheel angles.  

 Vehicle dynamics control (VDC)  

The changes of self-steering behavior imposed by different 
loading conditions (Figure 6) are considered by LAC. The 

VDC activation thresholds to counteract under- and 
oversteering are adapted as well as the target yaw rate in 
relation to the Ackermann yaw rate. Prior to or in support of 
brake interventions, ESP® first adjusts the engine torque to 
counteract oversteering and severe understeering.  

To achieve the required brake slip and the resulting lateral 
forces in a stability intervention (Figure 7), the brake force 
must be adapted to the respective wheel load. An empty 
vehicle requires less brake pressure than a loaded vehicle. 
Note that the rear outside slip maximum is not changed with 
LAC.   

 All these adaptations contribute to optimized stability 
performance at minimized intrusiveness for the loaded vehicle. 
Since the payload inflicted changes of the CoG height (Figure 
5) can be significant for light commercial vehicles, special 

considerations are taken for optimized performance in rollover 
critical situations.   

ROLLOVER MITIGATION WITH LAC  

By reading in the estimated mass, the ROM ay-dependent 
activation thresholds can be adjusted. In this way, the 
activation thresholds can be increased for empty vehicle and 
lowered for the loaded vehicle, causing later or earlier 
interventions, respectively. The figure 8 shows how the 
threshold adaptation works. 

In the US, about 10% of all road accidents are non-collision 
crashes, but approximately 90% of such single-vehicle crashes 
account for fatalities [5]. SUV, LT as well as LCV with their 
elevated center of gravity (CoG) show an amplified rollover 
propensity, which is reflected in their increased rollover rates.  

A vehicle rollover occurs when the lateral forces create a large 
enough moment around the longitudinal roll axis of the vehicle 
for a sufficient length of time.  

Figure 7.  Dependency of lateral forces from longitudinal forces caused 
by braking for  various steering angles. Applying brake pressure 
controls the maximum possible lateral forces for cornering.  
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Critical lateral forces can be generated under a variety of 
conditions. The vast majority of rollover crashes take place 
after a driver lost control over the vehicle. By skidding off the 
road, the vehicle may get in lateral contact with a mechanical 
obstacle like a curb, a pot hole or a plowed furrow which 
yields a sudden large roll moment. This results in a so called 
tripped rollover in contrast to an un-tripped or friction 
rollover. The latter takes place on roads during severe steering 
maneuvers solely as a result of the lateral cornering forces. 
Although the ratio of un-tripped to tripped rollovers is small, 
the un-tripped rollovers account for the most severe crashes.   

Accident analysis has shown that the ratio of the track width T 
and the height of the center of gravity hCoG gives a first 
indication for the rollover propensity of vehicles.  

CoGh
TSSF

⋅
=

2
 Static Stability Factor 

The SSF is an important parameter affecting vehicle rollover 
risk and is both relevant for tripped as well as un-tripped 
rollover. The track width is a fixed parameter while the center 
of gravity height varies with subject to different load 
conditions. Through a one rigid body model  - which means no 
distinction between the mass of the chassis and the sprung 
mass of the vehicle body – the SSF relates geometrical vehicle 
data to the level of lateral acceleration that will result in a 
rollover.  

A one rigid body model cannot predict time dependent details 
of an on-road rollover critical situation. For transient 
maneuvers involving high lateral accelerations, many vehicle 
design parameters have an effect on the vehicle handling 
behavior like e.g. front to rear roll couple distribution, roll axis 
location, tire behavior, suspension characteristics and roll 
resonant frequency. These handling characteristics 
significantly influence the ability of the driver to maintain 
control in an emergency situation.  

The load condition influence on the rollover propensity is 
shown in Figure 8 in a simplified manner for different types of 

cars and loading conditions. The static stability factor for 
typical passenger cars is far above the lateral acceleration 
which can be transferred by the maximum tire grip. This is the 
reason why passenger cars are usually not subject to un-tripped 
rollovers even in extreme loading conditions. If the adhesion 
limit between the tires and the road surface is reached before 
the lateral acceleration gets rollover critical, the vehicle starts 
to skid over the front wheels.  

The situation is different especially for light commercial 
vehicles, where elevated loading may play a major role.  

At the physical limit, the tire behavior is extremely nonlinear 
and the linearized tire-wheel-brake system is even unstable. As 
a result, the vehicle may suddenly spin and the driver is caught 
by surprise.  

Changing the direction of the resultant tire forces of individual 
wheels by specific wheel slip demands applies a stabilizing 
yaw moment (Figure 7) . Besides standard ESP®, active 
steering can be used as well to increase the vehicle’s tracking 
stability. Both concepts mentioned as well as Active Roll 
Control [6] or Electronic Damper Control [7] can in general 
help to avoid critical situations and as a result indirectly help 
to reduce the rollover risk.  

Besides the classification according to the rollover reason, 
rollover scenarios can be divided into highly dynamic 
maneuvers, e.g. obstacle avoidance, or quasi stationary 
maneuvers like circular driving with steadily increasing 
steering wheel angle. The latter can arise while driving on a 
highway exit with excess speed.  

The Bosch Rollover Mitigation Functions (RMF) are based on 
the standard ESP sensor set and provide a scalable structure 
concerning the determination of rollover critical situations and 
brake/engine control. Other solutions additionally use a roll 
rate sensor [8]. Further details on the intervention strategy and 
functional concepts of the Bosch RMF are described in Ref 
[9].   

The Bosch approach uses only existing sensor signals and 
estimated values to predict the vehicle’s rollover propensity. 
For example, based on the well-known single-track model, an 
early lead for a subsequent high lateral acceleration is given by 

xyxpre vavc ⋅−≈−⋅= βψ &&  

ψ& : yaw rate  xv : longitudinal velocity 

ya : lateral acceleration β& : change in body slip angle  

With a rapid change of body slip angle weighted with vx, the 
lateral acceleration will subsequently increase considerably. 
The general control strategy is to increase brake pressure at the 
curve outside wheels to realize the brake slip target values. 
This reduces the lateral forces as well as the longitudinal speed 
of the vehicle and results in an increased curve radius. 
Subsequently the track can be regained due to the reduced 

 
 
Figure 8.  Typical critical lateral accelerations for rollover dependent on 
loading conditions reflecting different types of vehicles  
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speed. In these special situations the brake intervention is 
usually combined with a cut back on engine torque.  

In general, the hydraulic braking system must provide a fast 
pressure increase over a wide temperature range. For that, the 
brake tube dimensions, caliper size, and the characteristics of 
the utilized brake fluid are very important. When a dynamic 
maneuver is detected, the inside wheel brake on the front axle 

will be pre-filled with 10 to 20 bar to eliminate the air gap and 
to cut short on the time needed for a subsequent stability 
intervention (Figure 9). The elimination of the air gap is 
equivalent to a volume reduction of approx. 15% depending 

on the brake design.  

The NHTSA fishhook maneuver with a light commercial 
vehicle is used as an example to illustrate the rollover 
mitigation function (Figure 10) compared to the same vehicle 
w/o ESP® support. Entry speed of the maneuver was 80 kph 
and the vehicle had passenger loads on all seats. The steering 
input is depicted in terms of steering wheel angle whereas the 
vehicle reaction is expressed in terms of lateral acceleration 
and roll angle. During severe steering back a brake torque pre-
control at the curve inside wheel is used to eliminate the air 
gap for reduced pressure build-up time. While the commercial 
vehicle with ESP® finished the maneuver successfully, it 
would have rolled over w/o the Roll Mitigation function.  

For vehicles with a high variance of the center of gravity 
height, an adaptive rollover mitigation strategy is designed. It 
uses the vehicle’s mass and the estimated CoG position to 
adjust the threshold for brake interventions. This ensures 
timely interventions with the correct intensity and minimized 
comfort impairment. 

TRAILER SWAY MITIGATION  

SUV, LCV and LT are frequently used as towing vehicles for 
trailers. In typical driving situations, external excitations acting 
on vehicle and trailer will initiate a sway motion which is 
automatically attenuated. Above a so called “critical velocity”, 
the sway motion will continuously increase and finally result in 
serious instability. The appropriate driver reaction would be a 
reasonable deceleration to a speed below the critical velocity, 
however some drivers even continue to accelerate, which in 
short term improves the situation but finally results in 
aggravated sway and loss of control, as soon as the driver 
releases the accelerator.  

The critical velocity is typically in the speed range between 80 
kph and 110 kph. It depends on the geometrical dimensions of 
vehicle and trailer and their specific load distributions. 
Especially loading behind the trailer axle affects the critical 
velocity negatively. Thereby the occurrence of a sway motion 
may be shifted into a speed range, where the driver never 
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When dynamic maneuver is 
detected the inside wheel on the 
front axle will be pre-filled with 10 
to 20 bar to eliminate the air gap

V100bar = 5.5 cc
Vdead = 1.0 cc
Vtotal = 6.5 cc

Elimination of air gap is equivalent 
to a volume reduction of 15%! 

Figure 9.  ESP® intervention strategy for increased pressure build-up 
capability in high dynamic maneuvers requiring Roll Movement 
Interventions 

Figure 10.  Fishhook maneuver at 80 kph entry speed with a LCV with 
passenger loads on all seats. Without ESP®, rollover is indicated by two 
wheel lift off after 2.6 s. With ESP®, the function RMI – Roll Movement 
Intervention efficiently prevents rollover  
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Figure 11.  ESP® function “Trailer Sway Mitigation” to counteract sway 
movement induced by external excitation (e.g. side wind, road bump) 
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before experienced any stability impairment. The ESP® 
function “Trailer Sway Mitigation (TSM)” can effectively 
counteract the sway motion without need for additional 
sensors.  

The trailer sway results in a periodic yaw motion of the towing 
vehicle, which is easily detected by the yaw rate sensor. In 
case the critical velocity is surpassed, the sway amplitude will 
constantly increase (Figure 12 – top). The TSM function 
continually monitors the amplitude and decelerates the vehicle 
with automated brake apply in case a threshold amplitude is 
exceeded (Figure 12 – middle). Since the required speed 
reduction can be significant, it might result in undesirable 
braking of following cars or trucks on the same lane. 
  

The wheel individual brake control of ESP® together with 
TSM also enables an opposite-in-phase brake intervention with 
improved efficiency (figure 12 – bottom). The trailer sway is 
attenuated quickly and the vehicle speed is reduced to just 
below the critical velocity.  

CONCLUSION 

The specific characteristics of LCV and LT require special 
adaptations of stability control due to the load dependent shift 
of self-steering properties and center of gravity changes. Bosch 
has developed the Load Adaptive Control that automatically 
adapts specific ESP® control mechanisms to such changing 
conditions. In particular, LAC improves the braking efficiency 
during partial braking as well as in ABS- and split-µ situations. 
The Drive-away and the overall traction efficiency is improved 
particularly for RWD and 4WD variants. The stability control 
is automatically adapted to loading dependent changes of the 
self-steering properties and the respective cornering behavior. 
It also supports the driver with an optimized lateral 
acceleration control to manage rollover critical on-road 
situations. Together with the TSM function for continually 
monitoring potential trailer sway, the functional enhancements 
developed by Bosch ensure that the remarkable safety benefits 
of ESP® can be fully extended to LCV, LT and heavy SUV.    
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Figure 12.  Trailer Sway affects the yaw motion of the towing vehicle. Yaw 
motion measured with standard ESP® sensor set.  
Top: Increasing yaw rate of towing vehicle above critical speed   
Middle: Sway damping after symmetrical brake intervention  
Bottom: Sway damping after opposite-in-phase brake intervention    
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ANNOTATION:  

All abbreviations within this paper are used for simplification 
purposes.  

DEFINITIONS, ACRONYMS, ABBREVIATIONS 

4WD:  Four Wheel Drive 
ABS:  Anti-Lock Control 
CCC:  Center Coupling Control 
CoG:  Center of Gravity 

 
ESC:  Electronic Stability Control (= ESP®) 
ESP®:  Electronic Stability Program (= ESC) 
FMEA:     Failure Mode Effects Analysis 
HBA: Hydraulic Brake Assist 
LAC: Load Adaptive Control 
LCV:  Light Commercial Vehicle 
LT:  Light Truck 
NHTSA: National Highway Traffic Safety Administration 
RMF: Rollover Mitigation Function  
RMI: Roll Movement Intervention 
ROM: Rollover Mitigation 
RWD: Rear-Wheel Drive 
SSF:  Static Stability Factor 
SUV:  Sport Utility Vehicle 
TCS: Traction Control System 
TSM: Trailer Sway Mitigation 
VDC: Vehicle Dynamics Control 
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ABSTRACT 
 
The project MARVin is about assessing the relation 
between road infrastructure and road accidents. A 
large amount of data about the Austrian roads was 
gathered with the RoadSTAR (Road Surface Tester 
of arsenal research). This data was put into a 
database associated with accident data. The result 
was a database of about 12.500 km of road where 
all the road parameters (skid resistance, cross fall, 
gradient, texture, roughness, curve radius, etc.) 
belonging to a certain accident can be retrieved. 
 
One approach is to take a piece of road where 
accidents happened and to find a very similar 
section of road with roughly the same parameters. 
These pieces of roads can be an interesting lead to 
reduce the number of accidents caused by road 
conditions. It could be the case that on a certain 
part of road a lot of accidents happened while on 
another segment, very similar in road parameters, 
no accidents happened at all. In this case there can 
be other parameters (that are not in the database) 
that influence the road safety such as speed limits 
or traffic density etc. 
 
MARVin is also planned as an open platform to 
integrate more relevant data like traffic flow data or 
weather data. 
 
MARVin is a new tool for crash-causes-research, 
to identify “virtual” road sections with a high 
crash risk potential or “virtual” hot spots. It is 
possible to realize route graphs which show all 
kinds of infrastructure parameters and located 
accident events. This is a practical tool to audit 
existing roads as well as planned roads and to 
develop accident preventive measures in terms of 
road constructions and road infrastructure. 
 
Regarding to the accident risk of powered-two-
wheelers (PTWs) the tendency of a significant 
influence of the road construction and the quality 
of the road surface on motorcycle accidents, can 
be shown in the first results of pilot studies and 
analysis. 
 

INTRODUCTION 
 
The goal of the project MARVin is to find a 
relation between road infrastructure and road 
accidents. The data used for this research project 
are data about surface characteristics and data 
about the alignment of the Austrian roads which 
were gathered with the RoadSTAR (Road Surface 
Tester of arsenal research) and accident data. The 
basis of MARVin is a database of about 12.500 km 
of road where all the relevant road parameters (skid 
resistance, cross fall, gradient, texture, roughness, 
curve radius, etc.) belonging to a certain accident 
can be retrieved. 
 
With MARVin we strike a new path in crash-
causes-research, as “virtual” road sections with a 
high crash risk potential or “virtual” hot spots can 
be identified. Another aim of the project is to 
demonstrate the connection of different parameters 
for accident sources using mathematical models, 
the clarification of accident events on similar route 
sections and develop innovative accident prognoses 
and derived preventive measures. 
 
SUBSTANTIVE PAPER 
 
The basic idea of MARVin is to find accident-
causal combinations on the base of combinations of 
RoadSTAR measurements (Road Surface Tester of 
arsenal research) with accident data or parameters 
to explain a dependence of the accident events in 
connection with road geometry and surface 
condition parameters. A main point is the 
development of algorithms to find "similar" road 
sections and their visualization in geographic 
information systems. 
Among other things, aims of MARVin are the 
recognition and description of fundamental 
connections between road surface parameters and 
accident risk for certain accident types, a more 
specific discussion about the issue “risk 
appreciation of street infrastructure” (with the help 
of a “virtual” road search and the visual 
representation as graphs in the road system, 
potentially dangerous road sections can be 
determined or planned streets can be simulated) 
and an objective safety-check by made/planned 
measures to elevate of the road safety. 
 
The data material supplied by RoadSTAR is unique 
throughout Europe with regard to quality, 
resolution and area coverage. This data pool 
enables arsenal research to carry out exhaustive 
observations as to the connection between road 
infrastructure and accidents. Thus the analysis of 
the causes of an accident don't have to take 
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individual places of accident or places of accident 
accumulation as a starting point, but can cover the 
whole network. Subsequently models for the 
prediction of accidents are developed from these 
data.  
 
By the development of RoadSTAR more accurate 
findings of the road surface conditions can be 
obtained, thus making a material contribution to 
traffic safety.  
 
Information about the RoadSTAR – Road 
Surface Tester of arsenal research 
 

 
 

 Measuring wheel incl. braking torque 
measurement  

 Pneumatic cylinder 
 Wetting unit 
 Prewetting system 
 Gearbox for producing 18% slip 
 Water tank 
 Device storage 
 Drivers cabin - digital data acquisition 

 
The RoadSTAR was developed by arsenal research 
experts in close cooperation with the Stuttgart 
Research Institute of Automotive Engineering and 
Vehicle Engines. The RoadSTAR allows the most 
important surface properties and road geometry 
parameters to be measured under normal traffic 
conditions at measuring speeds between 40 km/h 
and 120 km/h (standard speed 60 km/h). Measuring 
runs are additionally recorded digitally on (DV) 
video tapes. All measured values are tagged with 
differentially corrected GPS coordinates.  
The RoadSTAR is mounted on an ÖAF 2-axle 
truck. Engine power is sufficient to allow the 
RoadSTAR to measure a road with a skid 
resistance of µ = 1.0 and a gradient of 8 % at a 
speed of 80 km/h with a full water tank holding 
6000 litres. 
 

The RoadSTAR allows following important surface 
properties and road geometry parameters to be 
measured under normal traffic conditions: 
 
Skid Resistance: 

• 18% Slip (Standard) 
• Temperature of the road surface 
• Blocked wheel 
• Temperature of the measuring tire 
• Antilock Braking System (ABS) 

 
Macro-Texture: 

• MPD (Mean Profile Depth) 
• ETD (Estimated Texture Depth) 

 
Transverse Eveness: 

• Rut depth (left, right) 
• Theoretical waterfilm thickness 
• Profile depth (left, right) 
• Waterfilm width 
• Rut width 
• Waterfilm volume 
• Rut Volume 

 
Roughness: 

• IRI (International Roughness Index) 
• FFT-Analysis 
• RN (Ride Number) 
• Longitudinal Profile 

 
Road Geometry: 

• Curvature 
• Height profile 
• Crossfall 
• Gradient 
• dGPS-coordinates 

 
 
Visualisation in Geographic Information 
Systems 
 

 
Figure 1.  Visualisation, Route graph example 1 
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 Figure 2.  Visualisation, Route graph example 2 

 
The combination of parameters (as shown in route 
graphs at Figure 1 and  Figure 2) enables a timely 
and economic initiation of the necessary 
redevelopment measures. The examination of 
connected data and the comparison with similar 
points in the residual road network results in the 
possibility to derive measures for an economic 
mitigation of existing and (as a preventive 
measure) potential accident hot spots. 
 
Significant visualisations of crash-causal-
combinations on route graphs (automatically 
generated by measured dGPS-data inclusive inertial 
navigation gyre) can be done; information on road 
geometry, road condition and accidents can be 
presented in different graph-layers.  
 
The traditional approach for accident analysis in 
Austria is to look at so-called “accident hot spots”. 
Hot spots are sites where accidents occur most 
frequently. The positions of these hot spots in 
Austria are calculated from the accident database. 
In Austria about a fourth of the car accidents 
causing personal injury happen on hot spots in the 
year 2000. Hence about 75% of the accidents are 
mostly ignored by just researching the accidents 
happening on these hot spots. It is plausible that 
groups of similar accident sites exist, of which 
none is a hot spot yet. Such a group of almost 
identical sites could be called a “virtual” hot spot, 
which is not seen as a hot spot by traditional 
accident research, because it does not identify 
these sites as similar. 
 
Models for the evaluation of the risk potential of 
traffic infrastructure (project MARVin) are being 
developed. The project MARVin engages in the 
relation of traffic condition and accidents and 
includes the analysis of the road condition, location 
and event of the accident. Selective and historic 
analyses can be conducted thus linking present 
accident and road condition data. In case of an 
accident road geometry/road condition can be 
coordinated with the help of geometric design. 
 

The main step is to take a road section where 
accidents happened and to find very similar road 
sections with roughly the same infrastructure-
parameters in the whole road network (“Similarity 
Search”). These sections of roads can be an 
interesting lead to reduce the number of accidents 
caused by road conditions. It could be that on one 
road section a lot of accidents happen while on 
another piece, very similar in road parameters, no 
accidents happened at all. In this case there can be 
other parameters (that are not in the database) that 
influence the road safety such as speed limits or 
traffic density etc. 
 
MARVin for Road Safety 
 
Another important tool of MARVin is to search 
for “virtual” road sections in the whole road 
network (Figure 3 and Figure 4). It is possible to 
create an artificial road (e.g. specific road 
geometry and road condition-parameters) and to 
find similar, but existing road sections. This is 
important for a safety-check of planned roads 
(Road Safety Audits) and to show potential hazard 
areas which indicates changes of the planning as 
an economic accident preventive measure.  

 

Figure 3.  Curvature of a “virtual” road (green) 

Figure 4.  Resulting similar road sections 
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The problem of the automatic recognition of 
similar road sections was extensively solved with 
a method which has his origin in automatic speech 
recognition, the so called Dynamic Time Warping 
(DTW). Dynamic Time Warping yields a robust 
similarity measure for time series with similar 
shape even if they are out of phase. In general 
DTW is a method which allows finding an optimal 
alignment between two given (multivariate) 
sequences (e.g. time series) with certain 
restrictions. In our case DTW yields a nonlinear 
similarity measure of different parameters of a 
candidate with a given road section (template). 
In contrast to the methods which were developed in 
the first project phase (similarity search with 
Dynamic Time Warping) which always need an 
existing distance as a start value, new possibilities 
were examined to implicate the whole amount of 
the accidents impartially ("unbiased") for 
dependences. Diagrammatically this is conceivable 
as follows: the parameters of every accident 
(discrete, as for example the accident type from the 
accident report or the road surface type from the 
RoadSTAR data or continuous real values, like skid 
resistance or rut depth) are considered as 
coordinates in a high-dimensional space. 
Correlations will be remarkable by the different 
density of the points (= accidents) in certain areas 
or by the variances. Based on this, methods were 
searched and were examined to sight the enormous 
data amount manual-visual (about 40000 personal 
damage accidents or accident records per year, 12 
years approx. 490000 points in 50 or more 
dimensions) or to analyze purely computer-
assisted. This amount in accident data together with 
the RoadSTAR-road conditions data to be 
processed parallel, cause an arithmetic expenditure 
and computing power which should not be 
underestimated. 
 
For a manual-visual selection normalized 
(multidimensional) histograms are provided. Here 
the samples of the database are represented not as 
points in the space, but are summarized into 
classes. The numbers of the class member events 
are represented for the two-dimensional case with 
the help of a colour scale. 
 

 
Figure 5.  Histogram in one dimension 

 

 
Figure 6.  Histogram in two dimensions 

 

 
Figure 7.  Histogram in three dimensions 

 
Connections in two dimensions can be shown very 
well. For the three-dimensional case the 
applicability is already limited by the covered sight 
(Figure 5, Figure 6 and Figure 7). For additional 
dimensions above all discrete dimensions can be 
represented side by side. However, the use for the 
recognizability of connections will be more 
doubtful with increasing number of the represented 
dimensions and in no case 50 dimensions are 
representably in this way. That means that this 
method does make sense, when coarse connections 
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and the primarily decisive dimensions are identified 
in a different ways, which can be made completely 
with statistical methods or by plausible acceptances 
of known critical combinations (e.g. skid 
resistance, rain and rut depth). 
 
At the examples shown at the top, connections of 
RoadSTAR parameters and accidents can be 
represented very openly; a comparison with 
evaluations of specific accident types or similar 
road sections will lead to unambiguous accident-
specific dependences of the street parameters. 
With MARVin it is possible to strike a new path in 
the crash-causes-research and our goals for the 
future are written down in the commitment of the 
European Road Safety Charter, as written below. 
 
MARVin for Motorcycle Safety 
 
The first practical work with MARVin tools was a 
road safety check of a typical motorcycle route, to 
find out correlations between the number of 
accidents on specific sites and the road 
infrastructure parameters. The interesting, but not 
so much surprising result was, that the quality of 
this road was high (high skid resistance, perfect 
radii relations and curvature, etc.). All these 
parameter show, that because of the high quality 
this road is a magnet for the motorcyclists. Sure, it 
doesn’t mean that a lower quality will make the 
accident situation better. The significant facts for 
high risk potential of this road are the number of 
riders each day and the driven speed. Especially on 
weekends speed enforcement campaigns can lead 
to an accident reduction. 
 
Another use example of MARVin was the analysis 
within the frame of the development of a national 
directive for motorcycle safety. 
A detailed all over check of motorcycle accident 
events on rural roads from 1999 to 2004 and their 
correlation to curve radii have shown a unique 
result (Figure 8). 
 

Anteile der Rmin (im Bereich 100m vor der Unfallstelle) bei Motorrad-PSU
der OG 0 und OG 2 (1) bzw. der restl. OG (2)  auf Bundesstraßen im Freiland
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Figure 8.  Curve radii and accident types 

 

Specifically abandon accidents mostly occur in 
small radii between 50 and 150 meters; the 
maximum ratio of abandon accidents in curves is 
exactly in the radius 100 m, followed by 110 m. 
 
Specifically detailed analyses of relations of 
various curve radii (as shown above), the curvature 
and the changing crossfall in road sections and their 
influence on PTW accident events are necessary. 
The so called “Similarity Search”, which identifies 
similar accident events on similar road sections, 
will also be used within these analyses. Moreover 
the simulation and search of virtual or existing road 
sections in the whole road network with a high 
accident-risk potential are possible. 
 
In a possible PTW-project which is proposed in the 
7th Framework Programme of the EU, a work 
package will be the identification of the correlation 
of radii relations on motorcycle accidents. 
Specifically double bends and double bends with 
small straight lanes between the two radii will be 
analysed in detail.   
 
European Road Safety Charter 
 

 
 
With some 170 highly qualified staff members, 
arsenal research has established itself as a 
European research center in the future-oriented 
fields of mobility and energy. The organization’s 
primary objective is to boost the innovation 
capabilities of its partners by providing them with 
applied research and development and by linking 
regional, national and international innovation 
systems. 
Our experts for road safety and traffic telematics 
crucially contribute to an early recognition of 
sources of danger in and on traffic infrastructure 
strive for innovative solutions and their 
implementation within cooperative networks and 
are also available for consultations regarding road 
safety. That's way it is for us a self-evident fact to 
sign the European Road Safety Charter with the 
following commitment: 
 
Our goals are: 

• Explanation of so far unexplored accident 
causalities 

• Demonstration of the connection of 
different parameters for accident sources 
using mathematical models 
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• Clarification of accident events on similar 
route sections 

• Accident analysis and crash-causes-
research specifically regarding powered 
two-wheelers 

• Innovative accident prognoses and derived 
preventive measures 

 
We reach these aims by: 

• Linkage of the road conditions data with 
accident data based on the locality of the 
accident 

• Development of suitable mathematical 
models for the verification of accident 
causalities 

• Implementation of accident-cause-
research within Road Safety Inspections 
and Road Safety Audits 

• Specific measures to create awareness in 
combination with driving education, based 
on detailed accident statistics and 
conclusions of accident analyses of 
motorcycles 

• Identification of connections between data 
on road accidents and traffic infrastructure 
and development of specific preventive 
measures 

 
 
CONCLUSIONS 
 
With the research project MARVin it is possible in 
different ways and with different analysis to find 
out significant correlations between road accident 
events and the quality of the infrastructure. The 
whole road network and all accidents are included 
in the analysis. 
Now the research has progressed so far that the 
developed tools can be applied practically and can 
be tested. 
Within the frame of the development of a national 
directive for motorcycle safety, two projects are 
treated with MARVin tools. 
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ABSTRACT 
 
This paper reports on the development of a new 
legform to test contact sensors of active safety 
systems that could be used to deploy pedestrian 
protection systems. To test the systems accurately a 
test tool is required with properties that are as close 
as possible to human responses. Current legforms 
were not designed to test sensors, but were 
designed to assess passive protection by imparting 
a concentrated force to selected parts of the vehicle. 
Due to the characteristics of the legform it is 
believed that the bumper sensor threshold could be 
set too high, causing a late deployment or even 
preventing the active system from deploying. The 
possibility of serious or life threatening head 
injuries occurring could be increased if the active 
system does not deploy as intended. 
 
To achieve a better force distribution on the 
bumper sensors, the revised impactor needs to be as 
biofidelic as possible. Data on the mechanical 
properties of human bone and flesh have been 
researched and materials selected to provide the 
most realistic response during a vehicle to 
pedestrian impact. The purpose of the impactor is 
to assess contact sensor technology that could be 
used in active safety pedestrian systems to 
distinguish an impact between a vehicle and a 
pedestrian and a vehicle and another object. The 
paper reviews the legform design specification in 
terms of its requirements and biofidelity data. 
Through finite element modelling, the use and 
limits of the test tool with regard to bumper 
reference height and the use of an upper body mass 
are discussed.  
 
INTRODUCTION 
 
With the advent of active safety systems, vehicles 
are now being fitted with devices to improve the 
protection offered to pedestrians and other 
vulnerable road users should they be involved in an 
impact with a vehicle. These active systems can 
take the form of pop-up bonnets or A-pillar airbags 
for example. The method of detection of the 
pedestrian or other vulnerable road user can be by 
contact sensors, pressure sensors, infra-red sensors 
(to name just a few), or a combination of these. The 
detection systems are usually fitted into the bumper 
region of the vehicle as this is generally the first 

point of contact and thus provides the greatest time 
to determine if deployment should occur or not. 
 
 The design and use of active safety pedestrian 
systems has come about through the requirement 
for greater levels of pedestrian protection and thus 
the requirement for pedestrian ‘friendly’ vehicles. 
It is hoped that with these systems the number of 
pedestrians that are killed or seriously injured will 
reduce. However, to develop and to test the 
effective deployment of these devices it is 
important that the properties of the test tool are 
closely matched to those of the human being. This 
will provide the most realistic response for the 
impactor and will provide a more realistic loading 
characteristic of the bumper and the detection 
system. 
 
IMPACTOR DEVELOPMENT 
 
Age Selection 
 
Stats 19 pedestrian accident statistics for a period 
of five years (1997-2001 inclusive) were analysed 
to highlight which age group was at the highest 
risk. The Stats19 data displays the information in 
terms of age of the casualty. It was decided that the 
statistics could be divided into two main group 
areas, these being Child and Adult. The child group 
included the casualties of 0-17 years old and the 
adult group included casualties of 18-99 years old.  
 
If all severities of injury and both sexes are 
considered then the number of child casualties is 
greater than the number adult casualties by less 
than 1% with approximately 10,026 children and 
9,937 adults injured on average per annum 
(Figure 1). However, this includes slight injuries 
and although these are of concern the pedestrians 
that require greatest consideration are the killed and 
seriously injured casualties. If the total casualties 
are split into fatal, serious and slight injury 
categories then the data shows that the adult group 
makes up approximately 59% of the killed and 
seriously injured pedestrians. The data suggests 
that the adult group is an appropriate focus for the 
development of the new test tool. If the data 
statistics are split between male and female sexes 
in the adult category then the males represent 
approximately 61% of the adult population for the 
killed and seriously injured pedestrians. The 
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Stats19 data analysis would suggest that an adult 
male pedestrian is at most risk of being killed or 
seriously injured by being involved in an impact 
with a vehicle. 
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Figure 1.  Pedestrian accidents average per 
annum for child and adult groups (1997–2001 
inclusive). 

 
The adult group was selected as the most common. 
Although the group had been determined the 
respective ‘age’ of the impactor had not. This was 
necessary as it would be used to determine the 
material properties of the bone. It is known that 
bone properties reach a peak and then deteriorate 
with increasing age. Consequently, it was believed 
that if the properties of the impactor bone were set 
to those of an elderly person the impactor could be 
too weak and result in otherwise pedestrian-
friendly vehicles being inappropriately assessed. 
Similarly if the materials were set to those of a 
young adult (18-20 year old) the bone could be at 
its strongest and would therefore not truly represent 
the population. It was decided to design the 
impactor with the biomechanical properties of a 
50-59 year old male. This age bracket will provide 
a middle position between the old and the young. 
 
Size selection 
 
Current pedestrian legform impactors are 
representative of a 50th percentile human leg. A 
concern is that the height of the 50th percentile male 
may not represent the worst case impact 
configuration in regard to testing the deployment of 
active safety systems. For example, child or small 
adult pedestrians may impart a smaller load upon 
the sensors and the system may not register an 
impact with a human and may not deploy. If 
shorter pedestrians and consequently shorter 
legforms were used then it is likely that an upper 
body mass would be required to provide a realistic 
human body response. It is also likely that the 
pelvis of the human would contact with the bumper 
or bonnet leading edge of the vehicle.  
 
Alternatively, the worst case may be a tall elderly 
person, with longer and potentially weaker limbs – 

the breaking load required to cause fracture in a 
lateral impact might be less than for other sized 
pedestrians. A lower breaking load would suggest 
that a lower force signal would be recorded by the 
sensors. There is a general debate as to the ‘true 
worst case’; however, it is believed that protection 
should be afforded to all potential impact 
casualties. The initial development of the legform 
concentrated on a 50th percentile male with the 
intention that a larger family of the impactors be 
developed to cover all relevant casualty sizes. The 
50th percentile provides a good representation of 
the population and thus, although it may not be 
classified as the worst case size, the largest 
proportion of the pedestrian population will be 
covered by this size. The intention to develop a 
‘family’ of different sizes would also prevent 
optimisation of active safety systems to protect 
only one size of pedestrian. 
 
Finite Element Modelling 
 
With the development of any pedestrian impactor 
legform it is important to consider the requirement 
of an upper body mass for the impactor. In actual 
impacts the mass of the thorax of the human will 
contribute to the direction of travel. In an impactor 
the upper body mass may not be necessary for 
impacts where the vehicle bonnet leading edge 
does not contact the upper region and pelvis of the 
legform or where the vehicle does not impact 
above the centre of gravity of the leg. Impacting 
above the centre of gravity of the leg would cause 
the legform to be overridden, which is not believed 
to be realistic. In impacts with humans, if the 
impact is above the centre of gravity of the leg but 
below the centre of gravity of the human, the upper 
body mass will still cause the body to ‘wrap-
around’ the vehicle. 
 
For children and smaller adults it is possible that 
the pelvis region of the body will interact with the 
vehicle bumper or bonnet leading edge. It was 
decided that the legform would be based on a 50th 
percentile male, therefore it was important to assess 
whether the impactor would require an upper body 
mass for impacts with vehicles that could 
potentially be fitted with active safety systems. 
 
A finite element modelling (FE) study was 
performed and two models were set-up in the  
LS-DYNA code. The first model featured an 
adapted Hybrid III dummy and the second model 
consisted of the right leg of the Hybrid III dummy 
model; both were placed in a standing position and 
put in front of a vehicle model. The Hybrid III 50th 
percentile model is an occupant dummy and 
consequently is designed to be used in a seated 
position. It was necessary to modify the model to 
allow it be orientated in a standing position. The 
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standing model is shown in Figure 2. The knee, 
ankle and hip joints were rotated to provide a 
standing dummy. The right leg was straight with 
the left leg rotated at the hip to provide a realistic 
walking action with the foot off the ground. It was 
considered unlikely that the pedestrian would be 
struck whilst having both feet on the ground and 
both legs straight. Friction between the pedestrian’s 
shoe and the ground was modelled using a 
spotweld. (The term spotweld is used in FE 
modelling and enables the user to define a point to 
have a pre-determined failure load, in this model 
once the predetermined load was reached the foot 
and legform would be free to move). The right arm 
of the dummy model was placed in a raised 
position to remove any interference between the 
arm and the bumper or bonnet leading edge. 
 

 

Figure 2.  The modified Hybrid III 50th 
percentile ‘pedestrian’ dummy model. 

 
To create a separate legform model that could be 
used to evaluate the need for an upper body mass 
the modified Hybrid III ‘pedestrian’ model was 
further modified. All sections except the first struck 
leg (right leg) were deleted from the model  
(Figure 3). The friction generated by the spotweld 
in the ‘pedestrian’ model was removed. 
 

 

 Figure 3.  The legform model from the modified 
Hybrid III ‘pedestrian’ dummy model. 

 
To replicate the knee joint and to enable it to 
respond in a humanlike manner the knee was 

remodelled. The knee was modelled with a 
spherical joint that consisted of three degrees of 
freedom. For the lateral and medial directions the 
knee joint was set to have a plastic response with a 
stiffness of 200Nm. The lower leg is able to move 
further in flexion than in extension thus the knee 
joint was set to have 100 degrees of motion in 
flexion and 30 degrees in extension. The neutral 
(standing position) was set at zero degrees.  
 
The ‘pedestrian’ model and the legform model 
were impacted by a model of a generic pedestrian-
friendly vehicle. To model the vehicle, rigid steel 
plates were used for the bumper and bonnet with 
low density foam mounted on the surface. The 
chassis of the vehicle was represented by rigid 
plates and springs. These were attached to the rear 
of the bonnet and the bumper and were given a 
stiffness of 5kN/m to represent a generic stiffness 
of a pedestrian-friendly vehicle. The motion of the 
plates was constrained in all directions except for 
the direction of travel of the vehicle. Additional 
mass was added to the rigid plates and distributed 
to represent the mass of a real vehicle. The bonnet 
leading edge was inclined at 50 degrees to the 
horizontal and the bonnet 15 degrees to the 
horizontal. The vehicle was given an initial 
velocity of 11.1m/s. 
 
To assess the legform impactor capabilities it was 
necessary to model the impacts with vehicles of 
differing bonnet leading edge and bumper top 
heights. A small study of the heights of a range of 
vehicles was performed. Table 1 shows the test 
matrix that was defined for each of the models to 
provide an assessment of the range of vehicles 
available.  
 

Table 1.  

Matrix of vehicle dimensions used in the models 

 
Height (mm) 

Bonnet leading 
edge 

Bumper top edge Bumper bottom 
edge 

1000 800 500 
1000 700 400 

900 650 350 

850 600 300 

800 550 250 

700 500 200 

700 450 150 

Undefined 400 100 

 
To simulate off-road vehicles the bumper top edge 
height was set at heights of 700 and 800mm above 
ground. For the sports car range a bumper top 
height was set at 400mm with no bonnet contact 

Flexion 

Extension 
Medial 

bending 

Lateral 
bending 

External 
rotation Internal 

rotation 
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defined. The bumper lead was set at 100mm in all 
model cases.  
 
The two models are shown in Figure 4 immediately 
prior to impact. 
 

  

Figure 4.  The ‘pedestrian’ and legform models 
immediately prior to impact. 

 
The results of the model runs showed that the 
impact in the region of the legs was essentially 
complete by 25ms. After this time the pedestrian 
had ‘wrapped around’ the vehicle and contacted the 
bonnet top. It was found that good correlation 
occurred – in terms of legform kinematics and 
force on the bumper surface – between the 
‘pedestrian’ and legform models for bumper top 
heights between 450 and 650mm (Figure 5).  
 

  
Bumper top edge height 400mm 

  
Bumper top edge height 450mm 

  
Bumper top edge height 550mm 

  
Bumper top edge height 700mm 

Figure 5.  The legform and ‘pedestrian’ model 
animations with different bumper top edge 
heights. 

Bumper top edge heights below 450mm exhibited 
rotation in the legform model on impact with the 
bumper. The rotation resulted in the anterior 
surface of the legform contacting the vehicle 
model. This was not seen in the ‘pedestrian’ model 
and was considered to be an unrealistic 
representation. At bumper top heights greater than 
650mm it was noted that the bonnet top was 
impacting directly with the pelvis of the 
‘pedestrian’ model and thus passed directly over 
the top of the legform model. This is again believed 
to be unrealistic; at heights such as these the 
impactor is likely to require an upper body mass to 
realistically represent impacts with humans. 
 
Although the kinematics of the legform and the 
‘pedestrian’ model differed significantly at bumper 
top edge heights below 450mm and heights above 
650mm the model kinematics were considered 
good between these values. A slight additional 
rotation about the z-axis of the leg was noted to 
occur in the legform model that was not noted in 
the ‘pedestrian’ model. This was believed to be due 
to the foot altering the inertial properties of the leg 
due to it not being restrained from rotation at the 
pelvis. To reduce the possible rotation in the actual 
legform it was decided that the front section of the 
foot be removed and the weight added to the heel. 
The correct legform mass and inertia will be 
retained without the foot causing it to rotate. 
 
The study into the impact performance of the 
legform model and the ‘pedestrian’ model 
indicated that physical testing with a single 50th 
percentile legform impactor without an upper body 
mass would be appropriate with car front profiles 
that have bumper top edge heights between 450mm 
and 650mm. Although the modelling suggests that 
sports cars (whose bumper top edge heights may be 
below 450mm and are more likely to be fitted with 
active systems) may not be able to be tested with 
the legform, the modelling needs to be verified and 
validated with physical testing.  
 
Biomechanical Property Research 
 
     Bone Property Research - To provide a 
definitive value for the biomechanical properties of 
human flesh and bone that would cover all sections 
of the population would be impossible. It is known 
that the bone properties, for example, change with 
increasing age. Peak bone strength is reached at an 
age of approximately 20-29 years, after which the 
bone strength will gradually reduce. Yamada [1] 
quotes that the strength of the femur long bone will 
deteriorate by approximately 17% by the age of  
70-79 years from its peak value. The Yamada data 
shows that the strength of the femur long bones in 
the selected age group of 50-59 years will be 
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approximately 8% less than the 20-29 year old 
group. 
 
In addition to the bone properties varying as the 
person grows older, it is also reported that the bone 
properties can vary between people of the same 
age. Environmental conditions, diet, fitness levels 
and illnesses are all contributory factors that will 
affect the strength of the human bones and will 
contribute to the bones being different for each 
individual. To provide data that can be used to 
estimate the strength of human long bones the 
average values for each age group can be used.  
 
There has been a large amount of research 
completed into the strength of the human bones. 
However, the method of testing these bones has 
often been performed slightly differently in terms 
of how the specimen is treated prior to testing 
(whether it is fresh, dried, previously frozen etc) 
and whether it has been tested dynamically or 
quasi-statically. Also, the section and direction of 
the bone tested will affect the output of the results. 
It was not possible within the scope of this 
development project to conduct biomechanical 
testing of human long bones. The research data 
previously collected together by Yamada [1] has 
been widely used and acknowledged and for these 
reasons it was considered to be suitable for use in 
developing and determining the bone strength that 
would be used in the legform. One aspect that 
distinguishes the Yamada data is that all of the 
specimens used in the research were fresh and 
unembalmed.    
 
It can be assumed that most impacts between 
pedestrians and vehicles result in a perpendicular 
loading to the long bones of the human leg. Due to 
the perpendicular loading direction the bending 
properties of the bone material are considered. 
Yamada reports on the bending breaking load of 
intact specimens of the femur and tibia that are 
supported under their ends and loaded with a 
compression tester with a head of 20mm diameter. 
The results from the bending breaking load tests 
performed by Yamada are shown in Table 2.  
 

Table 2. 

Bending breaking load (kg) of human wet long 
bones [1] 

 
Age Group 

Bone 
20-

39yr 
40-
49yr 

50-
59yr 

60-
69yr 

70-
89yr 

Adult 
Average 

Femur 277±11 252±5 240±9 238±6 218±11 250 

Tibia 296±11 257±11 248±5 244±9 234±9 262 

Fibula 45±2 41±4 40±3 38±2 34±2 40 

The data shown in Table 2 is for long bones tested 
in the anteroposterior direction. Most impacts 
between vehicles and pedestrians are likely to 
occur in the lateral direction. However, Yamada 
noted that “…there is no significant difference in 
the ultimate strength or in the bending breaking 
load between the anteroposterior and the 
lateromedial directions”. The properties listed in 
Table 2 were therefore used for determining the 
material specification for lateromedial loading. 
 
Yamada also reports data for the fibula, which is 
the bone adjacent to the tibia. It is possible to stand 
without the fibula being present as it provides little 
support in the standing position. Its main role is to 
provide support as the leg twists; without a fibula 
this motion would not be possible. The bending 
load required to break the fibula is approximately 
six times smaller than that of the tibia; the ultimate 
deflection of the fibula is approximately 37% 
greater than that of the tibia (Table 3). The fibula 
can therefore be said to have little contributory 
effect on the performance of the legform in 
bending due to it having a larger deflection and 
significantly lower bending breaking load than the 
stronger tibia. It was decided that the fibula would 
not be included in the design of the legform.  
 

Table 3.  

Ultimate deflection (mm) of human wet long 
bones, approximated for lateromedial direction 

 
Age Group 

Bone 
20-
39yr 

40-
49yr 

50-
59yr 

60-
69yr 

70-
89yr 

Adult 
Average 

Femur 16.0 14.8 13.8 13.3 12.5 14.4 

Tibia 13.0 12.0 11.2 10.9 10.1 11.7 

Fibula 21.1 19.0 18.1 17.3 15.3 18.6 

 
The data for the ultimate deflection of the human 
wet long bones was originally provided by Yamada 
in the anteroposterior direction. Yamada found that 
the ultimate deflection in the anteroposterior 
direction was approximately 30% less than the 
ultimate deflection in the lateromedial direction for 
the tibia. The actual difference was not recorded for 
the femur and fibula but was stated to be similar to 
the tibia conversion factor. Table 3 shows the 
ultimate deflection of the human wet long bones 
adjusted from the anteroposterior direction to the 
lateromedial direction. 
 
The properties highlighted in Tables 2 and 3 were 
used in selecting the material that would be used 
for the bone sections of the legform. The material 
selected for the bones is an epoxy filled glass fibre 
cylinder, which is calculated to have properties 
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similar to the required values discussed above. 
Both the femur and tibia will be manufactured from 
the same type of material. To achieve the different 
performance criteria of the femur and tibia the 
internal dimensions of the material will be altered. 
In addition to good stiffness performance, the 
failure mode of the material is known to be similar 
to that of bone with little deflection and creep 
before fracture occurs.  
 
     Flesh Property Research - The lower limb of 
the human consists of the femur, tibia, fibula, ankle 
and foot bones, numerous muscles, tendons, 
nerves, veins and fat etc. A legform with individual 
muscles and tendons would result in a complex 
device. For the purpose of this legform it was 
decided that individual muscles and tendons would 
not be required. For the development of the test 
tool the ‘flesh’ will consequently consist of all 
parts of the human leg apart from the bones and the 
skin. The bones and the skin are considered 
separately.  
 
It was found that the biomechanical properties of 
bone altered with age and it was found that the 
properties are different even between people of 
similar ages. It was considered that this would also 
be the case for the flesh. If the human that was 
impacted by a vehicle was fit and healthy it is 
likely that the muscles would be stronger and 
would need to be represented by a potentially more 
dense material. On the other hand should the 
human that is being impacted be of a relatively 
weak build they will have less muscle mass and 
consequently the material required to represent the 
flesh would need to be less dense. In this instance 
the term dense refers to the amount of muscle 
compared to the amount of fat and vice versa and 
not the material property. 
 
Research has previously been performed on the 
density of human fat and muscle. Human fat is 
known as adipose tissue and has an approximate 
density of 0.92g/cm3 (Table 4). The density of 
muscle is found to have a greater range than that of 
the adipose tissue. It is assumed that the difference 
could be due to the assessment methods and the 
specimens tested could well have been obtained 
from people of differing levels of fitness. The 
density of was found to be approximately 
1.08g/cm3 (Table 4). As the human leg consists of a 
combination of muscle and adipose tissue the 
required density of the legform will be within the 
range of 0.9g/cm3 and 1.08g/cm3. Cross-sections of 
the human leg show that the majority of the soft 
tissue is muscle, rather than adipose tissue. For this 
reason the material for the flesh was selected with a 
density towards the higher end of the range 
(approximately 1.03g/cm3 – 1.06g/cm3). 
 

Table 4.  

Comparison of the densities of adipose tissue 
and muscle 

Source 
Adipose Tissue 

(Extracted human fat) 
Muscle/rest of body 

Ref [2] 0.940 1.082 

Ref [3] 0.918 1.100 

Ref [4] 0.948 1.090 

Ref [5] 0.901 1.061 

Ref [6] 0.900 1.100 

Ref [7] 0.900 1.060 

Average 0.918g/cm3 1.082g/cm3 

 
For pedestrian impacts it is assumed that the person 
is impacted whilst the weight is directly above one 
straight leg (on the struck side) with the non-struck 
leg off the ground. Immediately prior to the impact 
between a vehicle and a pedestrian it is assumed 
that the majority of pedestrians will become aware 
of the impending impact. The awareness of the 
impending impact is likely to cause the pedestrian 
to tense the muscles in the leg due to the shock of 
an impact occurring. In the few impacts where the 
pedestrian is not aware of the impending impact 
some of the leg muscles will be tensed anyway as 
part of the natural walking or running motion. 
Consequently the material selected for the flesh of 
the legform will represent the human leg in its 
tensed state. It was considered necessary to 
evaluate the hardness of human flesh in the tensed 
state as this would contribute to achieving a 
material with humanlike responses. 
 
To measure the hardness of flesh, people were 
selected that were approximately 50th percentile in 
height and who were in a good level of health and 
fitness. A handheld Instron Shore ‘A’ Durometer  
(Figure 6) was used to measure the flesh hardness.  
 

  

Figure 6.  The Instron Shore S1 Durometer 
hardness tester with the Shore ‘A’ indentor. 

The hardness value is determined by the level of 
penetration of the indentor into the material. If the 
indentor does not penetrate the material the 
recorded value will be 100 and if the indentor 
penetrates the material completely the recorded 
hardness value will be 0. The Shore ‘A’ scale was 
used as this is used to measure the hardness of soft 
rubbers and plastics. 
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Each person was tested with the Durometer 
hardness tester a number of times to provide an 
average value. Repeating the tests reduced the 
possibility of anomalous results through the user 
applying different levels of pressure when using the 
durometer. Figure 7 shows the procedure used to 
measure the hardness the legs of the volunteers. 
 

 

Figure 7.  The Shore Durometer hardness tester 
in use on one of the volunteers. 

 
The hardness of the leg was assessed in both the 
relaxed and tensed states. Although the whole leg 
was tested (624 points) on one of the volunteers, 
the calf and thigh muscles were considered to 
provide the most relevant results. Along the front 
of the tibia (shin region) the results would be 
influenced by the limited amount of flesh between 
the indentor and the bone.  
 
A summary of the results of the hardness testing of 
the calf and thigh muscles of the volunteers in both 
the relaxed and tensed states is shown in Table 5. 
The hardness was found to be approximately 10A 
for the muscles in the relaxed state compared to 
approximately 14A for the muscles in the tensed 
state.  
 

Table 5. 

A summary of the results of the Durometer 
hardness testing of the volunteers (Shore ‘A’) 

 
Relaxed Tensed 

Person 
Calf  Thigh  Calf  Thigh  

Volunteer 1 9.64 10.04 15.17 15.17 

Volunteer 2 8.89 15.09 14.26 16.90 

Volunteer 3 11.98 9.13 12.89 13.69 

Volunteer 4 9.48 9.12 11.63 13.28 

Average 10.42 14.13 

 
The front of the tibia of volunteer 1 was tested to 
investigate what influence the bone being close to 
the surface had on the hardness value. It was found 
that the hardness in this region increased to 
approximately 20 – 25A, but this would not be 
representative of the hardness of the lateral aspect 

of the lower limb, which is the most likely bumper 
contact point in a pedestrian impact. As a result the 
material specification for the flesh was between 14 
and 15 on the Shore ‘A’ scale, along with a density 
between 1.03g/cm3 – 1.06g/cm3. 
 
Based on the results of the hardness testing and the 
analysis of the density of the flesh (muscles and 
adipose tissue) many flesh materials were 
considered, including soft rubbers and different 
composition polyurethanes. Figure 8 shows a 
selection of the materials that have been considered 
for this application. 
 

 

Figure 8.  A selection of some of the materials 
considered for use in making the flesh. 

 
Finally a polyurethane material was selected for the 
flesh that has a density in the required range and a 
hardness of approximately 15A on the Shore ‘A’ 
scale. 
 
     Skin Property Research – The skin of the 
legform impactor will have three roles.  

• To act in compression as the skin of the 
human would 

• To provide protection to the legform as it 
impacts with the vehicle to make it more 
robust, and  

• The skin layer will be sufficiently thick to 
represent the clothing that the pedestrians 
will be wearing.  

 
The human skin layer ranges in thickness from  
0.5-4.0mm depending upon the location [8]. The 
skin layer selected for the legform is a neoprene 
material that has a thickness of approximately 
3mm.  
 
     Knee Ligament Research - The knee consists 
of many tendons and ligaments. Depending upon 
whether the leg is in its straight position or in its 
bent position some of the ligaments will be relaxed 
and some will be tense. If the knee ligaments are 
damaged, for example in an impact with a vehicle, 
then the casualty can have problems walking in the 
future. Ligament damage can lead to many 
disabilities and can require a long time for healing 
and rehabilitation [9].  
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Similarly to the bone and flesh material, the 
strength of the knee ligaments has been the subject 
of considerable debate. The ligaments in the 
current EEVC WG17 legform impactor have an 
approximate stiffness of 400-500Nm. It has been 
discussed that this stiffness is higher than the 
ligaments of the average person and it has been 
suggested that the stiffness of the ligaments should 
be nearer to 200Nm. It is unclear whether this 
stiffness takes into consideration the effects of 
muscle tension. It was therefore decided that a 
ligament of approximately 250-300Nm would be 
used for the initial legform impactor. This range is 
above that used in the FE modelling, however, 
once bending ligament stiffness has been agreed by 
biomechanical groups, it will be possible to adjust 
the stiffness to the required limit. 
 
The initial design of the ligament is shown in 
Figure 9. The rounded design allows impacts from 
different angles to be assessed. The stiffness of the 
ligament would be altered to represent the stiffness 
of the human ligaments in the different impact 
configurations. This allows the active safety 
systems to be tested in many different impact 
configurations. For example, the impact to the 
human could be from the rear where the stiffness in 
the ligaments would be different to the stiffness in 
the ligaments if the impact was from the front. 
 

 

Figure 9.  The shape of the ligament will provide 
an opportunity to tests at different impact 
angles. 

 
Anthropometric Measurements 
 
It was decided that the legform impactor would 
represent a 50th percentile male. The measurements 
for a 50th percentile male were obtained from 
anthropometric data. For the development of 
ATD’s that are used in vehicles the UMTRI 
anthropometric data is used. However, the UMTRI 
measurements are taken with a seated occupant. 
The leg shape of a seated occupant is different to 
that of a pedestrian hence the Adultdata [10] source 
was used. 
 
A volunteer was measured and the results 
compared with the 50th percentile anthropometric 
data. It was found that the tibia and knee of the 
volunteer were within approximately 2-3mm of the 
measurements for the 50th percentile male. The 

femur length of the volunteer was found to be 
slightly longer than that of the 50th percentile male; 
however, this was not considered to cause concern 
as the femur section of the impactor would be 
moulded to the length applicable to position the hip 
end for mounting to the propulsion system. The 
anthropometric data was also used to compare the 
circumference of the volunteer and the 50th 
percentile male. The human leg is not a perfect 
circle but in order to evaluate the approximate 
differences between the radiuses of the leg 
measurements the legs were assumed to be of 
circular cross-section.  
Table 6 shows a comparison of the measurements 
of the circumference of the volunteer’s leg and the 
mean adult data. 
 
It was found that the radius of the leg of the 
volunteer was approximately 1.3mm smaller than 
the approximate radius of a 50th percentile male. As 
the leg of the volunteer was used it was necessary 
to increase the approximate radius of the legform. 
The skin layer selected for the legform has a 
thickness of approximately 3mm. This skin layer 
will increase the radius of the legform and will also 
provide a small allowance for the thickness of the 
clothing that the pedestrian would be wearing. 

 

Table 6. 

Comparative measurements for the 
circumference of the 50th percentile male data 

and the volunteer (mm) 

 

Position 
Adult 
mean 
data 

Approx 
Radius 

Volunteer 
data 

Approx 
Radius 

Difference 

Thigh top 590.6 94.01 578.0 92.01 -2.01 
Thigh 
bottom 

375.0 59.69 379.0 60.33 0.64 

Knee 
crease 

382.2 60.84 365.0 58.10 -2.74 

Knee cap 385.0 61.29 373.0 59.38 -1.91 
Knee 
below 

360.3 57.35 335.0 53.33 -4.03 

Calf max 380.8 60.62 374.0 59.54 -1.08 
Talus 244.4 38.90 250.0 39.80 0.89 
Above 
talus 

226.0 35.98 224.0 35.66 -0.32 

Average -1.32 

 
Position of the Bone 
 
The position of the bone within the legform is 
important to provide a realistic human response. 
During an impact between a vehicle and a human 
leg the vehicle bumper will compress the flesh 
(muscles etc.) and then contact the femur or tibia 
bones. If the bone is incorrectly positioned in the 
legform, as the vehicle compresses the flesh 
material it will contact the bone earlier or possibly 
later than would occur in impacts with pedestrians. 
To investigate the position of the bones within the 
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leg, cross-sections of the leg were sourced from the 
Visible Human Project® [11], [12]. 
 
The Visible Human Project® consists of detailed 
cross-sections of a male and female. The male was 
transversely sliced in 1mm slices with a total of 
approximately 1871 slices. The male cadaver was 
sliced with the foot placed in a downwards 
position. The slice that represents the base of the 
heel is approximately slice 1790. This translates to 
an approximate subject height of 1790mm, which 
is greater than a 50th percentile male. However, it 
was assumed that the bone position relative to the 
outer layer of skin would be approximately the 
same for each human subject. Therefore, by 
measuring the bone position of the Visible Human 
cadaver and applying a correction factor to take 
into account for the differences in cross-sectional 
width and depth of the leg (between 50th percentile 
male and the Visible Human cadaver) the bone 
could be positioned in the 50th percentile male 
legform impactor.  
 
Measurements of the cross-sectional position of the 
bone in the leg of the Visible Human male cadaver 
were taken at 20mm intervals along the length of 
the leg. The cross-sectional images were 
downloaded and opened in photo-editing software. 
The pixel number relative to the outer edge of the 
flesh was recorded and the corresponding point on 
the outer surface of the bone. The pixel numbers 
were then adjusted to represent a dimension 
calculated from the number of pixels/cm. The 
measurements were recorded for the front of the 
leg flesh to the front of the bone and similarly for 
the rear of the leg. The cross-section dimensions 
were also measured from the left side of the leg to 
the bone and similarly for the right side. The cross-
sectional width and depth of the bone was also 
measured (Figure 10).  
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Figure 10.  Schematic of a cross-section of the 
human leg showing the measurements recorded. 

The dimensions that were calculated from the 
Visible Human male cadaver were plotted to check 
for any erroneous results. These would be 
highlighted by a misshaped profile. Figure 11 
shows the front view profile of the legform. 
 

 

Figure 11.  Front profile of the Visible Human 
male leg created from measurements of the leg. 

 
The bones of the human leg, especially the femur 
are not straight. It was considered that constructing 
realistically shaped bones would make the build 
process very complex and increase the material 
costs. The shape of the bones would also influence 
the flight profile of the legform during its 
propulsion into the vehicle as off-centre masses 
(due to the shape) would cause the legform to 
rotate prior to impact, which is an undesirable 
action. It was therefore decided that the bones for 
the legform would be manufactured straight. This 
would have an influence on the position of the bone 
within the flesh. By using a straight bone the 
legform impactor would become easier to use as 
the bone could be removed from the legform and 
replaced with greater ease. To position the bone as 
accurately as possible it was considered that the 
tibia bone, knee region and bottom of the femur 
were the most important as these were more likely 
to be impacted by the vehicle.  
 
In addition to positioning the bone within the 
legform the dimension of the bones themselves 
needed consideration. It was possible using the 
same methods as before for obtaining the cross-
sectional dimensions of the leg to measure the bone 
of the Visible Human male cadaver. The femur and 
tibia bones do not have a perfectly circular cross-
section (the tibia has a kite shaped cross-section). 
Both bones are longer in depth than they are in 
width at their mid-span position and vice versa at 
the ends of the bones. The average dimensions of 
the bones are shown in Table 7. The ‘approximate 
average diameter’ is an average of the depth and 
width values. 
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Table 7. 

Average values for measurements of the cross-
sections of the femur and tibia bones 

 

Bone 
Average 

depth 
Average 

width 

Approximate 
average 
diameter 

Femur 26.26mm 30.23mm 28.29mm 

Tibia 23.70mm 27.17mm 25.44mm 

  
To retain ease of use and to minimise 
manufacturing costs it was decided that the bones 
would be manufactured with a circular cross-
section. For the prototype legform the outer 
diameter of each bone was set to be 30mm as this 
sized outer diameter was more readily available. 
The internal diameter was altered to achieve the 
required bone properties discussed earlier. 
Although the human femur and tibia bones were 
found to have different average diameters it was 
considered that if the outer diameters of the bones 
were kept the same then it would be possible to 
insert and remove the bones from either end of the 
impactor should the bone fracture during its use. 
The outer diameter (and thus wall thickness) will 
be reviewed once initial component testing has 
been completed. 
 
Impactor Foot 
 
It was found during the finite element modelling 
that the legform rotated slightly at the point of 
impact which was noted not to occur in the full 
‘pedestrian’ model. The rotation was partly 
believed to be caused by the foot of the impactor. 
The front section of the foot was believed to cause 
the impactor to be unbalanced during the free 
flight. Consequently, the front of the foot was 
removed on the legform impactor. By removing the 
front of the foot section it was intended that it 
would remove the rotational inertia effects about 
the longitudinal axis of the lower limb that it 
caused. This will be confirmed during the full 
testing of the legform. To retain the foot mass and 
the inertia effects in the direction of impact, the 
mass of the foot section removed will be replaced 
at the heel of the impactor close to the centreline of 
the bone.  
 
LEGFORM IMPACTOR BUILD 
 
Shaping the Impactor 
 
To replicate the human response it is not only 
considered necessary to have materials that 
replicate the human equivalent but also a legform 
that has a shape of the human leg. To create an 
exact replica of the leg of the selected volunteer it 
was decided that it should be moulded. Based on 

advice from special effects and prosthetics 
manufacturers regarding the moulding process, it 
was decided to use a seaweed based extract known 
as alginate, which is safe to use on the skin and 
when mixed with water provides an excellent copy 
of the object being moulded. The alginate has a 
cure time of approximately 6-8 minutes from the 
time the water is added. The material needed to be 
sufficiently mixed and poured within this time.  
 
A wooden box was constructed with steps inside to 
support the alginate when the volunteer’s leg was 
removed (Figure 12). To achieve a realistic cast, it 
was necessary for the volunteer to stand with their 
leg in a straight stance and with the leg muscles 
tensed.  
 

 
 

Figure 12.  The wooden box mould showing the 
support steps and moulding the leg of the 
volunteer. 

 
Prior to pouring the alginate the leg of the 
volunteer was covered with petroleum jelly to 
reduce the possibility of alginate moulding around 
the leg hairs. The petroleum jelly also acted as a 
release agent and enabled the volunteer to 
manoeuvre and slide their leg from the mould 
without damaging the delicate alginate (Figure 13). 
 

 

Figure 13.  A top view of the alginate legform 
mould. 

 
The alginate mould is not permanent and therefore 
plaster casts of the leg were taken within a few 
hours of the alginate mould being created. The 
casts were made out of Plaster of Paris and 
although every attempt was made to remove the air 
bubbles from the mould as it was poured some 
surface bubbles were unavoidable. To achieve a 
smooth finish the legform was smoothed with wet 
and dry paper and the air bubbles were filled with 
plaster and filler. Figure 14 shows a side and front 
view of the plaster cast legform as it was removed 
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from the mould, prior to the finishing and 
smoothing process. Throughout the finishing 
process the plaster leg was checked to ensure that it 
was dimensionally accurate. 
 

  

Figure 14.  A side and front view of the plaster 
legform as it was removed from the mould. 

 
It was not possible during moulding of the leg of 
the volunteer to mould higher than the crotch area. 
Consequently the legform cast was shorter than 
required and did not have a hip section. To mould 
this section of the volunteer would be very 
complex. It was decided that the top of the plaster 
legform could be extended to represent the top of 
the femur and thus the hip section. The profile of 
the top of the legform was copied and transferred 
onto sheets of fibreboard. These were cut out and 
fixed together to create a separate mould (Figure 
15). Plaster of Paris was poured into the mould and 
once cured was removed. The hip section required 
some refinishing work prior to being attached to 
the legform itself.   
 

 

Figure 15.  The mould for the top of the femur 
and hip section.   

 
In order to mould the flesh material, a lightweight, 
reusable fibreglass mould was made. The fibreglass 
mould was manufactured in two sections to make 
the removal of the flesh once it had been moulded 
much simpler. The surface of the fibreglass mould 
was smooth and followed the contours of the 
plaster legform exactly.  
 
As discussed earlier in the paper, the femur and 
tibia bones are represented by straight cylinders. It 
was therefore necessary to mould the hollow 
section in the flesh where the bones would be 
inserted. To replicate the human leg as much as 
possible the position of the bone in the flesh was 
important. The straight bone complicates the 
accurate positioning of the bone slightly. However, 

it was decided that the flesh material should be 
poured into the mould with a metal tube of the 
correct outside diameter to act as the bone. The 
metal tube was fixed to a base plate to prevent it 
from moving during the pouring process. The two 
halves of the fibreglass mould were then offered up 
to the tube. The vehicle impact is likely to occur in 
the tibia and knee regions. Consequently most 
effort was given to accurate positioning of the 
straight bone in this region. It was accepted that 
there would be some deviation from the ideal bone 
position at the ankle and top of the femur. The 
position of each half of the mould was then marked 
and secured in place. The metal tube was used as 
part of the moulding process only and was removed 
once the flesh material had cured. Figure 16 shows 
the two sections of the fibreglass mould and also 
shows the mould with the metal tube and flesh 
material during curing. 
 

  

Figure 16.  The two sections of the fibreglass 
mould and the mould with the flesh during the 
curing process. 

 
Once cured it was possible to remove the legform 
flesh from the mould and with the metal tube in 
place the path of the bone in the leg flesh is clearly 
visible (Figure 17).  
 

  

Figure 17.  A front and right side photograph of 
the flesh material. The metal tube used in the 
moulding process clearly shows the position of 
the bones.   
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Knee 
 
The glass-fibre type material selected to represent 
the bones will fracture should the loads imposed on 
it be sufficient. The knee ligament is made from 
metal and thus it is important that the ligament does 
not impose unrealistic loads on the bone causing it 
fail prematurely. To overcome the possibility of 
premature failure and unrealistic stresses induced 
from the ligament, the ligament is mounted within 
a sleeve that fits onto the ends of the bones  
(Figure 18). The sleeves have been designed to 
support the ligament during its loading and to 
reduce the stress concentrations between the 
mating of the materials by having a tapered inner 
surface. The ligament is secured in the sleeves by 
the use of roll pins; once the test has been 
conducted and the entire bone removed from the 
flesh, the ligament can be removed and changed by 
removing the pins. The metalwork associated with 
the knee was kept to a minimum to reduce any 
effects it would have on the legform in replicating 
an impact between a vehicle and a pedestrian. The 
type and thickness of metal used for the sleeves, 
hip end and foot can be altered to produce the 
correct inertial effects and centre of gravity 
position for the legform. 
 

 

Figure 18.  The ligament with sleeves attached. 
The femur and tibia bones are fitted into the 
ends of the sleeves. 

 
FUTURE WORK 
 
The legform impactor is currently at the stage of 
initial testing. The testing phase will involve 
component tests to evaluate the performance of the 
material against the required properties. Each of the 
components will also be tested to evaluate the 
repeatability and robustness characteristics. It is 
envisaged that the component tests used in the 
development phase will also be part of the 
certification process to ensure that all the 
components will respond as required. Following 
the successful completion of the component tests, 
full legform tests will be performed and the results 
compared with those from current impactors. 
 
Bone Material 
 
The biomechanical properties of human long bones 
were found from data produced by Yamada [1]. To 
verify that the material selected for the bones 

replicated the human bones, the material will be 
tested using a similar process to that of Yamada. 
Yamada used quasi-static loading to test the 
bending breaking load of wet long bones. To 
replicate this, the material will be tested in a 
Hounsfield loading machine with a round bar of 
diameter 20mm to act as the loading head. The 
deflection and load to cause failure will be 
recorded. 
 
Flesh Material 
 
The flesh density has been measured as 
approximately 1.02-1.04g/cm3 and so is within the 
range required for the flesh material. In addition 
during the moulding process to make each flesh, a 
small test sample will be poured and will be used to 
assess the hardness. To determine the robustness of 
the flesh material the flesh will be subjected to 
dynamic testing with bones that have a more elastic 
response than the selected bone material. This will 
identify the performance characteristics of the 
flesh. 
 
Knee Ligament 
 
To achieve the desired knee ligament stiffness the 
selected material will be tested at a component 
level. This process will be used to certify a batch of 
ligaments prior to use to establish that each batch 
will be within a stated tolerance and will return 
consistent results. 
 
Whole System Testing 
 
     Centre of gravity and moment of inertia - 
Once the component testing is complete the 
legform will be tested as a whole system to 
evaluate the moment of inertia and the centre of 
gravity. If either of these aspects requires 
adjustment then it would be possible by altering the 
mass of the material at the hip end, knee and foot.  
 
     Dynamic tests - The tests will be conducted 
using simulated vehicle fronts of varying heights 
and stiffness and the impact speed will be varied. 
This test matrix will assess the legform’s 
performance for a generic range of vehicles for 
which it is expected that this legform could be used 
and those vehicles to which the active safety 
systems are expected to be fitted. The dynamic 
testing will be used to confirm the free flight 
performance of the legform. A cradle specifically 
for the legform has been developed to support it 
during the launch phase and to reduce the 
possibility of rotation of the legform occurring. 
 
In addition to the tests with the simulated vehicle 
fronts it is scheduled that full vehicle tests will be 
conducted with a vehicle that has an active safety 
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contact sensor system fitted. The response from the 
vehicle sensors for the legform impactor will be 
compared with the responses from current full 
legform pedestrian impactors. It is envisaged that 
apart from the alteration to the shape of the cradle 
to support the legform no other changes would 
need to be made to the current legform propulsion 
systems.  
 
SUMMARY 
 
Active safety systems are being fitted to vehicles to 
improve the level of pedestrian protection. To 
develop and test these systems a test tool was 
required that had humanlike properties.  
 
As part of the development of the test tool, research 
was completed into the properties of the femur and 
tibia bone, the flesh and the knee ligaments. 
Materials were selected that had the required 
properties and were expected to provide a realistic 
humanlike dynamic response. 
 
Anthropometric data was used to select a suitable 
volunteer whose leg was moulded to provide an 
exact replica. The plaster cast of the volunteer was 
used to create a fibreglass mould from which the 
flesh material was moulded.  
 
The legform is currently at the testing stage, 
whereby the robustness and repeatability of the test 
tool will be evaluated and the results used to 
validate the range of bumper heights for which the 
tool can be used.   
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ABSTRACT 

The safety implication of new in-vehicle technologies 
is a leading concern for car manufacturers. Several 
methods aim to measure the driver distraction 
induced by driver information and assistance 
systems. One of these methods, denoted the Lane 
Change Test (LCT), aims to measure quantitatively 
the degradation of the driving performance induced 
by secondary tasks. An experiment involving 17 
participants was conducted from September to 
November 2006 to investigate the robustness of the 
method. A calibration task was used to compare 
performances in PC and in simulator environments. 
Radio and navigation tasks were performed in four 
different vehicles to assess the relevance of the 
method to discriminate among different types and 
location of in-vehicles devices and displays. In 
addition to the main indicator suggested in the LCT 
procedure (mean lateral deviation), features of the 
secondary tasks (latency, duration) were considered. 
The results confirm the transferability of the method 
from PC to vehicle-based environment, but question 
the sensitivity of its main indicator to discriminate 
between vehicles and functions. 

INTRODUCTION 

With the continuous development of in-vehicles 
comfort, information and assistance systems, the 
impact on driving safety and more specifically on 
driver loss of attention is a leading concern. Driver 
distraction encompasses the withdrawal of attention 
which might impair both the vehicle control and 
object or event detection [1] . Depending on sources 
and on definitions (e.g. distraction, inactivation, 
inattention, drowsiness), driver inattention represents 
up to 50% of accidents [2] . When split between the 
various causes of inattention, the figures for 
secondary-task distraction are closer to over 22 
percent of all crashes and near-crashes [3] , which is 
in-line with recent French results [4] .  

As clearly stated in [5] , risk increases with exposure 
to a hazard. Risks induced by driver distraction vary 
with the type, timing, intensity, frequency and 
duration of this distraction. It is crucial to understand 
the relative importance and weighting of these 
different components of exposure and how they 
contribute to distraction risk. Whereas research 
studies are essential to provide a better understanding 
and knowledge of the driver (e.g. strategies, 
capabilities and limitations), car manufacturers face a 
pressing need for simple, cost-effective, objective 
and reliable method to measure the potential impact 



of new in-vehicle systems on driver distraction and 
safety. Methods currently discussed at an 
international level (ISO TC22 / SC13 / WG8) are 
intended as “tools to help system designers ensure 
that the intended benefits outweigh the risks of 
devices and features that are meant to be used while 
driving” [6] . One of these methods, denoted the 
Lane Change Test (LCT) aims to measure 
quantitatively the degradation of the driving 
performance induced by secondary tasks. Previous 
experiments conducted in the LAB proposed 
improvements in terms of experimental protocol (e.g. 
vehicle-based protocol) and analysis (e.g. individual 
reference trajectory, eye-tracker data, position on 
lane). To build on efforts to assess the LCT method 
([7] , [8] ) a new experiment was conducted on a 
simulator in autumn 2006. The main objectives were 
to assess the relevance and robustness of the LCT 
method, to identify its main limitations and if 
necessary refine it. The present paper reports results 
on the robustness of LCT at two levels: the impact of 
the experimental set-up and the relevance of the 
method to discriminate among different types and 
location of in-vehicles devices and displays.  

METHOD 

To achieve these objectives, an experiment involving 
18 subjects is conducted in a PC environment and in 
a vehicle-based simulator, from September to 
November 2006. A calibration task, derived from the 
ADAM project is used to compare performance in 
PC and in simulator environments. In vehicle-based 
simulator, three similar secondary tasks are 
performed in four different vehicles: the change of 
radio frequency, the selection of a radio station in a 
list and the entry of data in a navigation system. In 

addition to the main indicator suggested in the LCT 
procedure (mean lateral deviation), three categories 
of indicators were considered: driving (trajectory, 
distance covered, speed, position on lane), lane 
change (latency, duration, quality) and secondary 
tasks (latency, duration, quality). 

Participants  

Seventeen participants of two age groups ([25-54] 
and [60-70]) were recruited through public notice. 
All had valid driver’s licences, a minimum of 4 years 
of driving (mean=28 and max=48) and drive on 
average 16000 kilometers per year (min=5000 and 
max=25000). The same participants were involved in 
the four successive sessions. 

Apparatus 

Vehicle-based set-up - Four different production 
vehicles were tested. Attention was paid to ensure 
that the systems tested were comparable in terms of 
functions provided and modalities of interaction. The 
vehicles were positioned in front of a 2x3 meters 
video screen where the driving scene was projected. 
Front wheels of the test vehicle were placed on 
swivelling plates to reduce friction to ground and 
keep the steering wheel forces at a realistic level. The 
steering wheel movement was tuned to replicate that 
of a computer game steering wheel in terms of ratio 
between steering wheel movement and resulting 
computed turning circle. The movement of the left 
front wheel was transformed into an electrical signal 
compatible with the LCT software from the 
movement of one of the swivelling plates (Figure 1). 

 

Figure 1.  Technical set-up of vehicle-based experiment, with swivelling plates. 

 



PC-based set-up - The visual LCT scene was 
displayed on a 17” monitor with a net refresh rate of 
50 Hz, a resolution of 1024x768 pixels with a colour 
depth of 24 bit. For the lateral control of the 
simulated vehicle, a computer game steering wheel 
was used (Figure 2).  

 

Figure 2.  Technical set-up of PC-based 
experiment, with calibration task display on right 
hand side. 

Secondary tasks displays – In both settings, for a 
calibration task, a dedicated 15” monitor was 
positioned on the right side of the route scene and a 
simplified keyboard (limited to arrow keys) was used 
to perform the designation and selection task. In the 
vehicles, when not necessary the display was 
removed from the scene. For the other secondary 
tasks (radio manipulation, interaction with the 
navigation system), displays available in the tested 
vehicles were used.  

Data collection equipment – In both settings, 
video camera were placed to collect three 
complementary views: driver’s face (to identify 
changes in gaze direction), over the shoulder view (to 
record overall situation) and HMI view (to focus on 
driver’s interactions with in-vehicles systems 
measuring secondary tasks performance). Additional 
markers were provided to enable the experimenter to 
highlight events of interest (e.g. beginning / end of 
secondary tasks). Scenario and recording (system and 
video) were automatically launched from the 
experimenter workplace. 

LCT Software and task - The tool developed in 
the context of the ADAM project [9] was used to 
perform the Lane Change Test. The Lane Change 
Test (LCT) is a simple laboratory dynamic dual-task 
method that aims to quantitatively measure 
performance degradation on a primary driving-like 
task while a secondary task is being performed. The 

LCT comprises a simple driving simulation that 
requires a test participant to drive along a straight 3-
lane road at a constant, system controlled, speed of 
60km/h. Participants are instructed in which of the 
lanes to drive by signs that appear at regular intervals 
on both sides of the road (Figure 3). Participants use 
the vehicle steering wheel to maintain the position of 
the simulator vehicle in the centre of the indicated 
lane and are prompted to change lanes according to 
the instructions on the signs. The only visual 
feedback the participants get is the front view (i.e. no 
rear nor side view provided in mirrors). Engine sound 
was simulated to increase situation realism. The 
scene consisted of a series of 3 km test tracks, with 
lane change signs displayed every 150m. Participants 
had to perform manoeuvres as quickly and efficiently 
as possible. Actions on the steering wheels were 
instrumented and transmitted to the simulation tool in 
order to reproduce on screen lateral changes. 

 

Figure 3.  The LCT scene, with an example of lane 
change sign display. 

Experimental design 

Run plan - For each vehicle tested, the 
experiment used a 2 (age group: medium, senior) x 5 
(secondary task: none, calibration, radio scrolling, 
radio list and navigation) x 3 (occurrence: at the sign, 
50m before, 50m after) repeated measures design. 
For the PC session, the design was simplified with 
only two values for the secondary tasks (none and 
calibration) and no variation of the instruction 
occurrence. 

Secondary tasks - To enable comparison between 
LCT studies, the Surrogate Reference Task (SuRT) 
was used as a calibration task (standardized 
reference). It required the participants to locate a 
target among visually similar distractors (visual 



demand) and then select the portion of screen 
containing the target (manual demand). Difficulty in 
this calibration task could range from very easy to 
very complex, in varying the size of the target and the 
number of portions of screen. In the present study, an 
easy level was chosen, with a target much larger than 
the distracters and only 2 portions of screen (Figure 
4).  

 

Figure 4.  Screen corresponding to the Surrogate 
Reference Task, in the "easy" condition. 

In addition, three other tasks were tested in each of 
the four vehicles: radio frequency scrolling, radio 
station selection and destination entry in the 
navigation system. The radio scroll task was very 
similar in all vehicles, the main difference being the 
position of arrows (up/down versus left/right) used to 
scroll the frequencies. However, whereas for vehicles 
1,2 and 4, a continuous press resulted in a continuous 
scrolling, the 3rd device paused every time a station 
was found. This resulted in multiple actions on the 
same key to reach the goal and led us to expect larger 
lateral deviation with this latter device. The radio list 
task was also very similar and comparable, the only 
difference being the existence of a “List” button on 
vehicles 1 and 2, and of a change mode button on 
vehicles 3 and 4. The navigation tasks differed both 
in terms of navigation in menus and accessibility of 
interaction devices: input devices were located on the 
front panel for vehicles 1, 2 and 4 and on the right 
side of the driver for vehicle 3. This latter convenient 
position was expected to reduce the lateral deviation. 

To avoid boredom, radio and navigation tasks were 
mixed and occurred between 1 and 2 times each 
within each track. To ensure comparable conditions 
between subjects and between successive vehicles, 
secondary tasks instructions were pre-recorded and 
automatically issued at a same moment defined in 
distance to lane change sign. 

Programme - Prior to the experimentation, all 
participants tested the experimental set-up, 
essentially to ensure that none of them suffered from 
the simulator sickness. Four different sessions of two 
weeks each were organized between September and 
November 2006. For each vehicle, every participant 
went through sessions of two hours, including 
training, measures and debriefing. Each of the four 
sessions began with a training period, whose 
objective was for the participants to become familiar 
with both the primary (drive and change lanes) and 
the secondary tasks. For the measured runs, the 
participants drove along 10 successive tracks: 
without secondary task (tracks 1 and 10), with 
calibration task (tracks 2 and 9) and with mixed 
secondary tasks (tracks 3 to 8). The PC session took 
place at the end of vehicle sessions. To 
counterbalance LCT learning effect, 1/3 of the 
participants performed the PC session after vehicle 2, 
1/3 after vehicle 3 and the last this after vehicle 4.  

RESULTS 

The objective and subjective data collected consisted 
of vehicles parameters, LCT simulator logs, 
experimenter’s markings, audio and video recording 
of participants’ actions and comments, 
experimenter’s observations, interviews and 
questionnaire items.  

Effect of the experimental environment 

Whereas the method currently discussed at ISO level 
was initially defined as a stand alone PC-based 
method, it is also envisaged for in-vehicle 
experimental settings. The relevance of the method 
needs to be assessed in both settings, and the possible 
differences between the settings clarified. 

Lane change performance - The lane change 
performance was assessed in measuring the mean 
deviation from an optimal trajectory. Each actual 
trajectory was compared to a normative one, defined 
in [6] . The mean deviation in lane change per task 
was analysed in a repeated measures analysis. To 
exclude outliers, comparisons between means were 
made using 95% confidence intervals. Performances 
in baseline condition (drive) are similar for all 
participants (senior and medium) in both 
experimental conditions (PC and vehicle). The lateral 
deviation is slightly larger with PC than with vehicles 
for the senior participants. Compared to baseline 
situation, the calibration task induced a larger lateral 
deviation for all participants in both experimental 



settings (Figure 5). The lane change performance 
with the calibration task was slightly worst with the 
PC than with vehicles. With vehicles, the 
performance is comparable in both age groups, 
whereas it is slightly worst for the senior group in PC 
setting.  
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Figure 5.  Mean lateral deviation in both 
experimental settings for both age groups. 

Calibration task performance - In terms of 
secondary task performance, we considered two 
points: the percentage of successful trials and the 
number of trials per track. Because of the 
experimental conditions (constant speed), the mean 
time interval between trials was actually redundant 
with the number of trials per track. The percentage of 
successful trials is comparable for both age groups in 
both settings (Figure 6). In PC settings, the number 
of trials per track is similar, whereas it is larger for 
the medium age group in vehicle settings. This could 
be due to the increased realism in the vehicle settings, 
which leads the senior participants to focus on the 
driving task to the detriment of the calibration task. 
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Figure 6.  Rate of successful trials and mean 
number of successful trials per track. 

Effect of the vehicle 

One of the main objectives of the LCT method is to 
enable the degradation of the driving task to be 
measured. Rather than comparing in a given vehicle 
the respective impact of different tasks, one of the 
major objective of the LCT method is to assess the 
degradation induced by various design options. 
Therefore, in the present study, the aim was to 
evaluate the relevance of the LCT to discriminate 
between vehicles, whose differences were in terms of 
locations of devices and displays. 

Lane change performance - To compare the 
performance with the four vehicles, it was decided to 
try and improve the calculation of lateral deviation. 
Indeed, the normative lateral seemed too theoretical 
and not reflecting differences in individual strategies. 
To reflect individual practices in terms of lane 
change initiation and performance, it was decided to 
calculate a more accurate deviation on the basis of 
participants average lane changes (initiation of the 
change, rate of change) in the baseline condition. For 
both age groups, similar trends were observed with 
normative and adapted deviations, but deviation 
values were smaller for both age groups with the 
adapted model and no more differences appear 
between secondary tasks for the medium age group 
(Figure 7). 
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Figure 7.  Comparison between normative and 
adapted lateral deviations for both age groups. 

Values of adapted lateral deviations were then 
compared according to age and vehicle factors 
(Figure 8). For the medium age group, performances 
were similar whatever the secondary task and the 
vehicle. Two explanations are put forward: either the 
lateral deviation is not an appropriate discriminating 



indicator, or all tasks were too close in terms of 
impact on lateral control of the vehicles.  

For the senior participants, deviation values were 
larger with the first vehicle. This could be due either 
to the vehicle itself, or to a lack of experience with 
the LCT method. The classification of vehicles as a 
function of induced deviation is not straightforward: 
vehicles 2 and 3 seem the most acceptable when 
considering the radio scroll and the navigation tasks, 
whereas vehicle 4 seems acceptable for the radio list 
task. Surprisingly, for the senior group, the task 
estimated as the most difficult (navigation) induced 
much less deviation than the two other tasks (radio 
list and radio scroll). In all vehicles, senior 
participants showed smaller adapted deviations when 
entering an address in the navigation system than 
when interacting with the radio device (selecting in a 
list or scrolling frequencies. However, the large 
standard deviations in lateral deviations show that 
differences between vehicles are not significant: 
participants individual differences have more impact 
than differences between systems and between 
vehicles. An analysis of the impact of secondary task 
occurrence on lane change performance was also 
conducted. It aimed at assessing if the position on the 
trajectory, corresponding to different dimensions of 
the primary task (e.g. sign detection, change 
initiation, change manoeuvre, position adjustment) 
had an impact on the quality of the lane change. The 
diversity in individual strategies resulted in no 
significant impact of the occurrence, and suggested 
that deeper investigation was required to analyse 
results as a function of driver strategies [10] . 
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Figure 8.  Lateral deviation for both age groups 
and all four vehicles. 

Calibration task performance - The continuous 
increase in the number of trials (Figure 9), combined 
with a regular success rate (Figure 10), suggest a 
learning effect: with practice participants are 
gradually able to perform more and more trials, 
without degrading the quality of the secondary task, 
nor the quality of the lane change task. 
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Figure 9.  Number of trials per track in the SuRT. 
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Figure 10.  Percentage of successful trials in the 
SuRT. 

Radio and navigation tasks performance - Even 
though the standardized LCT is limited to the 
analysis of the deviation metric, it was decided to 
consider additional indicators and assess their 
potential added value. The secondary tasks were 



characterized in terms of duration and latency and 
compared according to the age and vehicle factors. 
To calculate duration and latency, the start of action 
was defined as the first action on the device. 

For both age groups and all vehicles, the navigation 
task is the longest (between 50 and 60 seconds), 
while radio tasks are much shorter (20-30 seconds for 
the radio scroll and 15-20 seconds for the radio list). 
The longer duration of all tasks with the first vehicle, 
especially for the senior participants raises the 
question of a learning effect (Figure 11 and Figure 
12). Even though the usability of the device could be 
questioned, the similarity between vehicles 1 and 2 
gives credit to a learning effect. The differences in 
duration of radio tasks for both age groups and in all 
vehicles are not significant.  

It must be noted that unexpectedly, the longest tasks 
(navigation) induce the smallest lateral deviation. A 
closer analysis of subjective data (observer notes) 
and video recordings show that participants were 
more careful with the navigation tasks which they 
considered as more complex. With radio tasks, which 
they considered as simple and short, they tended to 
pay less attention to the driving tasks and focused 
completely on the secondary tasks. 
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Figure 11.  Secondary tasks duration, senior 
participants. 
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Figure 12.  Secondary tasks duration, medium 
participants. 

For both age groups, a learning effect is also 
observed with the first vehicle when considering the 
tasks latency (Figure 13 and Figure 14). The gradual 
reduction of latency suggests that with practice 
participants get familiar with what is expected and 
confident with their ability to initiate tasks. Typically, 
they learnt with practice that for navigation and radio 
list tasks they can initiate actions even before the end 
of the verbal instructions. The participants showed 
the largest latency for the radio scroll task, possibly 
due to the structure of the instruction: indeed, in the 
radio instruction, the relevant information, i.e. the 
frequency wave length is at the end of the message 
(e.g. “now, with the arrows, select the frequency 
102.3”). No difference between vehicles is noticed 
for the medium group. 
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Figure 13.  Secondary tasks latency, senior 
participants. 
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Figure 14.  Secondary tasks latency, medium 
participants. 

Compared to medium age participants, senior 
participants showed larger secondary tasks duration 
for all tasks and all vehicles but smaller latency. In 
other words, it took senior participants more time to 
initiate and to complete the tasks. For both age 
groups, both duration and latency values are larger 
with the first vehicle. This suggests a learning effect: 
the participants gradually learnt to anticipate the 
tasks, initiating actions even before the end of the 
instructions. Moreover, with practice they also 
improved their performance and gradually perform 
tasks faster. 

The standard deviations observed for the navigation 
task confirms differences in practices observed 
during the experiments, and described in other 
studies on cognitive heuristics [11] . Indeed, two 
strategies were identified: “in a hurry” corresponding 
to people initiating tasks as soon as the instruction 
issuing and trying to get rid of it, and “careful” 
corresponding to driver giving priority to the lane 
change task and performing the secondary task only 
when not conflicting with the driving, occasionally 
interrupting it to focus on the driving. 

DISCUSSION 

PC versus vehicle setting 

The LCT method enables the degradation induced by 
a secondary task to be measured in both settings. 
Although slightly degraded, the lane change 
performances in vehicles and in PC settings seem 
comparable, as the same trends are observed. For the 
senior participants, two points were observed. First, 
the steering wheel used in PC setting was more 
sensitive and initially induced larger deviations. As a 
consequence, it look participants longer to manage 
correctly the lane change tasks. Second, the reduced 
realism in the PC setting induced a difference in 
senior participants involvement and performance. 
Typically, in the vehicle settings they usually gave 
priority to the driving task and focused more 
frequently their attention on the road than on the 
calibration display. To get a better knowledge of the 
participants monitoring activity in both settings and 
confirm the previous observation, a detailed analysis 
of people eye movements could be envisaged. 

Whereas the mean deviation is slightly larger in PC 
settings, the indicator is not sufficient to identify if 
the measured degradation is due to a less accurate 
lateral control or to an increased number of missed 
lane changes. To investigate this issue, the quality of 
the lane change performance will be analysed in 
counting the number of missed lane changes and in 
distinguishing erroneous changes (change towards 
the wrong lane) from missed changes (change not 
performed). 

Comparison of vehicles 

Beyond an increased realism, one of the objectives of 
transferring the LCT method in vehicle settings is to 
test the impact of current systems and technologies 
already in operation, or at least integrated in the car 



cockpit. This gives car manufacturers the opportunity 
to compare various models, or design options in 
realistic environment. To control biases such as order 
and learning effects, one would aim for a mixed run 
plan, where the different options are randomly 
compared by same participants. Ideally, in our 
experiment for example, the four vehicles should 
have been simultaneously available for testing. 
However, for logistic reasons, this was not possible 
for at least two reasons: a lack of space to position 
the vehicles, and a lack of material to equip and 
instrument four vehicles in parallel. Such an ideal 
experimental plan is hardly conceivable. As a 
consequence, two options are envisaged to control 
the risk of learning effect: either test again the first 
vehicle at the end of the experiment if the same 
participants are involved, or consider new 
participants for each vehicle. This last point is not the 
most appropriate, as not only it raises the question of 
inter-individual differences but also the issue of lack 
of experience with the method (and the associated 
poor results). The question of involving the same 
participants in series of studies investigating 
successively different systems is another difficult 
one. Combined with the observation of different 
driver strategic profiles (quick versus careful), it 
raises the issue of participant selection and 
experiments reproducibility. 

Individual strategies 

The differences in performances between senior and 
medium age participants is mainbly related to the 
difficulties encountered by senior people to handle 
simultaneously the primary driving tasks and the 
secondary tasks. Two assumptions are put forward to 
explain the variations between performances within a 
same age group. Within the senior group, the 
standard deviation reflects not only age differences, 
but also lack of practice with dual task. Typically, the 
ratings to a questionnaire on familiarity with the dual 
task are consistent with the observed performance. 
Within the medium age group, the differences are 
directly related to the two main strategies observed 
and described as “in a hurry” and “careful” profiles. 
To go a step further in the description of these 
strategies, the individual performances will be 
described according to the moment of occurrence of 
the secondary task instruction. The underlying 
assumption being that a same individual might adapt 
his/her strategy to the context, delaying for example 
actions if those are conflicting with demanding 

primary tasks (e.g. detect the lane change sign, 
initiate the lane change). 

LCT method versus heuristic evaluation 

Human factors approaches and methods enable the 
usability of interfaces and devices to be assessed. 
Heuristic evaluation, for example, consists in 
reviewing functions and/or features of an interface 
and comparing them with series of criteria (e.g. 
readability, consistency, accessibility). Sufficient 
experience in usability issues should enable experts 
to anticipate the impact of limited usability on driver 
distraction, and might consequently be redundant 
with method such as LCT. However, such approaches 
require experience and detailed investigation of 
strategies implemented in realistic situations. In the 
present study, the identification of driver strategies 
and their impact on the primary task (i.e. interruption 
of the secondary tasks to perform efficiently and 
safely the lane change) would not have been 
straightforward. In other words, whereas the quality 
and limits of interfaces could easily be assessed by 
usability experts, one can not avoid analysing driver 
behaviour in ecological context. And typically, 
whereas it does not seem sufficient per se to measure 
driver distraction, the LCT method provides a cost 
effective and simple means to put drivers in 
simplified realistic settings. Last of all, LCT 
experiments could benefit from studies conducted in 
similar conditions and focusing on control and 
monitoring strategies during lane changes [12] . 

Protocol 

The observations during the experiments, coupled 
with the analysis of actual trajectories showed 
compensation actions at the end of secondary tasks. 
Generally, after the last action (i.e. after the “end” 
marker), the driver adjusts his/her course to replace 
the vehicle in the middle of the lane. In the current 
analysis, deviation is calculated per task, which 
means that only periods between the start and the end 
of a task are considered. Adjustments actions, which 
are consequences of the secondary tasks performance 
are excluded from the analysis. Additional thoughts 
are needed to define clearly those periods of analysis. 

CONCLUSION 

Various methods are currently envisaged to measure 
the impact of distraction on driving efficiency and 
safety. A series of simulator experiments was 



conducted with 17 participants of two age groups 
(senior and medium) to assess the relevance and 
reliability of one of these methods, denoted Lane 
Change Test (LCT). In addition to a “drive only” 
condition, four secondary tasks were proposed: target 
selection, radio frequency scroll, radio selection in a 
list and address input in a navigation system. To 
ensure that the method could be applied in both PC-
based and vehicle-based settings, performances in 
both environments were compared. The consistent 
results obtained in both settings suggest the 
suitability of the method to both laboratory and more 
ecological settings. To assess if the method was 
sensitive enough to discriminate between devices and 
displays, four different vehicles were compared. The 
main indicator proposed by the method, the lateral 
deviation, showed no difference between vehicles, 
nor between the radio and navigation tasks. The 
robustness of the method needs to be questioned 
when different individual strategies have more impact 
than differences between the functions tested. 
Additional indicators, such as the latency and the 
duration of secondary tasks seems promising, but 
need to be completed with a better assessment of the 
lane change task itself, mainly to discriminate low 
quality of lateral control from errors in lane changes 
(omission or incorrect change). 
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ABSTRACT

The aim of this study was to reconstruct three

pedestrian collisions with multi-body simulations

using the computer program MADYMO and the

Polar-II dummy. In this paper, we compare the

head kinematics of the computer simulation and the

Polar-II test with reference to the vehicle-

pedestrian contacts in the actual cases. We also

discuss aspects of the reconstructions made using

these different tools, especially findings on the

velocity trajectory of the head. The cases selected

for reconstruction were ones in which the

pedestrian’s height and weight were close to the

50th percentile adult human male, and where the

accident investigation provided good estimates of

impact speed and complete injury data. The cases

were investigated to estimate the speed of the

vehicle at impact and the position of the pedestrian

relative to the vehicle. Contact points between the

vehicle and pedestrian were recorded. From this

information MADYMO simulations were made to

estimate the kinematics of the pedestrian during the

collision. We then reconstructed each case using

the Polar-II full-scale pedestrian dummy. Results

showed that some aspects of the head kinematics

were in good agreement but, generally, Polar-II

head impact angles were steeper and the head

impact location was more forward than the location

suggested by the simulations and the cases

themselves. Leg kinematics were noticeably

different, with the Polar-II legs remaining engaged

with the front of the vehicle for a longer period of

the collision. In contrast to the simulations, the

Polar-II legs were in some instances still engaged

as the head stuck the vehicle.

INTRODUCTION

Subsystem pedestrian tests form the basis of

regulation and consumer tests related to pedestrian

safety (for a reference, see EEVC, 2002). From a

vehicle development point of view, subsystem tests

are useful for certain aspects of passive safety

development and in the improvement of the vehicle

design against the benchmark of regulatory

standards. They are of more limited value for

rigorous testing of advanced active and passive

safety devices and do not reveal unintended

interactions between aspects of vehicle design.

Therefore, a valid pedestrian dummy would

provide an important and useful tool to study the

interaction between the vehicle and the human

body in a collision.

For example, it would be counterproductive if the

velocity of the head were increased on impact by

designing a vehicle to protect the knee from a

rupture to the medial ligament (a relatively rare

occurrence). As such, interactions between contacts

in pedestrian collisions are important. Also, some

devices that are being developed to protect

pedestrians use sensing to trigger them

(Fredriksson et al., 2001) and must also bear the

load of the torso as well as the head in the collision.

The development and refinement of such safety

interventions will benefit from an adequate

pedestrian dummy. Computer simulation can reveal

many important interactions in pedestrian tests, and

simulation is being use more-or-less successfully to

reconstruct actual pedestrian crashes (eg. Konosu,

2002; Depriester et al., 2005; Yang, 2003; Yang et

al., 2005; Anderson et al, 2002; Anderson et al.,

2003). These simulations are difficult to validate,

but the performance of the model against PMHS

tests and a correspondence between contact points

in the actual case and in the simulation can provide

a guide. Usually, the pattern of contact between

pedestrian and vehicle can be explained with such

simulations and so we have tended to view such

tools as reliable when used carefully. However,

these tools do not negate the value of an adequate

pedestrian dummy for testing the design of

vehicles.

Polar-II is a pedestrian dummy developed by

Honda R&D Ltd., in conjunction with GESAC Inc.

The development of this dummy is described in

Akiyama et al. (2001). Experience with the use and

evaluation of this dummy is being used to guide the
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development of an SAE pedestrian dummy

standard.

Ultimately, the requirement of any simulation or

test tool is the same – to represent a pedestrian in a

collision, to allow the measurement of the response

of the structure being hit, and a measure of the risk

of injury that the impact produces. Obviously, there

should be some relationship between the results of

tests with a pedestrian surrogate and the

consequences in an actual accident. And given the

parallel roles of sub-system tests and any future

work in which a pedestrian dummy might be used,

we are interested in examining how the results of

sub-system tests compare with the results of

dummy tests, and how each of these compare with

injuries actually suffered in accidents. We have

previously reported on the ability of the subsystem

tests to discriminate injurious pedestrian impacts

(Anderson et al., 2002 and 2003).

Some recent papers have reported on the

performance of the Polar-II dummy in simulated

pedestrian collisions. Kerrigan et al (2005a; 2005b)

compare the kinematics of the dummy with PMHS

tests in collisions with a small sedan (Kerrigan et

al., 2005a) and with a sports utility vehicle

(Kerrigan et al., 2005b). While Kerrigan et al.

concluded that the biofidelity of the Polar-II was

good overall, the comparisons showed some trends:

• The wrap-around-distance for the head

strike was 15- 20% shorter in Polar-II tests

on the small sedan. This difference was

smaller in the SUV tests - around 5-10%.

• In sedan tests, the head velocity profile of

Polar-II did not match the cadaver

velocity profiles: The dummy head

achieved higher peak speeds but the speed

of the head was lower on impact than the

cadaver head speeds. In SUV tests, the

velocity profiles matched more closely.

• The velocity of the Polar-II head exhibited

a larger vertical component on impact in

all tests

• In sedan tests, the head of the Polar-II

struck the vehicle surface earlier than the

PMHS subjects. The average timing of

head strike in PMHS tests was 140 ms

after first contact, and 126-131 ms in

Polar-II tests. In SUV tests, timing was

almost identical.

In 2003, we had an opportunity to replicate, with

Polar-II, reconstructions of crashes that we had

investigated at the scene and reconstructed using

our multi-body pedestrian model and subsystem

impact laboratory. These cases were well

documented with good injury data and so they were

useful candidate cases to reconstruct with Polar-II,

the output of which could be compared with the

injury.

In this paper, we compare the kinematics of Polar-

II with our multi-body simulations (in MADYMO)

and the evidence of contact in the crash. We intend

to report more fully on the comparison of the

kinetics of the Polar-II collision and the injuries in

these cases in a subsequent publication.

AIM

The aim of this study was to compare the head

kinematics of actual pedestrian collisions with

reconstruction using MADYMO multi-body

simulation, and from Polar-II reconstructions.

MATERIALS AND METHODS

Accident data

The three cases used for this study were pedestrian

accidents investigated by the Centre for

Automotive Safety Research (formerly known as

the Road Accident Research Unit). The cases had

been studied as part of a research program that

includes the study of brain injuries in automotive

accidents and studies that were designed to

characterize injuries to pedestrians more generally.

This program has collected data on over 500

pedestrian accidents since the late 1970s.

We selected cases for this study using the

following criteria:

• The size and weight of the pedestrian were

close to the 50
th

 percentile human male.

This was to ensure that the Polar-II

dummy could adequately represent the

stature of the pedestrian in the

reconstruction.

• The physical evidence (dents and scrapes

on the car, injuries to the pedestrian)

clearly revealed the kinematic trajectory

of the pedestrian. This was to ensure that

the MADYMO simulation could be

verified, and hence the head impact speed

in the sub-system test and the initial

position and trajectory of the Polar-II

dummy.

• The vehicle was the substantial cause of

any head injury suffered by the pedestrian.

• The speed of the vehicle could be

estimated. This was used as an initial

condition in the MADYMO simulation

and the Polar-II test.

The accidents are summarized in Table 1.



Anderson et al.    3

In cases we investigate, the scene of the accident is

surveyed, and the lengths of any skid-marks left by

the vehicle are measured, and the location of the

impact point and final position of the pedestrian,

scuff marks on the road, debris, and any other

feature of relevance are noted. The speed of the

striking vehicle is estimated from the evidence left

by the braking vehicle and the trajectory of the

pedestrian.

If the pedestrian is fatally injured, a member of the

crash investigation team records injuries at autopsy,

and their height, weight, and the dimensions of

various body segments are measured.

In cases where the pedestrian’s injuries are not

lethal, the pedestrian is interviewed and asked to

describe their injuries and the circumstances of the

collision. Further information on the pedestrian’s

injuries is obtained from their hospital medical

record. The South Australian Trauma Registry is

also consulted in cases where data on the

pedestrian’s injuries are not complete.

The crash investigators inspect the striking vehicle

for signs of contact with the pedestrian, such as

dents, scratches and scuffs on the surface of the

vehicle. The location of the head contact is

identified by a dent in a panel or cracks in the

windscreen, and often by the presence of hair on

the contact area. The location of each contact is

measured from defined datum points, replicable in

the laboratory later. In the three cases reported

here, these records were used to check the

simulation of the collision with the MADYMO

model and the Polar-II.

The following sections give an overview of the

simulation, and Polar-II reconstructions and the

methods used to evaluate the results.

Computer simulation

Each of the three cases was simulated by computer

using a MADYMO model that represents the 50
th

percentile human male. (Adjustments were made to

the model to reflect actual anthropometry using a

tool based on GEBOD; Baughman et al., 1983) The

model was described by Garrett (1996; 1998), and

has been used for simulating accidents from data

collected during accident investigation (Anderson

et al., 2000; Anderson et al., 2002; Anderson et al.,

2003).

The model as a whole has been validated using the

results of cadaver tests (Garret, 1998). Recently,

the neck of the model has been improved to better

represent the response of the neck in frontal and

lateral directions reported by Thunnissen et al.

(1995) and Wismans et al. (1986).

Implementation of the model in the simulation

of the accidents

Vehicles identical to the make, model and series of

those involved in the cases were obtained, and the

geometry of the cars were measured using a digital

theodolite using a process we have described

before (Anderson et al., 2003) and the measured

geometry was used as a basis of the vehicle model

in MADYMO. The geometry was then

approximated by a series of planes, elliptical

cylinders, and ellipsoids. Contact stiffnesses for the

vehicle were based on Ishikawa et al. (1993).

In setting the initial posture of the pedestrian, we

ignored both the walking velocity and the velocity

of the limbs during locomotion. The orientation of

the pedestrian can often be estimated either from

statements from the pedestrian themselves or from

drivers, witnesses, and/or marks on the body. The

impression of the bumper or other component often

indicates the orientation of the pedestrian, and the

alignment of marks often indicated the position of

limbs and torso as they were struck. Sometimes, it

is not possible to determine the exact posture of the

pedestrian, so simulations are made that cover the

possible range of postures in the accident, or using

postures covering a human gait cycle (Anderson et

al., 2005). However, for this study, after

performing simulations representing the gait cycle,

a single simulation was designed that was

subjectively judged by the authors to represent the

accident most closely, based on the match between

contact locations and marks left on the vehicle.

This was necessary, as the Polar-II reconstruction

would be set up to match the initial conditions set

in the simulation. Variations in head impact

conditions due to changes in gait are described in

Anderson et al. (2005).

Table 1 Details of cases reconstructed for this study

Case Vehicle Details Pedestrian details

Year Model Impact Speed
1

Age Sex Weight Height

Case 1 1992 Ford Fairmont 33 km/h 52 M 75 kg 178 cm

Case 2 1973 Holden Torana 55 km/h 75 M 75 kg 175 cm

Case 3 1983 Holden VK Commodore 60 km/h 35 M 81 kg 178 cm
1 

Speed used in the simulation and the Polar-II test
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Polar-II reconstructions

The tests were conducted at the Japan Automobile

Research Institute (JARI) in Tsukuba, Japan and at

the Honda R&D crash test facility in Tochigi,

Japan. We are very grateful to the staff of both

organisations in making their facilities available

and performing the tests on our behalf, and

providing data from each test.

In each test, the dummy was set in a posture that

matched the initial position of the pedestrian in the

simulation. Data on joint angles and segment

positions relative to the front of vehicle were

provided to the test engineers. Because the dummy

was designed to be struck on the left-hand side, the

dummy positioning was the mirror image of the

crash in two cases where the pedestrian was struck

on the right.

Coordinated high speed film, shot in the three

principal orthogonal planes, provided estimates of

the velocity of the dummy and its component parts,

and 44 channels of data were collected on loads

and accelerations to various parts of the dummy.

The Polar-II head trajectory was calculated from

video analyses of the test: the displacement of the

centre-of-gravity and the vehicle was tracked using

high speed video which was taken from three

orthogonal views giving the three components of

displacement. The velocity of the head and the

vehicle was estimated using a Simpson’s rule

method and then subjected to centred five-point

smoothing. The vehicle velocity was then

subtracted from the Polar-II head velocity to

produce an estimate of the time varying velocity of

the dummy head relative to the vehicle.

Corresponding data from the simulations were

extracted from the model results.

We report the head velocity data in two ways: head

speed versus time and head speed versus the angle

of the relative velocity to the horizontal. Typical

figures are shown in Figure 1 and Figure 2. The

annotations in Figure 2 correspond to typical

phases in the trajectory of the head: (a) as the car

strikes, the relative velocity is equal to the velocity

of the car. The relative speed of the head is nearly

constant, and only the angle of the velocity is

changing for a period after the initial contact. (b)

As the upper body of the pedestrian is put under

tension, the head accelerates rapidly. After this

acceleration, the centre of gravity of the head

moves in a circular motion toward the upper

surface of the car, slowing slightly just before

contact (c). This point is marked on the plot with

an “o”. After the initial contact the head rapidly

loses all vertical speed, and hence the velocity’s

locus rapidly returns to the horizontal before the

head rebounds. The angular position of the impact

point in Figure 2 reveals the contribution of

horizontal and vertical components in the impact

velocity.
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Figure 1  An example of head speed over the duration

of a pedestrian impact.

20

18

16

14

12

10

8

6

4

2

0

2

4

6

8

10

12

14

16

18

20

Locus of the head velocity

45˚

0˚

-45˚

-90˚

m/s

Figure 2 The locus (speed and angle) of the velocity of

a pedestrian's head in a collision with a car.

Finally, we can compare the trajectory of the head

relative to the vehicle produced by the simulation

with the trajectory of the Polar-II head. A common

way to present this is a plot of the vertical position

against the horizontal position of the head.

Trajectory data in Polar-II tests were calculated

relative to the vehicle using the system described

by Kerrigan et al. (2005a and b) with one

difference – the origin of the vehicle coordinate

system was centred on the ground, with the

horizontal origin aligned with the most forward

point on the vehicle. We wanted to ensure that

trajectories were comparable with respect to the

vehicle, reflecting actual head impact locations.

Therefore, small differences between the

Horizontal
component of the
impact velocity

Vertical
component of the

impact velocity

(a)

(b)

(c) Impact
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simulation and the Polar-II, in the initial horizontal

position of the head relative to the vehicle, were

accounted for.

RESULTS

Case 1: Case number PED043

The pedestrian was near the centre line of the road

when he stepped backwards into the path of a

vehicle travelling in the right-hand (inner) lane of a

two-lane road. The pedestrian was struck by the

front right-hand headlight of the vehicle and was

thrown onto the bonnet, striking his head near the

back of the bonnet before being thrown to the road

by the impact.

The pedestrian died as a result of the collision. He

experienced loss of consciousness at the scene,

paramedics rating his loss of consciousness with a

Glasgow Coma Score of 4-5/15. His airway and

circulatory systems were also compromised. His

most significant injuries were:

• A fracture to the right parietal bone and the

base of the skull (open and closed),

• An extradural and subdural haematoma and

other brain haemorrhages and contusions,

• A splenic laceration,

• Fractured ribs to his right side (5-7), and

• An open 30 mm laceration to the right hip and

contusions to the right ankle.

The position on the road at which the pedestrian

was standing when struck was identified from the

presence of a scuff-mark that was caused by the

twisting and sliding of the sole of the pedestrian’s

shoe as the vehicle struck his leg. The distance that

the pedestrian was thrown implies an impact speed

of approximately 33 km/h. The damage to the right

front of the vehicle (Figure 5) suggests that it was

these structures that caused the wounds to the

pedestrian’s thigh and hip. The significant

depression in the right trailing edge of the bonnet

was a result of the impact between the bonnet and

the head of the pedestrian.

MADYMO simulation: An Australian 1992 Ford

Fairmont was obtained for the physical

reconstruction of this collision. The car was

measured to obtain the geometry of the vehicle for

the MADYMO simulation (Figure 3). The initial

position of the pedestrian is shown in Figure 4.

Rather than simulations representing the gait cycle,

two simulations were designed to represent a

pedestrian taking a step backwards (left foot down

and right foot down). The kinematics of the

collision in these two simulations showed a

significant involvement of the pedestrian’s right

arm in the collision. To see what effect this may

have had on the head impact velocity, two further

simulations were run. In these simulations, the

right arm of the pedestrian was raised slightly and

positioned forward of the trunk of the body to

minimise its involvement in the kinematics as the

collision progressed. There was little effect on the

head impact velocity, however, and so the right

arm was raised slightly in the final simulation and

in the Polar-II test to avoid any complications

arising from arm involvement.

Polar-II reconstruction: The initial dummy

position is shown in Figure 4. The position was set

to match the initial position of the MADYMO

simulation. The dummy was struck at 33 km/h

Figure 3 Geometry of the vehicle in Case 1 (shown in

white). The approximation of this geometry for the

simulation is shown by the shaded geometric entities.

MADYMO and Polar-II results: The results of

simulation and the Polar-II test are shown in Figure

5 through Figure 7. Figure 5 compares the damage

caused in the actual collision with that produced in

the Polar-II test. Figure 6 shows three graphs that

summarise the kinematics of the head and Figure 7

shows comparisons of the positions of the

simulation and Polar-II at two time points during

the collision.

Several things are notable about Figure 6.

• The head impact speed in the MADYMO

simulation was higher than that recorded in the

Polar-II test: 12.5 m/s (138 ms after first leg

contact) compared with 5 m/s (144 ms after

first leg contact). The impact speed of the

vehicle was 9.2 m/s.

• The difference in the head impact velocity

contains differences in both the horizontal and

the vertical components of the velocity.

• The angle of the head impact in the Polar-II

test was slightly beyond the vertical, meaning

that the head velocity has a small component

toward the front of the car. Examination of the

video reveals that the neck was in extension on

head impact, and it appears that the tension in
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the neck decelerated and rotated the head prior

to impact.

• The Polar-II head trajectory and velocity were

similar to the simulation for the first 100 ms.

At 80 ms (Figure 7) it is apparent that, apart

from a difference in the amount of sliding over

the vehicle surface, the position of the dummy

and the model are similar. By 120 ms,

differences are becoming apparent: the dummy

appears less flexible through the torso, and the

neck and head appear to have realigned with

the torso, something that happens only just

before impact in the simulation. The difference

in the amount of sliding is increasingly

obvious, with the knees of the Polar-II still

forward of the leading edge of the vehicle.

• The Polar-II head impact location was about

200 mm forward of the simulation head impact

location, although a comparison between the

damage with the case vehicle (Figure 5) shows

that the location was slightly rear of the actual

case impact location. Damage to the leading

edge was less in the Polar-II test than in the

actual case.

 Case 2: Case number H032

Description: The vehicle was travelling in a

westerly direction on a three-lane road in the left

(outer) lane. The pedestrian was crossing the road

in a southerly direction. The driver said that he was

travelling at no more than 55 km/hr when a vehicle

following about 10 metres behind in the right hand

lane distracted him. He looked in his right side rear

view mirror, and it was at that point that the

windscreen of his vehicle shattered. At no time

prior to the accident did he see the pedestrian and

did not take any evasive action.

The pedestrian died as a result of the collision.

Reported movements indicate that the pedestrian

would have been hit on his left side and his injuries

were consistent with this.  There were lacerations

and bruises to the left aspect of both legs and on the

left arm.  The leg injuries indicate that the legs

were apart at impact, with the right leg leading.

The bruise on the outside of the left knee was at the

same height as the front edge of the bonnet, which

was noticeably dented to the left of the centre line.

The head of the left femur was displaced into the

acetabulum indicating a very forceful impact at that

location.

Injuries to the pedestrian and damage to the vehicle

indicate that the pedestrian was struck by the left

front of the car and was thrown up over the bonnet,

and his head struck the left side of the windscreen.

As there was laceration and bruising to the occiput,

he might have rotated slightly away from the car

during the vault. His head also hit the dash

underlying the windscreen, where a dent was

noticeable. We estimate, from the projection

distance, that the impact speed was consistent with

the comments of the driver: 55 km/h.

Figure 4  Positioning of computer simulation model

and Polar-II dummy in Case 1
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(a)

(b)

Figure 5  Damage to (a) the leading edge caused by

the actual collision (top) and the Polar-II test (bottom),

and (b) the trailing edge from the head impact in the

actual case (top) and the Polar-II reconstruction

(bottom) in Case 1.
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(a)

(b)

Figure 7 A comparison between the MADYMO

simulation and the Polar-II test at (a) 80 ms and (b)

120 ms.

MADYMO simulation: A 1973 Holden Torana

was obtained for the physical reconstruction of this

collision. The car was measured to obtain the

geometry of the vehicle for the simulation. The

geometry was represented by a series of planes and

elliptical cylinders, as illustrated in Figure 8.

 

Figure 8 Geometry of the vehicle in Case 2 (shown in

white). The approximation of this geometry for the

simulation is shown by the shaded geometric entities.

Polar-II reconstruction: The initial dummy

position is shown in Figure 9. The position was set

to match the initial position of the MADYMO

simulation.

Comparison of MADYMO and Polar-II results:

The results of simulation and the Polar-II test are

shown in Figure 10 through Figure 12.

Several things are notable about Figure 11.

• The head speed at impact and the timing of the

impact were almost identical in the Polar-II

test (13.8 m/s at 100 ms) and the simulation

(14.0 m/s at 103 ms).

• There were, however, differences in the

components of the velocity. The Polar-II head

velocity was slightly beyond vertical at impact.

The radial plot of the simulation shows that the

head impact velocity in the simulation

included about 6 m/s in the horizontal

direction.

• The Polar-II head impact location was about

400 mm forward of the simulation head impact

point and the actual head impact point in the

case. The Polar-II head struck the bonnet

whereas the head of the pedestrian struck the

windscreen and dash (Figure 10).

• The damage to the leading edge was slightly

greater in the Polar-II test compared to the

damage caused to the case vehicle.

Similarly to Case 1, there was significantly more

sliding in the simulation than in the Polar-II test.

Figure 7 shows that the Polar-II appears to become

hooked on the leading edge of the vehicle – at head

contact, the legs have moved over the leading edge

only slightly. Unlike most modern passenger

vehicles, this vehicle has a very prominent and stiff

leading edge, and so this may represent an extreme

case for the dummy.
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Figure 9  Positioning of computer simulation model

and Polar-II dummy in Case 2.

Case 3: Case number PED056

Description: The vehicle was travelling north in

the right side of a wide lane and moved to the left

because another vehicle in front was turning right

into a petrol station. The driver of the vehicle did

not see the pedestrian who was crossing the road

from east to west, and the vehicle struck the

pedestrian on its front left-hand side of the vehicle.

The pedestrian was flipped up onto the bonnet,

striking the windscreen before falling to the

roadway.

The pedestrian was transported by ambulance to a

hospital because of his injuries. He remained

conscious after the accident. His most significant

injuries were

• An open fracture to his left tibia and fibula -

the 3 cm puncture site was 36-39 cm from

ground level.

• Grazes to the left aspect of the head, behind

the left ear and extending down lateral aspect

of neck

• Grazing to the left shoulder, the left hand, both

elbows and both knees.

The pedestrian had a clear recollection of events

and from his interview we could place his initial

position in an area that meant that the car had not

commenced braking when he was struck.

The subsequent skid marks left by the vehicle

indicated that the car was travelling at 60 km/h on

impact.

MADYMO simulation: An Australian 1983

Holden VH Commodore was obtained for the

physical reconstruction of this collision. The car

was measured to obtain the geometry of the vehicle

for the MADYMO simulation (Figure 13). The

initial position of the pedestrian is shown in Figure

14.

The pedestrian gave a detailed description of the

collision, and described how his left arm slid over

the bonnet before his head struck the windscreen.

He described how his left forearm and hand

subsequently struck the broken windscreen above

his head. Each of the initial simulations produced

slightly different head impact locations, and several

also produced heavy impacts between the left

elbow and the bonnet. The simulation that best

reflected the pedestrian’s description of the

collision, and the head impact point in the case,

was modified so that the left arm slid over the

bonnet, rather than digging into it, while

maintaining the correct head impact location. In

this simulation, the left arm of the pedestrian went

on to strike the windscreen in a manner consistent

with the pedestrian’s description and with the

secondary damage to the windscreen.
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(a)

(b)

Figure 10  Damage to (a) the leading edge caused by

the actual collision (top) and the Polar-II test (bottom),

and (b) the trailing edge from the head impact in the

actual case (top) and the Polar-II reconstruction

(bottom) in Case 2.
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(a)

(b)

Figure 12 A comparison between the MADYMO

simulation and the Polar-II reconstruction of Case 2

at (a) 40 ms and (b) 100 ms.

Polar-II reconstruction: The initial dummy

position is shown in Figure 14. The position was

set to match the initial position of the MADYMO

simulation.

 Figure 13 Geometry of the vehicle in Case 3 (shown

in white). The approximation of this geometry for the

simulation is shown by the shaded geometric entities.

MADYMO and Polar-II results for Case 3:

Figure 15 to Figure 17 compare results of the

simulation with the Polar-II test. The Polar-II test

and the simulation show a pattern of similarities

and differences consistent with the previous two

cases. It may be noted that:

• The location of the Polar-II head strike was

forward of the location in the actual case

(Figure 15) and in the simulation (Figure 17).

• In early stages of the collision, the Polar-II

kinematics and the simulation kinematics are

similar. After 40 ms there are small differences

in the amount of sliding over the bonnet, but

the upper body positions are clearly similar

(Figure 1 (a)). However, at 100 ms, differences

in the leg kinematics have produced large

differences in displacements. The simulation

head impact has already occurred (Figure 16

(b)).

• The simulation head velocity reaches a higher

peak level than the Polar-II (Figure 17). An

examination of the components of the head

velocity reveals that this difference is due to a

difference in the horizontal velocity of the

head. In the simulation, the head accelerates to

the rear of the vehicle and then it is accelerated

forward just before head impact. In the Polar-II

test, the head does not significantly accelerate

toward the rear of the car at any stage. This

difference appears to be largely due to the

differences in the amount of sliding between

the lower body of the simulation pedestrian

and the Polar-II.

• The head impact velocity of the Polar-II is less

than in the simulation: 15.2 m/s versus 19.1

m/s. This is due to differences in the horizontal

component of the velocity mentioned above,

and the radial velocity plot shows this

difference to be more than 8 m/s.
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Figure 14  Positioning of computer simulation model

and Polar-II dummy in Case 3.

Figure 15  Damage to (a) the leading edge caused by

the actual collision (top) and the Polar-II test (bottom),

and (b) the trailing edge from the head impact in the

actual case (top) and the Polar-II reconstruction

(bottom) in Case 3.

DISCUSSION

The purpose of this paper has been to present a

comparison of the head kinematics in

reconstructions of pedestrian crashes using a multi-

body model of a pedestrian and reconstructions

using the Polar-II pedestrian dummy. As we are

mainly comparing the performance of two

surrogates of actual crashes, in some respects the

approach is somewhat less direct than the PMHS

comparisons reported by Kerrigan et al. (2005a;

2005b). However, the reconstructions were of

actual collisions, so we could relate various aspects

of the performance to the evidence from the actual

case. Furthermore, given the extensive use of

multi-body simulations to study pedestrian

kinematics, understanding the differences in the

response of the Polar-II with simulation models

may help to improve both pedestrian dummies and

simulation techniques.
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(a)

(b)

Figure 1 A comparison between the MADYMO

simulation and the Polar-II reconstructions of Case 3

at (a) 40 ms and (b) 100 ms.
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In each case, we based our simulations on the

physical evidence left after the crash and we could

reproduce patterns of contact between the

pedestrian and the vehicle in the simulation. The

Polar-II reconstructions were conducted with the

same make and model of vehicle, and were set up

to match the initial conditions chosen for the

simulation. This allowed us to compare the

kinematics of the Polar-II with our simulation

model, and allowed us to compare contact points

produced by each surrogate with contacts in the

actual case.

There were discrepancies in the head kinematics

between the simulation and the Polar-II tests.

Consistent across all three Polar-II tests were the

following:

• Negligible horizontal velocity component in

the head impact velocity, and

• Wrap-around-distances to head impact 200-

400 mm shorter than the simulation results.

Both phenomena appear to be related to differences

in the amount of sliding of the dummy/pedestrian

model over the vehicle. There was noticeably less

sliding of the Polar-II than in the simulation.

Kerrigan et al. (2005a) also noted differences in

sliding between Polar-II and PMHS tests. Those

authors suggested that non-biofidelic pelvic

responses and different mass distribution in the

dummy might contribute to the phenomenon. It

should be noted that the vehicles used in the

reconstructions in this paper are not contemporary

designs and they might be considered relatively

aggressive, and so it is possible that the apparent

snagging of the dummy on the bumper/leading

edge and the lack of sliding may have been worse

than previously observed. In Cases 2 and 3, the

radial plots suggest that this snagging might be

characterised by a distinctive head velocity

trajectory: an initial period of nearly vertical

acceleration, followed by a period of almost

horizontal deceleration relative to the car, until the

horizontal component of the velocity is close to

zero. The relatively steep impact velocities are also

noticeable in other evaluations of Polar-II

(Kerrigan et al., 2005a; Kerrigan et al., 2005b and

Akiyama et al., 2001).

When we compared the Polar-II impact locations

with the actual cases, the differences appeared to be

greatest for the vehicle with the most aggressive

leading edge (Case 2) and least with the vehicle

with the least aggressive leading edge (Case 1). We

suspect that the more aggressive leading edges

might have caused the dummy to snag on the

vehicle. This, with the pelvic response discussed by

Kerrigan et al. (2005a) might explain in whole, or

partly, the lack of sliding over the vehicle that was

observed.

The vertical component of the impact velocity was

similar in the Polar-II tests and the MADYMO

simulations of Cases 2 and 3. The smaller vertical

component of the velocity in Case 1 appears to be

because of the oblique contact between the torso

and bonnet, which appeared to rapidly decelerate

the head through tension and a resistive moment in

the neck.

One other aspect of the kinematics that might have

affected the head velocity, and which was notably

different between the Polar-II tests and simulations,

was the kinematics of the legs. The legs in the

MADYMO model did not remain in contact with

the leading edge as long as the legs of the Polar-II,

and the contact with the bumper and leading edge

imparted greater kinetic energy to the legs in the

simulation. We have not yet investigated the

kinematics in detail, except to note that the

kinematics of the legs in the simulation of PMHS

tests (detailed in Ishikawa et al., 1991) fitted

displacement corridors. It is possible that the

greater excursion of the legs may have been partly

due to the greater sliding of the pedestrian over the

vehicle, the lower legs coming into greater contact

with the leading edge in the simulation compared

to the Polar-II tests.

In summary, the differences in the kinematics of

the head of the computer model and the Polar-II

seem to arise mainly as a consequence of the

differences in the relative motion that occurs with

respect to the vehicle, and possibly also to

differences in torso/head/neck behaviour (as

observed in Case 1). The behaviour of the model

and/or Polar-II in these areas might be a focus of

further validation and refinement.
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ABSTRACT 

 
Recently, the application and development of knee 
airbag module into the vehicle are increasing to 
achieve a good rating during EuroNCAP and IIHS 
test. Also, EuroNCAP and IIHS press the automotive 
company to equip knee airbag module to improve 
occupant knee injury and give some benefit 
regarding knee airbag equipped vehicles at barrier 
test. (1)  Therefore, the invisible knee airbag module 
has been independently developed through design, 
simulation, static deployment test and knee impact 
test. But it was very difficult to position the knee 
cushion in case of short space between IP lower 
panel and knee surface. To overcome this problem 
and optimize knee airbag cushion shape, DOE 
(Design Of Experimental) method has been applied 
on knee airbag cushion folding methodology and 
cushion inner shape using by blow test. But it was 
presented just knee airbag folding DOE in this paper 
and verification test results are presented. 
A good relationship between DOE result and 
previous study (=trial & error method) for knee 
airbag folding process has been found in this study. 

 
INTRODUCTION 

 
The majority of occupant injuries are caused by 
frontal crashes and the distribution of seriously 
injured occupants in frontal crashes is 69% in Europe. 
Also, in previous research, 17% of distribution lies in 
side crashes, 9% in rollover and 3% in rear crashes (2). 
The knee is one of the more frequently injured parts 
of the lower limbs with femur and patella fractures 
that represent 34% of lower limb injuries in a UK 
research report. (2, 3) Mark R.Socher et al(4) studied the 
injury pattern of knee, thigh and hip in frontal 
crashes and the results show that hip injuries tend be 
more debilitating than knee and thigh injuries. Hip 
injuries occurred more frequently to drivers than to 
passengers, to heavier and taller occupants than 
lighter, smaller occupants, to males than to females 

and to unbelted occupants than to belted occupants.  
Some companies also presented papers for knee 
airbag development. Raj S. Roychoudhury, James K. 
Conlee et al (5) developed a blow molded active 
plastic kneebolster using TPO (Thermoplastic Poly 
Olefin) material and Jeff Jenkins, Stephen Ridella, 
and Suk Jae Ham (6) predicted the injury after 
inflatable knee bolster has been applied in offset 
deformable barrier crashes using MADYMO 
simulation. Patrick Borde(2) predicted the occupant 
injury with an applied pyrotechnic knee bolster using 
MADYMO and Trevor Ashline and Henry Bock(7) 
obtained good results in frontal and rear crash using 
an IRL Tub (aircraft) knee airbag.  
The world’s first knee airbag is equipped in a Kia 
Sportage on the driver side only and the number of 
dual knee airbag equipped vehicles are increasing 
gradually in the marketplace. Generally, the knee 
airbag can be categorized by IKB (Inflatable Knee 
Bolster) type and KAB (Knee AirBag) type. The IKB 
type deploys the knee airbag cushion within the IP 
Lower (Instrument Panel Lower) and indirectly 
restrains the occupant’s knees using the IP lower 
panel. The KAB restrains the occupant’s knees using 
the knee airbag cushion directly. In addition, the 
KAB module can be divided by visible and invisible 
type. The visible type KAB has a separate airbag 
door and IP lower part. The invisible type KAB, such 
as on the driver side, is integrated with airbag door 
and IP lower part, and the tear seam or outline of the 
KAB door can not be seen.  

Figure 1. Comparison betwe
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Knee 

(1) IKB (Inflatable KneeBolster) 
IP Lower 

Femur 

Door 

Knee 

tor 
en IKB and KAB 

(2) KAB (Knee AirBag) 
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type knee airbag 
For example, the IKB type is equipped in the BMW 
745i and Chrysler Pacifica and the KAB type is 
equipped in Lexus LS430, Audi A8, MY06 Chrysler 
PT Cruiser and MY06 Dodge Caliber (Figure.1). 
The invisible KAB type for driver and passenger 
seating positions was chosen to be developed in this 
study and the knee airbag module was named DKAB. 

 
INVISIBLE KNEE AIRBAG MODULE 
 
Driver Knee Airbag Module 
The visible knee airbag on the driver side may have 
some appearance issues. Visible knee airbag 
assembly variation may lead to gap issues between 
the IP lower LH (Left Hand, driver side of Left Hand 
drive vehicle) panel and the knee airbag module.  

 
Figure 2. Assembly drawing of DKAB module 
To overcome this problem and achieve wide design 

 has been designed by the same 

p 
 

 Knee Airbag Module

flexibility, an invisible type of knee airbag has been 
designed. Also, a knee bolster integrated housing has 
been designed to absorb the kinetic energy of the 
dummy’s knees after the knee airbag cushion is 

compressed (Figure.3).  It shares the same mounting 
point as the conventional knee bolster to avoid 
increasing number of job processes. The IP lower LH 
panel has been designed to be equipped in final 
assembly line with the same job process. Also, it is 
required to provide a mounting method for the IP 
lower LH panel (=KAB door) which is not detached 
during knee airbag deployment. To accomplish this, 
the IP lower LH panel and KAB housing have been 
attached by using two screw bolts in this project as 
shown in Figure.4.  
The knee airbag door
methodology as for the invisible PAB (Passenger 
AirBag) module. Therefore, it is required to develo
a laser scoring methodology according to door size to
meet deployment performance. 
 
Passenger  

nger knee airbag 

a 
separate piece type in order to assemble the KAB 
module into the glove box easily (Figure.3) A 

The coverage zone study of passe
Cushion cushion is required to avoid the contact between the 

PAB cushion and the PKAB cushion. The PKAB 
cushion was harmonized with the driver side one in 
this study. 

Clamp Ass’y
Inflator 

Nut Flange 

Figure 3. Assemb
Also, the PKAB housing has been designed to be 
integrated into the glove box using six nuts and the 
glove box bottom cover has been designed to be 

ly drawing of PKAB module 

Nut Flange 

W/Harness

Retainer Ass’y

Cushion 

Inflator 

Housing 

x Ass’y 
G/Box Bottom Cover

G/Bo
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package study to obtain a sufficient space of glove 
box was not conducted in this study. 
The glove box housing and PKAB door were 
connected by using frequency welding. The 
prototype sample is shown in Figure 4. The inflator, 

iffuser and cushion assembly were harmonized with 
the one er side

PKAB Module 
 

of KAB module 

d
s used on the driv . 

 
DKAB Module 

 

 

 

Figure 4. Proto sample 
 
Coverage Zone Study 
A package layout study has been conducted to 
establish the knee airbag mounting location and the 
cushion coverage zones using hybrid III 5 %ile, 
50 %ile and 95%ile package dummies. The knee 
impact zone to be restrained with a knee airbag 
cushion has been calculated assuming that the 
unbelted dummy is in free flight during frontal 
impacts and assuming that the c

th

th

ushion width is 
established for the dummy trajectory in a 30 degree 
angl

as found to be 17 liters and the passenger knee air 
 found to be 19 liters.  

e barrier test (Figure 5. and 6.) 

Figure 5. Coverage zone study result for the knee 
airbag (Side view profile)  
 As a result, the driver knee airbag cushion volume 
w
bag cushion volume was
 
Knee Airbag Cushion 
The knee airbag cushion was made from Nylon 66, 
420 Denier 49x49 weave silicon coated material. 
Four tethers with integral vent holes have been 
provided within the knee airbag cushion to control 

the volume as shown Figure 7. Also a diffuser to 

Figure 6. Coverage zone study result for knee 

NVISIBLE KAB CUSHION SHAPE DESIGN 

actual test number an ion pressure test was 
.  

Table 1. 
Invi sign pro

control inflator gas flow has been provided in the 
knee airbag cushion. 

 

airbag cushion (Front view profile)  

Figure 7. Knee airbag cushion drawing 
 
I
PROCESS USING DOE 
 
As shown Table 1. , the invisible KAB cushion 
design process has been presented using by DOE 
method. The blow tests were conducted to reduce 

d the cush
conducted to correlate between blow and actual test

sible KAB shape de cess using DOE 

And cushion rigidity tests were conducted to evaluate 
cushion rigidity before the cushion DOE application. 
And then, cushion folding and internal shape DOE 

Blow Test Correlation Cushion Pressure 
Test (Ambient) 

Cushion Internal Shape 
DOE (18time) 

Verification Test
(Ambient)

Cushion Blow Test Actual Static Test 

50%ile Knee 
 Impact Test 

Cushion Folding DOE 
(18time) 

Cushion Rigidity Test Verification Test
(Hot Test)

95th %ile 50mm offset 50th %ile 50mm offset

5th %ile 50mm offset

50th %ile Knee 
5th %ile Knee

95th %ile Knee

Diffuser

Tether

Hong3 



tests were conducted using by blow test equipment. 
Finally, verification test and knee impact test were 
onducted to verify the optimized KAB cushion c

folding and shape using actual test. 
 
KAB Cushion Pressure and Blow Test 
Correlation 
A pressure tap has been attached on KAB cushion 
center to measure the actual and blow test cushion 
pressure during deployment as shown Figure 8. And 

e compariso shion pre een 

  Test Blow st 

th n result of cu
.  

ssure has b
shown at Figure 9

Actual  Te

Before 

  

After 

  

Figure 8. Comparison result of actual and blow 

 

as 

produced using blow test, but the limitation of 
s exit area has been found.  

test set up condition 

Figure 9. A cushion pressure comparison result of
actual and blow test 
As the comparison results, a peak cushion pressure 
was similar with actual one, but the initial slope h
some difference. Actually, hot and cold test were 
re
cushion sealing in ga
 
Blow Test Set-Up 
A Hybrid III 50 %ile dummy has been set up at
middle of lowest seating position with seat, 
instrument panel and KAB module. A SureFire 
inflation system (250V, 50Hz) of Microsys 
technologies which has been installed at Kolon Inc. 

was used for the cushion 

th  the 

blow test to tune the 

 
as 2.3 psi [=15.8KN/m ] and internal cushion 

60KN/m2]. 

cushion shape and develop the folding methodologies 
as shown in Figure 10.  

Figure 10. A cushion rigidity test set up condition 
 
The initial tank pressure of SureFire inflation system

2w
pressure of knee airbag was 1.6bar [=1
 
Cushion Rigidity Test and Results 
Originally, some cushions which has been sewn 
tether, diffuser, vent hole and side panel were 
conducted using blow test, but all cushions were
at sewn areas. Therefore, cushion rigidity test was
conducted regarding to with and w/o

 torn 
 

 tether and 
diffuser shapes as sho e 2. And the test 
result

b
on r ty test rix and r  

Te o T  Di r 

wn at Tabl
 has been shown at Figure 11. 

Ta le 2. 
Cushi igidi  mat esult
st N ether ffuse Test result 
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and Blow Test
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Figure 11. Cushion rigidity test results 
As the results, DOE has been conducted using four 
tether and diffuser cushion, test number 1. 
 
Shape and Folding Optimization Concept and 
Object Function 
The knee airbag shape can be divided to airbag 
folding method and inner cushion shape. At first, 
KAB folding DOE has been conducted and then, 

0.0 5.0 10.0 15.0 20.0 25.0
Time(ms)

inflator_ambient
Actual cushion test
Inflator_hot
inflator_cold
21psi_1828Blow Test
27psi_1845Blow Test
32psi_1900Blow Test
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inner cushion shape DOE was performed. 
The TEMA software has been used to measure KAB 
side view contour at each 5ms or 10ms of static 
deployment test and blow test. And the center points 
of measured KAB contour area were obtained at each 
time and then, the trajectory has been obtained 
through the center point’s connection. And KAB 
deployment slopes were obtained from regression 
analysis as shown at Figure 12. And it was used for 
the object function (=magnitude of KAB deployment 
slope) of KAB shape optimization. The example of 

igure 13. 

 

igure 13. Example which was induced the object 

real blow test has been shown at F

Figure 12. Shape and Folding optimization
concept and object function 

F
function from motion analysis. 

 
DOE Application of KAB Cushion Folding 
Basically, airbag folding can be divided to folding 

Figure 14. DOE range of KAB folding method 

method and process. The airbag folding method 
could be divided by flattening, half, tuck, roll and 
accordion (=zigzag) folding. And KAB folding 

e applied for DOE factor. And 
folding processes we or DOE level as 
show

lding OE Matrix, Fac e
    Level olding P cess → 

Proc Proc Proc

process has been categorized three phases in this 
study as shown Figure 14. 
L9 matrix of Taguchi method has been used and 
folding types wer

re applied f
n at Table 3. 

Table 3. 
Fo

       
 D tor and L vel 

     : F ro  
 ess 1 ess 2 ess 3

Half    
Roll    
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ct
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: 
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g 
 ←

 
Fo Ty Zigzag    

Taguchi Matrix: L9
Otherwise, the distance between IP lower and knee
surface was applied for the noise factor. Because 

 

AB folding types are effect to KAB deployment 
m) 

K
shapes according to that distance. (55mm, 75m
 
DOE Results of KAB Cushion Folding 
Eighteen blow tests were conducted at 75mm and 
50mm gap (=distance between IP lower and knee 
surface) using KAB cushion which has chosen at 
rigidity test. The eighteen test results of trajectory of 

igure 15. Trajectory results of center point of 

 
T  

 
KAB F g D Res f B  (

v ldin ess
 

center point of KAB contour area had been shown at 
Figure 15. 

F
KAB contour area during deployment 

he values of object function (=Deployment Slope) 
Table 4.

oldin OE ult o low Test Slope) 
Le el: Fo g Proc  → 

P 1 P 2 P 3 N1=75mm N2=55mm

1 Half Half Half 0.6038 0.7033 
2 Half Roll Roll 1.7592 1.5722 
3 Half Zigzag Zigzag 0.5499 0.5196 
4 Roll Half Roll 1.6476 1.6047 
5 Roll Roll Zigzag 1.3558 Data Loss

6 Roll Zigzag Half 0.8068 1.215 
7 Zigzag Half Z  igzag -0.155 0.1389 
8 Zigzag Roll Half 1.7698 1.9863 

  
  

Fa
ct

or
: F

ol
di

ng
 T

yp
e 
←

 

9 Zigzag Zigzag Roll 1.2546 0.653 
N1, N2: distance between IP lower and knee surface 
P1, 2, 3: Folding Process 1, 2, 3 
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Door
Inflator 

time t1 time t2 time t3

A center point of 
contour area 

Y = a X + b 

1.52 1.54 1.56 1.58 1.60 [m]

Start Point

0 5 10 15 20

50

100

150

시

Trajectory of Center Point 
of KAB Contour Are

Area Variation of KAB 
Contou

a

r 

2) Zigzag 

3) Roll 

2) Zigzag 

3) Roll 

1) Half 

3) Roll

100

105

30.631 33.22 44.324 49.883 48.784 48.957 42.144 37.806 41.016 36.436 35.776 35.545 35.772

110

115

120

125

130

135

140

145

150

32.522 34.201 32.51

1

2

3

4

5

6

7

8

9

11

12

13

14

15

16

17

18

1) Half

Folding Process 1 Folding Process 2 Folding Process 3
1) Half 

g2) Zigza

Hong5 



are obtained from regression analysis of trajectory 
results as shown at Figure 15.and applied the 
weighting factor to consider KAB top view shapes, 
Good→+1, OK →0, Bad→-1 and the values of 
object function are summarized at table 4., 5.and 
Figure 16. The Data lo

a red dot line at Figure 17. 

ss was assumed to 1.3 as 
shown at Table 4. Th sated slope has been 
sum

 
KAB F ing  Re  _T  S

v ldin ess
N  N

e compen
marized at Table 6. 

Table 5.
old DOE sult op View hape 

Le el: Fo g Proc  → 
 P 1 P 2 P 3 1=75mm 1=55mm

1 Half Half Half OK OK 
2 Half Roll Roll Good Good 
3 Half Z  igzag Zigzag OK Good 
4 Roll Half Roll Bad Bad 
5 Roll Roll Zigzag Good Bad 
6 Roll Z  igzag Half Good OK 
7 Zigzag Half Zigzag OK Bad 
8 Zigzag Roll Half Bad Bad 
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: 

 F
ol

di
ng
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9 Zigzag Zigzag Roll Bad Good 
N1, 2: distance between IP lower and knee surface 

Figure 16. KAB Blow sults of Deployment 
Sha

 
KAB ding DOE Result _ s

v ldin ess
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P1, 2, 3: Folding Process 1, 2, 3 
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pe _Top View 

Table 6.
 Fol Compen ated 

Le el: Fo g Proc  → 
 P 1 P 2 P 3 1=75mm 2=55mm

1 Half Half Half 0.6038 1.733 

2 Half Roll Roll 1.7592 0.5722 

3 Half Z  1  igzag Zigzag 1.5499 .5196

4 Roll Half Roll 1.6476 0.6047 

5 Roll Roll Zigzag 0.  3558 1.3 

6 Roll Z  igzag Half 1.8068 2.215 

7 Zigzag Half Zigzag 0.1 0.1 

8 Zigzag Roll Half 1.7698 0.9863 

  
  

 F
ac

to
r: 

Fo
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in
g 

Ty
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9 Zigzag Zigzag Roll 0.2546 1.653 

N1, N2: distance between IP lower and knee surface 
P1, 2, 3: Folding Process 1, 2, 3 

S/N ratio of KAB folding DOE had been calculated 
and the main effect plot has been shown at Figure 16. 
As the result, it was found that the third folding 
process was largely effect on KAB deployment shape. 
And it was found that the best level of KAB folding 
process compose of P1→ half, P2→zigzag (=accordion), 

o 

etween actual 
e 

ewing and zooming of blow test. 

d DO AB folding process 
ha ompared with the one.  

f KAB cushion P3→half folding. The best level has been indicated t

Figure 17. Main Effect Analysis of KAB Folding 
 
VERIFICATION 
The static deployment tests of DKAB and PKAB 
module were conducted to verify the best level of 
DOE result. It was found to be a good deployment 
without any jamming between knees as shown at 
Figure 18. But it was found to be torn the tether at 
cushion inner. Otherwise, the gain b
and blow test has not been calculated, because th
actual test could not be set up with the same camera 
vi
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Figure 18. Verification test of DKAB module 
In previous study (13), KAB folding process has been 
developed using trial and error method as shown at 
Figure 19. An E result of K

s been c

Figure 19. Folding process o
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As the results, it was found to be same process with 
the one except folding process 3 and the result was 
summarized at Figure 20.

rison result between DOE result 
and revious study 

 

 
od in 

e past. But, the knee airbag folding methodology 
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CONCLUSION 
 

The invisible knee airbag module has been developed
independently and evaluated through design, 
simulation and test. Generally, airbag folding process
has been developed using by trail & error meth
th
has been developed using by DOE technique in this 
paper and conclusion remarks are as follows: 
 
1. It was found the DOE application result for knee 
airbag folding process was same with the ones in 
p
folding process. And it was found the final folding
process (third folding process) was a main effect.
 
2. It could be used widely the DOE 
sh
other airbag (DAB, PAB, SAB, etc) using propose
optimization concept in this paper. 
 

 It will 
airbag inner shap

tinuo
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McCullough 1 

This paper will focus on those occupants where a 
Short Form 36 (SF-36) baseline score and at least 
one follow-up score (at 9 or more months) is 
available.   We will focus on occupants with an 
Abbreviated Injury Severity Score (AIS) of 3+ or 
an Injury Severity Score (ISS) of 8.  Relating 
factors such as crash type, principal direction of 
force, age and others will be considered.   The 
range of scores in the various levels will be 
compared and contrasted for the four age groups.  
 
INTRODUCTION        
 
The Crash Injury Research and Engineering 
Network (CIREN) is a multi-disciplinary 
collaboration of trauma physicians, engineers, 
epidemiologists, crash investigators and other 
social scientists in industry and government 
researching the �cause and effect� of serious 
and/or disabling injuries sustained as a result of 
an automotive collision.  CIREN is a network of 
eight Level 1-trauma centers spanning the United 
States and investigating approximately 350 
crashes per year that result in serious and/or 
disabling injuries. 
 
CIREN is also the name of a research tool 
developed, updated, enhanced, and maintained by 
The Volpe National Transportation Center (Volpe) 
in Cambridge, Massachusetts, to help researchers 
collect and review injury data.  Variables for 
CIREN crash reconstruction data are an extension 
of the National Automotive Sampling System 
(NASS) Oracle data model.  Variables for the 
medical injury data are based on a variety of 
sources, including the National Trauma Registry, 
the Orthopedic Trauma Association, and the 
Uniform Pre-Hospital EMS Data Elements. 

 
CIREN is the only research program that 
combines detailed medical data with detailed 
crash data Each CIREN Case is one injured 
occupant in a motor vehicle crash.  Multiple 
CIREN cases can be linked to one NASS case, 
which is associated with a single crash.  There are 
3159 cases in the CIREN database (medical side) 
linked to 2793 NASS cases (crash side). 
 
It is estimated that more than 40 million older 
adults will be licensed drivers by 2020. It is 
anticipated as the population ages that these 
individuals will continue to be at risk unless 
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ABSTRACT  
 
As the population in the United States ages there 
will be an increase of the exposure of the elderly 
to motor vehicle collisions. The growing 
population of elderly (65 years and older) 
Americans is the fastest growing segment of the 
population.  It is estimated that more than 40 
million older adults will be licensed drivers by 
2020. [1] 
 
According to the National Highway Traffic Safety 
Administration (NHTSA), Traffic Safety Facts, in 
2005, 191,000 older individuals were injured in 
traffic crashes accounting for seven percent of all 
the people injured in traffic crashes during the 
year.  These older individuals made up 15 percent 
of all traffic fatalities and 14 percent of all vehicle 
occupant fatalities. 
 
There were over 28 million older licensed drivers 
in 2004 (2005 data not available) - a 17 percent 
increase from 1994.  In contrast, the total number 
of licensed drivers increased by only 13 percent 
from 1994 to 2004.  Older drivers made up 15 
percent of all licensed drivers in 2004, compared 
with 14 percent in 1994.  [2]  
 
Injuries sustained by these individuals tend to be 
more life altering and life threatening than the 
same injuries sustained by younger individuals in 
similar motor vehicle collisions.   This paper will 
examine the injuries sustained by individuals age 
65 and older and compare them with injuries 
sustained by younger individuals (broken down in 
three additional age groups) in motor vehicle 
collisions.   The long-term effects on their quality 
of life will also be analyzed.  

Elderly Occupant Injury: A Detailed Analysis of Injury Patterns and Quality of Life 
Indicators 
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descriptive studies and clinical trials to date 
demonstrate that the SF-36 is very useful for 
descriptive purposes such as documenting 
differences between sick and well patients and for 
estimating the relative burden of different medical 
conditions. [4]   The SF-36 measures eight health 
concepts (See Table 1) [5]. 
 
The SF-36 outcome tool has been shown to be 
less than ideal when testing for outcomes related 
to brain trauma, especially in the areas of 
cognitive function.  MacKenzie et al. indicated 
the SF-36 required additional cognitive testing 
supplements to develop a more accurate outcome 
indicator for individuals who sustain multiple 
traumas involving head injury.  [6]   
 
Although the SF-36 can be self administered, 
CIREN uses trained interviewers to administer 
the questionnaire at the time of the traumatic 
event to develop a baseline to determine the 
physical and emotional health status of a person 
at that time compared to how they were prior to 
the event.   The same 36 questions are asked at 6-
months and 12-month post event whenever 
possible.  The SF-36 scores are derived from 
answers given to those standardized questions.   
Generally, the lower the score in any given 
category indicates a decreased ability in that area 
for the occupant.  This data is invaluable in 
determining overall medical outcomes and 
societal costs.   
 
The experience to date with the SF-36 has been 
documented in nearly 4,000 publications. Scales 
that load highest on the physical component are 
most responsive to treatments that change 
physical morbidity, whereas scales loading 
highest on the mental component respond mostly 
to drugs and therapies that target mental health. 
[7] 
 
METHODS 
 
The CIREN database was queried for years 1997 
to 2006 to extract all crashes where an SF 36 
baseline score and at least one set of follow-up 
scores (at 9 or more months) post crash are 
available.  Normally, SF-36 is obtained at 
baseline, 6 and 12 months.  However, in this 
dataset some responses were obtained at 10 or 11 
months due to difficulty in contacting the subject 
for their follow-up.   The range of scores in the 
various levels were compared and contrasted for 
the four age groups. Typically, elderly has been 

countermeasures are developed to mitigate these 
injuries.  This concern has been addressed by 
congress through the House Committee 
Appropriation Report that states, �The committee 
directs NHTSA as part of its CIREN program, to 
collect data that will measure the impact of 
crashes on older populations and that would assist 
in the possible development of a crash test 
dummy representing the older populations.� 
 
This paper will review the injury patterns using 
the differing body regions (head, neck thorax, 
pelvis, etc.) of elderly occupants and compare and 
contrast those of their younger counterparts from 
CIREN.  This paper will also evaluate the initial 
outcome of injury to the elderly occupant in 
comparison to the differing age groups (16-30 
years old, 31-47 years old, 48-64 years old and 65 
and greater years old).  Injury for the differing 
body regions will be calculated for all four age 
groups. An analysis of elderly occupant SF-36 
(quality of life and physical limitations) scores 
will be compared with the differing age groups. 
 
The CIREN utilizes several unique processes and 
tools to research automotive crashes and the 
resulting injuries. One such tool utilized is the 
Medical Outcomes Study 36 � Item Short Form 
Survey (SF-36).  The SF-36 has become one of 
the most widely used scoring tools for measuring 
outcomes after multiple trauma events. 
 
BACKGROUND ON THE SF-36 
 
The Short Form 36 (SF-36) was derived from the 
work of the Rand Corporation of Santa Monica 
during the 1970�s.  Rand�s Health Insurance 
Experiment compared the impact of alternative 
health insurance systems on health status and 
utilization.  The SF-36 was designed for use in 
clinical practice and research, health policy 
evaluations, and general population surveys.  The 
outcome measures developed for the study have 
been widely used.  They were subsequently 
refined and used in Rand�s Medical Outcomes 
Study (MOS), which focused more narrowly on 
care for chronic medical and psychiatric 
conditions. [3]    
 
The form is used in identifying and tracking 
limitations in physical or social activities because 
of health problems relating to a medical condition 
(asthma, diabetes, traumatic injury, etc.).  It is a 
generic measurement and does not target specific 
ages, sex, or disease.  Population and large-group 
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in this paper.   
 
Relating crash and injury variables including but not
limited to crash type, principal direction of force 
(PDOF), DeltaV, restraint use, Abbreviated Injury 
Score (AIS), Injury Severity Score (ISS), Maximum
Severity Score (MAIS) along with age and sex were
also considered.  We focused on injuries AIS 3 or 
greater or an ISS of 8 or greater.  Data was reviewed
to help determine the significance of an injury to a 
specific body region beyond that of �threat to life� 
measure provided by AIS. 

defined as 65 years of age and older which we 
used to constitute the beginning age range for the 
oldest group (the oldest member in this group was 
94).   It should be noted that we did not include 
occupants under the age of 16 since they have 
their outcomes assessed using the Pediatric 
Quality of Life tool.  With that in mind, the age 
range for the first age group was set at 16.   The 
difference in years between 16 and 65 was 
divided into three equal groups with rounding up 
occurring for the two next older groups and we 
arrived at the age breakdown for the groups used 

Table 1.   
SF-36 Health Status Concepts 

Health Concept Description 
PF Physical Functioning The PF score indicates the amount health limits physical activities such 

as walking, lifting, bending, stair climbing and exercise.   A low score 
indicates limitations in performing all activities.  A high score indicates 
the ability to perform all types of physical activities including vigorous 
exercise. 

RP Role Physical The RP score indicates the level that physical health interferes with work 
or other daily activities.  A low score indicates that physical health 
creates problems with daily activities including accomplishing less than 
wanted, limitations in the kind of activities, or difficulty in performing 
activities.  A high score indicates that physical health has not caused 
problems with work or daily activities.  

BP Bodily Pain The BP score indicates the intensity of pain and its effect on normal work 
in and out of the home.  A low score indicates very severe and extremely 
limiting pain.  A high score indicates no pain or limitations due to pain. 

GH General Health Perceptions The GH score evaluates health, current and future outlook as well as 
resistance to illness.  A low score indicates individual/personal health 
perceptions as poor and likely to get worse.  A high score indicates 
individual/personal health perceptions as excellent.  

V Vitality The V score indicates the extent of energy level.  A low score indicates 
you feel tired and worn out all of the time.  A high score indicates you 
have felt full of pep and energy during the past four weeks.  

SF Social Functioning The SF score indicates a level to which physical or emotional problems 
interfere with daily social activities. A low score indicates extreme and 
frequent interference.   A high score indicates no interference during the 
past four weeks.   

RE Role Emotional The RE score indicates a level that emotional problems interfere with 
work or other daily activities. A low score indicates emotional problems 
interfere with activities including decreased time spent on activities, 
accomplishing less, and not working as carefully as usual.  A high score 
indicates no interference with activities due to emotional problems.  

MH Mental Health The MH score identifies general mental health including depression, 
anxiety and behavior.  A low score indicates a feeling a nervousness and 
depression all of the time.  A high score indicates you have felt peaceful, 
happy, and calm during the past four weeks.   

* Physical Functioning, Role Physical, Bodily Pain and General Health scores are combined to obtain the Physical 
Component Summary. 
** Vitality, Social Functioning, Role-Emotional and Mental Health are combined to obtain the Mental Component 
Summary 
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3.1 to 3.3, with the most severe being in the 
youngest (age 16-30) and the oldest (age 65+) age 
groups.  The ISS score ranged from 17 in three of 
the groups to 19 in the youngest group.  The 
deltaV's are all at 40 kph (24 mph) with the 
exception of the older group which averages 35 
kph (21 mph).  This group on average sustained 
the same severity of injury or slightly higher as 
the other groups but at 5 kph (3 mph) lower. 
 
An analysis of the injuries sustained by the study 
group as a whole revealed that almost half (46%) 
sustained AIS 3+ lower extremity injuries 
followed by chest injuries at 37% and head 
injuries at 19%  (See Figure 1).  Since this is a 
count of all AIS3+ injuries, occupants could be 
counted twice if they sustained injuries in 
different body regions. 
 
A closer look at these injuries by age (See Figure 
2) shows the elderly to have consistent injury for 
the chest, spine and lower extremities.  Head 
injuries indicate similar distributions with the 
exception of the 16 to 30 year old group where a 
spike of twenty-six percent is appreciated.  The 
abdomen injury distribution is similar to the head 
with the 16 to 30 year old group spiking to 
nineteen percent.  Spinal injury is evenly 
distributed between all groups.  Lastly, the upper 
extremity injury distribution indicates an opposite 
trend to those seen in the head and abdomen.  The 

 
The SF-36 scores are derived from the answers 
given by the case occupant on 36 standardized 
questions. The questions inquire about issues 
ranging from their opinion of General Health now 
and six months or a year ago; ability to climb 
stairs, lift groceries, physical limitations at work 
or daily activities to feelings of depression, pain 
issues and energy issues.  The results are used in 
calculating scores for eight categories, four 
physical related and four mental related.  The 
final composite scores are based on a 100 point 
score.  The lower the score in any given SF-36 
category indicates a decreased ability in that 
category for the occupant.  The individual scores 
were then converted into percentages and are 
presented that way in our tables and graphs.  For 
example:  if a subject rated his or her General 
Health (GH) at baseline (pre traumatic event) = 
90 points and 12 months later (post traumatic 
event) rated his or her GH = 60 points this would 
represent a 33% drop in GH.  For the purposes of 
this paper, these drops are reported as negative 
percentages. 
 
RESULTS 
 
There were a total of 469 CIREN occupants (216 
male and 253 female) that had completed SF-36 
data including baseline and at least one score at 
10 months or more at the time of analysis. (See 
Table 2).  
 
There were some basic similarities and 
differences in the study group demographics as 
shown in Table 3.  The gender distribution in 
each group is nearly even with a slight majority 
going to female in every group.   On average, the 
case occupants were all within 3 cm (1.2 in) of 
height and 13 kg (28.6 lb) in weight of one 
another.  Their average MAIS scores ranged from 

Table 2. 
Subject Distribution by Age Group and Gender 

 Age Group 
Gender Group1 

(16-30) 
Group 2 
(31-47) 

Group 3 
(48-64) 

Group 4 
(65+) 

Male 88 56 46 26 

Female 107 57 62 27 

Total 195 113 108 53 

 

Table 3. 
Study Group Demographics 

 Total 
Group 

Group 1 
(16-30) 

Group 2 
(31-47) 

Group 3 
(48-64) 

Group 4 
(65+) 

Male% / Female% 46 / 54 44 / 56 50 / 50 43 / 57 49 / 51 
Mean Age 40 22 40 56 74 
Mean MAIS 3.25 3.3 3.12 3.21 3.3 
Mean ISS 18 19 17 17 17 
Mean delta-V (kph) 40 40 40 40 35 
Mean Height (cm) 169 170 169 169 167 
Mean Weight (kg) 80 74 84 87 79 
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Head, 19% Face, 3%

Neck, 1%

Chest, 37%

Abdomen, 14%
Spine, 9%Up Ext, 16%

Low Ext, 46%

 
 

*Occupants can be counted multiple times if equal maximum injury severity scores are in different body regions.  
(Chart exceeds 100%) 

 
Figure 1.  Percent AIS-3+ Injury by Body Region 
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Figure 2.  Percent AIS3+ Injury by body Region and Age 
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20.1% followed by Social Functioning and 
Physical Function both at -19.7%. (See Table 4)   
 
The largest differences between the average 
scores of the total group and the 65+ group were 
in Role Physical (-17.2% difference), Role 
Emotional (� 6.4% difference) and Social 
Functioning (-8.9% difference).  All other 
categories for Group 4 were within 3% of the 
average score.  
 
Figure 3 shows the relative difference the patients 
perceived in their physical health (PF, RP, BP and 
GH) and their Mental Health (V, SF, RE, and 
MH).  Elderly occupants rated Role Physical (RP) 
as the area where they were affected the most, 
followed by Social Functioning (SF) and Role 
Emotional (RE).  These are the areas where they 
perceived they were not doing as well as they 
were before the traumatic event.  Their perception 
of their decreased Role Physical (42.8%) and 
Role Emotional (20.1%) is likely to be related to 
their low Social Functioning (19.7%) role.   
 
Conversely, this same group rated their General 
Health (GH) higher than other age groups.  This 
indicates that the elderly group had a brighter 
outlook on their individual health outlook than 
individuals from the other age groupings.   (A low 
score indicates individual/personal health 
perceptions as poor and likely to get worse.  A 

spike for the 65+ group was not as dramatic as 
those seen for the 16 to 30 group in the head and 
abdomen, but the difference between the 16 to 30 
group and the 65+ group results in a twelve 
percent difference.    
 
The distribution of the study population by 
occurrence of AIS 3+ injury by body region is 
shown in Figure 1.  A closer analysis of these 
injuries by body region and age is shown in 
Figure 2. 
 
The distribution of injury by age shows the 
elderly (group 4) to have consistent injury 
patterns to the general population (all Ages) with 
the exception of head injury and abdominal injury 
(See Figure 2).  In both head and abdominal 
injury, the elderly have on average 11% less AIS 
3+ injuries to these regions. 
 
As previously indicated, SF-36 measures eight 
health areas (four physical related and four 
mental) based on the patient�s perception of how 
well they are doing (or not doing) in those areas 
at specific points in time after the crash.  
 
For elderly occupants (group 4) Role physical 
showed the lowest score and was 17.2 % lower 
than the average score over all age groups and 
23.1 % lower than the 16 to 30 year old group.  
Role Emotional was the next lowest score at -
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Figure 3.  Mean SF-36 Decrease for all age groups individually and as a total composite 
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Elderly occupants involved in crashes take longer 
to recover and have higher complication rates 
than younger patients.  This observed 
vulnerability of older adults because of their 
lower physiological reserve highlights the 
importance of �investigating the outcomes of 
traumatic injuries and identifying risk factors for 
suboptimal recovery� in elderly patients. [8]   
 
The unprecedented increase in the elderly 
population in the United States over the next 
several years will bring with it an increase in the 
injury burden of the elderly in terms of quality of 
life and medical costs /outcomes.  That is why it 
is imperative to have a better understanding of the 
effects of serious injury on the elderly.  While 
medical care in the United States has made great 
strides in taking care of the trauma population as 
a whole it is well known that standard treatment 
approaches do not produce the same outcome for 
all age groups.  Recovery rates for similar injuries 
have been shown to differ substantially between 
the young and the elderly.  The strongest 
predictors of long-term functional status of 
severely injured patients have been shown to be 
age and co-morbidities. [9] 
 
By studying outcomes with the SF-36, insight is 
gained into how differing age populations 
perceive their ability to function post traumatic 
event.  This tool has the potential to allow health 
care and injury researchers the ability to monitor 
the effectiveness of differing medical 
interventions for traumatically injured patients.  
To date much research has been performed to 
validate the SF-36 and the injury research 
community has begun to utilize this tool to give 
�insight into the distribution and determinants of 

high score indicates individual/personal health 
perceptions as excellent).  There does not seem to 
be any logical explanation for this and would 
certainly be a source for further study and 
analysis.  The eldest group assessed their 
individual change in Mental Health (MH) 
consistent with the other age groups. (Also refer 
to Table 4) 
 
An additional analysis was done on each of the 
AIS group�s drop in SF-36 scores, comparing 
them to the older group and the total group�s 
average.  As Figure 4 indicates, there are not 
significant drops in SF-36 scores in any age group 
like those in the older group until you reach the 
MAIS5 level.  Granted the AIS5 level scores are 
much lower in a few categories, but there are 
many scores at or near the older group (RP, BP, 
V, SF and MH). 
 
We used SAS 9.1�s ANOVA procedure to 
perform a Dunnett�s test on the data, comparing 
the oldest group (group 4) to each of the other 
groups in each of the eight health concept areas 
addressed by the SF-36.  This showed 
significance for Role Physical when comparing 
the two youngest age groups to the elderly group 
at a 95% confidence level.  Social Functioning 
between the youngest and oldest age groups at the 
95% confidence level was also significant.  No 
significance was identified between the elderly 
and the other age groups in any of the other health 
concept areas.   
 
DISCUSSION 
 
As the general driving population ages, they will 
be involved in more motor vehicle crashes.  

Table 4. 
Mean Change in SF-36 Scores at 10-12 Months 

Health Concept Total Group Group 1 Group 2 Group 3 Group 4 

Physical Function -16.5 -10 -20 -23.1 -19.7 

Role Physical -25.6 -19.7 -24.6 -28.7 -42.8 

Bodily Pain -12.9 -9.8 -15.4 -14.8 -14.6 

General Health -9.1 -8 -9.6 -11.7 -6.6 

Vitality -10.5 -8.5 -12.2 -10.6 -13.7 

Social Functioning -10.8 -6.1 -12.1 -13.5 -19.7 

Role Emotional -13.7 -13.1 -13.4 -12.2 -20.1 

Mental Health -6.4 -5.7 -6.2 -7.7 -6.5 



McCullough 8 

ME indicated stronger return to baseline for the 
16 to 30 year old group compared to the 
remaining groups, yet this group indicated the 
greatest occurrence of head injury.  The 65+ year 
old group was second to the 16 to 30 year old 
group for maximum head injury and rank below 
all groups in mean mental scores.  Return to 
baseline for mental scores are better for every 
group compared to the 65+ group, even by the 
group who suffered more severe head injuries.  
Again, this highlights the potential need for 
differing types of rehabilitation for the elderly as 
it relates to specific types of injuries.  The 
traditional acute intervention and rehabilitation 
methods used currently may not be meeting the 
needs of the elderly population. 
 
Physical scores (PF, RP, BP, GH) indicated some 
substantial decreases from original baseline 
functions.  Although this would be expected with 
all study groups indicating lower extremity injury 
as their most severe injury or one of their most 
severe injuries 43 to 56 percent of the time the 
65+ group with 49 percent lower extremity 
maximum injury score far below all others in the 
RP category.  This is consistent with the studies 
that have shown age and co-morbidities play a 
significant role in the functional recovery from 
trauma for the elderly patient. 

both short and long-term disability� and how this 
tool can be utilized to �prioritize the development 
of prevention policies and to improve trauma 
care�.  [10]  
 
The CIREN population utilized in this study 
experienced a high frequency of orthopedic 
injuries.  This type of injury has been studied 
utilizing the SF-36 and the Sickness Impact 
Profile work scale and it has been shown that 
patients with orthopedic injuries have relatively 
worse functional recovery, and this worsens with 
time. [11] 
 
 The data presented in this paper indicate that not 
only do elderly occupants have more difficulty 
with their traumatic injuries affecting their work 
and daily activities but their mental health is 
affected as well.  The elderly consistently show 
larger differences in SF-36 scores in the 
categories of Role Physical, Social Functioning, 
and Role Emotional.  Interestingly, the elderly in 
this database feel their personal General Health 
perceptions are not as poor as the other age 
groupings.  It is unknown if this �rosey� outlook 
could keep the elderly from seeking help with any 
limitations they may have. 
 
The mental scores consisting of V, SF, RE and 
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inability to be mobile could also exacerbate their 
decreased mental SF-36 scores. .  
 
Further study of the injured elderly who do not 
appear to be recovering as expected may highlight 
the cases that have developed complications and 
these cases could be studied in more detail to 
potentially identify possible interventions that 
will avoid common complications in these 
patients.  Potential future studies could include 
follow-up on the subjects who have died prior to 
the 6 and 12-month follow-up survey. 
 
CONCLUSIONS:   
 
As the NASS is utilized to show general trends in 
injury from motor vehicle crashes, CIREN gives 
the injury researcher a unique tool in the SF-36.   
 
Since this is the first motor vehicle crash database 
of this size to capture SF-36 scores, it has the 
potential to become a tool to assess which post 
crash interventions yield the greatest return to 
normal function for these elderly patients. 
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This paper shows in our elderly study group that 
older occupants injured in crashes on average 
recover their activities of daily living at a much 
slower rate than the younger occupants.  The 
younger occupants indicate injury at a higher 
degree of severity in the same body region or at a 
higher degree of severity in different body regions 
(multiple or single) and score closer to original 
baseline than those sustaining equal or less severe 
injury. 
 
The distribution of injury by age shows the 
elderly (group 4) to have consistent injury 
patterns to the general population (all ages) with 
the exception of head injury and abdominal 
injury. In both head and abdominal injury, the 
elderly have on average 11% less AIS 3+ injuries 
to these regions.  The reasons for this are unclear 
at this time and warrant further study.  This 
phenomenon may be partially explained by the 
fact that the elderly were involved in crashes that 
had a delta V of 5 kph (3 mph) less than the other 
age groups.   However, it is the authors� belief 
that this small reduction in the amount of kinetic 
energy is not great enough to explain the 
difference observed on the SF-36 tool. 
 
 Figure 3 shows the relative difference the 
patients perceived in their physical health (PF, 
RP, BP and GH) and their Mental Health (V, SF, 
RE, and MH).  Elderly occupants rated Role 
Physical as the area where they were affected the 
most.  This same age group also rated their 
personal General health better than the other age 
groups.  This indicates that the elderly seem to 
have a more optimistic view of their ability to 
recover from their injuries over the next year than 
the other age groups.    
 
The other two marked lower categories were in 
Social Functioning and Role Emotional (See 
Table 3).   It is hypothesized that the scores for 
these categories could be related to the fact that 
the elderly subject (as shown by the RP score) 
struggles with performing daily activities and 
accomplishes less per day.  All of these categories 
(RP, SF, and RE) ask the subject to comment on 
how physical and/or emotional problems 
interference with work and daily activities.  Lack 
of physical mobility challenges young and old.  
The old are challenged with many comorbid 
conditions such as arthritis and Parkinson�s and 
when compounded with their traumatic injury, 
their locomotion could decrease even more.  This 
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ABSTRACT 
 
As part of a comprehensive plan to reduce the 
risk of death and serious injury in rollover 
crashes the National Highway Traffic Safety 
Administration (NHTSA) has reinitiated a 
program to characterize restraint system response 
in rollovers.  A rollover restraint tester (RRT) is 
utilized to produce a 180 degree roll followed by 
a simulated roof-to-ground impact.  Recognizing 
the unpredictability of the real world rollover 
phenomenon, this test provides a repeatable and 
consistent dynamic environment for suitable lab 
evaluation.  Similar NHTSA research during the 
mid-1990s demonstrated an excursion reduction 
of up to 75% when an inflatable belt was 
compared to the standard three-point belt with a 
50th percentile male [Rains, 1998]. 
 
Technologies being considered include 
integrated seat systems, pyrotechnic and electric 
resetable pretensioners, four-point belt systems, 
and inflatable belts.  High speed video data are 
collected and analyzed to examine occupant head 
excursion throughout the tests and are presented 
for discussion. Though repeatable, concern about 
the real world relevancy of the RRT dynamics 
have been focused toward the absence of a 
mechanical component for lateral motion.  This 
component is not inbuilt to the test fixture.   
 
This research attempts to determine if reasonably 
reduced excursion is possible in the simulated 
rollover.  This research has been constrained to 
examining restraint systems focused to the seat.  
Future research to include a partial vehicle cab 
structure is planned to allow evaluation of 
devices that utilize it for a reaction surface; such 
as rollover air bags. 
 
Restraint advancements have primarily been 
focused on frontal and side crash performance.  
It is believed that many of these advancements 

can also aid in reducing occupant excursion 
during a rollover crash. Improving restraint 
effectiveness in rollovers may further enhance 
protection for belted, non-ejected occupants in 
rollovers.   
 
INTRODUCTION 
 
Rollover crashes are a major problem in the U.S.  
Digges [2002] reported that rollovers constitute 
about 2.2% of crashes but represent 33% of the 
total injury cost.  Much of this cost is attributed 
to ejections, especially of unbelted occupants.  
NHTSA has a research program focused on 
reducing occupant ejections through side 
windows and the U.S. Congress has mandated 
that a new standard be published by October 
2009.  For non-ejected occupants, rollovers still 
pose a serious threat of injury; particularly head 
injuries from hitting the interior of the vehicle.  
FMVSS No. 216 approaches this issue by 
requiring roof crush resistance and survivability 
space in the cabin.  Safety belt slack and stretch 
have been thought to allow occupants to �dive� 
toward the roof structure in the rollover crash. 
 
In the mid-1990s, the agency initiated a research 
program to explore the effectiveness of various 
restraints in rollovers.  A rollover restraint tester 
(RRT) was developed to simulate rollover 
conditions.  It provided a controlled roll for a 
seated occupant and was followed by a simulated 
roof-to-ground impact.  Occupant excursions 
toward the roof were measured for common 3-
point belts and other advanced restraints 
systems.  NHTSA has revived this program with 
the intent to examine the latest restraint 
technology for the seat belt.  Many of these 
devices have been developed for the more 
common frontal and side crashes.  The goal is to 
determine if these same devices could be 
employed to improve restraint of belted 
occupants in rollovers. 
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The RRT provides a repeatable dynamic 
environment suitable for comparison testing of 
various restraint configurations.  It has been 
criticized for lacking a built in lateral 
component.  No single device can replicate the 
dynamics of all rollovers because every rollover 
crash is very different and unique.  This device 
allows for consistent repeatability of a specific 
dynamic environment.  In addition to the 
physical testing, NHTSA has initiated a 
cooperative project to use computer simulation 
to validate the RRT testing with real world 
accident data and FMVSS No. 208 dolly testing.  
The simulation will allow for expanded 
capabilities for evaluating technologies in many 
different ways. 
 
With anticipated FMVSS No. 216 improvements 
and previous work highlighting the potential 
effectiveness of advanced restraints, this research 
program provides an opportunity to evaluate 
current and future available state-of-the-art 
countermeasures for occupant protection during 
a rollover. 
 
TESTING 
 
Test Device 
 
A device, similar to the original RRT [Rains, 
1998], has been developed.  The rollover 
simulated is one in which the vehicle becomes 
airborne at the initiation of the roll and then 
impacts the roof structure after rotating 
approximately 180 degrees.   
 
Figure 1 is a schematic of the new rollover 
restraint test device.  The coordinate system is 
set to the dummy for excursion analysis.  The 
device has four (4) main features consisting of  
 

1) A support framework, 
2) A counter-balanced test platform with 

rotating axle, 
3) A free weight drop tower assembly, and 
4) A shock tower.   
 

The test platform, with vehicle seat, dummy and 
restraint device(s) attached, is mounted to the 
supporting framework.  The free weight drop 
tower provides energy to rotate the test platform 
at a desired angular acceleration and peak roll 
rate.  The peak roll rate can be adjusted by 
changing the weight of the drop tower mass.  To 
simulate the roof impact, the rotating platform 
impacts an adjustable shock-absorbing tower 

after approximately 180 degrees of rotation.  
Rollers are attached to the shock absorbers to 
accommodate the Nylon impact blocks custom 
mounted to the table.  Figure 2 shows the impact 
region of the table to the shock tower. 

 

 
Figure 1.  Rollover Restraint Tester (RRT) 
 
 
 

 
Figure 2.  Impact area of RRT 

 
Instrumentation 
 
The RRT was instrumented to help characterize 
the dynamics of the testing.  An encoder was 
used to monitor the roll rate.  Two (2) 50,000 lb. 
load cells were mounted to the roll table at the 
point of impact to record the impact force.  
Figure 2 shows how the load cells were mounted 
between the impact blocks and roll table.  A 
string potentiometer was utilized to measure the 
shock absorber deflection.  A 2,000 g rated 
accelerometer, mounted to the platform directly 

1) 

2) 

4) 

3) 

Y 

Z 
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underneath the center line of the seat, was used 
to collect the acceleration at impact. 
 
The 50th percentile male Hybrid III dummy used 
for testing contained full head, neck and chest 
instrumentation, and these channels were 
collected during testing.  Seat belt load cells 
were used for both the lap and shoulder portion 
of the belts.  Video data were collected with a 
combination of on-board real time cameras (33 
fps) and off-board high speed cameras (500 fps). 
 
Evaluated Restraint Technology 
 
A variety of restraints were selected for testing.  
They range from current consumer available 
technologies to prototype devices.  Cooperation 
with automotive suppliers and original 
equipment manufacturers (OEM) allowed for 
much of the technology to be assessed.  The 
following devices were selected for evaluation.  
They have been tested individually and in 
conjunction with others, depending on feasibility 
of implementation. 
 
     Integrated Seat � The integrated seat has the 
seat belt hardware incorporated into the seat.  
Many SUV and other light trucks utilize these 
seats.  These seats are generally reinforced to 
accommodate the increased loads experienced in 
a crash event.  Figure 3 shows the integrated seat 
used for the evaluation. 
 

 
Figure 3.  Integrated Seat 
 

     Integrated SWAP Seat � The integrated 
SWAP seat refers to a supplier technology where 
the restraint, integrated with the seat, comes from 
the inboard side of the car and buckles on the 
outboard side. 
     Non-Integrated Three-Point Seat � This is a 
standard fleet representative three-point restraint 
attaching to a B-pillar frame element of the 
vehicle.  A representative B-pillar was fabricated 
for testing.  It was utilized for all non-integrated 
configurations of various technologies.  Figure 4 
shows the standard non-integrated seat used for 
evaluation.  This seat was used for all non-
integrated seat three-point testing configurations. 
 
     Retractor Pretensioner � The retractor 
pretensioner is a device that uses a pyrotechnic 
discharge to remove the slack from a seat belt 
when triggered by a sensor.  The action for the 
removal of slack occurs in the retractor portion 
of the system.  This is currently used in various 
production vehicles and was purchased as a 
replacement part.  Once the system is ignited, it 
must be replaced with a new system and is not 
reusable; similar to an air bag. 
 
     Buckle Pretensioner � This is also a 
pyrotechnic device incorporated in the buckle 
and is fired to remove the slack near the pelvic 
region.  This is currently used in various 
production vehicles and was purchased as a 
replacement part. Like other pyrotechnic devices, 
it is only usable one time and must be replaced. 
 

 
Figure 4.  Standard 3-point Non-Integrated 

Seat 
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     Motorized Retractor � The motorized 
retractor, sometimes called electric pre-
pretensioner, is a reusable device designed to 
remove slack from the seat belt system.  The 
force rating is generally much lower than the 
pyrotechnic devices.  The reusability of the 
device allows implementation much earlier when 
the possibility of a crash is sensed, but the crash 
is not yet imminent.  An example could be one 
where a car with Enhanced Stability Control 
(ESC) was activated from an erratic vehicle 
dynamic; the motorized retractor could be 
triggered to remove occupant belt slack even if 
ESC prevented a crash. 
 
    Four-Point Seat Belt � The four-point seat 
belt is a device that has belts coming across both 
shoulders and buckles at the center of the lap.  
Two pyrotechnic pretensioners are utilized on 
each side of the restraint�s lower retractors.  This 
is a prototype device being evaluated by 
suppliers and OEMs for improved restraint 
performance.   
 
     Inflatable Belt � The inflatable belt, similar 
to the inflatable tubular torso restraint (ITTR) 
tested in the mid 90s, is a three-point device 
[Rains, 1998].  It has an inflatable section in the 
shoulder portion of the belt designed for both 
pretensioning and cushioning.  Previous testing 
demonstrated reduced dummy excursion when 
the inflatable belt was compared to a standard 
three-point system.  This prototype restraint is 
being considered by automotive suppliers and 
OEMs. 
 
Test Matrix 
 
The test matrix for the restraint evaluation is 
included as Table 1.  The 50th percentile male 
Hybrid III dummy was used for this series of 
tests.  Configuration code C is baseline treatment 
for test comparison.  It is a standard 3-pt. non-
integrated seat without pretensioning.  The D-
ring position is set in the lowest position. 
 
Pretensioner Deployment 
 
Pyrotechnic and motorized pretensioners were 
tested for the series.  To maintain consistency 
regarding their use, a switch was mounted to 
activate at a prescribed angle of table roll.  As 
the table rotated, the dummy began moving out 
of position, mainly in the Y-direction (lateral).  
A simulation with an automotive supplier 
determined a hypothetical dummy motion before 

a rollover sensor would detect that a rollover was 
inevitable and would trigger the pyrotechnic 
devices.  For the RRT device this motion amount 
occurred at about 45 degrees of rotation.  This 
angle was used for firing all pyrotechnic 
pretensioners used in testing.   
 

Table 1. 
Test Matrix for 50th Hybrid III Male 

 

Configuration   
Description 

D-Ring 
Position Code REPS   

Integrated 
Seat N/A A 3 

Integrated 
SWAP DURA N/A B 3 

* 3-pt. Non-
Integrated  
(3PN) 

Lower C 3 

3-pt. Non-
Integrated   Upper D 3 

(3PN) 
Retractor 
Pretensioner 

Lower E 3 

(3PN) Buckle 
Pretensioner Lower F 3 

(3PN) 
Retractor 
w/Buckle 
Pretensioner 

Lower G 3 

(3PN) 
Motorized 
Retractor 

Lower H 3 

(3PN) 
Motorized 
Retractor 
w/Buckle 
Pretensioner 

Lower I 3 

4pt system 
w/Pretension N/A J 3 

* Baseline Configuration for comparison 
 
For the motorized restraint configurations, the 
assumption was that they would be used prior to 
the onset of the roll because of their reusability 
in the fleet.  For instance, if a motion sensor 
detected irregular vehicle kinematics, it would 
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engage the motorized pretensioner to remove 
slack early.  From this assumption, motorized 
pretensioners were activated just prior to the 
initiation of roll. 
 
Static Test 
 
A static test was conducted for each 
configuration prior to testing to evaluate the 
natural system slack.  The dummy was first 
seated to testing position with the restraint 
configuration.  A hydraulically driven gearbox, 
mounted to the rotating table, was then used to 
slowly roll the table 180 degrees.  The rotated 
table would just barely touch the rollers mounted 
on the shock absorbers.  Static measurements of 
the X (longitudinal), Y and Z (vertical) direction 
for the inverted dummy were recorded.  The 
table was rotated back to the start position and 
the dummy was reseated for the dynamic test. 
 
Dynamic Test 
 
A test to simulate a 180 degree roll followed by a 
roof impact was administered.  Dynamic testing 
utilized a free-falling mass to drive the rotation 
of the table.  A cable system connected the free 
falling mass to the half circle drive feature of the 
test platform.  The mass, housed in the drop 
tower, was stopped by a series of shock 
absorbers.  Platform kinematics were adjusted by 
changing the mass weight.  The target impact 
angular rate was 315 degrees/second.  Earlier 
reported testing was conducted around 260 
degrees/second [Rains, 1998].  Improved 
structural design of the latest RRT allowed for 
increased rates. 
 
Roof impact simulation was achieved through 
the adjustable shock absorbers.  The damping 
adjustment changes the impact force deflection 
characteristics.  A harder impact resulted in less 
shock deflection.  For all testing reported, only 
one setting was utilized.  The selected setting 
allowed for some deflection of the table and 
limited rebound after impact.  A very �hard� 
setting would result in dramatic rebounding and 
bouncing of the table. 
 
Two event marks were utilized for data 
collection.  The first was when the locking clasp 
was triggered to initiate the test.  The second and 
main event mark for testing was the impact of 
the nylon blocks with the roller bearings. Data 
were collected throughout the entire event.  All 
presented comparison data curves utilize the 

impact mark for setting a zero time for 
comparison purposes. 
 
Resting dummy measurements along with 
pictures were taken post testing.  Video data 
collected at the head area were analyzed with 
video imaging software for excursion.  Real-time 
(33 fps) cameras mounted on-board were used to 
measure pre-impact excursion.  High speed 
cameras (500 fps) were setup off-board and 
collected excursion data post impact.  After 
video analysis, the two views were married to 
develop excursions curve in the X, Y and Z 
directions for the entire event. 
 
RESULTS 
 
RRT Device Kinematics 
 
Each test is characterized by an acceleration of 
roll rate until impact.  The acceleration is 
initially slow and increases with time up until 
impact with the shock tower.  The distinct 
motion profile for the rotating platform is 
provided as Figure 5 where time zero is the data 
mark when the table mechanically begins to roll.   
 

 
Figure 5.  Rotating Platform Angular Speed 

Profile for Representative Testing 
of RRT with Target Impact Speed 
of 315 degrees/second.  

 
The motion is very sensitive to the major weight 
changes on the table created by certain 
configuration changes.   Changes of the moment 
about the rotating axle affect the start of the 
initial roll.   The motion profile can be adjusted 
through changing the drop weight total mass.  
Sandbags were used to adjust this mass.  The aim 
was to have an angular speed of the table at 
impact of 315 degrees/second.  Average impact 
roll rate for each tested configuration, with the 
standard deviation for the 3 repeated tests, is 
provided in Figure 6.  The rates did not deviate 
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beyond 3% of the target rate.  An explanation for 
the configurations is provided in Table 1. 
 

 
Figure 6.  Average Impact Roll Rate w/Std 

Deviation (50th male test series) 
 
RRT Impact Force 
 
The impact was characterized through a 
combination of the table-mounted load cells and 
an accelerometer mounted directly under the 
seat.   Table 2 summarizes these data for all the 
tested configurations. 
 

Table 2. 
Average Impact Force and Accelerometer 

Data for RRT 
50th Hybrid III Male 

 

Restraint Avg. Impact Avg. Impact 

Config. Force Accel. 

 Max (N) Max (g) 

A 95,784 51.9 

B 95,370 53.6 

C 102,456 46.4 

D 102,696 47.3 

E 102,277 43.8 

F 103,300 45.6 

G 104,172 45.5 

H 101,402 45.1 

I 101,964 45.1 

J 93,747 47.4 

*Avg. 100,820 46.7 

*Std Dev 3,575 3.0 
*Calculated from all tests 

 
Average impact force and acceleration between 
the three repetitions on any specific 
configuration never exceeded ±2% and generally 

was below ±1% of the average.  Differences 
between configurations generally were noticed 
after significant table weight changes occurred 
between configurations.  An example is between 
the integrated seats (A, B) and the non-integrated 
seats (C-I).  In these cases, the seat fixture 
required changes that resulted in platform weight 
changes for testing.  Non-integrated testing 
utilized similar seating with restraints utilized in 
different combinations.   4-point testing (J) also 
required a seating fixture change leading to 
differences in RRT impact forces. 
 
Dummy Kinematics 
 
Dummy kinematics were influenced by a 
combination of platform rotational and 
gravitational forces.  At the onset of the test, the 
dummy was seated in an upright position.  
Gravity was the primary initial dummy force for 
the slow starting action of the rotating platform.  
As the platform began to rotate, the dummy�s 
course was changed and gravitational forces 
tended to move the dummy inboard (negative Y-
direction). 
 
The angular speed of the platform increased with 
the centripetal or normal acceleration, creating 
the appearance of an outward or centrifugal force 
on the dummy.  This outward force pushed the 
dummy outboard and up (toward the roof) of the 
vehicle (positive Y-direction, positive Z) during 
the pre-impact roll event.  The dummy tended to 
start moving back in the positive Y-direction at 
about 90 degrees of platform rotation.  
Gravitational forces continued to play a roll for 
Z-direction (out of the seat toward the roof) past 
90 degrees of rotation, until impact. 
 
After impact the dummy immediately changed 
from outboard and up motion to a dramatic 
inboard (opposite) Y-direction movement and an 
amplified Z-direction (positive, toward roof 
direction) movement.  The stopped table 
eliminated centripetal accelerations leaving 
momentum and gravity until the dummy came to 
a hanging rest. 
 
Dummy Head Excursion 
 
Video data of the dummy�s head were collected 
for excursion analysis.   X-direction (fore and 
aft) data have been omitted.  The kinematics of 
the RRT do not have an X-direction motion 
component, and analysis shows less significance 
in motion compared to the Y and Z directions.  It 
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is recognized that real world rollovers do have 
varying magnitudes of X-direction motion that 
can be significant.  However, the presented data 
will focus only on Y and Z direction motions. 
 
     Y-Direction Excursion 
 
Figures 7-10 illustrate the results of specific 
configurations tested.  Not all tested 
configurations are shown for brevity.  These 
figures offer insight into the testing that was 
conducted.  The figures include results for the 
Integrated Seat (A), Non-integrated Seat (C), the 
combination pyrotechnic retractor with buckle 
pretensioner (G) and the electronic motorized 
retractor with pyrotechnic buckle pretensioner 
(I).  From these figures, the general Y-direction 
dummy kinematics are observed.  These 
configurations demonstrate how effective each 
countermeasure was in altering the dummy head 
excursion values.  They also demonstrate the 
consistency of dummy head excursion between 
repetitions within a configuration set. 
 
Time zero is the impact moment, and beyond is 
the post-impact excursion.  The portion of the 
curve before time zero is the pre-impact 
excursion while the platform is rotating.  Within 
a configuration, dummy head excursion was 
relatively consistent.  Here the dummy 
tendencies in the test are noticed.  The initial pre-
impact Y-direction inboard movement is 
depicted by a negative value.  The subsequent 
pre-impact outboard movement is noticed from 
the increasing value of Y before time zero.   
 
The impact stops rotation of the platform.  After 
time zero, the dummy head Y-excursion shifts.  
This inboard movement peaks and the dummy 
rebounds to a resting position.   
 
 

 
Figure 7.  Configuration A Y-direction 
excursion of 50th male. 

 

 
Figure 8.  Configuration C Y-direction 
excursion of 50th male. 
 

 
Figure 9.  Configuration G Y-direction 
excursion of 50th male. 
 

 
Figure 10.  Configuration I Y-direction 
excursion of 50th male. 
 
 
Figure 11 plots the average Y-direction dummy 
head excursion of the four configurations, A, C, 
G and I.  As previously mentioned, configuration 
C is used as the baseline because it represents a 
standard 3-pt system with no use of 
pretensioners.  The dummy Y-direction head 
excursion is reduced when each configuration is 
compared to the standard 3-pt. belt, C.  Pre-
impact Y_in (inboard) excursion is reduced from 
223mm to 54mm (76%) when the motorized seat 
belt with buckle pretensioner (I) is compared to 
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the baseline (C).  Pre-impact Y_out (outboard) is 
reduced from 225mm to 131mm (42%) when the 
same configurations are compared. 
 

 
Figure 11.  Average Y-direction movement for 
Configurations A, C, G and I. 
 
 
Table 3 summarizes the average maximum 
dummy Y-direction head excursions for all 
tested restraints.   These values are divided into 
pre and post impact categories.  Pre-impact is 
subdivided for the inboard motion and outboard 
motion.  Configurations with pretensioners were 
able to reduce dummy head Y-direction 
excursion. 

Table 3. 
Average Pre and Post Impact Dummy Y-

Direction Head Excursion 
 50th Hybrid III Male 

 
 PRE IMPACT POST 

Restraint Y_in Y_out Y 
A -95 215 -466 
B -83 128 -387 
C -223 225 -518 
D -250 284 -445 
E -102 95 -392 
F -116 159 -458 
G -122 132 -354 
H -44 173 -391 
I -54 131 -362 
J -83 266 -514 

 
A graphical summary of average maximum pre-
impact excursion for all treatments is provided in 
Figure 12.    The shaded background 
distinguishes between integrated (green), non-
integrated (yellow) and the 4-pt (blue) 
configurations.  In general, treatments resulting 
in a lower Y_in also had a reduced pre-impact 
Y_out when compared to the baseline (C) and 

the other non-pretensioned 3-pt. test (D).  The 
integrated seats were effective in reducing 
excursion, with the SWAP configuration 
performing comparable to pretensioned 
treatments.  It is important to consider that all 
pyrotechnic pretensioners were fired at a roll 
angle of 45 degrees (around 0.75 seconds before 
impact), and the motorized retractors were 
energized at the initiation of the roll.  These 
devices were utilized in configurations E-J.  
Y_out of the 4-pt belt (J) was not reduced even 
though inboard motion was.   
 

 
Figure 12.  Pre-impact Y_in and Y_out 
Dummy Head  
 
Post impact average maximum Y-direction 
dummy head excursions are quite variable 
between treatments, though pretensioning in 3-pt 
systems seemed to help reduce the excursion 
when compared to the baseline (C).  The 
integrated SWAP (B) reduced post impact Y-
excursion from 518mm to 387mm (25%) when 
compared to C.  However, post impact 
evaluation of excursion by the RRT is difficult 
because dummy motion is very dramatic from 
the immediate stopping of platform rotation.  
Similar types of real world crashes are less 
prevalent and most generally continue to roll 
beyond 180 degrees and do not immediately 
stop. 
 
     Z-Direction Excursion 
 
The motion of moving up toward the roof is 
considered Z-direction excursion for this testing. 
Figures 13-16 summarize each test for the 
individual configurations illustrated.  Similar to 
the Y-direction plots, time zero is the impact of 
the table.  Typical Z-direction movement in the 
pre-impact phase is zero until the apparent 
centrifugal forces begin to force the dummy up 
out of the seat.  At this point, the Z-excursion 
begins to increase through the pre-impact phase.  
At impact, the dummy experiences a pointed 
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spike in the Z-direction.  After this spike, the Z-
direction begins to decrease and rebound to a 
resting position.  Much of this post-impact spike 
Z-direction motion occurs because the dummy is 
pivoting around the lap belt and the dramatic Y-
direction inboard motion reduces the dummy Z-
direction.  At stated earlier, rollover crashes that 
immediately stop after 180 degrees of roll are 
less common, making post impact data difficult 
to interpret.   
 

 
Figure 13.  Configuration A Z-direction 
excursion of 50th male. 
 
 

 
Figure 14.  Configuration C Z-direction 
excursion of 50th male. 
 
 
 

 
Figure 15.  Configuration G Z-direction 
excursion of 50th male. 

 

 
Figure 16.  Configuration I Z-direction 
excursion of 50th male. 
 
Similar to the Y-direction, pretensioners were 
able to alter the dummy head Z-direction motion 
between treatments.  Figure 17 plots the average 
Z-direction motion of configurations A, C, G and 
I.  With the baseline configuration as C, each 
treatment was able to reduce the Z-direction head 
excursion of the 50th male dummy. 
 

 
Figure 17. Average Z-direction movement for 
Configurations A, C, G and I. 
 
 
Table 4 summarizes the average maximum 
dummy head Z-excursion pre and post impact for 
all tested configurations.  This is graphically 
depicted as Figure 18.  When compared to the 
baseline (C), the integrated seat configurations, 
A and B, had pre-impact Z-direction reductions 
of 49% and 54%, respectively.  The post-impact 
were reduced 35% and 50%, respectively.  No 
pretensioners were used in the integrated seat 
configurations.   
 
The 3-pt pretensioner configurations, E-I, show a 
large reduction of dummy Z-direction head 
excursion.  When compared to C, pre- and post-
impact dummy head excursions for the 
motorized pretensioner and pyrotechnic 
configuration (I) were reduced 66% and 60% 
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respectively.  In general, reduced pre-impact Z-
head excursion led to reduced post impact Z 
motion.  The 4-pt belt (J) had similar 
performance as the integrated seat configuration 
(A) in Z-direction excursion. 
 
 

Table 4. 
Average Pre and Post Impact Dummy Z-

Direction Head Excursion 
 50th Hybrid III Male 

 

 
PRE 

IMPACT 
POST 

IMPACT 
Restraint Z Z 

A 69.0 147.5 
B 61.7 113.3 
C 135.4 226.0 
D 140.1 226.9 
E 47.3 89.9 
F 61.7 128.9 
G 49.9 98.7 
H 60.8 117.2 
I 45.7 89.8 
J 62.7 162.6 

 
 

 
Figure 18. Average Z-direction movement for 
Configurations A, C, G and I. 
 
SUMMARY 
 
A test series focused on restraint technologies for 
rollover crashes was conducted with the NHTSA 
Rollover Restraint Tester (RRT).  The 50th 
percentile male Hybrid III dummy was utilized.  
Restraints included fleet typical 3-point non-
integrated seats, integrated seats, pyrotechnic 
retractor and buckle pretensioners, motorized 
pretensioners and a 4-point belt system.  
Pretensioners were tested in various 
combinations.  Each configuration simulated a 

roof-to-ground impact at 180 degrees with an 
angular speed of 315 degrees/second and was 
repeated 3 times.  Occupant excursions in the X, 
Y and Z direction were recorded utilizing a 
combination of real time and high speed cameras 
and analyzed with digitizing software.  
Configuration C is the baseline used for 
comparisons between treatments.  All 
pyrotechnic devices were deployed at 45 degrees 
of table rotation.  Motorized devices were 
activated at the initiation of roll.  Observations 
from this round of testing include: 
 

1. The RRT is a research device that 
provides a repeatable dynamic 
environment suitable for evaluating 
restraints in a rollover scenario. 

 
2. Integrated seats, when compared to the 

baseline (C), reduced both Y (lateral) 
and Z (vertical) head excursions in the 
pre and post impact phase of the test.  
These reductions were up to 54%. 

 
3. Pretensioners in all configurations 

effectively reduced maximum dummy 
head excursions in both the Y and Z-
directions in pre and post-impact of the 
RRT. 

 
4. Motorized retractor pretensioners (H, I) 

activated at the initiation of roll reduced 
pre-impact excursion in the Y-direction 
by up to 76% and Z-direction head 
excursion up to 66%. 

 
5. The 4-pt belt (J), with 2 pyrotechnic 

retractors, reduced pre-impact Y_in 
motion by 63% and Z by 54%, however 
Y_out motion dummy head excursion 
increased 18% when compared to the 
baseline.  The post impact Z excursion 
was reduced 28%, while the post impact 
Y excursion was essentially unchanged 
from the baseline configuration. 

 
6. Initial results indicate that restraint 

technologies tailored for rollover crash 
events may reduce occupant excursion 
toward the roof. 

 
 
CONTINUED WORK 
 
Testing with the RRT is continuing. Other 
technologies that may have potential for restraint 



 
Sword 11 

during a rollover crash are also being considered.  
One technology is the inflatable belt previously 
tested in the mid 1990s.  Other considerations 
include adding a partial cab reaction surface to 
allow for testing of rollover air bags and similar 
devices being incorporated for rollover 
protection. 
 
Other testing includes evaluation of the 5th 
female and 95th male dummies to investigate 
how occupant size affects rollover crash 
restraint.  Physical limitations of the RRT play a 
factor in testing the heavier occupant (95th) and 
adding a cab structure. 
 
New camera equipment has been purchased to 
improve visual data collection.  They are high 
speed/high g rated cameras allowing all data to 
be collected on-board the RRT.   
 
A rollover modeling program has also been 
initiated with goals of correlating dummy 
kinematics with the RRT to simulated real world 
rollovers.  Physical results from the testing are 
aiding in developing a computer model.  This 
will allow evaluation of technologies and 
situations that may be physically restricted by 
the RRT. 
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ABSTRACT 
 
This paper identifies and analyzes violations 
associated with intersection-crossing-path crashes for 
the purpose of providing support for development of 
effective collision avoidance countermeasure systems 
including the Cooperative Intersection Collision 
Avoidance System for Violation (CICAS-V) project. 
The methodology begins by addressing multi-vehicle 
crashes at intersection / intersection-related junctions 
subdivided by their respective traffic control devices. 
This is followed by translating crashes into subsets of 
two-vehicle crossing-path crashes and analyzing 
them in detail for their respective violations at 
various traffic control devices. 
 
The analysis utilizes 2004 General Estimating 
System (GES) national crash data-files to arrive at 
the quantitative estimates. There were 1,035,000 two-
vehicle-crossing-path crashes at intersections. A 
majority of the crashes involved vehicles at Straight 
crossing-paths followed by vehicles at Left turn 
across path / Opposite direction and Left turn across 
path / Lateral direction. The analysis provides 
adequate evidence of violators, the major contributors 
being Failure to Yield, which is due to the 
misjudgment of gap, and Running a red light /Stop 
Sign. Nearly half the crashes were at signalized 
intersections and the remaining at non-signalized 
intersections. For vehicles at Stop Signs, a majority 
of them were at a two-way Stop Sign. 
 
The paper uses a novel approach by addressing pairs 
of vehicles and their interactions with each other at 
crossing-paths. The paper approaches violations by 
looking at the number of violating vehicles involved 
in each multi-vehicle crash situation. Pre-crash 
movement, critical event, and the type of traffic 
control device are utilized to identify the violating 
vehicle in each of these situations. 
 
INTRODUCTION 
 
The purpose of the paper is to determine the scope of 
violations at crossing-path intersection crashes using 

the National Automotive Sampling System (NASS)/ 
General Estimating System (GES) 2004 database of 
the National Highway Traffic Safety Administration 
(NHTSA). The paper addresses key areas of pre-
crash behavior like critical event and vehicle 
maneuver combined with infrastructure components 
like traffic control device and junction type to 
estimate violations that produce crossing-path-
intersection crashes.  
 
Through the Cooperative Intersection Collision 
Avoidance Systems to avoid Violations at Stop Signs 
and Signals (CICAS-V) initiative, the USDOT is 
working in partnership with the Original Equipment 
Manufacturers(OEM) and State and local 
departments of transportation to pursue an optimized 
combination of autonomous-vehicle, autonomous-
infrastructure and cooperative communication 
systems that potentially address the full set of 
intersection crash problems 
 
The paper begins with the classification process and 
presents a general description of all crashes in the 
United States for their junction types. This leads to 
intersection-and intersection-related junctions and 
introduces multi-vehicle crashes at these junctions. 
This is followed by restricting the analysis to two-
vehicle crashes and separating the data for their 
traffic control devices and their respective type of 
crossing-path. 
 
The intermediate part of the paper presents the 
transformation process and describes the need for the 
transformation of data to address the crash situation. 
The paper progresses from crashes to vehicles and 
expands the available set of traffic control devices 
into appropriate combinations that address the crash 
situation. The paper introduces violations at this point 
and separates the vehicles into pairs of cited 
violations at intersections and identifies the violating 
vehicle among each pair. 
 
The latter part of the paper presents a process for 
consolidation of uncited violations with cited 
violations so as to provide total estimates for all 
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violations at intersections. The process progresses 
through a series of steps by combining certain pre-
crash scenarios like pre-event maneuver and critical 
event to arrive at conclusions about the unaccounted 
violations. 
  
PREVIOUS WORK 

 
Chovan et al. performed crossing-path crash studies 
using the Crashworthiness Data System (CDS) to 
device countermeasure concepts for the Intelligent 
Transportation System program. One part of the 
analysis dealt with straight crossing-path at 
signalized and un-signalized intersections [5, 6]. 
However, these studies did not distinguish crashes 
based on traffic control devices. Chovan et al. [7] 
also performed an analysis on vehicles turning left at 
intersections while the other vehicle was approaching 
from the opposite direction.  This study did not 
differentiate between signalized and un-signalized 
intersections. Ragland and Zabyshny [4] developed 
taxonomy of Crossing-path crashes for the 
intersection decision support (IDS) project. The 
project would provide information to drivers through 
their Decision Support System builds on and previous 
work to provide possible IDS countermeasures at 
intersections with crossing-paths. However, the paper 
does not discuss the types of violations and their 
implications at these crossing-paths.  
 
Wang et al. [8] produced a detailed report on the 
problem size assessment and statistical crash 
descriptions for intersection crossing-path-crashes 
using such measures as number of crashes, number 
and severity of injuries, number of fatalities, crash 
involvement rate, and crash involvement likelihood. 
In 2001, Najm et al. [1] performed a detailed analysis 
of the intersection problem by analyzing it for all 
types of junction; not just intersections. The paper 
deals with the understanding of the pre-crash scenario 
in order to evaluate proposed countermeasures for the 
intersection problem. The paper separates the 
intersection crashes by the pre-crash movement based 
on the type of crossing-path. Najm�s paper serves as 
a model for the current paper. However, the current 
paper adds to the analysis by accounting for under-
reported violations through a combination of critical 
event and pre-crash maneuvers to arrive at reasonable 
estimates.  
 
ANALYSIS 
 
The analyses of crossing-path intersection/ 
intersection-related crashes are broadly classified into 
the following three processes: 
 

 
• Classification process 
• Transformation process 
• Consolidation process 

 
1. Classification process 

 
The process begins with a general description of the 
crash scenario and quantifies all crashes at 
intersection and intersection-related junctions. This is 
followed by restricting the analysis to two-vehicle 
crashes and separating the data into their respective 
crossing-path crashes. The activities involved in these 
processes are described below. 
 
Type of Junction 
 
The analysis begins by identifying the type of 
junction involved in crashes. Since 1992, junctions 
are broadly classified into interchange and non-
interchange areas. The description of this is given 
below: 
 
Interchange/ Non-interchange-The interchange area 
[3] is the area around a grade separation which 
involves at least two traffic ways. Included within its 
boundaries are: (1) all ramps which connect the 
roadways, and (2) each roadway entering or leaving 
the interchange to a point 30 meters beyond the gore 
or curb return at the outermost ramp connection for 
the roadway. One may find included within 
interchange area intersections, driveway accesses, 
and, of course, roadway sections which non-junctions 
are. This is illustrated in Figure 1[3]. 

 
Figure1.  Interchange and Non-interchange areas. 
 
These areas are further classified into junction types 
as give below: 
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Non-Interchange           
Code 0 Non-Junction 
Code 1 Intersection 
Code 2 Intersection Related 
Code 3 Driveways, Alley Access, Etc 
Code 4 Entrance/Exit Ramp 
Code 5 Rail Grade Crossing 
Code 6 On a Bridge 
Code 7 Crossover Related 
Code 8 Other, Non-Interchange 
Code 9 Unknown, Non-Interchange 
 
Interchange Area 
Code 10 Non-Junction 
Code 11 Intersection 
Code 12 Intersection Related 
Code 13 Driveways, Alley Access, Etc. 
Code 14 Entrance/Exit Ramp 
Code 16 On a Bridge 
Code 17 Crossover Related 
Code 18 Other Location in Interchange 
Code 19 Unknown, Interchange Area 
 
Combining interchange and non-interchange areas for 
all junctions, it is seen from Table 1 that there were 
6,170,000 crashes in the United States in 2004. 
Among them, non-junctions account for 
2,768,000(45%) of the crashes forming the biggest 
contributor followed by intersection and intersection- 
related junctions accounting for 1,304,000(21%) and 
1,176,000(19%) of the crashes. Driveways and alley- 
access account for 568,000(9%) while enter/exit 
ramp account for 184,000(3%) of the crashes. 
Bridges, rail grade crossing, crossovers and others all 
together account for 170,000(3%) of the remaining 
crashes. 

Table 1. 
Distribution of all crashes for their junction 

types based on GES 2004 
 

Type of Junction 
GES  
Code Crashes Pct % 

Non-Junction 0,10 2,768,000 45% 

Intersection 1,11 1,304,000 21% 

Intersection Related 2,12 1,176,000 19% 

Driveway, Alley access 3,13 568,000 9% 

Enter/Exit ramp 4,14 184,000 3% 

On a bridge 6,16 99,000 2% 

Others 8,18 45,000 1% 

Crossover Related 7,17 11,000 0% 

Rail Grade crossing 5,15 15,000 0% 

Grand Total  6,170,000 100% 

 
For the purpose of this study, the analysis is restricted 
to intersection and intersection-related junctions 
which are defined as follows: 

 
Intersection: An intersection [3] is a type of junction 
which: (1) contains a crossing or connection of two 
or more roadways not classified as a driveway access 
or alley access, and (2) is embraced within the 
prolongation of the lateral curb lines or, if none, the 
lateral boundary lines of the roadways. Where the 
distance along a roadway between two areas meeting 
these criteria is less than 10 meters, the two areas and 
the roadway connecting them are considered to be 
parts of a single intersection.  
 
Intersection-related:  Intersection-related [3] means 
that the first harmful event: (1) occurs on an approach 
to or exit from an intersection, and (2) results from an 
activity, behavior or control related to the movement 
of traffic units through the intersection. Among the 
many types of intersections, a 4-leg intersection is 
used to illustrate the areas of concern which is shown 
Figure 2[3]. 
 

 
Figure 2.  Intersection and intersection-related 
junctions. 
 
 
It is seen from Table 2 that intersection and 
intersection-related crashes account for 2,480,000 of 
all crashes in the United States. Among them, 
intersections account for 1,304,000(53%) of the 
crashes and intersection-related crashes account for 
1,176,000(47%) of the crashes. Also, 1,278,000 
(52%) of them occur at a non-interchange/ 
intersection and 1,158,000 (46%) of them occur at a 
non-interchange / intersection-related junction.  Also, 
Interchange / intersection and interchange / 
intersection-related junctions contribute to only 
around 1% each.  It should be noted that intersection-
related crashes were included to account for any 
intersection crash erroneously coded as intersection-
related crashes. 

 
 
 
 

Intersection 

Intersection Related 
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Table 2. 
Distribution of intersection / intersection 

-related crashes subdivided by the interchange 
and non-interchange areas. 

 

Type of Junction 
GES  
Code Crashes Pct % 

Intersection  1,304,000 53% 
Non-Interchange/ 

Intersection 1 
 

1,278,000 52% 
Interchange/ 
Intersection 11 26,000 1% 

Intersection Related  1,176,000 47% 
Non -Interchange/ 

Intersection-Related 2 1,158,000 46% 
Interchange/ 

Intersection-Related 12 18,000 1% 

Grand Total  2,480,000 100% 
 
Table 2 summarizes the distribution of that 
Intersection/ Intersection-related crashes and leads to 
the distribution of vehicles involved in crashes.  
 
Two-Vehicle-crashes 
 
The data for intersection and intersection-related 
crashes from Table 2 are separated into single-and 
multi-vehicle crashes in Table 3. Multi-vehicle 
crashes are further separated into two-vehicle and 
greater-than-two-vehicle crashes. Table 3 also 
introduces traffic control devices associated with 
intersection / intersection-related crashes. The 
analysis utilizes three traffic control devices namely 
Colors, Stop Sign and No Control. The GES codes 
representing the traffic controls are as follows: 
 
Code 00    No Controls    
Code 01    Signal   
Code 21    Stop Sign  
 
According to the GES variable code manual, a 
vehicle is coded to be on Colors if the signal 
processes through the green, amber and red times [2].  
A Stop Sign is coded in the police accident report if at 
least one vehicle involved in the accident was present 
at a Stop Sign. No Control is coded for vehicles if at 
the time of the crash, there is no intend to control 
(regulate or warn) vehicle traffic. This variable also 
applies when statutory warnings, deactivated or 
inactivated signs apply. 
 
It is seen from Table 3 that two vehicle crashes 
account for 2,061,000(83%) of the intersection/ 
intersection-related crashes followed by single and 
more-than-two-vehicle crashes accounting for 
241,000(10 %) and 177,000 (7 %) of the crashes. For 
the purpose of the current study, the analysis is 

restricted to two-vehicle crashes, since every vehicle 
is dynamically related to only one other vehicle. 
Also, this facilitates the process of separation. The 
single and the greater-than-two vehicle crashes, as 
seen by the shaded region in Table 3, are excluded in 
the subsequent analysis.  
 
Among traffic control devices, Signals account for 
1,214,000(49%) of the crashes followed by Stop 
Signs which account for 569,000(23%) of the 
crashes. Uncontrolled intersections account for 
536,000(22%) of the crashes. All other types of 
controls like, yield signs, warnings signs etc account 
for 160,000(6%) of the crashes as seen in Table 3. 

 
Table 3. 

Distribution of intersection / intersection- 
related single-, two-vehicle and greater-than-two- 

vehicle crashes against their traffic control 
devices. 

 

Traffic  
control  
Device 

Single  
vehicle  

Two  
vehicles 

Greater 
than 
two 
vehicles Total 

Colors 62,000 1,035,000 117,000 1,214,000 

Stop Sign 54,000 498,000 17,000 569,000 

No controls 104,000 399,000 33,000 536,000 

Others 21,000 129,000 10,000 160,000 

Total 241,000 2,061,000 177,000 2,480,000 

Pct % 10% 83% 7% 100% 
  
Thus, Table 3 summarizes two-vehicle intersection/ 
intersection related crashes for their respective traffic 
control devices and leads into their crossing-paths. 
 
Crossing-path Crashes 
The two-vehicle intersection/ intersection-related 
crashes (2,061,000 crashes) from Table 3 are 
separated into their respective crossing-path crashes 
in Table 4. By definition, crossing-path-intersection-
crashes are defined as the type of crashes where one 
moving vehicle cuts across the path of another, while 
they were approaching each other from either 
perpendicular directions, and collide at or near a 
junction. GES codes these attributes for each vehicle 
in the Vehicle file. However, Table 4 represents the 
traffic control device at the crash level which need 
not necessarily be the same at the vehicle level. 
These issues are addressed in the forthcoming 
chapters. The codes used in GES for the different 
crossing-path crash situations are given below: 
 
1: Code 68-69 Left turn across path/Opposite 

direction (LTAP/OD) 
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2: Code 82-83 Left turn across path/Lateral direction 
(LTAP/LD) 

3: Code 76-77 Left turn into path (LTIP)  
4: Code 78-79 Right turn into path (RTIP) 
5: Code 86-89 Straight crossing path (SCP) 
6: Code 74,75,80,81,84,85,90,91 Other Crossing Path 
A pictorial representation of the graph is shown in 
Figure 3 [1]: 

 

 

 

 

 
Figure 3.  Descriptive diagram depicting the five 
crossing-paths: 1) LTAP/OD   2) LTAP/LD   3) LTIP     
4) RTIP    5) SCP. 

Table 4 summarizes the two-vehicle-intersection / 
intersection-related crashes and separates them 
between crossing-paths and non-crossing-path-
crashes at intersections. It is seen that 1,114,000 
(54%) of the two-vehicle intersection crashes are 
crossing-path crashes while 947,000(46%) involve 
non-crossing-path crashes like rear-end, lane-
departure, side-wipe, backing etc., depicted by the 
shaded region. Also, other traffic control devices like 
yield signs, warning signs etc, are combined together 
as Others. This is shown in Table 4. 

Table 4. 
Distribution of two vehicle 

intersection/intersection - related crossing-path 
crashes for their traffic control devices including 

‘others/unknown’. 
 

Two-vehicle 
intersection 
crashes Colors 

Stop  
sign 

No  
Control Others Total 

Crossing-path intersection crashes 

LTAP/OD 207,000 10,000 72,000 16,000 305,000 

LTIP 14,000 28,000 14,000 3,000 59,000 

RTIP 20,000 27,000 6,000 4,000 57,000 

LTAP/LD 47,000 105,000 18,000 8,000 178,000 

SCP 139,000 205,000 20,000 24,000 388,000 
Other CP 
crashes 53,000 40,000 26,000 9,000 127,000 

Total 480,000 415,000 155,000 64,000 1,114,000 

Non-crossing-path two-vehicle intersection crashes 

Rear-end 447,000 55,000 155,000 48,000 705,000 

Lane-change 45,000 2,000 28,000 6,000 82,000 

Head-on 2,000 0 2,000 0 4,000 
Side swipe/ 
Opp dir 2,000 1,000 4,000 0 7,000 
Across path/ 
Same direction 27,000 4,000 36,000 3,000 70,000 

Backing 14,000 11,000 5,000 3,000 33,000 

Misc./ others 18,000 10,000 14,000 4,000 46,000 

Total 555,000 82,000 244,000 65,000 947,000 

Grand Total 1,035,000 498,000 399,000 129,000 2,061,000 

   50% 24% 19% 6% 100% 

 
Since the focus of this paper is on violations that lead 
to crossing-path crashes, two-vehicle non-crossing-
path crashes are omitted from subsequent analysis. 
Also, crashes with Other type of traffic control 
devices are omitted as a means of simplifying the 
process.  These are shown by the shaded regions in 
Table 4.  
 
This leads to just two-vehicle intersection/ 
intersection-related crossing-path-crashes at traffic 
control devices of Signals, Stop Sign and No 
Controls as seen in Table 5. In Table 5, SCP crashes 
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are the biggest contributors with 364,000(35%) 
crashes followed by LTAP/OD and LTAP/LD with 
289,000(28%) and 170,000(16%) crashes 
respectively. This is followed by LTIP and RTIP 
each contributing to 56,000(5%) and 53,000(5%) 
crashes respectively. The rest of the 119,000(11%) 
crashes are other crossing-path crashes like left 
turn/right turn combinations, lane-keeping etc. This is 
seen in Table 5 below. 
 

Table 5. 
 Distribution of intersection/ intersection- 
related crossing-path crashes based on their 

traffic control devices excluding ‘others/ 
unknown’. 

 
Crossing 
 path Colors 

Stop 
Sign 

No 
Controls Total 

LTAP/OD 207,000 10,000 72,000 289,000 

LTIP 14,000 28,000 14,000 56,000 

RTIP 20,000 27,000 6,000 53,000 

LTAP/LD 47,000 105,000 18,000 170,000 

SCP 139,000 205,000 20,000 364,000 
Other CP  
crashes 53,000 40,000 26,000 119,000 

Total 480,000 415,000 155,000 1,050,000 

Pct% 46% 40% 14% 100% 
 
Table 5 summarizes the basic combination of all two-
vehicle intersection/intersection-related-crossing-path 
crashes at traffic control devices of Signal, Stop Sign 
and No Controls.  
 
2.  Transformation Process 
 
Table 5 presents the basic combination of the two-
vehicle-crossing-path crashes at intersections. 
However, the challenges of identifying the violating 
vehicle, the  appropriate traffic control device and the 
respective violation charged at the crash junction still 
prevails. These issues are addressed in detail in this 
section. The two key activities involved in the 
transformation processes are: 1) transformation of 
crashes to vehicles and 2) transformation of traffic 
control devices.  
  
     Transformation of crashes to vehicles: The key to 
an effective countermeasure system would be its 
ability to identify the violator or violating vehicle 
among a group of vehicles approaching each other at 
an intersection. Once identified, the system could 
warn or assist the violating driver of the impeding 
situation at the junction. This necessitates the 
inclusion of both vehicles in a two-vehicle crash. 
This is accomplished by moving the direction of the 

analysis for the two-vehicle-crossing-path crashes 
from the Accident /Crash level to the Vehicle level. 
 In order to better understand the situation, we 
examine the characteristics of the NASS/GES crash 
data files more closely. In GES, the Accident file 
contains information from 1988 to the current date on 
crash characteristics and environmental conditions at 
the time of the crash. There is one record per crash. 
The Vehicle file contains information describing the 
vehicles and drivers involved in the crash. There is 
one record per vehicle. The Trafcon File contains 
information of traffic control devices that govern 
each vehicle. It has one record for each traffic control 
device and, at least one record for every vehicle. 
 
Thus, the vehicle file, in combination with the trafcon 
file, assigns the traffic control device to each 
individual vehicle instead of the crash. The number 
of crashes in Table 5 is transformed in Table 6 to the 
number of vehicles involved in the crash. Thus, 
situations for Stop Sign /No Control combinations 
where This vehicle was at a No Control while the 
Other vehicle was at a Stop Sign, were both assigned 
a Stops Sign at the crash level. However, the vehicle 
file assigns the respective traffic control device to 
each vehicle for such situations. This results in the re-
arrangement in the estimates of crashes i.e. a 
decrease in crashes for Stop Signs (40% to 22%) in 
Table 5 and an increase in the number of vehicle for 
No control (14% to 32%) in the Table 6.  Also, any 
combinations of known traffic controls (Signal, Stop 
Sign, No Control) for This vehicle with an Unknown 
traffic control for the other vehicle i.e. Stop Sign-
Unknown or No-Control-unknown combinations were 
removed from further analysis. The result of these 
modifications is summarized in Table 6. 

Table 6. 
Distribution of vehicles involved in 

intersection/intersection-related crossing- 
path crashes based on their traffic control 

devices excluding ‘other/unknowns’. 
 

Crossing  
Path Colors 

Stop  
sign 

No 
Control Total 

LTAP/OD 412,000 18,000 146,000 576,000 

LTIP 29,000 29,000 52,000 110,000 

RTIP 40,000 28,000 36,000 104,000 

 LTAP/LD 93,000 107,000 129,000 330,000 

SCP 277,000 227,000 213,000 718,000 
Other CP 
crashes 106,000 48,000 81,000 235,000 

Total 956,000 458,000 657,000 2,071,000 

Pct % 46% 22% 32% 100% 
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Transformation of Traffic control Devices: It is seen 
from Table 6 that intersections with signals account 
for 956,000(46%) of the vehicles in crashes and 
represent situations where both vehicles in either 
direction meet at a signal. Hence, the data for Colors 
represents both vehicles in that column and is 
consistent. However, the situation differs for Stop 
Signs and No controls. For situations with a Stop 
Sign/ No Control combination, i.e. situations where 
one vehicle is at a Stop Sign while the other vehicle 
is uncontrolled, the Vehicle file codes the traffic 
control of one vehicle to be at a Stop Sign while the 
other is coded to be at a No control. Thus one of the 
vehicles is represented by the 458,000(22%) vehicles 
at Stop Signs while the other vehicle is included in 
the 657,000(32%) vehicles at No controls. Also, 
situations where both vehicles are at a Stop Sign or 
No controls at an intersection are not separable from 
vehicles with Stop Sign/ No Control combinations in 
Table 6. 
 
This necessitates the adjustment of the description of 
the traffic control devices at these junctions to 
adequately define the crash situation. The adjusted 
traffic control device for Signals, Two-way Stop Sign, 
Four-way Stop Sign, and No control is shown in 
Table 7. Thus, in the Two-way Stop Sign column, half 
of the 693,000 vehicles are at a Stop Sign while the 
other half are at a No Control. Both vehicles in the 
Four-way Stop Sign column are at a Stop Sign. 
Similarly, both vehicles in the No Control column are 
at an uncontrolled intersection. 
 
From Table 7, it is seen that for vehicles at Signals, 
LTAP/OD and SCP were the major contributors for 
crossing-paths with 412,000(43%) and 277,000(29%) 
vehicles followed by (LTAP/LD) and (RTIP) with 
93,000(10%) and 40,000(4%) vehicles.  For vehicles 
at Two-way-Stop Signs, the major crossing-path types 
were SCP and LTAP/LD with 345,000(50%) and 
187,000(27%) vehicles followed by contributions 
from LTIP and RTIP with 48,000 (7%) and 49,000 
(7%) each.  For vehicles at Four-way Stop Signs 
(except for LTAP/OD where the vehicles are in 
opposite directions), the biggest contributor was SCP 
with 55,000(50%) accounting for almost half of the 
crashes. This was followed by LTAP/OD and 
LTAP/LD with 16,000(14%) and 13,000(12%) 
vehicles. Small contributions were made from LTIP 
and RTIP with 6,000(3%) and 3,000(2%) vehicles. 
For vehicles at No controls, LTAP/OD is the biggest 
contributor with 144,000(46%) vehicles in crashes 
accounting for almost half of the crashes. This is 
followed by SCP and LTAP/LD with 40,000(13%) 
and 36,000(12%) vehicles. LTIP and RTIP 

contributed to 28,000(9%) and 12,000(4%) of the 
vehicles. 

Table 7. 
Adjusted distribution for traffic control devices for 

vehicles in two-vehicle intersection/ intersection-
related crossing- path crashes  

 

Crossing 
Path Signals 

Two 
 way 
 stop 
 sign 

Four 
 way 
 stop 
 sign 

No  
Control Total 

LTAP/OD 412,000 4,000 16,000 144,000 576,000 

LTIP 28,000 48,000 6,000 28,000 110,000 

RTIP 40,000 49,000 3,000 12,000 104,000 

LTAP/LD 93,000 187,000 13,000 36,000 329,000 

SCP 277,000 345,000 55,000 40,000 717,000 
other CP 
crashes 106,000 60,000 18,000 51,000 235,000 

Total 956,000 693,000 111,000 311,000 2,071,000 
 
Table 7 summarizes the vehicles involved in two-
vehicle intersection/ intersection-related crossing-
path crashes.  The remainder of the paper analyzes 
the role that violations play for the various types of 
crashes and types of traffic control devices. 

 
Violations Charged 
 
 The NASS/GES data for violation is obtained either 
directly from an item on the Police Accident Report 
(PAR) or by interpreting the information provided in 
the report through reviewing the crash diagram, the 
officer�s written summary of the crash, or 
combinations of variables on the PAR.  
The variables used in GES to define the various 
violations are shown below: 
 
Code 00: None  
Code 01: Alcohol  
Code 02: Drugs 
Code 03: Speeding 
Code 04: Reckless Driving 
Code 05: Driving with a suspended or Revoked                       

License   
Code 06: Failure to Yield 
Code 07: Running a Traffic Signal 
Code 50: Hit and Run (No Information) 
Code 97: Violation Charged- No details 

 Code 98: Other Violation  
Table 8 introduces the types of violations that 
preceded these crashes at this point. The adjusted 
traffic control device and crossing-path from Table 7 
are subdivided for their violations in Table 8.  
For vehicles at Signals, 351,000 (37%) of the 
vehicles were cited for some kind of violation. 
Among them, Failure to Yield and Red-light-running 
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Table 8. 
Distribution of vehicles involved in intersection/ intersection-related crossing-path crashes based 

on traffic control devices at the intersection subdivided by cited violations. 
Traffic  
Control  
Device Violation LTAP/OD LTIP RTIP LTAP/LD SCP 

Other  
CP 
crashes Total 

No Violation 256,000 19,000 25,000 57,000 175,000 74,000 606,000 

Alcohol and drugs 3,000 0 0 1,000 2,000 1,000 7,000 

Speeding 1,000 0 0 1,000 1,000 1,000 4,000 

Reckless driving 0 0 1000 0 0 0 1,000 

Failure to Yield Right of way 73,000 1,000 4,000 3,000 4,000 4,000 89,000 

Running a red-light/ Stop Sign 11,000 3,000 2,000 15,000 48,000 2,000 81,000 

Hit and run 8,000 2,000 1,000 3,000 9,000 7,000 31,000 

Others/unknown 60,000 3,000 7,000 13,000 38,000 17,000 138,000 

Signals 
  
  
  
  
  
  
  
  Total 412,000 28,000 40,000 93,000 277,000 106,000 956,000 

No Violation 3,000 29,000 33,000 116,000 202,000 38,000 421,000 

Alcohol and drugs 0 0 0 1,000 2,000 1,000 4,000 

Speeding 0 0 0 0 1,000 1,000 2,000 

Reckless driving 0 0 0 1,000 1,000 0 2,000 

Failure to Yield Right of way 0 10,000 8,000 41,000 69,000 6,000 134,000 

Running a red-light/ Stop Sign 0 1,000 1,000 3,000 24,000 2,000 31,000 

Hit and run 0 3,000 2,000 4,000 9,000 3,000 21,000 

Others/unknown 1,000 5,000 5,000 21,000 37,000 9,000 78,000 

Two way  
Stop Sign 
  
  
  
  
  
  
  
  Total 4,000 48,000 49,000 187,000 345,000 60,000 693,000 

No Violation 11,000 5,000 2,000 9,000 37,000 12,000 76,000 

Alcohol and drugs 0 0 0 0 1,000 1,000 2,000 

Speeding 0 0 0 0 0 0 0 

Reckless driving 0 0 0 0 0 0 0 

Failure to Yield Right of way 2,000 0 1,000 1,000 4,000 1,000 9,000 

Running a red-light/ Stop Sign 0 0 0 1,000 5,000 0 6,000 

Hit and run 1,000 0 0 0 2,000 1,000 4,000 

Others/unknown 2,000 1,000 0 2,000 6,000 3,000 14,000 

Four way  
Stop Sign 
  
  
  
  
  
  
  
  Total 16,000 6,000 3,000 13,000 55,000 18,000 111,000 

No Violation 94,000 19,000 9,000 26,000 26,000 35,000 209,000 

Alcohol and drugs 1,000 1,000 0 0 0 1,000 3,000 

Speeding 1,000 0 0 0 0 1,000 2,000 

Reckless driving 0 0 0 0 1,000 0 1,000 

Failure to Yield Right of way 23,000 3,000 1,000 4,000 7,000 1,000 39,000 

Hit and run 4,000 1,000 0 1,000 1,000 3,000 10,000 

Others/unknown 21,000 4,000 2,000 5,000 5,000 10,000 47,000 

Total 144,000 28,000 12,000 36,000 40,000 51,000 311,000 

No  
Controls 
  
  
  
  
  
  
  
  Grand Total 576,000 110,000 104,000 329,000 717,000 235,000 2,071,000 

were the major contributors with 89,000(9%) and 
82,000(8%) vehicles followed by Hit and run with 
30,000(3%) vehicles. Vehicles not cited for any 
violations accounted for 605,000(63%) vehicles 
For vehicles at Two-way-Stop Signs, 272,000(39%) 
of the vehicles were cited for a violation. Among  

them, Failure to Yield was the major contributor for 
cited violations with 134,000(19%) vehicles in  
crashes accounting for almost half of the cited 
violation followed by Running a Red-light and Hit 
and run with 31,000(4%) and 21,000(3%). Among 
them, 421,000(61%) of the vehicles were not cited 
for any violation. For vehicles at Four-way Stop 



                                                                                                                               Ranganathan 9

Signs (except for LTAP/OD where the vehicles are in 
opposite directions), only 21,000(19%) were cited for 
a violation. Failure to Yield was the major 
contributor for cited violations with 9,000(9%) 
vehicles in crashes followed by Red-light-running 
and Hit and run with 6,000(8%) and 4,000(4%). 
Among them, 76,000(68%) of the vehicles were not 
cited for any violation.  
 
For vehicles at No controls, 103,000 (33%) of the 
vehicles were cited for some kind of a violation. 
Others /unknown violations was the biggest 
contributor with 47,000(15%) accounting for almost 
half of the know violations. This was followed by 
Failure to Yield with 39,000(6%) vehicles 
constituting the remaining half of the known 
violations. Hit and run accounted for 10,000(3%) of 
the vehicles in crashes. Vehicles not cited for a 
violation accounted for 209,000(67%) of the crash 
vehicles. The details of violations are shown in Table 
8. 

It is seen from Table 8 that types of violations have 
not been documented for 13% of the crashes and 63% 
of the vehicles have not been cited for a violation. 
This is because NASS/GES data is obtained either 
directly from an item on the PAR or by interpreting 
the information provided in the report through 
reviewing the crash diagram, the officer�s written 
summary of the crash, or combinations of variables 
on the PAR. Because of this interpretation, and 
because the police officer may not have entered some 
item of information or provided complete 
information, data can be missing. Table 8 
summarizes violations using the adjusted traffic 
control devices. 
 
In order to better understand this and other aspects of 
the data, it is classified into three groups of two- 
vehicle crashes: 1) vehicles with violation by neither 
of the vehicles 2) vehicles with violation by only one 
of the vehicles and 3) vehicles with violation by both 
the vehicles. This is seen in Table 9 below.

Table 9. 
Distribution of vehicles involved in intersection/ intersection-related crossing-path crashes based on the 

number of vehicles cited by the GES codes for a violation. 
Crossing Path 

Violation Charged LTAP/OD LTIP RTIP LTAP/LD SCP 
Other CP 
crashes Total 

Violation by none of the vehicles 

Signals 142,000 12,000 15,000 30,000 98,000 49,000 346,000 

Two-way Stop Sign 2,000 13,000 20,000 59,000 89,000 19,000 202,000 

Four- way Stop Sign 7,000 4,000 2,000 6,000 22,000 8,000 49,000 

N
o 

 
V

io
la

ti
on

 

No Control 56,000 12,000 7,000 18,000 16,000 24,000 133,000 

Total 207,000 41,000 44,000 113,000 225,000 100,000 730,000 

Violation by one of the vehicles 

No Violation 156,000 32,000 26,000 95,000 215,000 58,000 582,000 

Alcohol and drugs 4,000 0 0 2,000 4,000 3,000 13,000 

Speeding 1,000 0 0 1,000 2,000 3,000 7,000 

Reckless driving 0 1,000 0 1,000 1,000 0 3,000 

Failure to Yield Right of way 88,000 13,000 12,000 44,000 77,000 11,000 245,000 

Running a red-light/ Stop Sign 10,000 4,000 3,000 18,000 73,000 4,000 112,000 

Hit and run 10,000 5,000 3,000 7,000 18,000 11,000 54,000 

Others/unknown 43,000 7,000 7,000 22,000 39,000 27,000 145,000 

Total 312,000 62,000 51,000 190,000 429,000 117,000 1,161,000 

Violation by both the vehicles 
Alcohol  
and drugs 1,000 1,000 0 0 1,000 0 3,000 

Speeding 0 0 0 1,000 0 1,000 2,000 

Reckless driving 0 0 0 0 0 0 0 

Failure to Yield Right of way 11,000 1,000 1,000 4,000 8,000 1,000 26,000 

Running a Red-light/ Stop Sign 1,000 0 1,000 1,000 4,000 0 7,000 

Hit and run 3,000 0 1,000 1,000 3,000 3,000 11,000 

Others/unknown 41,000 5,000 6,000 20,000 47,000 12,000 131,000 

Total 57,000 7,000 9,000 27,000 63,000 17,000 180,000 

Grand Total 576,000 110,000 104,000 330,000 717,000 234,000 2,071,000 
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It is seen that there were 730,000(35%) vehicles in 
crashes where neither of the vehicles were cited for a 
violation, 1,161,000(56%) vehicles were in crashes 
where only one of the vehicles was cited for a 
violation and 180,000(9%) vehicles in crashes where 
both vehicles were cited for a violation. The group 
where neither of the vehicles was cited for a violation 
was further classified for their traffic control signals. 
Among the 730,000 vehicles, 346,000(47%) of the 
vehicles were at a Signal and 133,000(18%) were at 
uncontrolled intersections. Among Stop Signs, 
202,000(28%) were at a Two-way Stop Sign, 49,000 
(7%) were at a Four-way Stop Sign. This is seen in 
Table 9. 
 
Table 9 summarizes the separation of crashes based 
on the number of violations cited for pairs of 
vehicles. Independent of police citations, the logical 
assumption would be that there exists at least one 
violator in each of these intersection crash situations. 
This is illustrated with an example from the group 
violation by neither of the vehicles consisting of 
730,000 crash vehicles.  Among them, 346,000 of the 
vehicles were at signals. In actuality, at least one 
vehicle among the 346,000 vehicles in every one of 
these crashes should have been cited for a violation. 
Yet, none of them were cited for a violation. 
Similarly, for a SCP scenario at a Two-way Stop Sign, 
a two-vehicle-crash situation is the result of a 
violation by at least one of the vehicles. However, 
from Table 8, out of the 89,000 vehicles (45,000 
crashes), neither of the vehicles were cited for any 
violation. 
 
Table 8 and 9 establish the foundation for the 
classification and analysis of violations. The tables 
throw light on the apparent inconsistencies among 
violations and provide a basis for their consolidation.  
 
3.  Consolidation Process 
 
The process developed in this paper to overcome the 
inconsistency is similar to the imputation process 
used by National Center for Statistics and Analysis 
(NCSA) where the data from the other/unknown 
categories are randomly distributed among the known 
data based on the percentage distribution of the 
unknown with respect to the known population.   
 
 The process accounts for violations by looking at 
combinations of pre-crash factors associated with 
vehicle pre-crash maneuvers and critical events and 
arrive at a conclusion about the crash dynamics. This 
provides more reasonable estimates of crash 
situations that could be addressed by appropriate 
countermeasure systems. 

The process of assigning violations to crash vehicles 
uses some general guidelines based on the logical 
dynamic of the crash situation. These guidelines 
would support the basis of the assumptions to arrive 
at conclusive estimates for violations. The guidelines 
include all crossing-path crash scenarios under 
investigation and combine them with their respective 
violations and traffic control devices. The 
consolidation eliminates the need for Violation by 
neither of the vehicles group thereby providing a 
consistent set of violations by at least one vehicle. 
The details of the guidelines used for Red light 
running and Failure to Yield are given in the 
Appendix. 
 
The challenge that prevails in the imputation process 
is the identification of the violator. Each scenario 
displays a unique dynamic between vehicles and 
hence requires a detailed inspection of violations. 
The process becomes even more difficult when none 
of the vehicles are cited for a violation at an 
intersection. For this purpose, the critical event 
variable and the pre-crash maneuver variable are 
used to arrive at conclusions about the violator.  The 
key elements of the imputation process are: 1) 
Consolidation of types of violations 2) Consolidation 
of violations with type of crossing-paths. 

 
     Consolidation of types of violations: For 
violations, Red light running and Failure to Yield 
were considered as primary events for the 
intersection crash criteria. Alcohol and drugs, 
Speeding, Reckless driving and Hit and Run were 
considered to be preceding or precipitating events to 
these two primary violations. Each vehicle with one 
of these events was examined for their pre-crash 
maneuver and critical event. These events were 
cross-referenced with their respective crossing-paths 
and traffic control devices to identify possible 
Failure to yield or a Red light run violation for 
consolidation with the primary event. Combinations 
that did not meet the criteria were consolidated with 
Others. For e.g. Driving with a suspended license 
was not considered to be a related violation and 
hence was combined with Others.  
 
      Consolidation of violations with types of crossing 
-paths: Crossing-paths were also examined while 
assigning violations. For Straight paths, the focus of 
violation is only on the vehicle that is assigned the 
critical event of This vehicle crossing intersection. 
This is consistent with GES coding practice of having 
the initial critical event reflect the point of view of 
the causal vehicle. For Left turn paths, the violation is 
assigned to the vehicle with pre-event maneuver of 
turning and the critical event assigned to the vehicle 
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as This vehicle turning OR pre-event maneuver of 
going straight and the critical event assigned to the 
vehicle as This vehicle going straight. For Right-turn 
paths, the turning vehicle is assigned the violation 
unless the critical event is assigned elsewhere.  
 
Vehicle speeds were also used in cases where the 
available information was not sufficient to describe 
the scenario. Conclusions from a previous study [9] 
showed that more than half of the red light runners 
were at a speed of 30 mph or less and the average 
speed was about 31.6. Based on the above 
conclusions, and certain assumptions made on 
vehicle dynamics, vehicles with speeds of greater that 
25 mph and turning were cited for violations.  
 
The consolidation process is further supported by a 
secondary extraction/validation process. In this 
process, the data is inspected for irregularities and 
inconsistencies that might have escaped the logical 
steps of the guidelines. Such situations were fixed 
manually by observing each scenario individually 
and correcting them when required. The process was 
repeated for each step of the consolidation process. 
The final data set showing the adjusted distribution of 
vehicles involved in intersection and intersection-
related crossing-path crashes for their respective 
traffic control devices at the intersection subdivided 
by their violations is seen in Table 10.  
  
It is seen that there were 956,000(46%) vehicles 
involved in crashes at Signals, 693,000(34%) 
vehicles at a Two-way Stop Sign, 111,000(5%) 
vehicles at a Four-way Stop Sign, and 311,000(15%) 
vehicles with No controls. Among Crossing-path 
crashes, SCP was the biggest contributors with 
718,000(35%) vehicles followed by LTAP/OD and 
LTAP/LD with 576,000(28%) and 329,000(16%) 
vehicles. This is followed by vehicles at LTIP and 
RTIP each contributing to 110,000(5%) and 
104,000(5%) vehicles. 
 
For vehicles at Signals, the major contributors were 
LTAP/OD and SCP with 412,000(43%) and 
277,000(29%) vehicles involved in crashes followed 
by LTAP/LD and RTIP with 93,000(10%) and 
40,000(4%) vehicles.  Also, 423,000(44%) of the 
vehicles were not cited for a violation. The major 
contributor for violation was Failure to yield with 
266,000(28%) vehicles in crashes followed by 
Running a red light violation with 194,000(20%) 
vehicles involved in crashes. Other violations 
contributed to 73,000(8%) of the vehicles in crashes 
 
For vehicles at Two way Stop Signs, SCP contributed 
to 345,000(50%) vehicles while LTAP/LD 

contributed to 187,000(27%) vehicles. RTIP and 
LTIP contributed to 49,000(7%) and 48,000(7%) 
vehicles. Among violations, 298,000 (43%) of the 
vehicles were cited for Failure to yield, which forms 
the majority of the violations. This is expected since 
a two way Stop Sign is a typical situation where one 
of the vehicle is controlled by a Stop Sign intending 
to go straight or turn (left/right) at the intersection 
while the other vehicle is on an uncontrolled roadway 
going straight. Running a Stop Sign contributes to 
only 31,000 (4%) of the crash vehicles. From 
previous studies [1] it is seen that people generally 
don�t run Stop Sign and thus form a very small 
portion of the statistic. Other violations contributed 
to 39,000 (6%) of the vehicles. 
 
Four-way Stop Signs are similar to Two-way Stop 
Sign, since a majority of them are Failure to yield 
cases where one of the vehicles does not stop long 
enough for the other vehicle to pass. Almost all of 
these crashes fall in the SCP scenario, which involve 
55,000(50%) vehicles and contribute to half of the 
crossing-path crashes. This is followed by LTAP/OD 
and LTAP/LD which contribute to 16,000(14%) and 
13,000(12%) of the vehicles in crashes. Also, Failure 
to yield is the major contributing violation with 
49,000(44%) vehicles, accounting for almost half the 
crashes followed by Running a Stop Sign with 
6,000(5%) vehicles. Other violations contributed to 
6,000(5%) of the vehicles 
 
For vehicles at No controls, the LTAP/OD is the 
biggest contributor with 144,000(46%) vehicles in 
crashes accounting for almost half of the crashes. 
This is followed by SCP and LTAP/LD with 
40,000(13%) and 36,000(12%) vehicles. Also, 
Failure to Yield seems to be the major contributor of 
violations with 140,000(45%) vehicles constituting 
half of the violations. Other violations contributed to 
23,000(7%) of the vehicles 
 
Similarly, Table 11 provides the adjusted distribution 
of violating vehicles involved in intersection/ 
intersection-related crossing-path crashes grouped by 
the number of vehicles cited for a violation. It is seen 
that there are 1,891,000(91%) vehicles in crashes 
with at least one of the vehicles involving a violation 
and 180,000(9%) vehicles where both vehicles 
involved a violation.  
 
Among violation by one of the vehicles, 
693,000(37%) of them have a Failure to Yield 
violation while 182,000(10%) have a Running a red 
light violation. Also, 35,000(2%) of the vehicles had 
a Running a Stop Sign violation while 946,000(50%) 
of the vehicles were not assigned any violation at all.  
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For violation by both vehicles, 62,000(34%) of the 
vehicles had a Failure to Yield while 12,000(7%) of 
the vehicles had a Running a red light violation. 

Other violations contributed to 103,000 (57%) of the 
vehicles.

Table 10. 
Adjusted distribution of vehicles involved in intersection and intersection-related crossing-path 

crashes based on the traffic control devices at the intersection subdivided by violations. 
 

Traffic control 
Device Violation LTAP/OD LTIP RTIP LTAP/LD SCP 

Other CP  
crashes Total 

No Violation 185,000 13,000 18,000 42,000 126,000 39,000 423,000 

Running a Red light 14,000 11,000 2,000 36,000 121,000 10,000 194,000 

Failure to yield 193,000 0 15,000 5,000 1,000 52,000 266,000 

Others 20,000 4,000 5,000 10,000 29,000 5,000 73,000 

Signals 
  
  
  
  Total 412,000 28,000 40,000 93,000 277,000 106,000 956,000 

No Violation 2,000 23,000 23,000 87,000 159,000 31,000 325,000 

Running a Stop Sign 0 1,000 1,000 3,000 24,000 2,000 31,000 

Failure to yield 2,000 22,000 22,000 87,000 141,000 24,000 298,000 

Others 0 2,000 3,000 10,000 21,000 3,000 39,000 

Two-way  
Stop Sign 
 
 
  Total 4,000 48,000 49,000 187,000 345,000 60,000 693,000 

No Violation 7,000 2,000 1,000 6,000 24,000 10,000 50,000 

Running a Stop Sign 0 0 0 1,000 5,000 0 6,000 

Failure to yield 8,000 3,000 2,000 5,000 24,000 7,000 49,000 

Others 1,000 1,000 0 1,000 2,000 1,000 6,000 

Four-way  
Stop Sign 
  
  
  Total 16,000 6,000 3,000 13,000 55,000 18,000 111,000 

No Violation 66,000 13,000 6,000 17,000 18,000 29,000 149,000 

Failure to yield 72,000 12,000 4,000 17,000 19,000 15,000 139,000 

Others 6,000 3,000 2,000 2,000 3,000 7,000 23,000 

No Controls 
  
  
  Total 144,000 28,000 12,000 36,000 40,000 51,000 311,000 

Grand Total   576,000 110,000 104,000 329,000 717,000 235,000 2,071,000 
 

Table 11. 
Adjusted distribution of vehicles involved in intersection/ intersection-related crossing-path crashes 

based on the number of vehicles cited by the GES codes for a violation. 
 

  Violation LTAP/OD LTIP RTIP LTAP/LD SCP 
Other CP  
crashes Total 

No Violation 260,000 50,000 48,000 152,000 328,000 108,000 946,000 

Running a red light 13,000 11,000 2,000 34,000 113,000 9,000 182,000 

Running a Stop Sign 0 1,000 1,000 4,000 27,000 2,000 35,000 

Failure to yield 247,000 36,000 40,000 107,000 168,000 95,000 693,000 

Others 0 4,000 4,000 5,000 19,000 3,000 35,000 

Violation 
 by one of  
the vehicles 
  
  
  
  
  Total 520,000 102,000 95,000 302,000 655,000 217,000 1,891,000 

Running a red light 1,000 0 0 2,000 8,000 1,000 12,000 

Running a Stop Sign 0 0 0 0 2,000 0 2,000 

Failure to yield 30,000 1,000 3,000 8,000 17,000 3,000 62,000 

Others 26,000 6,000 6,000 17,000 36,000 13,000 103,000 

Total 57,000 7,000 9,000 27,000 63,000 17,000 180,000 

Violation 
 by both  
the vehicles 
  
  
  
  
  Grand Total 576,000 110,000 104,000 329,000 717,000 235,000 2,071,000 
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Table 10 and Table 11 summarize the adjusted 
violations for all vehicles involved in two-vehicle 
Intersection/ Intersection-related crossing-path 
crashes for their respective traffic control devices. 
The analysis provides a fundamental understating of 
crossing-path intersections and the violations 
associated with these junctions. Further analysis of 
driver factors like distraction and vision obstruction 
would help better understand the crash situation to 
provide adequate countermeasure systems at these 
junctions. 
 
CONCLUSIONS 
 
An analysis of violations associated with intersection 
crossing-path crashes was conducted using the 2004 
GES data for the purpose of providing guidance for 
the CICAS-V project. The analysis was aimed at 
providing insight on the crossing-path problem.  The 
results of the analysis may enable the authors and 
other interested parties with the ability to better 
ascertain and possibly devise appropriate collision 
avoidance countermeasures at such intersections. 
However, the recommendation of a particular 
countermeasure at this stage of research and analysis 
of crossing-path crashes would be premature.  More 
statistical analysis including the all important Human 
Factors element must be incorporated into any 
potential countermeasure solution. 
 
There were almost 1.1 million police reported two-
vehicle intersection-crossing-path crashes for the year 
2004 which constituted about 17% of all crashes in 
the United States. All crashes occurred at an 
intersection or were intersection-related. The analysis 
was restricted to traffic control devices of Signals, 
Stop Signs and No Control.  
 
Underlying concept of the analysis is that most 
crossing-path crashes involve either a Running a red 
light or Failure to yield type of violation. The paper 
was successful in addressing under-reported 
violations for pairs of vehicles and their interactions 
with each other at crossing-paths using pre-crash 
movement, critical event, and the type of traffic 
control device to identify the violating vehicle in 
each of these situations. This has resulted in a two-
fold increase in Red light running situations (81,000 
to 194,000 vehicles) and a three-fold increase in 
Failure to Yield situations (271,000 to 755,000).  
 
A summary of the findings of the analysis includes 
the following statements: 
Vehicles at signalized intersections contributed the 
most number of crashes accounting for 956,000(46%) 
of the vehicles in crashes. Among them, Failure to 

Yield contributed to 267,000(28%) vehicles while 
Running a red light accounted for 194,000(20%) 
vehicles.  This is followed by vehicles at Stop Signs 
with 803,000(39%).  
 
Among Stop Signs, the crashes were distributed 
between Two-way Stop Signs and Four way Stop 
Signs. Two-way Stop Signs contributed to 
693,000(86%) of the vehicles where the vehicles 
were at a Stop Sign /No Control combination. Among 
them, Failure to yield accounted for 298,000(43%) 
violations while Running a Stop Sign accounted for 
31,000(4%) violations.  
 
Crashes at Four-way Stop Signs contributed to 
111,000(14%) vehicles where both vehicles were at a 
Stop Sign. Among them, Failure to yield accounted 
for 49,000(44%) violations while Running a Stop 
Sign accounted for 6,000(5%). Uncontrolled 
intersection contributed to 311,000(15%) vehicles. 
Among them, Failure to Yield accounted for 
140,000(45%) of the violations.  
 
Among crossing-paths, SCP crashes were the biggest 
contributors with 717,000(35%) vehicles followed by 
LTAP/OD and LTAP/LD with 576,000(28%) and 
329,000(16%) vehicles. This is followed by vehicles 
at LTIP and RTIP each contributing to 110,000(5%) 
and 104,000(5%) vehicles. Other crossing-path 
crashes contributed to 235,000 (10%) of the vehicles. 
 
Also, the analysis showed that among pairs of 
vehicles in crashes, 1,891,000(92%) of the vehicles 
had one vehicle cited for a violation. Among them, 
693,000(37%) of the vehicles were cited for Failure 
to Yield while 182,000(10%) were cited for Running 
a red light. Running a Stop Sign contributed for 
35,000(2%) of the vehicles.  Also, 180,000(8%) of 
the vehicles were involved in crashes where both 
vehicles were cited for a violation. Among them 
Failure to Yield contributed to 62,000(34%) vehicles 
in crashes while Running a Red light contributed to 
12,000(19%) vehicle.  
 
ACRONYMS 
 
PAR- Police Accident Report 
NASS- National Automotive Sampling System 
GES- General Estimating System 
CDS- Crashworthiness data system 
LTAP/OD- Left Turn across Path/ Opposite direction 
LTAP/LD-Left Turn across Path / Lateral direction  
LTIP-Left turn into path  
RTIP-Right turn into path  
SCP-Straight crossing-path  
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APPENDIX  
 

GUIDELINES FOR THE EXTRACTION 
PROCESS FOR VIOLATIONS 
 
The guidelines provide details of the process used to 
consolidate violations at crossing-path by looking at 
combinations of vehicle pre-crash maneuvers and 
critical events for certain vehicle dynamics and arrive 
at a conclusion on the violator. The violations are 
classified between Running a red light and Failure to 
yield violations. 
 
Running a Red Light 
 
LTAP/OD 
• If none of the vehicles were cited for a violation, 
then the onus of yielding falls on the turning vehicle 
since no information is available on the violating 
vehicle. Thus, if the vehicle was turning with a 
critical event of this vehicle turning and traveling at a 
speed greater that 25 mph at a signal, it was 
considered Running a red light. 
Exception: the critical event could be due to the 
vehicle coming straight but is assigned to this 
vehicle. 
 
• If at least one of the vehicles had a violation AND 
if a vehicle was cited for speeding or reckless driving 
or red light run, then cited for Running a red light.  
 
 
LTIP 
• If none of the vehicles were cited for a violation 
AND the critical event on this vehicle was turning or 
going straight at a signal, it was considered a red light 
run. 
• If at least one of the vehicles had a violation  AND 
if the vehicle was turning or going straight  with a 
critical event on this vehicle, OR cited for red light 
run or hit and run, then cited for Running a red light.  
 
RTIP 
• If at least one of the vehicles had a violation AND 
cited for red light run, then cited for Running a red 
light.  
 
LTAP/LD  
• If none of the vehicles were cited for a violation 
AND a critical event on this vehicle was turning or 
going straight at a signal, it was considered a red light 
run. 
• If at least one of the vehicles had a violation  AND 
if the vehicle was turning or going straight  with a 
critical event on this vehicle, and cited for speeding 
or reckless driving or hit and run or red light run, 
then cited for Running a red light.  
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SCP 
• If none of the vehicles were cited for a violation 
AND a critical event on this vehicle was going 
straight at a signal, it was considered a Red light run. 
• If at least one of the vehicles had a violation and a 
critical event on this vehicle was going straight at a 
signal, then cited for Running a red light. 
 
Other crossing-paths 
• If none of the vehicles were cited for a violation 
AND if the vehicle was turning or going straight with 
a critical event on this vehicle and speed greater than 
25, it was cited for Running a red light. 
• If at least one of the vehicles had a violation AND 
if the vehicle cited for running a red light or hit run or 
vehicle was speeding or reckless driving while 
turning, then cited for Running a red light. 
 
Failure to Yield 
 
LTAP/OD 
• If none of the vehicles were cited for a violation 
and at a Signal or Stop Sign or No Control AND with 
a pre crash maneuver of turning and critical event of 
this vehicle turning or excessive speed or over the 
lane line OR critical event of this vehicle  starting 
from a  traffic  lane , it was considered a Failure to 
yield. 
Exception: the violation could be due to the vehicle 
coming straight but is still attributed to this vehicle, 
usually the turning vehicle. 
 
• If at least one of the vehicles had a violation  and at 
a Signal or Stop Sign or No Control AND with a 
critical event of this vehicle turning or going straight  
and some cited violation OR violation of Failure to 
Yield OR a critical event of this vehicle  starting from 
a  traffic  lane , it was considered a Failure to yield. 
 
LTIP 
• If none of the vehicles were cited for a violation 
and at a Stop Sign or No Control AND vehicle with a 
critical event of this vehicle turning or going straight, 
it was considered Failure to yield. 
 
• If at least one of the vehicles had a violation  and at 
a Stop Sign or No Control AND vehicle with a 
critical event of this vehicle turning or going straight 
and cited for any violation, it was considered Failure 
to yield. 
 
RTIP 
• If none of the vehicles were cited for a violation 
and at a Signal or Stop Sign or No Control AND 
vehicle with a critical event of this vehicle turning 
right, it was considered Failure to yield. 
 

• If at least one of the vehicles had a violation  and at 
a Signal or Stop Sign or No Control AND vehicle 
with a critical event of this vehicle turning right or 
going straight  and cited for any violation, it was 
considered Failure to yield. 
 
LTAP/LD 
• If none of the vehicles were cited for a violation 
and at a Signal or Stop Sign or No Control AND 
vehicle with a critical event of this vehicle turning 
left or going straight or over the lane line , it was 
considered Failure to yield. 
 
• If at least one of the vehicles had a violation  and at 
a Signal or Stop Sign AND vehicle with a critical 
event of this vehicle turning left or going straight 
AND a violation of speeding or reckless driving or 
failure to yield OR vehicle turning right and cited for 
violation of hit and run or other violations , it was 
considered Failure to yield. 
 
SCP 
• If none of the vehicles were cited for a violation 
and at a Stop Sign or No Control AND vehicle with a 
critical event of this vehicle turning left or going 
straight, it was considered Failure to yield. 
 
• If at least one of the vehicles had a violation  and at 
a Stop Sign or No Control AND vehicle with a 
critical event on this vehicle going straight and cited 
for some sort of violation , it was considered Failure 
to yield. 
 
Other crossing-paths 
• If none of the vehicles were cited for a violation 
and at a signal AND vehicle with critical event of this 
vehicle turning or going straight OR critical event 
NOT the other vehicle over the lane line OR crossing 
intersection OR Stop Sign or No Control OR vehicle 
with critical event of this vehicle turning OR poor 
road conditions or excessive speed OR pre crash 
maneuver was starting from a traffic lane, it was 
considered a Failure to Yield. 
• If at least one of the vehicles had a violation  and at 
a Signal- pre maneuver of turning left or a cited 
violation , it was considered Failure to yield. 
• If at least one of the vehicles had a violation and at 
a Stop Sign or No Control AND critical event of over 
the lane line or starting from the lane OR pre-crash 
maneuver of turning left with other/unknown 
violations, it was considered Failure to yield. 
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ABSTRACT 
 
Component tests on the head, neck, thorax, abdomen and 
face were conducted to evaluate the biofidelity of 
THOR-NT.  HYGE sled tests were also conducted to 
evaluate repeatability and to investigate the influence of 
different positioning to dummy responses.   
Three frontal HYGE sled tests were conducted under the 
same conditions with a velocity of 56km/h, acceleration of 
270m/s2, and a designed standard seat position. 
Repeatability of dummy responses was evaluated by 
coefficient of variation (CV) calculated based on the peak 
values of accelerations, deflections, forces and moments 
measured.  The following three categories were defined 
as evaluation criteria of repeatability by CV: CV<=5% as 
good, CV<=10% as acceptable and CV>10% as poor.   
The kinematic and dynamic responses of THOR-NT were 
additionally compared with that of Hybrid-III.   
Furthermore, in order to investigate the influence of 
different positioning to dummy responses, a 56km/h 
frontal HYGE sled test was conducted on a dummy 
positioned according to the ATD positioning procedure 
developed by UMTRI.   
 
In the biofidelity evaluation, only head responses were 
within the PMHS response corridors.   
For repeatability, 10 (32%) out of 31 items in all of the 
data had an evaluation criteria within CV<=5%.  
Comparison of dummy responses between UMTRI and 
standard positioning showed similarity in kinematic 
responses of the upper body.  However, the maximum 
displacement of ankle in X-direction with respect to the 
initial position was larger in the UMTRI position 
compared to the standard position.   
In the UMTRI position, the feet which are initially 
positioned away from the toe board comes in contact with 
the toe board and slide upward due to the forward 
movement to the vehicle body during impact.  Due to  

 
this, difference in dynamic responses of the legs between 
the UMTRI and standard position was observed. 
 
INTRODUCTION 
 
In October 2003, NHTSA (National Highway Traffic 
Safety Administration) had released the THOR-NT (Test 
Device for Human Occupant Restraint - New 
Technology) as the next generation frontal impact dummy.  
Almost at the same time, the THOR-FT was also released 
by the FID (World Frontal Impact Dummy), the European 
project.  Here, FT means "FID Technology." 
Although both of these dummies were developed from 
THOR-alpha, several components of each dummy have 
been individually improved.  Therefore, it is our concern 
that the responses of these dummies against the impact 
may differ with each other.  If such original development 
and improvement continue at this pace, two different types 
will eventually appear as next generation dummies. 
Therefore, the harmonization of THOR dummies is now 
being sought in earnest.  From such a background, SAE 
THOR Evaluation Task Force Group was established in 
order to harmonize the specifications such as structures 
and characteristics that are required for dummy. Efforts 
aimed at the harmonization of two THOR dummies have 
started. 
In order to contribute to the harmonization of THOR 
dummies, the biofidelity of THOR-NT was evaluated in 
this study.  Furthermore, the repeatability on the 
responses of THOR-NT in dynamic tests using HYGE 
sled and the influence on the dummy responses by the 
different dummy positioning was evaluated.  
 
METHODS 
 
Biofidelity Tests 
Biofidelity evaluation tests on the head, neck, thorax, 
abdomen and face were conducted in accordance with test 
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procedures for THOR determined by NHTSA and 
GESAC (General Engineering and Systems Analysis 
Company), Inc. [1], [2], and responses were compared 
with PMHS (Post Mortem Human Subjects) response 
corridors. 
 
Head 
 

Head Drop Test - As shown in Figure 1 a), only the 
head of the dummy was hanged so that the lowest point on 
the forehead was held 376 mm above the impact plane, 
and the base of the head-neck mounting platform was 
inclined at 29 degrees against the vertical line.  Then, free 
fall of the head was performed onto the horizontal rigid 
plane.  The results were evaluated by the peak of 3-axial 
resultant acceleration of head center of gravity and its 
occurrence time. 
 

Head Impact Test - The dummy was sat on a flat plane, 
and the head of the dummy was hit by the impactor with a 
mass of 23.4 kg and diameter of 152 mm at a speed of 2.0 
m/s.  The impact point was where the center-line of the 
impactor is 30 mm above the horizontal marking line at 
the lowest point of the forehead (Figure 2 b)).  The 
biofidelity evaluation parameters of this head impact test 
were the peak of the impact force and its occurrence time. 
 

  
a) Drop test             b) Impact test 

Figure 1. Setup of biofidelity tests on the head 
 
Neck 
 

Neck Frontal Flexion Test - The head and neck of the 
dummy are fixed on the HYGE sled by means of fixed 
attachment as shown in Figure 2, and the dynamic and 
kinematic responses of the neck at the specified sled pulse 
were evaluated [3]. 
With regard to the mini-sled test for the neck in frontal 
flexion, the correct sled pulse which should be given is the 
pulse (T1 pulse) as shown in Figure 3.  However, since 
our sled apparatus did not have the ability to generate such 
complex pulse, the sled pulse (15G) which was used in 
volunteer testing at the NBDL (Naval Biodynamics 
Laboratory) as shown in Figure 4 was used in this study. 
The evaluation parameters were head rotation angle, 

resultant acceleration of head center of gravity, back-forth 
and up-down kinematic displacements and neck moment 
around Y-axis with respect to the head rotation angle. 
 

 
Figure 2. Setup of neck frontal flexion test 

 

 

Figure 3. Mini-sled pulse (T1 pulse) in the neck frontal 
flexion 

 
Neck Kinematics: Sled Acceleration  15g Frontal Flexion
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Figure 4. 15G sled pulse in frontal flexion of NBDL 

 
Neck Lateral Flexion Test - Just like the setup of the 

neck frontal flexion test, the head and neck of the dummy 
were fixed on the HYGE sled by means of a fixed 
attachment. The dynamic and kinematic responses of the 
neck at the specified sled accelerations were evaluated. 
With regard to the mini-sled test for the neck in lateral 
flexion, the correct sled pulse which should be given is the 
pulse (T1 pulse) as shown in Figure 5.  However, since 
our sled apparatus did not have the ability to generate such 
complex pulse, the sled pulse (7G) which was used in 
volunteer testing at the NBDL as shown in Figure 6 was 
used in this study. 
The evaluation parameters were head rotation angle, 
right-left and up-down kinematic displacements of head 
center of gravity, and neck moment around X-axis with 
respect to the head rotation angle. 
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Figure 5. Mini-sled pulse (T1 pulse) in the neck lateral 

flexion 
Neck Kinematics: Sled Acceleration 7g Lateral Flexion
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Figure 6. 7G sled pulse in lateral flexion of NBDL 

 
Thorax 
 

Kroell Test - The dummy was sat on a flat plane, and 
the thorax of the dummy was hit by the impactor with a 
mass of 23.4 kg and diameter of 152 mm at 4.3m/s and 
6.7m/s.  The impact point was where the center line of 
the impactor coincides with the vertical level of the middle 
of dummy rib #3, and positioned over the mid-line of the 
sternum (Figure 7).  The biofidelity evaluation parameter 
was the response of impact force versus thorax deflection. 
 

 
Figure 7. Setup of Kroell test 

 
Abdomen 
 

Upper Abdomen Impact Test - The dummy was sat 
on a flat plane, and the upper abdomen of the dummy was 
hit by the rigid steering wheel impactor with a mass of 18 
kg and angle against the vertical line of 30 degrees at 
8.0m/s.  The impact point was where the leading edge of 
the steering wheel coincides with the center of the seventh 
rib (Figure 8 a)). 
 
 

Lower Abdomen Impact Test - The dummy was sat 
on a flat plane, and the lower abdomen of the dummy was 
hit by the rigid impactor with a mass of 32 kg, diameter of 
25 mm, and length of 300 mm at 6.1m/s.  The impact 
point was where the center line of the impactor coincided 
with the vertical level of the line joining the centers of the 
attachment nuts of the right and left DGSPs and aimed at 
the mid-point of this line (Figure 8 b)). 
 

  
   a) Upper abdomen         b) Lower abdomen 

Figure 8. Setup of biofidelity tests on the abdomen 
 
Face 
 

Disk Impact Test - The dummy was sat on a flat plane, 
and the face of the dummy was hit by the impactor with a 
mass of 13 kg and diameter of 152 mm at a speed of 6.7 
m/s.  The center of the disk was configured to impact at 
the mid-point of the line joining the two maxilla plates on 
the face (Figure 9 a)). 
 

Rigid Bar Impact Test - The dummy was sat on a flat 
plane, and the face of the dummy was hit by the rigid bar 
impactor with a mass of 32 kg, diameter of 25 mm, and 
length of 300 mm at a speed of 3.6 m/s.  The rod was 
configured to impact along the mid-line of the left and 
right maxilla plates on the face (Figure 9 b)). 
 

  
     a) Disk impact       b) Rigid bar impact 

Figure 9. Setup of biofidelity tests on the face 
 
 
HYGE Sled Tests 
 
The white-body of a passenger car was fixed on the sled 
and the white-body which seated the dummy was given 
an impact at 35 mph (56 km/h).  The accelerations and 
forces, etc of the dummy was measured by each sensor.  
The motion of the dummy was recorded by high speed 
video cameras and analyzed.  Figure 10 indicates the 
acceleration curve and the velocity curve of the sled. 
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Figure 10. Acceleration and velocity of the sled 

 
Measurements - The accelerations and forces, etc of 

the dummy were measured.  These data were recorded 
by the data acquisition system attached to the sled and 
were filtered based on SAE J211 [4].  The behavior of 
the dummy was recorded by three high speed video 
cameras from the side view of the sled, and the motion of 
the target mark of each component of the dummy was 
analyzed. 
 

Test Conditions 
a) Evaluation of Repeatability - In order to evaluate 

the repeatability of the dynamic responses of THOR-NT, 
three tests were conducted under the same conditions.  
The dummy was set according to the positioning 
procedure for Hybrid-III specified in FMVSS 208 
(Federal Motor Vehicle Safety Standard No. 208, 
Occupant Crash Protection) [5].  The dummy seating 
position, the seat position, and the restraint devices were as 
follows: 

1) The dummy seating position: driver's seat 
2) The seat slide position: at the mid position 
3) The seat lifter position: at the lowest position 
4) The seat back position: at the designed standard 

position 
5) Restraint devices: airbag, and seatbelt with 

pretensioner and force limiter 
Hereafter, this seat position is called "standard position". 
 

b) Investigation on the influence of different 
positioning to dummy responses - In order to investigate 
the influence of different positioning to dummy responses, 
tests were conducted on a dummy positioned according to 
the ATD positioning procedure, developed by UMTRI 
(University of Michigan Transportation Research Institute) 
[6]. The positioned posture and response of the dummy in 
this test were compared with those in the tests to evaluate 
repeatability.  The seating position of dummy, the seat 
position, and the restraint device were as follows: 

1) The seating position of dummy: driver's seat 
2) The position of the seat slide: 50 mm rearward from 

the middle position 

3) The position of the seat lifter: 18 mm above the 
lowest position 

4) The position of the seat back: a designed standard 
position 

5) Restraint device: a seatbelt with force limiter and 
pretensioner, and an airbag 

Hereafter, this seat position is called "UMTRI position". 
 

Definition for Evaluation of Repeatability - The 
repeatability of the dynamic responses of the dummy was 
evaluated by means of coefficients of Variation (CV).  As 
shown in (Equation 1), CV is the percentile of the standard 
deviation of the peak value of data which measured in 
three tests divided by the average of those. In addition, it 
can be considered that CV equal to or less than 5% is 
"Good", equal to or less than 10% is "Acceptable", and 
exceeding 10% is "Poor" [7].   
     (%)100

X
SCV ∗⎥⎦
⎤

⎢⎣
⎡=       (1) 

S ：Standard deviation of the measured peak value 
X ：Average of the measured peak value 

 
RESULTS 
 
Biofidelity Tests 
 
Biofidelity on the head, neck thorax abdomen and face 
were compared with PMHS response corridors. 
 
Head 
 

Head Drop Test - Figure 11 indicates the results of the 
head drop test.  The method of biofidelity test and that of 
certification test are the same [1], [2].  However, since the 
corridors of these tests were different, both biofidelity 
corridor and certification corridor are shown in this figure.   
The responses of the head were within the range of 
biofidelity corridor in all three tests, indicating good 
repeatability.  However, with regard to certification 
corridor, the peak occurrence time of the head resultant 
acceleration was out of the corridor.   

THOR Head Response: Head Drop
376 mm drop height
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Figure 11. Response on head drop 
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Head Impact Test - Figure 12 indicates the results of 
the head impact test.  The method of biofidelity test and 
that of certification test are the same [1], [2].  However, 
since the corridors of these tests were different, both 
biofidelity corridor and certification corridor are shown in 
this figure. 
With regard to the repeatability, the results of No. 2 and No. 
3 were quite similar, whereas the undulation of No. 1 rose 
up more gently, and the peak occurrence time of the 
impact force of No. 1 was slightly late.  It can be 
presumed that this difference stemmed from a little 
variation of the test setup such as the sitting posture of the 
dummy and the impact position.  However, in all the 
three tests, responses were within the biofidelity corridor 
and certification corridor. 
 

Head Impact Response-Whole Body
Impactor: 23.4kg, 152mm，2.0m/s
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Figure 12. Response on head impact 

 
Neck 
 

Neck Frontal Flexion Test - Figure 13 to Figure 17 
respectively indicates the results of the neck frontal flexion 
tests concerning following evaluation items: 

1) Head rotation angle (Figure 13) 
2) 3-axial resultant acceleration of head center of gravity 

(Figure 14) 
3) Kinematic displacement of head center of gravity in 

the X-direction (back-forth) (Figure 15) 
4) Kinematic displacement of head center of gravity in 

the Z-direction (up-down) (Figure 16) 
5) Neck moment around Y-axis (My) with respect to the 

head rotation angle (Figure 17) 
 
The results indicate that the responses were outside the 
corridors in all the evaluation items.  With regard to the 
sled acceleration corridor, the sled does not accelerate at 
time 0 and begins to accelerate at around 20 to 30 ms as 
shown in Figure 4.  On the other hand, biofidelity 
corridors of neck begin to respond at around 50 to 80 ms.  
Therefore, in the tests conducted in this study, although the 
sled actually began to accelerate at time 0, the time 0 of the 
test data was shifted so that it could be synchronized with 
the sled acceleration corridor.  Likewise, time 0 of the 

dummy data was also shifted in order to synchronize with 
the time shift of the sled acceleration data.  However, the 
results in all the evaluation items were outside the 
corridors.  Note: These results take notices that were 
responses where not T1 pulse but 15 G sled pulse of 
NBDL was used. 
 

Neck Kinematics: Head Angle 15g Frontal Flexion
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Figure 13. Head rotation angle 

 
Neck Kinematics: Head Res. Acc. 15g Frontal Flexion
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Figure 14. 3-axial res. acceleration of head C.G. 

 
Neck Kinematics: Head CG X Disp. 15g Frontal Flexion
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Figure 15. Disp. of head C.G. in the X-direction 

 
Neck Kinematics: Head CG Z Disp. 15g Frontal Flexion
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Figure 16. Disp. of head C.G. in the Z-direction 
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Neck Dynamic Response: Frontal Flexion
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Figure 17. Neck moment around Y-axis (My) w.r.t. the 

head rotation angle 
 

Neck Lateral Flexion Test - Figure 18 to Figure 21 
respectively indicates the results of the neck lateral flexion 
tests concerning the following evaluation items: 

1) Head rotation angle (Figure 18) 
2) Kinematic displacement of head center of gravity in 

the Y-direction (right-left) (Figure 19) 
3) Kinematic displacement of head center of gravity in 

the Z-direction (up-down) (Figure 20) 
4) Neck moment around X-axis (Mx) with respect to the 

head rotation angle (Figure 21) 
 
The results indicate that the responses were outside the 
corridors in all the evaluation items.  In particular, the Y 
and Z-direction displacements of the head C.G. deviated 
from these corridors.  However, these results take notices 
that were responses where not T1 pulse but 7 G sled pulse 
of NBDL was used. 
 

Neck Kinematics: Head Angle 7g Lateral Flexion
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Figure 18. Head rotation angle 
 

Neck Kinematics: Head CG Y Disp. 7g Lateral Flexion
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Figure 19. Disp. of head C.G. in Y-direction 
 

Neck Kinematics: Head CG Z Disp. 7g Lateral Flexion
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Figure 20. Disp. of head C.G. in Z-direction 

 
Neck Dynamic Response: Lateral Flexion
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Figure 21. Neck moment around X-axis w.r.t. head 

rotation angle 
 
Thorax 
 

Kroell Test - Figure 22 indicates the results of the 
Kroell test at 4.3m/s.  In the Kroell test, the method of 
biofidelity test and that of certification test were the same 
[1], [2].  However, since the corridors of these tests are 
different, both biofidelity corridor and certification corridor 
are shown in this figure. 
The repeatability of the three tests was good; however, all 
of them deviated from both the biofidelity corridor and the 
certification corridor.  It can be presumed that the reason 
why chest deflection was smaller than that of the corridor 
was because when the thorax of the dummy was hit, the 
lowest point of the impactor may have come in contact 
with its upper abdomen and thereby the intrusion of the 
impactor may have been restricted. 
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Figure 22. Response of Kroell test at 4.3m/s 

 
Figure 23 indicates the results of the Kroell test at 6.7m/s.  
The repeatability of the three tests was good.  Although 
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the response near the maximum impact force greatly 
deviated from the biofidelity corridor, the response 
approximately fell within the corridor at the deflection of 0 
to 60 mm.  On the other hand, the response fell within 
both the first and the second certification corridors.  
However, as shown in this figure, the impact force 
suddenly increased at approximately 55 mm of the chest 
deflection.  It can be presumed that because there were 
vestiges that indicate the contact between the mid sternum 
mass assembly and the spine (Figure 24), the impact force 
suddenly increased due to the metal contact caused by 
bottoming out of thorax. 
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Figure 23. Response of Kroell test at 6.7m/s 
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Figure 24. Vestiges of contact between mid sternum 

mass assembly and spine 
 
Abdomen 
 
Upper Abdomen Impact Test - Figure 25 indicates the 
results of the upper abdomen impact test.  The response 
on deflection from 50 to 100 mm was within biofidelity 
corridor, but force on deflection at 120 mm was greater 
than biofidelity corridor.  Therefore, it was found that the 
upper abdomen of THOR-NT had stiffer characteristics 
than that of a human body. 
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Figure 25. Response of upper abdomen impact 

 
Lower Abdomen Impact Test - Figure 26 indicates the 

results of the lower abdomen impact test.  The response 
on deflection from 0 to 100 mm was within biofidelity 
corridor, but force on deflection at 120 mm was far greater 
than biofidelity corridor.  Therefore, it was found that the 
lower abdomen of THOR-NT had stiffer characteristics 
than that of a human body. 
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Figure 26. Response of lower abdomen impact 

 
Face 
 

Disk Impact Test - Figure 27 indicates the results of the 
face disk impact test.  In the face disk impact test, the 
method of biofidelity test and that of certification test were 
the same [1], [2].  However, since the corridors of these 
tests are different, both biofidelity corridor and certification 
corridor are shown in this figure. 
Not only the early section of response slightly deviated 
from the biofidelity corridor, but also the peak impact 
force was higher than the corridor.  In addition, the peak 
impact force was also higher than certification corridor. 
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Figure 27. Response of face disk impact 

 
Rigid Bar Impact Test - Figure 28 indicates the results 

of the face rigid bar impact test.  In the face rigid bar 
impact test, the method of biofidelity test and that of 
certification test were the same [1], [2].  However, since 
the corridors of these tests are different, both biofidelity 
corridor and certification corridor are shown in this figure. 
The results of all the three tests greatly deviated from 
biofidelity corridor, and the peak impact force was higher 
than that of the certification corridor. 
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Figure 28. Response of face rigid bar impact 

 
 
HYGE Sled Tests 
 
In this chapter, it states the results of the evaluation on 
repeatability of dynamic responses for THOR-NT, and the 
results of the investigation on influence on responses by 
the difference of dummy positioning.  Furthermore, it 
states the results of the dynamic and kinematic responses 
compared between THOR-NT and Hybrid-III. 
 
Positioning of Dummy 
 
Figure 29 indicates the comparison of the positioning of 
the head, shoulder, hip point (H.P.), knee, and ankle in the 
three tests on the standard position and one test on the 
UMTRI position, for THOR-NT.  In addition, the 
positioning in one test on the standard position for 
Hybrid-III is plotted in this figure. 
The repeatability of THOR-NT positioning was good.  

Even at the maximum, difference in positioning of the 
head in the vertical direction was only 12 mm. 
Comparing the UMTRI position with the average of three 
tests in the standard position, in the X-direction, the 
difference of H.P. was the largest, namely, the H.P. in the 
UMTRI position was positioned 43 mm rearward with 
respect to that in the standard position.  In the Z-direction, 
the difference of the shoulder was the largest, namely, the 
shoulder in the UMTRI position was positioned 37 mm 
above with respect to that in the standard position. 
Comparing the positioning of THOR-NT with that of 
Hybrid-III on the standard position, in the X-direction, the 
H.P. of THOR-NT was approximately close position to 
that of Hybrid-III, but the head of THOR-NT was more 
rearward than that of Hybrid-III while the knee of 
THOR-NT was more forward than that of Hybrid-III.  In 
the Z-direction, on the whole, each component of 
THOR-NT was positioned above than that of Hybrid-III. 
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Figure 29. Comparison of the positioning among 

THOR-NT/Hybrid-III on the standard position, and 
THOR-NT on the UMTRI position 

 
Kinematic Response 
 
Figure 30 indicates the behavior of each component of the 
dummy in the three tests on the standard position and one 
test on the UMTRI position, for THOR-NT.  
Furthermore, the behavior in one test on the standard 
position for Hybrid-III is drawn in this figure. 
The behavior of THOR-NT was quite similar in the three 
tests on the standard position.  However, as for the head, 
whose maximum displacement was the most different, the 
maximum difference in the three tests was 35 mm in both 
back-forth and up-down directions.  As for the other 
components, the difference in the back-forth direction was 
8 to 16 mm, and that in up-down direction was 3 to 6 mm. 
The behavior in the UMTRI position and that in the 
standard position were similar, comparing the kinematics 
of each part of THOR-NT.  However, with regard to the 
difference in the maximum displacements (X, Z) with 
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respect to the initial position, there were (31mm, 17mm) at 
the head, (2mm, 3mm) at the shoulder, (2mm, 7mm) at the 
H.P., (13mm, 10mm) at  the knee, and (46mm, 14mm) at  
the ankle.  The difference in the maximum displacement 
of the ankle in X-direction was the largest. 
Comparing the behavior of THOR-NT with that of 
Hybrid-III on the standard position, both behavior was 
similar.  However, the forward displacements of the head 
and shoulder for THOR-NT were larger than that of 
Hybrid-III.  Furthermore, since the knee of THOR-NT 
was initially positioned on the forward and the upward to 
that of Hybrid-III, the knee of THOR-NT came hard in 
contact with instrument panel, compared with Hybrid-III. 
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Figure 30. Comparison of the behavior among 
THOR-NT/Hybrid-III on the standard position, and 

THOR-NT on the UMTRI position 
 
Dynamic Response 
 

Acceleration Response - Figure 31 indicates the 
acceleration responses of the dummies’ head, thorax, and 
pelvis.  In each of these three components, the 
acceleration appearance, duration, and the peak value were 
quite similar in the three tests for THOR-NT.  The 
occurrence situation and duration of acceleration were also 
similar for the standard position and the UMTRI position.  
Furthermore, the acceleration responses were also similar 
between THOR-NT and Hybrid-III. 
Figure 32 indicates HIC36 ms and clip 3msG on the head 
acceleration, and Figure 33 indicates clip 3msG on the 
chest acceleration and maximum 3-axial resultant 
acceleration of pelvis.  The average (Ave.) ± standard 
deviation (S.D.), and CV of the data of the three tests is 
also shown in these figures.  The clip 3msG of the head 
(CV=1.7%) and pelvis acceleration (CV=1.9%) were 
approximately the same in the three tests.  On the other 
hand, HIC36ms (CV=8.7%) and the clip 3msG of the 
chest (CV=5.8%) increased in repeated tests. 
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a) Head resultant acceleration 

Chest Resultant Acceleration
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b) Chest resultant acceleration 

Pelvis Resultant Acceleration
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c) Pelvis resultant acceleration 

Figure 31. Acceleration responses of the head, thorax, 
and pelvis 
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a) HIC36ms 
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Figure 32. Injury Criteria of the head, and CV 
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Chest G (3ms clip)
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a) Clip 3ms G of chest 
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b) Peak acceleration of pelvis 

Figure 33. Injury Criteria of the chest, peak 
acceleration of the pelvis, and CV 

 
Force and Moment Responses of Neck - Figure 34 

indicates the neck responses of the shear force (Fx), the 
tension/compression force (Fz), and the flexion/extension 
moment around Y-axis (My).  With regard to the Fx in 
the first test (Mid-T01), noises were detected near the peak 
both in the plus (+) side output (the head backward and the 
thorax forward) and in the minus (-) side output (the head 
forward and the thorax backward). The presumed reason 
is that the cable of the upper neck load cell had already 
deteriorated.  Due to this, even a light touch on the cable 
caused noise when the functions of the sensor were 
confirmed after the test.  Therefore, the ineffective 
contact of the wires in the cable caused the noise when the 
cable was wagged during impact.  However, except for 
the noises of Fx, regarding both Fx and Fz, the responses 
were similar in the three tests.  With regard to My, its 
appearance was similar in the three tests, but the peak near 
90ms in the minus (-) side output (extension) in the first 
test (Mid-T01) was slightly lower than that in the other 
two tests.  On the other hand, in the plus (+) side output 
(flexion), the peak in the third test (Mid-T03) was slightly 
lower than that in the other two tests. 
With regard to the repeatability of Fz, both tensile force 
and compression force were good in the three tests 
(CV<=2.5%).  In the minus (-) side of Fx, repeatability 
was acceptable (CV=7.7%), but in the plus (+) side, CV 
exceeded the acceptable criteria (CV=11.7%).  In the 
flexion side of My, repeatability was narrowly acceptable 
(CV=9.6%).  However, in the extension side, the value 
increased after repeated tests and, as a result, CV greatly 
exceeded the acceptable criteria (CV=16.8%). 
In all the measured points, the occurrence situations of 

force and moment were similar between the UMTRI 
position and the standard position. In the response of Fx on 
the UMTRI position, noise was detected as well as the 
result in the first test on the standard position. 
The circumstances in which the neck force and moment 
were generated were similar between the THOR-NT and 
Hybrid-III.  However, generation level of Fx in the minus 
side output of THOR-NT from 0 to 60ms was smaller 
than that of Hybrid-III, while generation level of that from 
110 to 160ms was larger than that of Hybrid-III.  As for 
Fz (tension), although the occurrence of the peak force 
was similar between the THOR-NT and Hybrid-III on the 
standard position, the circumstance during falling of force 
was different between them. If anything, the response on 
UMTIR position was close to that of Hybrid-III.  My 
(flexion) tended to be larger in the Hybrid-III. 
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a) Neck force Fx 

Upper Neck Fz
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b) Neck force Fz 
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c) Neck moment My 
Figure 34. Force and moment responses of neck 

 
Deflection Responses of the Thorax and Abdomen - 

Figure 35 indicates responses of the upper thorax 
deflection in X-direction, and Figure 36 indicates 



Yaguchi 11

responses of the lower thorax deflection.  With regard to 
repeatability, deflection appearance was similar in the 
three tests on the standard position, but the maximum 
values of the right and left side of the chest deflections vary.  
However, we would like to note that the result of the upper 
right side in the second test (Mid-T02) was obviously 
extraordinary.  The CV to evaluate repeatability is 
indicated in this figure. Here, it should be noted that the 
CV of the upper right deflection was calculated from the 
results of the first and second tests only.  The upper right 
deflection exhibited the biggest value of the four 
measuring points, and when compared between the right 
and the left deflections, the deflections of right side were 
twice as big as those of the left ones.   
As for the repeatability, the CV of the upper right 
deflection was 0.5% (n=2) and the CV of the lower right 
deflection was 1.6%, both indicating good results with 
regard to the right side of the dummy.  On the other hand, 
the CV of the upper left deflection was 19.7% and the CV 
of the lower left deflection was 17.8%, both indicating that 
the deflections of the left side of the dummy greatly 
deviated from the acceptable range. 
As for the deflections of the upper area on the thorax, both 
the timing of the deflection occurrence and the maximum 
deflection were similar between the UMTRI position and 
the standard position.  However, for the two deflections 
of the lower area on the thorax, although the timing of the 
deflection occurrence was similar, a difference in the 
maximum deflection level was observed probably due to 
the different positioning.  With regard to the maximum 
values of the four measured points, there was a difference 
of about 2 mm on the upper left.  The deflection on the 
lower left in the UMTRI position was smaller by about 5 
mm than that of the standard position, and oppositely, the 
deflection on the lower right in the UMTRI position was 
larger by about 5 mm than that of the standard position. 
When the right side deflections in THOR-NT are 
compared with Hybrid-III measurement taken at the 
center sternum, the deflection of THOR-NT was larger 
than that of Hybrid-III.   
Figure 37 indicates responses of the abdomen deflection. 
With regard to repeatability, both deflection occurrence 
situations and the maximum values of the left side of the 
lower abdomen were quite similar in all the three tests.  
The deflections of the upper abdomen were quite similar 
from the start of the undulation to the maximum deflection, 
but the result of the first test was slightly different from that 
of the other two tests.  In addition, with regard to the 
deflection of the lower right abdomen, the maximum 
value of the first test was slightly smaller than that of the 
other two tests. 

The deflection of the left side of the lower abdomen was 
quite similar in all the three tests, having CV value of 1.1%, 
indicating very good repeatability.  Likewise, the 
deflection of the right side of the lower abdomen indicated 
good repeatability with a CV of 4.2%. Even the upper 
abdomen which indicated the greatest deflection 
fluctuation had a CV of 5.3%. 
From the beginning of deflection occurrence to the peak 
deflection, the deflection response of the upper abdomen 
was quite similar between the UMTRI position and the 
standard position.  However, after the peak deflection, the 
response curve of the UMTRI position decreased slowly 
compared with that of the standard position.  As for the 
deflection responses of the lower abdomen, from 50 ms to 
130 ms, the deflection of the left side in the UMTRI 
position was slightly lower than that of the standard 
position. While the responses in other time ranges were 
approximately the same between the UMTRI position and 
the standard position.  The difference in the maximum 
deflection level between the UMTRI position and the 
standard position was larger in the right side than in the left 
side.  The maximum deflection value of the upper 
abdomen was approximately the same in both seat 
positions.  As for the lower abdomen, the maximum 
deflection values of the UMTRI position were smaller by 
4 mm on the left side and by 10 mm on the right side than 
those of the standard position. 
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a) Thorax upper right 

Chest Deflection(Upper Left-X)
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b) Thorax upper left 

Figure 35. Deflection responses of upper thorax 
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Chest Deflection(Lower Right-X)

-35

-30

-25

-20

-15

-10

-5

0

5

10

0 20 40 60 80 100 120 140 160 180 200

Time [ms]

D
e
fl
e
ct

io
n
 [

m
m

]

NT Mid-T01
NT Mid-T02
NT Mid-T03
NT UMTRI
HYIII Mid

Peak defl.: -26.5±0.43mm (CV=1.6%)

   
a) Thorax lower right 

Chest Deflection(Lower Left-X)
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b) Thorax lower left 

Figure 36. Deflection responses of lower thorax 
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a) Upper abdemen 

Lower Abdomen RH Deflection
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b) Lower abdomen right 

Lower Abdomen LH Deflection
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c) Lower abdomen left 

Figure 37. Deflection responses of abdomen 
 

Force and Moment Responses of the Legs - Figure 
38 indicates the responses of the tension and compression 

forces on the femur.  The compression force (-) of the left 
femur of THOR-NT was very low and the tension force 
(+) was high. The compression and tension forces of the 
right femur were similar. 
With regard to repeatability, the force appearance situation 
of the right and left femur were similar in all the three tests.  
The repeatability of the compression force of the right 
femur was good (CV=3.4%), but the compression force of 
the left femur greatly deviated from the acceptable range 
(CV=18.8%). 
In the occurrence of the compression force (in the minus 
output) in the beginning of the impact, the left femur force 
at the UMTRI position was slower than that at the 
standard position and the force indicated higher value.  
However, for the tension force (in the plus output), the 
time of the maximum force occurrence and force level 
were approximately the same in both positions.  In the 
occurrence of the right femur force in the standard position, 
the compression force occurred at about 50 ms, and then 
changed into tension force by about 80 ms.  On the other 
hand, the compression force of the right femur in the 
UMTRI position occurred before 50 ms, and changed into 
tension force immediately after that.  The maximum 
compression force of the left femur in the UMTRI 
position was higher than that in the standard position, 
however, opposite results were obtained in the right femur. 
Comparing the responses of the THOR-NT and 
Hybrid-III, the occurrence situation from 0 to 60ms of 
right femur was similar, whereas left femur became 
completely different situation. 
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Figure 38. Force responses of femur 
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Figure 39 indicates the axial force responses of the tibia.  
The axial force was similar in both the right and left tibia.  
However, the axial force of the upper tibia was larger than 
that of the lower tibia.  In addition, in all the four 
measuring points, both force occurrence situation and the 
maximum force were similar in the first and the second 
tests. But in the third test, the force at the first peak (about 
40 ms) was smaller than that of the other two tests.  It can 
be presumed that this difference was due to the slight 
fluctuation on the setup of the legs in the dummy 
positioning. 
The tibia force was approximately the same at the four 
measuring points in the tibia (the upper and lower on right 
tibia and the upper and lower on left tibia).  With regard 
to the repeatability, the lower tibia force on the right leg fell 
within the acceptable range (CV=7.2%), but the upper 
tibia force on the right leg, and the upper and lower tibia 
force on the left leg deviated from the acceptable range, i.e., 
all of the CVs were higher than 10%. 
At the four measured points (upper right, lower right, 
upper left, and lower left), the occurrence situation of tibia 
axial force was different between the UMTRI position and 
the standard position.  While the first peak force in the 
standard position occurred at about 35 ms, the first peak 
force in the UMTRI position occurred at about 45 ms, and 
the force level was higher than that of the standard 
position. 
Comparing the responses of the THOR-NT and 
Hybrid-III on the standard position, the occurrence 
situation of femur force was similar. However, the peak 
forces of Hybrid-III were higher than that of THOR-NT. 
Figure 40 indicates the moment responses around Y-axis 
of the tibia.  In the three tests of THOR-NT on the 
standard position, the moment occurrence situations were 
similar in both the right and left tibia.  The maximum 
moment of the lower tibia was smaller than that of the 
upper tibia.  Also in the three tests, the lower moment of 
the right tibia tended to indicate smaller values than other 
three measuring points.  Moreover, in all the measuring 
points on the tibia moments, the values decreased by 
repeating the test.  However, the CVs of the upper and 
lower tibia moment of the left leg and the lower tibia 
moment of the right leg were within the range (4% to 6%), 
while the CV of the upper tibia moment of the right leg 
was 9.8%.  All the CVs fell within the acceptable range 
of repeatability. 
At the four measured points (upper right, lower right, 
upper left, and lower left), the moment began to appear 
approximately at the same time in both the UMTRI 
position and the standard position. However, the 
undulations from the moment occurrence to the maximum 

moment were different.  In addition, the occurrence time 
of the maximum moment of the UMTRI position was 
slightly later than that of the standard position.  The 
maximum tibia moment of the UMTRI position tended to 
be higher than that of the standard position. 
Comparing the responses of the THOR-NT and 
Hybrid-III on the standard position, in the upper of the 
right and left tibia, the first peak of Hybrid-III occurred at 
early timing than THOR-NT. 
On the other hand, in the lower tibia, Hybrid-III shifted 
toward minus after it responded toward plus at early 
timing, and thereby responses between THOR-NT and 
Hybrid-III were different. 
 

Right Upper Tibia Fz

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 20 40 60 80 100 120 140 160 180 200

Time [msec]

F
o
rc

e
 [

kN
]

NT Mid-T01
NT Mid-T02
NT Mid-T03
NT UMTRI
HYIII Mid

Peak compression: -1.95±0.22kN (CV=11.4%)

 
a) Right upper Fz 

Right Lower Tibia Fz

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 20 40 60 80 100 120 140 160 180 200

Time [msec]

F
o
rc

e
 [

kN
]

NT Mid-T01
NT Mid-T02
NT Mid-T03
NT UMTRI
HYIII Mid

Peak compression: -2.37±0.17kN (CV=7.2%)

 
b) Right lower Fz 

Left Upper Tibia Fz

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 20 40 60 80 100 120 140 160 180 200

Time [msec]

F
o
rc

e
 [

kN
]

NT Mid-T01
NT Mid-T02
NT Mid-T03
NT UMTRI
HYIII Mid

Peak compression: -1.54±0.16kN (CV=10.2%)

 
c) Left upper Fz 

Left Lower Tibia Fz

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 20 40 60 80 100 120 140 160 180 200

Time [msec]

F
o
rc

e 
[k

N
]

NT Mid-T01
NT Mid-T02
NT Mid-T03
NT UMTRI
HYIII Mid

Peak compression: -2.23±0.24kN (CV=10.9%)

 
d) Left lower Fz 

Figure 39. Force responses of tibia 
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Figure 40. Moment responses of tibia 
 
Figure 41 indicates the time history data of the tibia index.  
In both right and left legs, the curves of the tibia index 
were similar.  As for the maximum values in the tibia 
index, the value of the upper tibia of the right leg 
fluctuated larger than that of other three measuring points 
(CV=9.1%).  The CVs of the other three points were 
from 5.1% to 6.2%. 
At the four measured points (upper right, lower right, 
upper left, and lower left), both the undulation of the 
UMTRI position and that of the standard position began to 
appear approximately at the same time, however, the 
undulations from the starting point to the maximum point 
of tibia index curves were different.  Furthermore, the 

occurrence time of the maximum tibia index of the 
UMTRI position was slightly later than that of the 
standard position.  The maximum tibia index of the 
UMTRI position tended to be slightly higher than that of 
the standard position. 
Comparing the responses of the THOR-NT and 
Hybrid-III on the standard position, in the upper of the 
right and left tibia, the first peak of Hybrid-III occurred at 
early timing than THOR-NT.  However, with regard to 
the maximum values of tibia index, THOR-NT and 
Hybrid-III were similar.  On the other hand, in the lower 
tibia, tibia index of THOR-NT was higher than that of 
Hybrid-III. 
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Figure 41. Tibia Index 
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DISCUSSIONS 
 
Difference between Biofidelity and Certification 
Corridors 
 
With regard to the head, thorax and face, the method of 
biofidelity test and that of certification test are the same.  
However, the corridors of these tests are different.  
Therefore, even if the response falls within the one 
corridor, the response will deviate from another corridor. 
It is required how it arranges corridor based on PMHS 
data. 
 
Suggestion to Improve the Obscure Test Procedures 
on the Biofidelity and Certification Tests 
 
In biofidelity tests, if it was only the description of the test 
procedures in the THOR biofidelity/certification test 
manuals, there was the difficult case of set-up of the test 
conditions.  For instance, as for the head impact test, the 
test procedure is described in certification manual 
following as: "The head of the dummy is placed, such that 
the axis of the impactor is aimed at a point on the forehead 
on the midsagittal plane and 30 mm above the horizontal 
line marking the division with the face skin" [2].  
However, authors could not correctly judge "the horizontal 
line marking the division with the face skin".  Therefore, 
authors conducted test assuming that 30 mm above the 
horizontal line to be approximate point. 
Also, as for the rigid bar impact test on the face, the test 
procedure is described in certification manual following 
as:  "The rod is configured to impact along the mid-line 
of the left and right maxilla plates on face" [2].  Likewise, 
as for the disk impact test on the face, the test procedure is 
described in certification manual following as: "The center 
of the disk is configured to impact between the cheek and 
chin plates on the face" [2].  However, authors could not 
correctly judge "the mid-line of the left and right maxilla 
plates on face" and "the point between the cheek and chin 
plates on the face".  Therefore, authors conducted these 
tests, judging the impact point from photographs in the 
certification manual. 
It can be presumed that the slight differences in the test 
set-up appeared as slightly different result between authors 
and GESAC.  Note: The results of tests which were 
conducted by GESAC are indicated in the publication of 
reference [1]. 
It could be pointed out that it is necessary to arrange the 
manual such that it is possible to duplicate more faithfully 
test procedures. 
 

Influence of Different Positioning to Dummy 
Responses on HYGE Sled Test 
 
With regard to the seat of the white-body of a passenger 
car used in this test, the seat-slide position in accordance 
with the ATD positioning procedure of UMTRI was 
positioned 50 mm rearward with respect to the seat-slide 
position of the standard position.  Therefore, the 
positioning of the dummy in the UMTRI position was 
positioned rearward than that in the standard position.  
The behavior of the dummy was basically similar in both 
the UMTRI position and the standard position.  However, 
the moving distance of the dummy before coming in 
contact with the airbag and/or the instrument panel was 
longer in the UMTRI position than that of the standard 
position. The clearance between the body of the dummy 
and the steering wheel/ instrument panel at the initial 
positioning of the dummy was wider in the UMTRI 
position compared to the standard position.  Therefore, 
the maximum displacements of each body-part with 
respect to the initial positioning of the dummy in the 
UMTRI position were larger relative to the standard 
position.  In particular, there  was a difference of about 
31 mm at the head and 46 mm at the ankle in the 
back-forth direction. 
With regard to the dynamic responses of the upper body of 
the dummy, there were little differences observed between 
the UMTRI position and the standard position.  On the 
other hand, the occurrence situations of force and moment 
at the femur and the tibia were different relative to those at 
the upper body probably due to the difference in the 
behavior of the ankle as stated above. 
When the behavior of the dummy in the UMTRI position 
was checked by means of a video camera, it showed that 
the ankles moved forward during 0ms to about 40ms and 
the heels came in contact with the toe board (at the initial 
position the heels were away from the toe board), and then 
the feet slide on the toe board at about 40ms to 80ms.  
On the other hand, in the standard position, the heels were 
on the toe board at the initial position, and the feet did not 
slide on the toe board.  Instead, the feet appeared to brace 
against the toe board. 
However, the toe board used in the HYGE sled tests series 
was not the toe board of a real vehicle but a jig-attachment 
which imitated the real toe board and its surface was 
covered by a floor carpet of a real vehicle.  Therefore, it 
can be considered that the behavior of the lower legs in 
these tests did not necessarily reproduce the one in the real 
driver seat where the lower legs were positioned on the 
accelerator and the brake pedals. 
In addition, the white-body of a passenger car used in 
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these tests had a rather spacious interior space, and thereby 
even in the standard position, the clearance between the 
dummy's knees and the instrument panel was relatively 
wide.  Therefore, it is presumed that this is the reason 
why conspicuous differences of dummy responses did not 
appear between the standard position and the UMTRI 
position. 
 
CONCLUSIONS 
 
The biofidelity of the head, neck, thorax and abdomen of 
the THOR-NT was evaluated according to the biofidelity 
test procedures of THOR. 

- Only the head responses of the Thor-NT were within 
the PMHS corridors. 

- It was found that the thorax characteristic of Thor-NT 
dummy was stiffer than the human body.  In the test 
at 6.7m/s, it can be presumed that the maximum force 
became higher due to the metal contact inside thorax 
bottomed out. 

- With regard to the abdomen, the responses of both 
upper and lower deviated from each corridor, namely, 
it was found that the abdomen characteristics of the 
dummy are stiffer than that of the human body. 

- In the head, thorax and face, the test procedures of the 
biofidelity and certification test are quite same.  
However, corridors for evaluation in both tests do not 
overlap with each other.  This would cause the result 
that even if the dummy response is within the corridor 
of either test, it is outside the corridor of another test.  
It is required how it arranges corridor based on PMHS 
data. 

 
In order to obtain the impact response properties of the full 
assembly of the dummy, four HYGE sled tests were 
conducted.  Evaluation of the repeatability of dynamic 
response and investigation of the influence on the dummy 
response by different positioning was performed.  In 
order to evaluate repeatability, three tests were conducted 
under the same conditions. 

- The kinematic responses of the dummy were similar in 
the three tests. 

- As for the dynamic responses of the dummy, 
coefficient of variation (CV) was used as the 
evaluation criteria of the repeatability, which was 
calculated by dividing the standard deviation (SD) of 
the maximum value of the measured data by the 
average value.  In this study, repeatability was 
evaluated in the measured data and injury criteria of 
31 items.  As a result, 10 items (32%) in all the 
measured data and the injury criteria (31 items) 

indicated the result that CV is less than 5% as good for 
repeatability.  23 items (74%) in 31 items indicated 
the result that CV is less than 10% as acceptable.  
Thus, the remaining 8 items (26%) indicated that CV 
is larger than 10% as poor.   

- In order to investigate the influence of different 
positioning to dummy responses, a test was conducted 
on a dummy positioned according to the ATD 
positioning procedure developed by UMTRI, and then 
repeatability was evaluated.  When comparing the 
dummy positioning in the standard and UMTRI 
position, the dummy in the UMTRI was positioned 50 
mm rearward and 18 mm above with respect to the 
standard seat position. In the back-forth direction, the 
difference of the H.P. was the  largest, namely, the 
H.P. in the UMTRI position was 43 mm rearward 
compared with the standard position.  In the 
up-down direction, the difference of the shoulder was 
the largest, namely, the shoulder in the UMTRI seat 
position was approximately 37 mm upward compared 
with the standard seat position. 

- The behavior of the dummy was basically similar in 
both seat positions, but the maximum displacement 
with respect to the initial position differed in the head 
and the ankle.  The difference in the dummy 
response due to different positioning was small in the 
upper body, but large in the femur, legs, and ankles.  
This is presumed to be due to the difference in the 
behavior of the ankles. 
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ABSTRACT 
 
Much work has been done recently to examine the 
trends, contributing factors and characteristics of the 
increasing number of fatal motorcycle crashes 
occurring in the United States.  This paper explores 
two new resources, geocoded FARS data and 
roadway orthoimagery, to examine the geo-spatial 
characteristics of U.S. fatal motorcycle crashes.   
 
Using 2001, 2002, 2003, and 2004 FARS crash data 
(that were previously geocoded by the National 
Highway Traffic Safety Administration’s National 
Center for Statistics and Analysis), we have 
characterized the locations in the United States that 
have had fatal motorcycle crashes.  Locations where 
crashes occurred were identified by using spatial and 
attribute queries of the NHTSA FARS database after 
the database was imported into a Geographic 
Information System.  During the period from 2001 
through 2004, FARS identifies 14,653 fatal 
motorcycle crashes. Approximately 91 percent of 
these crashes (13,329) were successfully geocoded 
and entered into the analyses. A majority (about 
70%) of motorcycle fatalities occur on undivided 
roadways.   
 
A valuable new approach to the analysis of fatal 
motorcycle crashes will be described.  This approach 
involves use of high resolution orthoimagery which is 
now available for some, although not all, roadways.  
In addition, care must be taken to insure that 
available imagery displays roadway features at the 
time of the crash. 
 
This paper provides the first geospatial analysis of 
fatal U.S. motorcycle crashes using national 
geocoded FARS data coupled with available roadway 
orthoimagery.  Precise crash location, roadway  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
imagery and FARS crash attributes provide unique 
opportunities to investigate crash trends, causation 
factors and potential crash mitigation techniques. 
 
INTRODUCTION  
 
A variety of studies have recently examined the 
trends, contributing factors and characteristics of the 
increasing number of fatal motorcycle crashes 
occurring in the United States [1,2,3].  In addition, 
geocoded motor vehicle crash data has specifically 
been used in some analyses to study the spatial and 
temporal distribution of crashes [4,5,6,7].  For the 
most part these geographic studies have been 
performed with relatively small sets of crashes on 
local, regional or state levels.  In some cases, crash 
analyses were performed using highway segments 
distinguished by functional classification (freeway v. 
non-freeway) and location (urban v. non-urban) [8].   
Studies have also been performed that show that 
design attributes such as number of lanes, curve 
characteristics, vertical grade, surface type, median 
type, turning lanes, shoulder width, and lane width, 
can be statistically related to crash activity [9].  
Unfortunately, geocoded databases of roadway 
design attributes are not universally available, 
particularly for local roadways.  This paper examines 
whether the analysis of orthoimages can help 
overcome the lack of availability of geocoded 
roadway design attributes.  Orthoimages are geo-
referenced images (prepared from a perspective 
photograph or other remotely-sensed data) in which 
displacement of objects due to sensor orientation or 
terrain relief has been removed.  This results in an 
image with the geometric characteristics of a map 
and the image qualities of a photograph [10].  These 
characteristics suggest that orthoimages may provide 
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a means of obtaining a quantitative view of some of 
the roadway features of interest to crash researchers.  
 
The current study couples orthoimagery with Fatality 
Analysis Reporting System (FARS)[11] data which 
has been newly geocoded.   FARS contains 
information on all fatal crashes that occur each year 
in the United States (where death occurred within 30 
days of the crash).  The objective of this study is to 
investigate the geospatial patterns of fatal motorcycle 
crashes to determine if newly available analysis tools 
can be used to gain additional insight into crash 
causation and potential crash mitigation strategies. 
 
Statement of the Problem 
 
In October 2001, NHTSA published a comprehensive 
report which indicated that during the 10 year period 
from 1990 to 1999, 24,495 people died in motorcycle 
crashes [1].  Of these, 45% (or 10,963 people) died in 
single-vehicle motorcycle crashes.  Nearly half of 
these single vehicle fatalities (5347) occurred in 
crashes where the motorcycle had to negotiate a 
curve prior to the crash - and over 90% of these 
subsequently ended up ‘off-roadway’.  Of the single-
vehicle motorcycle fatalities which occurred while 
negotiating a curve – over 60% involved speeding as 
an operator-contributing factor.  
 

Since the decade of the 90s, the situation has not 
improved.  According to a more recent NHTSA 
report [12], motorcycle fatalities increased by 89% 
between 1997 (when 2116 fatalities were recorded) 
and 2004 (when 4008 fatalities occurred).  In 2004 
motorcycle rider fatalities made up 9.4% of all motor 
vehicle crash fatalities in spite of the fact that 
motorcycles accounted for only 2% of all registered 
vehicles and only 0.3% of vehicle-miles-traveled in 
the U.S. that year.  Likewise, NHTSA reported that in 
2004, about 76,000 motorcyclists were injured in 
traffic crashes.  This is 13% more than the 67,000 
motorcyclists injured in 2003.  NHTSA further noted 
that when comparing fatality rates per vehicle-miles-
traveled in 2004, motorcyclists were about 34 times 
more likely than passenger car occupants to die in a 
traffic crash (compared to 15 times more likely in 
1997).    
 
Focus of This Paper 
 
This paper will utilize the newly available geocoded 
FARS data from 2001 through 2004, coupled with 
orthoimages of selected fatal crash locations to assess 
whether orthoimages can expand our understanding 
of motorcycle crash causation.  
   
Figure 1 displays a national map showing the 13,329 
fatal motorcycle crash locations which occurred in 
the US during this four year period.   

 

 
 

Figure 1.  Fatal Motorcycle Crash Locations in U.S. from 2001 through 2004. 
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To identify a subset of these crashes for which 
orthoimages could be examined, some initial analyses 
of the FARS database were performed.  First, single-
vehicle motorcycle crashes were extracted from 
FARS and examined in the context of straight vs 
curved roadway alignment.  Of the 6,448 single-
vehicle motorcycle crashes in this four year period, 
roadway alignment was reported for 6415 crashes (or 
99.5%) with 43% of these crashes occurring on 
straight roads and 57% (or 3655 crashes) occurring 
on curved roads.   Moisture conditions were also 
reported in FARS for about 39% of the 6448 single 
vehicle motorcycle crashes.  It was found that 40% of 
these crashes took place on straight dry roads while 
57% took place on curved dry roads. The remainder 
(only 3%) indicates that relatively few crashes (with 
moisture conditions reported) occurred on straight or 
curved wet roads, possibly because fewer trips were 
made during inclement weather conditions.  These 
combined results suggested that a focus on curved 
roads might be of particular interest.   
 
Next, speed was considered.  Of the 6,448 single-
vehicle crashes, 2500 (or 39%) had estimated travel 
speeds reported in FARS.  Figure 2 shows the 
distribution of these single vehicle motorcycle 
crashes as a function of travel speed with the 
cumulative percentage (summed over those with 
reported speeds) also plotted.  The estimated travel 
speed which saw the highest number of crashes over 
the four year period was 55 mph. It is also apparent 
that 50% of all of these crashes occurred at speeds in 
excess of 50 mph.   
 

 
 

Figure 2.  Distribution of Single Vehicle Fatal 
Motorcycle Crashes as a Function of Travel Speed 

 

The ‘first harmful event’ for single-vehicle 
motorcycle crashes in FARS was examined next.  
After overturns (which may or may not be due to 
roadway characteristics), the greatest number of 
crashes (562) reported the first harmful event as 
hitting a guardrail.  Of these 562 guardrail crashes, 
431 occurred on curved roads during this 4 year 
period.  A further examination of travel speed 
showed that 163 of the 431 crashes (or 38%) had 
estimated travel speeds reported in FARS. These 
speeds ranged from under 25 mph to over 90 mph.    
 
Figure 3 shows a plot of posted speed limit vs the 
average travel speed reported for single-vehicle  
(motorcycle) guardrail crashes occurring on curved 
roadways with posted speed limits between 30 and 75 
mph.  The number of crashes included in each 
average is shown in parentheses next to each data 
point while the vertical lines show the minimum and 
maximum reported travel speeds included in the 
average.  Note that the largest number of crashes (54) 
occurred on roadways with a posted speed of 55 mph.  
For these 54 crashes, the average travel (or crash) 
speed was 65 mph and the reported travel speeds 
ranged from 28 to 97 mph.  These and the other 
analyses described above were used to define a 
manageable (and rational) subset of fatal motorcycle 
crash locations for which orthoimages were sought.  
The FARS case selection process is summarized in 
the Methodology section below. 
 
 

 
 
Figure 3.   Reported Travel/Crash Speed vs Posted 
Speed Limits for Guardrail Collisions on Curved 

Roads  
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METHODOLOGY 
 
Beginning in 2001 the National Highway Traffic    
Safety Administration (NHTSA), which is    
responsible for the compilation of FARS data, has 
made an effort to geocode (or give real world latitude 
and longitude coordinates to) each fatal crash. This 
geocoding task was undertaken by NHTSA’s  
National Center for Statistical Analysis (NCSA).  
NCSA has several methods by which to accomplish 
this task. The first is to use, whenever present, the 
crash coordinates that are provided by the responding 
emergency vehicles (which may be contained in the 
police accident report). The second method is to 
geocode the locations, which is a process that takes a 
street address or intersection, matches it to a streets 
database and geographic file, and returns real world 
coordinates. The last method is an interactive process 
by which the crashes are manually digitized and 
placed in the correct location on a computer map.  
 
FARS Case Selection 
 
Using 2001, 2002, 2003, and 2004 FARS geocoded 
crash data for the 50 states and the District of 
Columbia, we identified 13,329 locations in the 
United States that had a fatal motorcycle crash in any 
one of the calendar years 2001, 2002, 2003, or 2004. 
Further classification of these crashes revealed that 
6,448 of those crashes (48.4%) were single-vehicle 
(motorcycle) crashes.  For 562 of these single vehicle 
crashes, the first harmful event was a collision with a 
guardrail, with 431 (of 562) characterized as having a 
curved roadway alignment.  Of the 431 single-vehicle 
(motorcycle) crashes for which collision with a guard 
rail on a curved roadway was the first harmful event, 
54 had a posted speed limit of 55 miles per hour and 
their actual (estimated) travel speeds were known.  
These 54 crashes represented the largest number of 
guardrail crashes on curved roadways at any single 
posted speed and subsequently became the set of 

crashes selected for this orthoimagery study.  This 
selection process or ‘drill-down method’ is illustrated 
below in Figure 4.  
 
In actual practice, these motorcycle crashes were 
identified by using spatial and attribute queries of the 
NHTSA FARS database after the database was 
imported into a Geographic Information System (i.e., 
ESRI’s ArcGIS 9.1 software).  The processing of the 
data included first, selecting those crashes that were 
defined as ’motorcycle’ crashes, which include all 
makes and models of motorcycles, and exporting this 
subset of crashes as the population of crashes used in 
this study for the 2001 through 2004 time frame.  
 
Analysis of Crashes Using Orthoimagery  
 
The set of 54 crashes to be examined was exported 
and integrated within Google Earth Plus (4th edition) 
to find those crashes that had commonly available, 
medium to high resolution orthoimages available for 
measurement.   By importing each crash’s latitude 
and longitude coordinates into Google Earth Plus, a 
‘visit’ of the 54 crash locations was conducted and a 
determination made as to whether a suitable image 
was available for each crash location. Of the 54 
crashes, 25 images were found to have acceptable 
resolution so that the roadway radius of curvature 
could be measured. 
  
For each curve, a nominal distance of 300 meters 
along the curved roadway was examined on either 
side of the crash site.  A circle was constructed (on 
the orthoimage) which followed the road curvature 
over this distance and the circle’s radius determined.  
Figure 5 illustrates this process.  Using the Google 
Earth measurement tool, the radius of curvature ( r ) 
was recorded for each crash location.  The 
orthoimages were then introduced into the ArcGIS 
environment and the measured radii validated using 
the ArcGIS internal measurement system.   
 

 
 

 
 

Figure 4.   Flowchart Illustrating FARS Crash Case Selection 
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Figure 5.   Orthoimage of Crash Site (on US-14) with Illustration of Approach  
for Measuring Radius of Curvature. 

 
 
RESULTS  
 
Table 1 provides a summary of selected attributes 
(from the FARS database) associated with each of the 
25 crashes for which high resolution orthoimages 
were examined.  Figure 6 and Figure 7 show 
representative orthoimages of four fatal, single- 
vehicle motorcycle crash locations where the rider 
collided with a guardrail on a curved roadway.  
Table 2 summarizes the roadway curvature data 
extracted from the orthoimages for each of the 25 
crashes examined.  Data on posted and reported 
travel speed from FARS is also tabulated.  In 
addition, lateral accelerations were calculated for 
both the posted and crash reported speeds as follows: 
 

 Posted Speed Lateral Acceleration = rs p
2  

 
where Sp is the posted speed at the crash location and 
r is the roadway radius of curvature.   Similarly,  
 

     Crash Speed Lateral Acceleration = rsc
2  

 
 

 
 
where Sc is the reported crash speed and r is the 
roadway radius of curvature. 
 
The results of the lateral acceleration calculations are 
shown in Figures 8, 9 and 10.  Figure 8 illustrates the 
relationship between the roadway curvature and the 
crash lateral acceleration.  As expected, the fatal 
crashes with the highest lateral accelerations tend to 
occur more frequently on roadways with small radii 
of curvature (i.e., sharper curves).  Figure 9 provides 
a crash case-by-case comparison of the crash lateral 
acceleration and posted speed lateral accelerations.  
Finally, Figure 10 shows the number of fatal crashes 
in our study plotted against the difference between 
the crash and the posted speed lateral accelerations.  
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Table 1.   Summary of (Selected) FARS Attribute Data for Crashes Examined in Study 
Crashes sorted by ID# 

ID 
Roadway 

Label Year 
Light 

Conditions 
Roadway  

Profile 
Speed 
Limit 

Travel 
Speed PDOF Alcohol Age 

001 908M 2002 Dark but Lighted Level 55 97 12 No 32 
002 Cole Grade 2004 Daylight Grade 55 28 12 No 53 
003 I-35W 2002 Daylight Level 55 55 12 No 61 
004 I-464 2002 Daylight Grade 55 97 10 Yes 63 
005 I-70 2004 Daylight Grade 55 65 3 No 33 
006 I-74 2002 Daylight Grade 55 90 Unknown Yes 27 
007 I-75 2002 Daylight Grade 55 70 2 Yes 35 
008 I-95 2003 Daylight Level 55 97 11 No 29 
009 I-95 2003 Dark but Lighted Level 55 55 12 Yes 30 
010 Pala Temecula 2001 Daylight Grade 55 35 5 No 53 
011 Southern St 2003 Dark but Lighted Level 55 97 9 No 31 
012 SR-1 2001 Daylight Level 55 70 12 Yes 32 
013 SR-13 2001 Daylight Grade 55 30 12 No 70 
014 SR-166 2004 Dusk Level 55 97 3 No 23 
015 SR-18 2004 Dark Grade 55 40 12 Yes 50 
016 SR-74 2001 Daylight Level 55 40 12 No 64 
017 SR-89 2003 Daylight Grade 55 73 3 Yes 54 
018 SR-94 2001 Daylight Grade 55 55 12 No 21 
019 Trona Wildrose 2004 Daylight Grade 55 40 12 No 82 
020 US-101 2003 Dark Grade 55 55 12 No 50 
021 US-14 2004 Daylight Grade 55 88 2 No 22 
022 US-169 2003 Dark but Lighted Grade 55 97 1 No 26 
023 US-301 2003 Daylight Level 55 65 12 No 53 
024 US-36 2002 Dusk Hill crest 55 70 12 Yes 20 
025 Wantagh St 2002 Dark Level 55 97 12 No 20 

 
Note:    No adverse weather conditions reported for any crash.   Surface conditions for all crashes reported as ‘dry’ except for  

US-36 crash (ID=24) which reported surface conditions as ‘Other’.
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Figure 6  Orthoimages of Curves Where Fatal Crashes Occurred on SR-166 (top) and SR-94 (bottom) 
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Figure 7  Orthoimages of Curves Where Fatal Crashes Occurred on I-95 (top) and I-464 (bottom) 
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Table 2 .  Crash Characteristics Derived from Orthoimages 
 

(Crashes Sorted on Last Column) 
  Posted Travel Travel Travel Roadway Curve Values for Crash Values for Posted Speed Delta lat accel 

Crash speed speed speed speed Roadway Radius Radius lat acc  lat acc 
lat 
acc lat accel lat accel lat acc (crash-posted) 

ID (mph) (mph) (ft/sec) (m/sec) Label (ft) (m) (ft/sec2) (m/sec2) (g's) (ft/sec2) (m/sec2) ( g's) (m/sec2) 
013 55 30 44 13 SR-13 295 89.9 6.56 2.00 0.20 22.06 6.72 0.69 -4.72 
015 55 40 59 18 SR-18 240 73.2 14.34 4.37 0.45 27.11 8.26 0.84 -3.89 
002 55 28 41 13 Cole Grade 615 187.5 2.74 0.84 0.09 10.58 3.22 0.33 -2.39 
010 55 35 51 16 Pala Temecula 645 196.6 4.09 1.25 0.13 10.09 3.07 0.31 -1.83 
016 55 40 59 18 SR-74 1210 368.8 2.84 0.87 0.09 5.38 1.64 0.17 -0.77 
019 55 40 59 18 Trona Wildrose 1885 574.5 1.83 0.56 0.06 3.45 1.05 0.11 -0.50 
003 55 55 81 25 I-35W 950 289.6 6.85 2.09 0.21 6.85 2.09 0.21 0.00 
008 55 55 81 25 I-95 2650 807.7 2.46 0.75 0.08 2.46 0.75 0.08 0.00 
018 55 55 81 25 SR-94 175 53.3 37.18 11.33 1.15 37.18 11.33 1.15 0.00 
020 55 55 81 25 US-101 1360 414.5 4.78 1.46 0.15 4.78 1.46 0.15 0.00 
023 55 65 95 29 US-301 2665 812.3 3.41 1.04 0.11 2.44 0.74 0.08 0.30 
005 55 65 95 29 I-70 1690 515.1 5.38 1.64 0.17 3.85 1.17 0.12 0.47 
007 55 70 103 31 I-75 1950 594.4 5.41 1.65 0.17 3.34 1.02 0.10 0.63 
012 55 70 103 31 SR-1 1865 568.5 5.65 1.72 0.18 3.49 1.06 0.11 0.66 
009 55 97 142 43 I-95 4400 1341.1 4.60 1.40 0.14 1.48 0.45 0.05 0.95 
024 55 70 103 31 US-36 1120 341.4 9.41 2.87 0.29 5.81 1.77 0.18 1.10 
001 55 97 142 43 908M 2400 731.5 8.43 2.57 0.26 2.71 0.83 0.08 1.74 
025 55 97 142 43 Wantagh St 1995 608.1 10.15 3.09 0.32 3.26 0.99 0.10 2.10 
017 55 73 107 33 SR-89 695 211.8 16.49 5.03 0.51 9.36 2.85 0.29 2.17 
006 55 90 132 40 I-74 1450 442.0 12.02 3.66 0.37 4.49 1.37 0.14 2.29 
011 55 97 142 43 Southern St 1200 365.8 16.87 5.14 0.52 5.42 1.65 0.17 3.49 
022 55 97 142 43 US-169 890 271.3 22.74 6.93 0.71 7.31 2.23 0.23 4.70 
014 55 97 142 43 SR-166 840 256.0 24.10 7.34 0.75 7.75 2.36 0.24 4.98 
021 55 88 129 39 US-14 600 182.9 27.76 8.46 0.86 10.85 3.31 0.34 5.16 

004 55 97 142 43 I-464 165 50.3 122.67 37.39 3.81 39.44 12.02 1.22 25.37 
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Figure 8.    Lateral Acceleration vs Roadway Radius of Curvature 
 

 

 
 

Figure 9.  Case by Case Comparison of Posted Speed and Crash Speed Lateral Accelerations 
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Figure 10.  Bar Chart Showing Number of Crashes vs Difference in 
Lateral Acceleration (Crash Speed Minus Posted Speed in m/sec2)  

 
 
Discussion  
 
The use of orthoimagery to supplement the FARS 
database for motorcycle crashes has allowed us to 
determine the road curvature at the crash scene for 25 
single vehicle crashes involving collision with a 
guardrail on a curved road.  Lateral acceleration 
values based upon the posted speed limit and the 
estimated travel speed of the motorcycle prior to the 
collision event were calculated using the 
orthoimagery derived road curvatures.   
 
Rider, vehicle and roadway characteristics, singly or 
in combination, are potential factors that can 
influence the maximum lateral acceleration values 
sustainable on these curves.  Rider factors such as 
age, experience, training and drug use can clearly 
influence the driver’s perception of risk and his 
understanding of the motorcycle’s handling 
capabilities.  Roadway factors include pavement 
type, surface condition, grade and elevation.  
Motorcycle type, weight, power and tire properties 
can also affect the lateral acceleration achievable by 
the rider without loss of control. 
 
There is a dearth of data available on the lateral 
acceleration levels that average motorcycle riders are 
willing (or able) to achieve when negotiating a curve.  
For passenger vehicles, past research has indicated 
that the maximum lateral acceleration values drivers 
are willing to subject themselves to in crash type 

situations falls in the range of 0.3 to 0.5 g’s even 
though the cornering capabilities of vehicles vastly 
exceed these levels [13]. 
 
Thus, it may be reasonable to assume that the average 
motorcycle rider would typically negotiate a curve at 
a lateral acceleration level less than 0.5 g’s.  If one 
uses this assumption, then some interesting 
observations can be gleaned from the data in Table 2 
and Figures 9 and 10.  In seven of the selected cases 
(highlighted in blue in Table 2), the estimated travel 
speed resulted in a lateral acceleration level in excess 
of 0.5g’s.  Five of these were in excess of 0.7g’s.  It 
is assumed that a primary causal factor for these 
fatalities may have been a direct result of the rider 
entering the curve at too high a rate of speed to 
successfully negotiate the curve.   
 
It is also noted that for the vast majority of curved 
roadways examined, the lateral acceleration one 
would experience when traveling at the posted speed 
limit was well below 0.4g’s.  However, in four cases 
(highlighted in green in Table 2), the lateral 
acceleration derived for motorcycles traveling the 
posted speed limit was also in access of 0.5g’s.  The 
lateral acceleration values for these cases ranged 
from 0.69 to 1.22g’s.  Of particular note is the fact 
that in three of these four cases, the estimated travel 
speed of the motorcyclist was at or below the posted 
speed limit. This would lend some credence to the 
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belief that 0.5g’s may be too high a threshold for 
average motorcyclists to handle in curves. 
 
For our study, only commonly available mid to high 
resolution orthoimagery was utilized in the analysis 
of crash locations, specifically those available 
through Google Earth. Google Earth is a dynamic 
service which continually updates the orthoimagery 
they provide.  During our investigation, roughly 50% 
of all motorcycle crashes on curved roadways with 
the first harmful event being a collision with a 
guardrail, were covered by mid to high resolution 
imagery.  Due to expanded orthoimagery collection 
services, national organization and technological 
advances in collection methods, it is reasonable to 
assume that high resolution coverage of areas should 
increase in the future.   
 
 
CONCLUSIONS & RECOMMENDATIONS 
 
This study illustrates the opportunity to increase our 
understanding of fatal motorcycle crashes by using 
geocoded crash data and orthoimages.  Together 
these tools enable analysts to identify crash locations 
and visualize and measure crash scene roadway 
characteristics.  Simple calculations of posted and 
crash lateral accelerations permit the identification of 
roadways with potential problems.   For example, 
four curved roadways were identified in the analyses 
where the lateral accelerations calculated for the 
posted speed limits exceed the commonly accepted 
threshold of 0.5g’s.  
 
Further analyses could be strengthened if the 
accuracy of crash locations was improved.  Currently, 
crash locations are approximate and include both 
recorded error and geocoded error.  For example, the 
current accuracy is not sufficient to determine which 
side of the road the crash occurred on.  Including 
direction of travel in FARS is recommended to 
overcome this hurdle. 
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ABSTRACT 
 
This paper provides a comprehensive overview of the 
many tests involving the THOR-NT advanced frontal 
impact dummy that are contained within the NHTSA 
test database.  Since its release in 2005, NHTSA has 
collected data from over one hundred tests involving 
the THOR-NT.  These include sled tests, vehicle 
tests, and component tests at different speeds and 
configurations.  This paper serves as a reference for 
describing the various test series, which include those 
aimed at assessing biofidelity, evaluating 
instrumentation, and establishing qualification and 
injury criteria.   This paper also provides analytical 
examples that demonstrate the utility of the database 
in studying dummy-related issues. New auxiliary 
tools, such as data processing software and computer 
models, are also described.  Finally, this paper 
summarizes some of the lessons learned from this 
broad test experience, and documents actions that are 
being taken to enhance dummy performance and 
acceptance by the international community. 
 
INTRODUCTION 
 
The origins of the THOR-NT advanced frontal 
impact dummy may be traced to the 7th International 
ESV conference, when the National Highway Traffic 
Safety Administration (NHTSA) announced plans to 
develop an advanced crash test dummy with 
improved biofidelity under frontal impact conditions 
and with expanded injury assessment capabilities    
(Backaitis and Haffner, 1979). 
 
During the ensuing years, the THOR-NT has gone 
through several stages of development, which are 
summarized in Figure 1.  Significant milestones in 
this development process are described below. 
 
Anthropometric definition.  NHTSA commissioned a 
study of the anthropometry of human volunteers in a 

seated posture at the University of Michigan 
Transportation Research Institute (UMTRI).  The 
resulting three volume report defined the coordinates 
of the skeletal landmarks for the seated position.  
Full-sized glass-epoxy reference surface shells 
(having since been digitally scanned) representing 
three occupant sizes were developed (Schneider et al, 
1983; Schneider et al, 1988). 
 
Concept definition study.  Concurrent with the 
conclusion of the anthropometry study, NHTSA 
funded a concept definition study for an advanced 
frontal anthropomorphic test device (ATD).  This 
study laid the foundation for the hardware 
development efforts to follow (Melvin et al, 1988).  
This effort encompassed injury assessment priority 
analysis, an extensive review of available 
biomechanical impact response and injury data 
relevant to the automotive environment, and 
preliminary development of desirable advanced ATD 
design characteristics and features. 
 
Development of the TAD-50M ATD.   The initial 
advanced ATD was developed by a NHTSA-
sponsored consortium of universities and industrial 
partners working through the SAE Frontal Impact 
Dummy Enhancement Task Group (Schneider et al, 
1992). This new �trauma assessment device� 
represented a 50th percentile male and was known as 
the TAD-50M.   It consisted of a new torso to which 
stock Hybrid III arms, legs, head, neck, and a 
modified pelvis were attached to form a testable unit.  
Four TAD prototypes were produced.  
 
Concurrent advanced neck and lower extremity 
development.  At the same time as the TAD thorax 
was being developed, an advanced lower extremity 
(ALEX) and a new neck were under design.  The 
ALEX eventually gave way to the THOR-Lx, which 
is capable of mounting to either the THOR-NT or the 
Hybrid III. 
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Figure 1.  THOR-NT Development Chronology. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
THOR prototype:  Integration of design concepts. An 
effort to integrate the various ATD components  
began in 1994.  Two years later, a prototype of the 
new dummy dubbed �THOR� was introduced.  The 
principal features of the new crash dummy have been 
described by Rangarajan (1998). 
 
THOR Alpha release.  Modifications were 
incorporated into the design of the prototype THOR 
which resulted in the introduction of THOR Alpha in 
2001. The modifications corrected for poor durability 
of flexible joints, noise in accelerometers, and 
problems in handling and storage. A description of 
the modifications is given by Haffner (2001). 
 
THOR-NT release.  An extensive set of 
modifications were made to the THOR Alpha during 
the development of the THOR-NT based on user 
comments and the need for improving the 
performance of the dummy.  These updates are 
summarized by Shams (2005).  
 
Since the release of the THOR-NT in 2005, NHTSA 
has tested the dummy in a variety of configurations.  
Herein is a summary of THOR-NT data that NHTSA 
has collected.  Among the test series are those aimed 
at evaluating air bags, seat belt pretensioners, and 
rear seat restraints, one of the original purposes for 
the dummy.  
 
OBJECTIVE 
 
This paper describes a database encompassing all 
aspects of THOR-NT tests.  The purpose of the 

database is to provide a configuration management 
system that will be useful to a broad range of 
individuals and their special interests.   
 
Biomechanics researchers.  The database contains an 
assembly of THOR-NT data under a variety of test 
conditions, many of which contain matching tests 
with post-mortem human subjects (PMHS).   This 
data may be used to assess the biofidelity of the 
THOR-NT and to suggest injury assessment response 
values (IARV�s).   
 
Vehicle safety researchers.  Vehicle crash tests with 
the THOR-NT provide insights into the measurement 
capabilities of the THOR-NT.  For many test series, 
matching Hybrid III data provides a comparative 
benchmark that lends insights into the additional 
measurement capabilities of the THOR-NT.  The 
database also contains tools such as finite element 
and multibody models of the dummy to assist in 
computational analyses of vehicle restraint systems. 
 
Lab Technicians.  The database includes information 
on qualification tests and procedures.  The THOR-
NT User�s Manual describes dummy handling and 
set-up procedures.  Signal processing software is also 
offered. 
 
ATD Manufacturers.  The technical data package 
contains Level III engineering drawings for the 
manufacture of the THOR-NT.  Also included are 
maintenance and repair reports which provide 
insights into future opportunities to improve the 
durability of the dummy.   
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This paper describes the elements of the THOR-NT 
database.  Two examples are given to demonstrate its 
applicability to the aforementioned interest groups. 
 
TEST DATA 
 
The test data may be grouped into three broad 
categories:  sled/crash test data; biofidelity and 
component data; and qualification data.  The data 
itself is often accompanied by a test report and digital 
images in the form of still photos (JPG�s) and high-
speed movies (AVI�s) of the test.  Each test dataset is 
described in more detail below, with indications of 
whether accompanying tests were run with other 
dummies, volunteers, or human surrogates.  
 
Sled Test/Crash Test Data.  These tests are usually 
performed to evaluate a safety system or a specific 

test configuration.  They often include companion 
tests with post-mortem human subjects (PMHS) or 
the Hybrid III and other dummies (including the FT 
version of THOR developed by the European Union) 
in order to provide a baseline comparison responses.  
Table 1 lists the various series of sled/crash tests. 
 
Component Data.  Component tests include drop tests 
and pendulum impacts to body components of the 
dummy.  In some instances, the test protocol requires 
the dummy to be partially disassembled.  These tests 
are usually performed in order to assess the 
biofidelity of the dummy.  Included among the 
component tests are abdomen tests, neck pull tests, 
and femur impact tests.  Table 2 lists the various 
component test series.  Multiple tests were run under 
each series of tests. 

 
Table 1.  THOR-NT Full-Dummy Vehicle and Sled Tests 

 

Test Series Focus Test Description THOR-
NT Tests 

Match  
Tests 

Test Lab Publications 

Air bag Evaluation:  THOR-NT vs. 
HIII in OOP scenario 

Static air bag deployments for drivers and 
passengers in OOP positions. 

6 HIII DCX Kang, 2006  

Vehicle Crashworthiness:  IIHS full 
vehicle test 

64 km/hr full vehicle IIHS-style test:  SUV 
into an offset deformable barrier, 3-pt belt. 

2 HIII DCX Ding, 2006 

ATD Comparison:  THOR-NT and 
HIII 

48 km/hr sled tests; driver/passenger; frontal 
and frontal-oblique, 3-pt belt, no air bag. 

12 HIII DCX Ding, 2006  

Evaluation of crushable table:  study of 
table-to-abdomen interaction 

35 km/hr passenger train collision. 1 HIII 
Fed. Railroad 

Admin 
Parent, 2004  

ATD Response Comparison:  THOR-
NT and HIII 

40, 48, 56 km/hr frontal sled tests, driver/ 
passenger, air bag, 3-pt belt and unbelted. 

18 HIII Ford  

Pretensioner configurations 
48 km/hr frontal sled tests, 3-pt belt, no air 
bag, various pretensioner locations. 

10 HIII Hyundai/UVA Paek, 2006 

ATD response comparison:  THOR-
NT, THOR-FT, HIII 

56 km/hr Hyge frontal sled tests, belted 
driver w/ air bag, passenger without air bag. 

5 
HIII,  

THOR-FT 
JARI Onda, 2006  

Biofidelity of neck in extension:  
THOR, HIII, BioRid, Rid-2 vs. Human 

8 - 16 km/hr mini-sled, low speed Hyge rear 
impact tests. 

11 
HIII,  

THOR-FT 
JARI  

Investigate influence of seating 
position on ATD response  

56 km/hr frontal sled tests, driver, 3-pt belt 
and air bag. 

4 --- JARI  

Air bag Evaluation: OOP behavior 
with fleet air bags 

Static air bag deployments for five modules, 
OOP-1  position. 

10 HIII L-3/Jaycor  

ATD repeatability in OOP 
configuration 

Repeatable ATS static air bag deployments, 
OOP-1, -2  positions. 

24 HIII L-3/Jaycor Chan, 2004  

Seats and restraint performance in far 
side crashes 

Far side sled tests, passenger,  various 
seat/restraint configurations. 

6 
PMHS, 

WorldSID 
MCW  

Evaluation of rear seat restraints 
48 km/hr Toyota Corolla frontal sled-mount 
compliance test, rear seat, 3-pt. belts.  

2 HIII TRC of Ohio  

Race car seat performance   
200 km/hr NASCAR-style car impacting a 
SAFER barrier at 25 degrees. 

2 HIII 
Univ. of 
Nebraska 

 

THOR-NT shoulder design 
confirmation. 

56 km/hr frontal sled testing, FL 3-pt belt, 
no air bag  

8 --- UVa  

Biofidelity/Injury Criteria 
Development 

48 km/hr frontal sled tests, passenger;, FL 3-
pt belt, no air bag.    

9 
PMHS, 

HIII 
UVa  

Thoracic response in low speed frontal 
crashes 

29 km/hr frontal sled tests, passenger;, 3-pt 
belts. 

3 
PMHS, 

HIII 
UVa 

Forman, 
2006 
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Table 2.  THOR-NT Body Component Tests 

 

Test Series Focus Test Description Matching Tests Test Lab Publications 

Neck characterization:  human vs. HIII 
and THOR 

Bending and tension, quasi-static tests HIII Duke Dibb, 2006 Stapp 

Compare THOR-NT, THOR-FT, HIII 
THOR neck, thorax, and abdomen qualification 
tests 

HIII, THOR-FT JARI Onda, 2006 SAE 

ATD Comparison in neck extension 
with BioRid, Rid-2 

Strap pull (3 config); back impact and inertia HIII, Volunteer JARI  

THOR Design Check:  Biomechanical 
Response Req. 

Biomechanical response reqs:  head, face, neck, 
thorax, upper and lower abdomen 

--- JARI  

THOR-NT lower extremity biofidelity 
Pendulum impacts to the femur, lower leg 
ankle, and foot 

--- JARI  

Neck characterization:  human vs. HIII 
and THOR 

High-speed extension PMHS, HIII MCW Pintar, 2005 Stapp 

Biofidelity of the knee-thigh-hip region 
Simulated knee bolster (pendulum) impact to 
knee. 

PMHS, HIII UMTRI Rupp, 2003 ESV 

ATD thorax coupling and muscle 
tensing effects. 

Cavanaugh-style bench tests, Q-S Indenter PHMS, HIII UVA Shaw, 2005 ESV 

Head injuries sustained by football 
players 

Impacts to head/neck - whole body tests HIII Va. Tech  

 
 

Qualification Data.  Prior to each series of tests, the 
THOR-NT undergoes a complete inspection and a 
series of qualification tests to assure that it is 
performing within specifications and meets 
biofidelity requirements.   Qualification follows 
procedures described in accordance with the THOR 
Certification Manual.  The manual describes 16 
qualification tests:   
 
Thorax certification (4 tests):  Kroell test of the 
thorax at two speeds; MCW oblique-type tests of the 
right and left lower thoracic cage. 
 
Abdomen qualification (2 tests):  Upper abdomen 
impact test; lower abdomen impact test. 
 
Femur qualification (2 tests):  Knee impact test on 
both legs. 
 
Head qualification (2 tests):  Head only (head 
removed from body) 49CFR, Part 572.32 drop test; 
full dummy head impact test.  
 
Neck qualification (4 tests):  Dynamic bending tests 
(lateral, extension, and flexion) with pendulum; 
quasi-static O-C joint response. 
 
Face qualification (2 tests):  Rigid rod impact; rigid 
disc impact. 
 
Together with adherence to the engineering drawings, 
compliance with qualification test requirements 
serves to assure that the dummy is performing with 
known, repeatable and biomechanically correct 
responses.  Qualification data is integral in the 
federalization process.  This topic is discussed later in 
more detail. 

OTHER THOR-NT MATERIALS 
 
Aside from the test data itself, the database also 
contains other information described below.  
 
Journal and Conference Papers.  Literature references 
for the tests described in Tables 1 and 2 are provided.  
The full-length manuscripts of select papers that are 
not restricted by copyright concerns are available for 
download. 
 
Technical Data Package (TDP).  The TDP consists of 
over 500 AutoCAD files of the THOR-NT 
engineering drawings, and includes drawing 
specifications and a bill of materials for the dummy.  
A user�s manual and separate manuals for the 
biofidelity and qualification requirements are also 
included. 
 
Design reports.  These include the full-length reports 
referenced previously, and more recent reports 
generated on the development of the THOR-NT. 
 
User Tools.  These include computer modeling and 
data processing software and manuals. 
 
Inspection Reports.  Each time a THOR-NT unit is 
returned to NTHSA by a test site, it undergoes a 
complete inspection.  The results of these periodic 
inspections are documented in reports.  These list any 
maintenance problems discovered during the 
inspection process and detail any repair procedures 
found to be necessary. 
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APPLICATIONS 
 
Aside from the topics discussed within the individual 
papers that have resulted from a particular series of 
tests, the database as a whole may be used to 
investigate many other dummy-related issues.   
 
Two examples are provided below that demonstrate 
how the THOR-NT database may provide insights 
into: (1) thorax deflections and  (2) ATD neck loads.  
These examples are only meant to provide a 
demonstration of the richness of the THOR-NT 
database by conducting an exploratory analysis of a 
few dummy-related issues.  A much more exhaustive 
study � one that is beyond the scope of this paper � is 
needed to fully investigate these two examples. 
 
Example 1. Thorax deflections.  An advantage of the 
THOR-NT dummy is its ability to measure thorax 
deflections along three (x,y,z) directions at four 
distinct points on the ribcage: two in the upper thorax 
(right and left), two in the lower thorax (right and 
left).  The database may be parsed to demonstrate 
how the deflections vary from location to location 
depending on the restraint condition and test 
configuration.  This distinction cannot be  made with 
the Hybrid III dummy, which measures chest 
deflection at a single point (mid-sternum) in the x-
direction only. 
 
As examples, four series of tests run under very 
different conditions were selected for consideration.  
The first test used for the thorax deflection 
comparison was from Jaycor�s 24-test out-of-position 
(OOP) repeatability test series referenced in Table 1 
and described in Chan, 2004. In this test, the THOR 
dummy was placed against the air bag in an ISO-1 
OOP position as shown in Fig. 2. The air bag used for 
the test was from a 1992 Honda Accord. With the 
dummy�s head resting on the steering wheel, 
compressed air was used to rapidly inflate the air bag.  
 
The second test comes from the series of frontal sled 
tests run by Ford Motor Company to assess dummy 
behavior under compliance and NCAP test scenarios. 
For the test selected, the THOR dummy was 
positioned in the driver�s seat. The only restraint was 
the driver�s side air bag (see Fig. 3). The nominal 
velocity of the test was 40 km/hr.   
 
The third test was a frontal sled test run at the 
University of Virginia to evaluate biofidelity. Here, 
the THOR dummy was placed on the passenger side. 
It was restrained with a three-point belt that had a 
4kN force limiter (see Fig. 4). No air bag was present 
in this case. The sled nominal velocity was 56 km/hr.   

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 2.  Jaycor OOP 
repeatability test configuration. 

Figure 3.  Ford 40 km/hr sled test configuration. 

Figure 4.  UVA 56 km/hr sled test configuration 
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The fourth test was an oblique impact of a vehicle 
into a deformable barrier. This test was performed by 
the University of Nebraska for NASCAR (see Fig. 5). 
The THOR dummy was restrained by a six-point 
harness and a HANS head and neck restraint. The 
nominal velocity was 200 km/hr at a wall impact 
angle of 25 degrees. 
 
Figure 6 shows overlays of deflections in the (x, y) 
directions for all four tests.  (Note:  significant 
deflections in the z-direction were also evident but 
are not shown herein).  Thorax displacement patterns 
are seen to vary greatly depending on the test 
configuration. In the OOP tests, the dummy is placed 
forward, resting against the air bag. This correlates to 
most of the displacement (~35 mm) occurring in the 
� x-direction (inward) of both the upper right and 
upper left thorax and relatively little in the lower two 
quadrants.  
 
In the Ford test, the dummy is in a typical seated 
position, being restrained only with the air bag. Thus, 
the majority of the displacement is in both the upper 

right and upper left quadrants. Again, this is a 
compression in the �x-direction of about 30-35 mm. 
The difference in this case is that there is also some 
lateral movement of the upper chest to the right (+y-
direction). There is also about ~10mm of 
compression of the lower right thorax and a slight 
shift to the right. 
 
The UVA test configuration shows how a shoulder 
belt affects the deflection pattern. Here, there is 
moderate deflection in the �x-direction of ~15-20 
mm of the upper right and upper left chest. The most 
deflection for this configuration is seen in the 
compression of the lower left quadrant (30mm) due 
to the seat belt. In addition, the lower right quadrant 
is seen to bulge outward in reaction to the 
compression of the lower left chest.  
 
Lastly, the NASCAR test configuration shows how 
the deflection patterns change for an oblique side 
impact test configuration. In this case, the majority of 
the deflection is seen in the y-direction, with very 
little displacement in the x-direction. Here, the lower 
chest is primarily being compressed laterally, with 
the upper left and lower left quadrants showing 
deflections toward the right. 
 
These four tests demonstrate the variation of thorax 
deflection patterns arising from different crash 
configurations.  The THOR-NT � with its ability to 
measure (x,y,z) deflections at multiple locations � 
may be used to study restraint-specific thorax injury 
potential.  
 
Example 2. ATD neck loads.  The European 
Enhanced Vehicle-Safety Committee (EEVC) has 
issued a report on recommendations on the future of 
the THOR (EEVC 2006).  The EEVC report includes 
a remark that the THOR-NT neck loads borne by the 
cable elements are unreliable due to improper 
instrumentation and friction problems.   The 
underlying assumption of this remark is that the 
forces generated by the cable elements are needed to 
assess injury risk.  
 
Neck tolerance depends upon the loads borne by both 
the ligamentous spine and the neck muscles (Chancey 
et al. 2003).  In most dummies (including the Hybrid 
III) the upper head/neck load cell is installed in the 
head above the OC pin joint and measures all the 
loads which pass from the neck to the head (i.e., the 
�cross-sectional� neck loads).  The THOR-NT 
incorporates a construction in which the neck column 
represents the load path for the osteoligamentous 
structures and the two cables represent load paths  for 
external  musculature.     Therefore ,  only  the   loads  

Figure 5.  Top:  THOR-NT positioned in a 
NASCAR seat with a 6-point harness.  Bottom:  
NASCAR barrier test configuration.  Nominal 
vehicle speed:  200 km/hr. 
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measured in the upper neck load cell � which is 
placed on top of the neck column but below the head 
� represent injurious loads.  The loads borne by the 
cables are not used to assess injury risk. 
 
Nonetheless, the database may be parsed for evidence 
of problems related to the THOR-NT neck design.  
For this, the Jaycor OOP test series may again be 
examined for dummy neck repeatability.  The test 
series included six repeat tests for both the Hybrid III 
and the THOR-NT.  Figure 7 shows neck tensions 
measured by the upper neck load cells of both 
dummies.  The THOR-NT shows slightly more 
variability but it is likely within an acceptable range 
(i.e., the standard deviation is within 10% of the 
mean).  The source of the variability � whether from 
seating procedure, the air bag, or the dummy itself � 
may warrant further investigation. 
 
In Figure 8, the THOR-NT �columnar� neck tension 
(representing osteoligamentous loads passing through 
the upper neck load cell only) and the �cross-
sectional� neck tension (where the contributions of 

the cable elements are included) are shown for one of 
the six tests.  The cables are demonstrated to transfer 
load around the neck column in a fashion analogous 
to the way muscles transfer load around occipital 
condyles in a human neck.   
  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 6.  Comparison of (x,y) thorax deflections at the four THOR-NT thorax deflection sites. 

Figure 7.  Neck tension repeatability in Jaycor tests 

Key:             200 km/hr NASCAR 25° oblique side impact                        40 km/hr Ford frontal sled test, unbelted 
                       56 km/hr UVA frontal sled test, 3-pt belt, no air bag              Static Jaycor OOP-1 air bag deployment  
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DISCUSSION 
 
The two examples given above demonstrate how the 
THOR-NT database as a whole may be used to 
investigate safety systems and provide insights into 
specific dummy-related problems.  For instance, the 
variability seen in the OOP example may lead 
investigators to employ a more precise THOR-NT 
positioning procedure than what is currently used for 
the Hybrid III.   
 
Overall, the test experiences have provided NHTSA 
with a rich knowledge base of the capabilities and 
shortcomings of the THOR-NT.  The benefits from 
these lessons learned have evoked a string of efforts 
to improve usability features in the form of 
diagnostic equipment, data processing tools, and 
computer models.  Work on these efforts, as well as 
efforts to federalize the dummy, are summarized 
below. 
 
Federalization.  A candidate anthropometric test 
device (ATD), or crash test dummy, must undergo a 
rigorous evaluation and documentation process 
before it can be considered for incorporation into Part 
572 of the Code of Federal Regulations. This process 
has been developed over many years and includes a 
thorough dummy and drawing inspection, 
establishment of dummy qualification criteria, and an 
evaluation of the dummy�s durability, biofidelity, 
repeatability, and reproducibility (Rhule et al, 2005). 
 
Engineering Drawings.  The THOR-NT technical 
data package includes engineering drawings defining 
the physical dimensions of the dummy assembly, all 
subassemblies, and detailed drawings of all of the 
parts. The weight and center of gravity (CG) of the 

dummy component segments are also specified in the 
drawing package. 
 
NHTSA has completed the inspection of the THOR-
NT manufactured by GESAC, Inc.  Physical 
dimensions of each part of the disassembled dummy 
were measured and compared to the drawing package 
and any discrepancies were noted. Most 
discrepancies were simple mistakes in a drawing and 
easily corrected.  A few modifications to the physical 
hardware were required, though none of these 
modifications significantly affected dummy response 
or biofidelity.  Drawing revisions have been made to 
account for the discrepancies.   
 
Solid Models.  NHTSA has also begun efforts to 
acquire feature-rich solid models of all THOR-NT 
parts to include as part of the technical data package.  
This will aid tremendously in better specifying the 
design, manufacture, and inspection of the dummy, 
and could be used to more easily incorporate design 
modifications as well.      
 
Dummy Qualification.  For future federalization 
purposes, the qualification data may be used to 
establish upper and lower measurement targets for 
qualification test corridors.  Peak measurements are 
typically used as a qualification criteria, and 
historically, NHTSA has used a standard deviation 
that is less than 10% of the mean (Rhule et al, 2005).   
 
The THOR-NT qualification test corridors that are 
now used as the basis of acceptability are fairly 
arbitrary.  In the absence of repetitive test data, they 
have been set to correspond with similar corridors 
established for the Hybrid III and with human 
biofidelity corridors.  Most qualification tests have 
been run at a single laboratory (GESAC, Inc.).  Over 
time, the body of qualification results will grow as 
more dummies are put into use (currently NHTSA 
has four THOR-NT units) as more labs acquire the 
capability to run THOR-specific qualification tests.  
This will allow a re-examination of the corridors to 
ascertain the proper acceptability range.   
 
Durability.  The body of data contains numerous tests 
from which the durability of the THOR-NT may be 
inferred.  These tests, however, were not generally 
run to ascertain durability in the context of a 
federalization process.  For example, the NASCAR 
tests gave NHTSA the opportunity to observe the 
THOR-NT in a very severe crash in which human 
kinematics are fairly well known.  Additional high-
energy component tests and full-body sled tests shall 
be run by NHTSA to examine the durability of the 
dummy. 

Figure 8.  Neck tension:  cross-sectional vs. 
column loads in a Jaycor OOP-1 repeatability test. 
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THOR software GUI.  One of the challenges 
associated with the THOR-NT is interpretation of the 
instrumentation used to determine chest deflection.  
These instruments, referred to as CRUX�s (compact 
rotary units), are two-bar linkages with three degrees 
of freedom that measure rotation in degrees.  After a 
test, three rotary CRUX potentiometers are combined 
in a post-processing routine to compute (x,y,z) 
deflection measurements in millimeters.  In order to 
compute the deflections, several prescribed steps 
must be followed.  Due to extenuating circumstances, 
these steps are not always straight-forward, at times 
making the processing of CRUX data problematic. 
 
To facilitate the processing of CRUX angles into 
millimeters of deflection, NHTSA is developing a 
graphical user�s interface (GUI) for the CRUX 
processing software.  Aside from aiding in data 
processing, the more important function of the GUI is 
to serve as a check to assure that the user has 
collected the raw data properly and that the correct 
input information is being used. 
 
Computer Models. NHTSA has completed two LS-
Dyna finite element (FE) models of THOR-NT 
subcomponents:  one that represents the thorax and 
another to represent the lower extremity.  NHTSA 
has also developed a data set that characterizes the 
THOR-NT and is suitable for use with the 
Articulated Total Body (ATB) simulation program .   
 
The FE work has generated a realistic geometric and 
material representation of the dummy with many 
deformable parts.  The ATB work has generated a 
database of inertial and geometric properties 

(segment mass, centers of gravity, moments of 
inertia), joint characteristics (location, type, stiffness) 
and force-deflection functions for the soft, 
deformable parts.  This data set also serves as a 
building block for a future MADYMO model of the 
THOR-NT 
 
CONCLUSIONS 
 
Since the release of the THOR-NT in 2005, NHTSA 
has collected valuable data from over one hundred 
tests at various test speeds and configurations, 
including sled tests, vehicle tests, and THOR 
component tests.  This paper highlights the 
availability of this data for use in future dummy-
related assessments.  
 
Analyses of the THOR-NT data  are given that 
demonstrate its utility in investigating occupant 
safety systems and dummy-related issues.  Two 
examples are provided herein that demonstrate the 
utility of the THOR-NT database in exploring 
dummy-related issues.  The examples provide only a 
cursory look at these topics for the sake of 
demonstration, not to derive final conclusions on the 
issues.   
 
Lastly, this paper summarizes lessons learned from 
this broad test experience, and documents actions that 
are being taken to enhance dummy performance and 
acceptance of the THOR-NT by the international 
community. This represents a significant step forward 
in demonstrating that the dummy is suitable for use in 
standardized tests, such as those commissioned by 
European Union research committees and auto racing 
sanctioning bodies.   
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ABSTRACT 
 
In crashes between heavy trucks and light vehicles, 
most of the fatalities are the occupants of the light 
vehicle.  A reduction in heavy truck stopping distance 
should lead to a reduction in the number of crashes, 
the severity of crashes, and consequently the numbers 
of fatalities and injuries. 
 
This study makes use of the National Advanced Driv-
ing Simulator (NADS).  NADS is a full immersion 
driving simulator used to study driver behavior as 
well as driver-vehicle reactions and responses.  The 
vehicle dynamics model of the existing heavy truck 
on NADS has been modified with the creation of two 
additional brake models.  The first is a modified S-
cam (larger drums and shoes) and the second is an 
air-actuated disc brake system.  A sample of 108 
CDL-licensed drivers was split evenly among the 
simulations using each of the three braking systems.  
The drivers were presented with four different emer-
gency stopping situations.  The effectiveness of each 
braking system was evaluated by first noting if a col-
lision was avoided and if not the speed of the truck at 
the time of collision was recorded. 
 
The results of this study show that the drivers who 
used the air disc brakes will have fewer collisions in 
the emergency scenarios than those drivers using 
standard S-cam brakes or those using the enhanced S-
cam brakes.  The fundamental hypothesis that this 
research validates can be phrased in this question: 
“Does reducing heavy truck stopping distance 
 

 
 
decrease the number and severity of crashes in situa-
tions requiring emergency braking?” 
 
INTRODUCTION 
 
According to the Federal Motor Carrier Safety Ad-
ministration [1], there were approximately 436,000 
police reported crashes that involved heavy trucks; 
4,289 of them resulted in fatalities.  Of these crashes, 
298,312 were recorded “Collision with a Vehicle in 
Transport” as the first harmful event and these re-
sulted in a majority of the fatalities (3,312).  The im-
plication of these data is that most of the fatalities 
involving heavy truck crashes are the occupants of 
the light vehicles involved. 
 
The National Highway Traffic Safety Administration 
(NHTSA) believes that reducing the FMVSS 121 (49 
CFR Part 571) minimum stopping distance by thirty 
percent will result in saving a significant number of 
lives.  In generating benefit analyses for estimating 
the safety effects of improved truck brakes, assump-
tions have to be made.  It has been assumed that if a 
tractor-trailer can stop in a shorter distance, than 
fewer crashes will result.  Based on kinematics, it is 
reasonable to assume if you can stop in a shorter dis-
tance it is more probable that a truck will avoid col-
liding with an object or it will at least collide with a 
reduced velocity.  This theory holds true given that 
the operators’ reaction times, control behavior, and 
their perceptions of available stopping distance re-
main constant. 
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Commercial truck drivers understand the braking 
ability of tractor-trailers and under most conditions 
drive accordingly.  However, in the real world, truck 
drivers are faced with many adverse conditions in 
numerous scenarios brought about by other vehicles 
(light vehicles cutting in-lane, vehicles pulling out 
unexpectedly, etc.).  When a crash-imminent situa-
tion occurs, the truck driver must decide to brake, 
brake and steer, steer, accelerate, or accelerate and 
steer.  Depending on the control behavior adopted by 
the driver, it can be argued that shorter stopping dis-
tance may have little or no effect on avoiding a colli-
sion or reducing the delta speed of a crash. 
 
The primary objective of this study is to provide test 
data that demonstrates the effectiveness of air disc 
brakes on heavy trucks.  This test addresses whether 
shorter stopping distances reduce the number and 
severity of certain types of heavy truck crashes.  The 
result will help NHTSA confirm or refine their bene-
fit estimates based on improved truck braking per-
formance. 

APPROACH 

The effectiveness of air disc brakes on heavy trucks 
is examined using three different brake system condi-
tions and four simulator scenarios.  The three differ-
ent brake configurations are: 
 
• Standard truck where S-cam brakes are used on 

all wheels 
• Enhanced truck where only the steer axle is 

equipped with a higher capacity version of an S-
cam brake 

• Disc truck where all the wheels of the tractor are 
equipped with disc brakes. 

 
The simulator scenarios are primarily based on those 
used in previous NHTSA Electronic Stability Control 
(ESC) research [2].  All simulated roads are built 
with a shoulder whose traction, vibration, and audio 
characteristics are different than the on-road pave-
ment. This is to realistically simulate the environment 
that occurs when some of a vehicle’s tires depart the 
roadway.  The lanes are 12 feet (3.7 m) wide, there is 
1.9 feet (0.58 m) of road between the white line (des-
ignating the outboard edge of the lane) and the shoul-
der, and the shoulder is 11.5 feet (3.51 m) wide.  
Beyond the shoulder, there is an additional 75 feet 
(23 m) of drivable terrain (see Figure 1).  The scenar-
ios take place on dry pavement.  The virtual envi-
ronment reflects conditions consistent with pavement.  
In particular, the scene is clear and the pavement ap-
pears dry. 
 

The study used the NADS heavy truck cab and dy-
namics model [3, 4].  A typical 18-wheel tractor-
trailer combination was selected with a gross weight 
of 73,100 pounds (33,200 kg).  Three brake systems 
were modeled: standard S-cam, enhanced S-cam, and 
disc brake.  Stopping distance is reduced by 17% and 
30% when the standard S-cam brake system is re-
placed by the enhanced and disc systems respectively. 

 
Figure 1.  Road geometry. 
 
Truck drivers were recruited from local Iowa truck-
ing companies as well as through radio and newspa-
pers ads targeted at all truck drivers in the area.  
Participants consisted of drivers who held a valid 
Commercial Driver’s License (CDL) and were be-
tween the ages of 22 and 55 (current statistics show 
that approximately 75% of all drivers involved in 
heavy truck crashes are between the ages of 22 and 
55 and drove on average 2000 miles during the last 3 
months).  This ensured that participants were actively 
driving heavy trucks.  Since the population of com-
mercial vehicle drivers is comprised of mostly males, 
no attempt was made to balance by gender.  Partici-
pant pay in this experiment was comparable with a 
professional truck driver’s hourly wage of $30 per 
hour plus incentive pay. 
 
A repeated measures experiment design in which 
participants experienced multiple scenarios was used.  
Independent variables included brake system (3 lev-
els: standard S-cam, enhanced S-cam, and air disc 
brakes) and event order (4 events were used, but only 
3 events were fully randomized, giving 6 levels; 4th 
event was always last).  A single age group was used 
(22-55).  This design resulted in 18 experimental 
cells.  To allow 6 repetitions of each event order per 
brake condition, 108 participants who would success-
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fully complete all 4 events were needed.  This re-
cruiting goal was met.  The principal measure for this 
study was whether the driver crashed or not.  Secon-
dary measures consisted of collision speed (or delta 
velocity), stopping distance, reaction time to event 
start, and average deceleration.  Other behaviors were 
tabulated such as if the driver braked, steered, and/or 
accelerated. 

SCENARIO DESIGN 

To understand the effectiveness of heavy truck air 
disc brakes, scenarios were designed to emulate real 
world situations where heavy truck crashes are occur-
ring.  Dry asphalt pavement conditions were simu-
lated.  A total of four scenarios containing situations 
conducive to emergency braking were used.  Events 
are presented to each participant as individual drives.  
Each participant drove all of the scenarios.  Each 
scenario was approximately five minutes in length 
and ended immediately after presentation of a con-
flict event.  The scenarios were designed to have con-
sistent entry speed (maintained through monetary 
incentives) for all participants and no downshifting 
during the event itself.  They were also designed such 
that the driver can stop without hitting the target ve-
hicle, if the brakes are applied immediately.  The 
scenarios conflict events were: 
 
Right Incursion: The goal of this event is to force the 
driver to apply brakes to avoid colliding with oncom-
ing traffic.  A vehicle pulling out of a hidden drive-
way attached to a roadside farmhouse combined with 
carefully timed oncoming traffic creates the condi-
tions for such a maneuver (Figure 2).  The driver is 
approaching a driveway that can hide a vehicle. The 
driver is motivated via monetary incentives to main-
tain the speed limit of 55 mph (89 kph).  Parked ve-
hicles on the left shoulder prevent the driver from 
avoiding the oncoming traffic by going left.  When 
the driver is 4 seconds from arriving at the driveway 
location, the hidden parked vehicle pulls out from the 
right and stops, blocking the right lane.  Drivers who 
cannot stop within the available distance can collide 
with white incursion vehicle, green oncoming car, 
gray oncoming car, or parked truck on left shoulder. 
 
Left Incursion: The goal of this event is to force the 
driver to react to an incursion from the left and to 
brake suddenly while traveling at highway speed.  
The driver is on a two-lane rural highway crossing a 
heavily wooded area with frequent oncoming traffic 
(Figure 3).  The posted speed limit is 55 mph (89 
kph) and the driver is motivated via monetary incen-
tives to maintain speed. There are several parked ve-
hicles on both shoulders.  As the driver approaches 

the location of the event, one of the oncoming vehi-
cles is tasked to arrive at the event location at a fixed 
relative position to the driver.  Oncoming traffic is 
approaching a parked vehicle on the shoulder oppo-
site to the driver’s side.  That parked vehicle begins 
moving and cuts off the oncoming traffic which is 
forced to veer into the driver’s lane.  The oncoming 
traffic will enter driver’s lane at a fixed time-
distance, 8 seconds away from the driver.  Concrete 
barriers are placed on the right side so that the driver 
will not steer to the shoulder.  If the driver cannot 
stop within the available distance, the driver can col-
lide with the oncoming red SUV, the black compact, 
or the concrete barriers. 
 
Stopping Vehicle: The goal of this event is to force 
the driver to react to an abruptly stopping lead vehi-
cle while traveling at 55 mph (89 kph).  There is a 
continuous flow of oncoming traffic throughout the 
event and there are barricades and construction vehi-
cles parked along the sides of the road. These barri-
cades and parked vehicles constrain the driver from 
steering off-road during the braking event (Figure 4).  
The driver is on a two-lane rural highway crossing a 
heavily wooded area with frequent oncoming traffic.  
The posted speed limit is 55 mph.  There are several 
parked vehicles on both shoulders. As the driver is 
moving along, one of the parked vehicles enters the 
roadway behind the truck.  As the driver cruises 
along, the following vehicle makes a lane change and 
overtakes the truck. It enters the driver’s lane and 
maintains a distance of 132 ft (40 m) for approxi-
mately 2100 ft (640 m) before it decelerates at the 
rate of 0.75 g to a complete stop.  The driver is pre-
cluded from steering via construction barriers on the 
edge of driver’s lane and oncoming traffic in the ad-
jacent lane. Collision can happen with the stopping 
green lead vehicle, oncoming traffic, or the concrete 
barriers. 
 
Stopped Vehicle: The goal of this event is to force 
the driver to react to an obscured stopped vehicle on 
the highway.  The driver is on a 4-lane rural highway 
traveling at the posted speed limit of 70 mph (110 
kph) (Figure 5). There is a steady stream of traffic in 
the adjacent lane as well in the oncoming lanes. Once 
the driver achieves the posted speed limit, a delivery 
truck speeds past him, makes a right lane change into 
the driver’s lane, and becomes the lead vehicle as 
well as the obscuring vehicle. The lead vehicle main-
tains a distance of 400 ft (122 m) in front of the 
driver.  When the participant is 610 ft (186 m) from a 
stopped vehicle, the lead vehicle makes a lane change 
into a stream of traffic in the adjacent lane revealing 
the stopped vehicle.  The driver can collide with the 
stopped vehicle or the adjacent oncoming traffic. 
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Figure 2.  Right incursion. 

 
Figure 4. Stopping vehicle. 

 
Figure 3.  Left incursion. 

 

 
Figure 5. Stopped vehicle. 
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APPARATUS 

The experiment was performed at the NADS 
facility, located at the University of Iowa's 
Oakdale Research Park in Coralville.  The 
simulator hardware is described below.  
Modifications were required to be made to the 
vehicle dynamics software; in particular to the 
braking subsystem. 
 
Simulator 

NADS consists of a large dome in which an entire 
vehicle cab (e.g., cars, trucks, and buses) can be 
mounted.  The dome is mounted on a 6-degree-of-
freedom hexapod, which is mounted on a motion 
system, providing 65 feet (20 meters) of both lateral 
and longitudinal travel.  There is a yaw degree of 
freedom between the hexapod and the dome, which 
allows 330 degrees of yaw rotation.  The NADS mo-
tion system has a total of nine degrees of freedom as 
shown in Figure 6.  To simulate high frequency road 
disturbances and high frequency loads through the 
tires and suspension, NADS contains four vibration 
actuators, mounted at points of suspension-chassis 
interaction.  These vibration actuators are mounted 
between the floor of the dome and vehicle, and they 
act only in the bounce direction of the chassis.  The 
vehicle cabs are equipped electronically and me-
chanically using instrumentation specific to their 
makes and models (Figure 7).  The driver is im-
mersed in sight, sound and movement so real that 
impending crash scenarios can be convincingly pre-
sented with no danger to the driver (Figure 8).  The 
NADS capabilities were evaluated by independent 
simulation experts [5], and the truck system was 
evaluated by professional drivers [6].  This independ-
ent professional assessment of the system provides 
confidence on the level of realism that can be con-
cluded from the simulator research results. 
 
The Visual System provides the driver with a realistic 
360º field-of-view, including the rearview mirror 
images.  The driving scene is three-dimensional, 
photo-realistic, and correlated with other sensory 
stimuli.  The image generator is capable of rendering 
10,740,736 pixels at a frequency of 60 Hz.  The Vis-
ual System database includes representations of 
highway traffic control devices (signs, signals, and 
delineation), three-dimensional objects that vehicles 
encounter (potholes, concrete joints, pillars, etc.), 
common intersection types (including railroad cross-
ings, overpasses, bridge structures, tunnels, etc.), and 
various weather conditions.  In addition, high density, 
multiple lane traffic can be made to interact with the 
driver's vehicle. 

Dome with Vehicle and 
Image Projectors 

Yaw Ring (1 DOF) 

Hexapod (6 DOF) 

20 meter ‘X’ Travel (1 DOF)

20 meter ‘Y’ Travel (1 DOF) 

 

Figure 6.  National Advanced Driving Simulator. 
 

 
Figure 7.  Freightliner cab interior. 
 

 
Figure 8.  Truck cab in the NADS dome. 
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The visual display timing is real time where the 
driver input and the visual display has less then 50 
milliseconds of time delay.  This eliminates driver 
overshoot reactions and possible instability as a result 
of time delay within a closed-loop-environment.  An 
advanced compensator was developed and installed 
into NADS to keep the visuals and drivers input in 
phase [7].  The compensator is similar in capabilities 
to what is used by NASA at their simulator research 
facilities [8].  The heavy truck visuals are different 
from those of passenger vehicles due to the inclusion 
of the trailer visual display.  The truck driver is able 
to see the trailer from the driver’s side mirror, which 
accurately reflects the rear view of the truck.  This is 
made possible by adjusting the rear image channel to 
compensate for the curvature of the dome and the 
offset placement of the mirror.  This capability is 
unique to the NADS due to its 360º horizontal field 
of view capacity. 
 
The Control Feel System (CFS) for steering, brakes, 
clutch, transmissions, and throttle realistically con-
trols reactions in response to driver inputs, vehicle 
motions, and road/tire interactions over the vehicle 
maneuvering and operating ranges.  The CFS is ca-
pable of representing automatic and manual control 
characteristics such as power steering, existing and 
experimental drivetrains, antilock brake systems 
(ABS), and cruise control.  The control feel cuing 
feedback has high bandwidth and no discernible de-
lay or distortion associated with driver control actions 
or vehicle dynamics.   
 
The Motion System provides a combination of trans-
lational and angular motion that duplicates scaled 
vehicle motion kinematics and dynamics with nine 
degrees of freedom.  The Motion System is coordi-
nated with the CFS to provide the driver with realistic 
motion and haptic cuing during normal driving and 
pre-crash scenarios.  The motion system is config-
ured and sized to correctly represent the specific 
forces and angular rates associated with vehicle mo-
tions for the full range of driving maneuvers.  The 
washout algorithm that is used to generate dynamic 
specific forces (acceleration at the drivers head with 
gravity effect) and cab orientation rates is tuned using 
high sensitivity cuing with a washout scaling of 
forty-five percent. 
 
In addition, four actuators located at each wheel of 
the vehicle, provide vertical vibrations that simulate 
the feel of a real road (Figure 9).  NHTSA’s Vehicle 
Research and Test Center (VRTC) measured cab vi-
brations of a GM-Volvo tractor owned by NHTSA.  
The vibrations were measured at different engine 
speeds.  Four accelerometers with a maximum capac-

ity of ±4 g were mounted vertically on the truck floor, 
dashboard, driver seat (actually beneath the seat), and 
steering handwheel.  These measurements provided 
information regarding the location of the fundamental 
frequencies and the level of magnitude associated 
with the vibration feel inside the cab.  Harmonic 
functions that closely replicate the frequencies and 
magnitude levels (vibration energy) were derived and 
used to drive the vertical actuators.  This method al-
lowed the vertical vibrations to be reproduced with 
great fidelity inside the cab.  The frequency content 
of these vibrations extended higher than the band-
width of the hexapod and dome longitudinal and lat-
eral motions.  The intensity of these modes at 
different speeds were measured at VRTC, and in 
NADS the vibration cues that best represented the 
speed of the scenarios have been implemented.  Fig-
ure 10 shows the power spectrum of the truck cab 
vibration felt at the NADS dome.  The 2-Hz fre-
quency is related to truck bounce mode, the 5-8 Hz 
frequencies are related to axles mode, 10-12 Hz fre-
quencies are related to cab modes, and the 17-25 Hz 
frequencies are related to engine and power train 
modes. 
 

 
Figure 9.  Truck cab showing vertical actuator for 
vibration cues. 

 
Figure 10.  Vibration power spectrum measured 
on the NADS cab (commanded and measured). 
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A manual transmission with low and high gear range 
selection is being used for this study (Figure 11).  
Before drivers were engaged in the scenarios, they 
were given ample time (about 20 minutes) to drive 
and get familiar with the transmission system.  Driv-
ers expressed different skill levels; however, none of 
the scenarios involved in this study required trans-
mission shifting during the braking event. 
 

 
Figure 11.  Truck cab shifting. 
 
The cab steering system was calibrated and the con-
trols were tuned to provide a close steering feel for 
both on-center and turning maneuvers.  VRTC meas-
urements provided the torque-steer curve and the 
amount of freeplay currently existing in the GM-
Volvo truck. 
 
The NADS truck cab system is equipped with a 
pneumatic brake hardware system.  VRTC measured 
actual brake feel from the GM-Volvo truck and cali-
brated the NADS cab to reflect accurate brake pedal 
feel. 
 
The Auditory System provides motion-correlated, 
three dimensional, realistic sound sources, that are 
coordinated with the full ranges of the other sensory 
systems’ databases.  The Auditory System also gen-
erates vibrations to simulate vehicle-roadway interac-

tion.  The auditory database includes sounds 
emanating from current and newly designed highway 
surfaces, from contact with three-dimensional objects 
that vehicles encounter (potholes, concrete-tar joints, 
pillars, etc.), from other traffic, and from the vehicle 
during operation, as well as sounds that reflect road-
way changes due to changing weather conditions.  
VRTC measured the engine sound of the GM-Volvo 
truck at different engine RPM and provided the data 
to NADS to be displayed in real time and coordinated 
with the engine speed. 
 
Vehicle Dynamics and Brake System Models 

 
The Vehicle Dynamics (NADSdyna) Computer 
Simulation determines vehicle motions and control 
feel conditions in response to driver control actions, 
road surface conditions, and aerodynamic distur-
bances.  Vehicle responses are computed for com-
manding the Visual, Motion, Control Feel, and 
Auditory Systems. 
 
The vehicle dynamics model used in this project was 
developed by VRTC for the 1992-GMC truck manu-
factured by Volvo GM Heavy Truck, model WIA64T 
and a 1992 Fruehauf trailer model FB-19.5NF2-53 [2, 
3]. 
 
The torque characteristics of commercial vehicle 
brakes have been studied by numerous investigators.  
Formulation of the brake model based on fundamen-
tal understanding of the development of the instanta-
neous brake torque as influenced by pressure, 
temperature, sliding velocity, work history, tempera-
ture gradients, and other factors has not been 
achieved.  Recent research has been directed by treat-
ing the brake effectiveness as empirical functions.  
The brake models used in NADS are primarily em-
pirical, based on fitting experimental data obtained 
from brake dynamometer and field test data (Figure 
12). 
 
The objective of this research is to study the func-
tional effects of three different brake configurations:  
 
• Standard truck where S-cam brakes are installed 

on all wheels 
• Enhanced truck where only the steer axle is 

equipped with a higher capacity version of an S-
cam brake 

• Disc truck where all the wheels of the tractor are 
equipped with disc brakes. 

 
The brake parameters were set such that severe brak-
ing from 60 mph (97 kph) provides a stopping dis-
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tance of 307 ft (93.6 m) for standard brake, 256 ft 
(78.0 m) for enhanced brakes, and 215 ft (65.5 m) for 
disc brake (as shown in Figure 13).  This is a reduc-
tion of stopping distance of 17% and 30% if the stan-
dard S-cam brake system is replaced with the 
enhanced and disc systems respectively.  In this study 
all these systems are mounted on the same tractor-
trailer model [9]. 
 

 
Figure 12 Brake performance measured by VRTC 
for a typical tractor-trailer with different brakes 
(x-large and hybrid in the graph refer to the en-
hanced brakes in this paper). 
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Figure 13.  Brake performances on NADS. 
 

PROCEDURE 

The total number of participants in this study was 108.  
Upon arrival at the NADS facility, participants were 
given a verbal overview of the Informed Consent 
Document and were then asked to read and sign the 
document.  Next, the participants completed the 
NADS Driving Survey and were given instructions 

on the monetary incentive scheme.  Participants were 
assigned a single brake system condition for their 
participation.  The order of scenario presentation was 
varied systematically across participants. 
 
Prior to beginning treatment drives, participants re-
ceived a familiarization practice drive. This drive 
provided them experience with the vehicle’s brake 
system’s capabilities, and also familiarity with shift-
ing the transmission. 
 
After each scenario drive, participants were told the 
amount of incentive they earned and the amount was 
recorded on a data sheet.  After all driving was com-
pleted, participants completed the simulator sickness 
questionnaire.  After the simulator was docked, the 
participant was escorted to the participant prep area, 
offered a snack or beverage, and given an opportunity 
to ask questions.  Participants completed a realism 
survey and a post-drive questionnaire. 
 
Finally, the participant was paid an amount consist-
ing of the sum of the base pay plus incentive pay.  
The participant signed the payment voucher, describ-
ing how compensation was related to driving per-
formance.  The participant was then escorted to the 
exit. 

INCENTIVES 

Drivers were given incentives to maintain a constant 
velocity within ± 3 mph (5 kph) of the target speed.  
A driver could earn a total $3.00 per drive based on 
the percentage of time that his or her speed remained 
within the specified range.  Generally, a short period 
immediately after the scenario start and the event 
itself were excluded from this calculation. 

DATA REDUCTION 

Each event was divided into five segments using six 
different time points and the final reduced data file 
spreadsheet included one line per event.  These time 
points were T1 (event onset) through T6 (event com-
pletion) and are defined below. 
 
• T1: Event onset (scenario specific) 

•   T2: Initiation of accelerator pedal re-
lease, determined by comparing whether 
the current accelerator pedal position to a 
running mean pedal position over one 
second of running time falls below a pre-
defined threshold. 
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•  T3: Completion of accelerator pedal re-
lease (when accelerator pedal position 
drops below 5% of full range). 

•  T4: Initiation of brake pedal depression 
(when brake pedal force exceeds 2.0 lbs). 

•  T5: Application of maximum brake pedal 
force. 

•  T6: Completion of the braking event. 
 
The following variables were collected: longi-
tudinal distance between each event, velocity 
and acceleration at each event, gear shift posi-
tion, accelerator pedal position, brake pedal 
force, steering angle at T1, reaction time be-
tween events, braking distance from T4 to T6, 
total stopping distance from T1 to T6, maxi-
mum brake pedal force (brake pedal force at 
T5), mean and median brake pedal force from 
T4 to T6, mean deceleration rate, maximum 
deceleration rate, time from T1 to maximum 
deceleration, maximum absolute value of 
steering wheel angle from T1 to T6, time to 
collision at T1 (assuming driver’s speed 
doesn’t change, time before a collision would 
occur), distance to collision object at T1, Fi-
nal distance to collision object at T6, collision 
(1 = yes, 0 = no), collision object name, colli-
sion velocity; relative velocity at time of col-
lision, heading angle of tractor at each T, 
articulation angle at each T, maximum articu-
lation angle, time of maximum articulation 
angle from T1, tractor accelerations in x, y, 
and z directions at each T, trailer accelera-
tions in x, y, and z directions at each T (18 
variables in all), tractor yaw rate at each T, 
and trailer yaw rate at each T. 
 
Collisions with other vehicles were enumerated for 
each scenario.  Collisions could occur with a single 
oncoming vehicle or with vehicles parked alongside 
the road.  To provide better discrimination as to the 
meaning of collisions, the reduced data contained 
individual indicators of collision with each vehicle in 
each scenario. 
 
RESULTS 
 
Each event was analyzed separately using a similar 
statistical approach based on comparing drivers’ re-
action times, stopping distances and number of colli-
sions.  Reaction time was defined as the time interval 
between the time the event starts and the driver acti-
vating the brake.  The main performance measures 
were based on whether there was a vehicle crash or 

not, the delta speed in case of a crash and the stop-
ping distance if not.  The hypothesis to be confirmed 
is that the average reaction time for drivers is statisti-
cally similar across the brake conditions.  That is, 
drivers for the S-cam, enhanced brakes, and disc 
brakes perceive the obstacles with no significant 
variations.  Reaction time was deemed as being the 
same if the mean values were within 0.3 seconds of 
each other.  The second hypothesis is that there are 
more collisions (and with higher delta speed) with the 
S-cam brakes then with the other two systems.  Delta 
speed is an indication of the collision severity; higher 
speeds indicate higher kinetic energy and conse-
quently, higher severity collision.  Drivers’ braking 
efforts were compared for the three systems in order 
to confirm that reductions in collisions were the re-
sult of better stopping performance rather than a re-
duction of driver braking effort (pedal force) when 
driving a truck with an S-cam system. 
 
Right Incursion  
 
The collision information data listed in Table 1 show 
that the number of collisions decreased slightly when 
the S-cam brake system is replaced with the disc 
brake system.   
 
The average stopping distance for the S-cam brake 
system was higher than for the other two systems 
(Table 2 and Figure 14) despite the drivers exerting 
more effort in braking as can be seen on the mean 
braking force in Figure 15.  The difference between 
the three braking systems was statistically significant 
as the p-values included in the figures suggest.  The 
distance traveled by the drivers to perceive the obsta-
cle on the road (Figure 16), time of action between 
obstacle perception and the starting of hard braking 
(Figure 17), lane deviation (Figure 18) and the speed 
at the onset of hard braking (Figure 19), show that the 
experimental procedures were well controlled and 
these human reaction/perceptual natural differences 
were not a factor in the differences seen in the num-
ber of crashes and stopping distances (summary in 
Table 3). 
 

Table 1. 
Right Incursion Collisions 

Brake Type Collision With Incursion 
S-cam 1 
Enhanced 1 
Disc 0 
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Table 2. 
Right Incursion Stopping Distance 

Brake Type Mean  ft (m) P 
S-cam  292  (89) 
Enhanced  270  (82.3) 
Disc  262  (79.8) 

0.023 

 
Table 3. 

Right Incursion Drivers’ Performances Before 
Heavy Braking 

Type  S-cam Enhanced Disc P 
Entry Speed 
mph (kph) 

53.3 
(85.7) 

53.7 
(86.4) 

52.8 
(84.9) 

0.234 

Distance 
before T1 
 ft  (m) 

47 
(14.3) 

49    
(14.9) 

48 
(14.6) 

0.322 

Time of 
Action (T1-
T4)  sec 

0.93 0.90 0.95 0.708 

Speed Be-
fore Heavy 
Braking 
mph  (kph) 

52.1 
(83.8) 

52.6 
(84.6) 

52.6 
(84.6) 

0.192 

Lane Devia-
tion ft  (m) 

3.2  
(1.0) 

2.6      
(0.8) 

2.6 
(0.8) 

0.545 
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Figure 14.  Right incursion stopping distance. 
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Figure 15.  Right incursion drivers’ braking 
efforts. 
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Figure 16.  Right incursion drivers’ distance trav-
eled before action. 
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Figure 17.  Right Incursion Drivers’ Time to 
Action. 
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Figure 18.  Right incursion drivers’ lane deviation. 
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Figure 19.  Right incursion drivers’ speed at heavy 
braking onset. 
 
Left Incursion 
 
The left incursion analysis followed the methodology 
used for the right incursion, and Table 4 provides the 
number of crashes for each brake systems.  There 
were fewer collisions with the enhanced and disc 
system than with the S-cam.  Tables 5 and 6 and Fig-
ures 20 – 26 illustrate driver responses for this sce-
nario. 
 

 
Table 4. 

Left Incursion Collisions 
Brake 
Type 

Collision  Speed 
mph (kph) 

P 

S-cam 13 24  (38.6) 

Enhanced 4 23 (37.0) 

Disc 11 17  (27.3) 

0.268 

 
 

Table 5. 
Left Incursion Stopping Distance 

Brake Type Mean  ft  (m) P 
S-cam ft 340    (103.6) 

Enhanced ft 309   (94.2) 

Disc ft 322   (98.1) 

0.05 

 
 
 

Table 6. 
Left Incursion Drivers’ Performances Before 

Heavy Braking 
Type S-cam Enhanced Disc P 
Entry Speed 
mph (kph) 

53.0 
(85.3) 

53.3 
(85.8) 

52.9 
(85.1) 

0.45 

Distance 
before T1 ft 
(m) 

216 
(65.8) 

213  
(64.9) 

212 
(64.6) 

0.74 

Time of 
Action (T1-
T4)   sec 

1.461 1.35 1.62 0.07 

Speed Be-
fore Heavy 
Braking 
mph  (kph) 

52.7 
(84.8) 

53.1 
(85.4) 

52.5 
(84.5) 

0.29 

Lane Devia-
tion ft (m) 

2.9  
(0.9) 

2.8   
(0.85) 

2.7 
(0.8) 

0.45 
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Figure 20.  Left incursion stopping distance. 
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Figure 21.  Left incursion collision speed. 
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Figure 22.  Left incursion drivers’ braking efforts. 
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Figure 23.  Left incursion drivers’ distance 
traveled before action. 
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Figure 24.  Left incursion drivers’ time to action. 
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Figure 25.  Left incursion drivers’ maximum lane 
deviation. 
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Figure 26.  Left incursion drivers’ speed at heavy 
braking onset. 
 
Stopping Event 
 
This event collision data are provided in Table 7 and 
show that there are more collisions with S-cam 
brakes and the collision speed is greater than with the 
other systems.  The Enhanced and the Disc brakes are 
showing about the same number of collisions, with 
lower collision speed for the disc brakes.  Tables 8 
and 9 and Figures 27 – 30 illustrate driver responses 
for this scenario. 
 

Table 7. 
Stopping Event Collisions 

Brake 
Type 

Collision  Speed 
mph  (kph) 

P 

S-cam 22 23.0 
(37.0) 

Enhanced 9 18.9 
(30.4) 

Disc 12 15.7 
(25.3) 

0.069 

 
 

Table 8. 
Stopping Event Stopping Distance 

Brake Type Mean  ft  (m) P 
S-cam  336   (102.4) 

Enhanced  281  (85.6) 

Disc  296   (90.2) 

0.007 
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Table 9. 
Stopping Event Drivers’ Performances Before 

Heavy Braking 
Type  S-cam Enhanced Disc P 
Entry Speed 
mph (kph) 

50.8 
(81.7) 

52.0 
(83.7) 

50.9 
(81.9) 

0.157 

Distance 
before T1 ft  
(m) 

4.8  
(1.5) 

4.8  
 (1.5) 

4.6 
(1.4) 

0.285 

Time of 
Action (T1-
T4)  sec 

1.6 1.32 1.63  

Speed Be-
fore Heavy 
Braking 
mph  (kph) 

51.0 
(82.0) 

52.0 
(83.7) 

51.0 
(82.0) 

0.148 

Lane Devia-
tion ft (m) 

2.0 
(0.6) 

2.1 
(0.64) 

2.0 
(0.6) 

0.843 

260 280 300 320 340 360 380
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p = 0.007129

 
Figure 27.  Stopping event stopping distance. 
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Figure 28.  Stopping event collision speed. 
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Figure 29.  Stopping event drivers’ braking efforts. 
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Figure 30.  Stopping event drivers’ time to action. 
 
 
Stopped Event 
 
This event involved driving at a high speed close to 
70 mph (110 kph) and is considered to be the most 
severe of the three scenarios.  Some drivers took eva-
sive action by steering to the right.  For those drivers 
who remained in their lane, the collision data listed in 
Table 10 show that those with the disc brake system 
had fewer collisions than those with the other two 
systems.  The severity of this experiment showed that 
only the disc brake system was able to reduce the 
number of collisions significantly and the collision 
speed.  With less braking effort, drivers with the disc 
brake system were able to stop within a shorter dis-
tance and had fewer collisions.  Tables 11 and 12 and 
Figures 31 – 35 illustrate driver responses for this 
scenario. 
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Table 10. 

Stopped Event Collisions 
Brake 
Type 

Collision  Speed 
mph (kph) 

P 

S-cam Stopped: 15 
Other: 1 

32  (51.5) 

Enhanced Stopped: 22  
Other: 1 

28  (45.0) 

Disc Stopped: 7 
Other: 3 

23  (37.0) 

0.06 

  
Table 11. 

Stopped Event Stopping Distance 
Brake Type Mean  ft  (m) P 

S-cam  909   (277.0) 

Enhanced  657  (200.2) 

Disc  560   (170.7) 

0.039 

 
Table 12. 

Stopped Event Drivers’ Performances Before 
Heavy Braking 

Type  S-cam Enhanced Disc P 
Entry Speed 
mph (kph) 

67 
(107.8) 

68  
(109.4) 

67 
(107.8) 

0.046 

Distance 
before T1 ft 
(m) 

86 
(26.2) 

97    
(29.6) 

80 
(24.4) 

0.220 

Time of Ac-
tion (T1-T4) 
(sec) 

3.0 2.2 3.0 0.520 

Speed Be-
fore Heavy 
Braking mph 
(m) 

67 
(107.8) 

68  
(109.4) 

66 
(106.2) 

0.097 

Lane Devia-
tion ft (m) 

3.7 
(1.1) 

3.3     
(1.0) 

3.2 
(0.97) 

0.552 

400 500 600 700 800 900 1000 1100

S-cam
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Figure 31.  Stopped event stopping distance. 
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Figure 32.  Stopped event collision speed. 
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Figure 33.  Stopped event drivers’ braking efforts. 
 



Grygier 15

S-cam Enhanced Disc

1

1.5

2

2.5

3

3.5

Ti
m

e 
of

 A
ct

io
n 

B
ef

or
e 

B
ra

ki
ng

 (T
1-

T4
) (

se
c)

p = 0.52052

Scam
m

 = 2 .96  s ec Enhanced
m

 = 2 .2  s ec

D is c
m

 = 3  s ec

STOPPED Incursion

 
Figure 34.  Stopped event drivers’ time to action 
before braking. 
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Figure 35.  Stopped event drivers’ speed at hard 
braking onset. 
 
CONCLUSION 
 
Based on the results presented here, the hypothesis 
that a brake system that provides a shorter stopping 
distance in an emergency braking event would reduce 
crashes and fatalities is valid.  The type of braking 
system had no statistical effect on driver behavior 
prior to braking.  The experiment used a validated 
virtual environment with high fidelity and showed 
systematically within a reasonable statistical confi-
dence that professional drivers using either enhanced 
or disc brake systems were able to avoid many colli-
sions.  In an extreme emergency braking event at 
high speed, drivers using the disc brake system 
avoided collisions better or had reduced collision 
severity than those using the enhanced brake system. 
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ABSTRACT

This paper presents estimates of benefits resulting 
from the voluntary agreement by the motor vehicle 
manufacturers in the USA for enhancing 
compatibility in front-to-front collisions between 
light truck based vehicles and passenger cars. Two 
studies of accident data and one study based on crash 
tests are reported herein. 
 
In addition, the members of the technical workgroup 
are researching methods to measure and predict the 
structural interaction of vehicles in crashes and to 
quantify their relative structural strength levels. 
Ongoing work on three parallel paths of research for 
improving vehicle compatibility is described in this 
paper - (a) full-width fixed deformable barrier with 
load cell wall approach; (b) CAE-based evaluations 
of vehicle to vehicle impacts; and (c) development of 
car surrogate mobile deformable barrier as a test 
device.   
 
INTRODUCTION 
 
The Enhanced Vehicle Compatibility (EVC) 
technical workgroup was created in order to develop 
solutions for improving crash compatibility between 
passenger cars and light truck based vehicles (LTVs).  
Organized initially by the Alliance of Automobile 
Manufacturers, this workgroup now has members 
from automakers (BMW Group, DaimlerChrysler 
Corporation, Ford Motor Company, General Motors, 
Honda, Hyundai Motor, Isuzu Motors, Kia Motors, 
Mazda, Mitsubishi Motors, Nissan, Subaru, Suzuki, 
Toyota and Volkswagen) as well as from the 
Insurance Institute for Highway Safety, Transport 
Canada, and Transport Research Laboratory (UK).  
Studies conducted by members of this workgroup 
have led to recommendations for primary and 
secondary energy absorbing structures for LTVs to 
improve collision compatibility in frontal crashes 
with cars [1]. These recommendations include criteria 
for increased geometric overlap of these structures 
with the zone specified for passenger car energy 
absorbing structures as well as criteria for minimum 
structural strength of secondary energy absorbing 

structures.  These have been voluntarily accepted as 
performance criteria by almost all manufacturers for 
LTVs sold in the USA. This paper presents estimates 
of potential benefits in collision compatibility that 
may result from the workgroup’s recommendations 
and summarizes the status of research activities of 
this workgroup. 
 
ESTIMATED BENEFITS FROM 
WORKGROUP RECOMMENDATIONS  
 
Three studies have been completed for estimating the 
effect of the previous recommendations made by this 
workgroup regarding light truck vehicles (LTV). 
  
IIHS Study 
A study was conducted [2] to estimate the benefits 
that may occur from SUVs and pickup trucks 
conforming to this workgroup’s recommendations.  
This was done by looking at passenger car driver 
deaths in two-vehicle collisions where the car was 
struck by a pickup truck or an SUV. FARS data from 
years 2001 to 2004 for car-to-SUV and car-to-pickup 
truck collisions were studied and comparisons were 
made between SUVs and pickups that conform to the 
recommendations to those that did not conform to 
these guidelines. Only SUVs and pickup trucks of 
model years 2000 through 2003 were included in the 
study for both front-to-front as well as front-to-side 
collisions (where the front end of a light truck strikes 
the driver side of a passenger car). 
 
The vehicles were divided into 500 lb groups. The 
fatality rate for each group was obtained by dividing 
the number of car driver fatalities by the number of 
vehicle registrations reported by R. L. Polk for SUVs 
and pickup trucks in that specific group.  The 
resulting rate is the number of fatalities in the struck 
car per million striking vehicle registered-vehicle-
years. These weight group rates are then combined to 
calculate overall estimated benefits for SUVs and for 
pickup trucks in each of the two collision 
configurations. 
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In front-to-front collisions with SUVs, conforming 
vehicles had a 16% reduction in estimated risk of 
fatalities whereas conforming pickups had a 20%  
 

Overall Estimated Fatality Risk Reduction

10%Pickups

30%SUVsFront-to-driver 
side

20%Pickups

16%SUVs
Front-to-front

Risk ReductionVehicle typeCrash type

Overall Estimated Fatality Risk Reduction

10%Pickups

30%SUVsFront-to-driver 
side

20%Pickups

16%SUVs
Front-to-front

Risk ReductionVehicle typeCrash type

 
Table 1: Estimated Benefits in Compatibility 
 
reduction.  In front-to-side impacts, a 30% risk 
reduction for SUVs and a 10% risk reduction for 
pickups were observed.  
  
Ford Study 
The effect of adding SEAS to LTVs (one of the 
recommendations of this workgroup) was evaluated 
by comparing collision data for LTVs with SEAS to 
that for similar vehicles without SEAS and is 
presented separately [5].  
 
GM Study 
In this study, the effect of adding a secondary energy 
absorbing structure to an LTV was measured in 
controlled, full-overlap frontal crash tests with a 
passenger car (Figure 1). In each case, a stationary 
LTV was impacted by a passenger car moving at 58 
mph to obtain the intended ΔV of 35 mph in the 
struck car. In these tests, SEAS designed in 
accordance with the ‘option 2’ criteria was added to a 
baseline LTV whose PEAS structure did not have the 
amount of overlap with  Part 581 zone necessary for 
conformance with the ‘option 1’ criteria [1]. 
 

 
Figure 1: Pre-Impact Setup for Car versus LTV     
    Tests 
 

Some of the results from these tests are shown in 
Figures 2 and 3. Figure 2 shows the measured 
passenger car intrusions from impact with the 
baseline LTV compared to those from impact with 
the modified LTV. It is observed that the effect of 
added SEAS is a significant decrease in almost all the 
intrusion values measured in the car. 
 

Full Front Overlap Compatibility Test
CMM Data - Displacement, X -axis Only
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Figure 2: Measured Intrusions in Car-to- LTV 
Impacts – Effect of SEAS 
 
Figure 3 below shows the response of a 50th 

percentile Hybrid III anthropomorphic test device 
(ATD) in the car driver seat in impact with the 
baseline and modified LTVs. Again, the effect of the 
added SEAS is observed to be an improvement in the 
car occupant protection as measured by ATD 
response. 

0% 20% 40% 60% 80% 100% 120%

HIC (15)

Chest Resultant
(3 ms)

Chest Deflection
with belt

NTE

NTF

NCE

NCF

Neck Axial
Tension

Neck Axial
Compression

0% 20% 40% 60% 80% 100% 120%

Left Femur (208)

Right Femur (208)

Left Knee
Displacement

Right Knee
Displacement

Tibia Comp, Left

Tibia Comp, Right

Tibia Mom, Upr Left

Tibia Mom, Upr Right

Tibia Mom, Lwr Left

Tibia Mom, Lwr Right

BASELINE LTV LTV with SEAS

Effect on Car Driver (ATD) Measurements
0% 20% 40% 60% 80% 100% 120%

HIC (15)

Chest Resultant
(3 ms)

Chest Deflection
with belt

NTE

NTF

NCE

NCF

Neck Axial
Tension

Neck Axial
Compression

0% 20% 40% 60% 80% 100% 120%

Left Femur (208)

Right Femur (208)

Left Knee
Displacement

Right Knee
Displacement

Tibia Comp, Left

Tibia Comp, Right

Tibia Mom, Upr Left

Tibia Mom, Upr Right

Tibia Mom, Lwr Left

Tibia Mom, Lwr Right

0% 20% 40% 60% 80% 100% 120%

HIC (15)

Chest Resultant
(3 ms)

Chest Deflection
with belt

NTE

NTF

NCE

NCF

Neck Axial
Tension

Neck Axial
Compression

0% 20% 40% 60% 80% 100% 120%

Left Femur (208)

Right Femur (208)

Left Knee
Displacement

Right Knee
Displacement

Tibia Comp, Left

Tibia Comp, Right

Tibia Mom, Upr Left

Tibia Mom, Upr Right

Tibia Mom, Lwr Left

Tibia Mom, Lwr Right

BASELINE LTV LTV with SEASLTV with SEAS

Effect on Car Driver (ATD) Measurements

 
Figure 3: Measured Response of Car Driver ATD 
in Car-to-LTV Impacts – Effect of SEAS in LTV  
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CURRENT RESEARCH ACTIVITIES OF 
WORKGROUP 
 
From the above studies, it is evident that the 
workgroup’s recommendations will provide 
significant benefits in collision compatibility as they 
are implemented in the design of LTVs. However, 
research continues by the workgroup members for 
developing additional recommendations leading to 
further improvements in collision compatibility in 
front-to-front impacts [3]. 
 
This workgroup’s charter is to develop compatibility 
improvement proposals for LTVs that do not cause 
significant reductions in the self-protection in these 
vehicles. Currently, there are three distinct research 
paths being pursued by this workgroup and these are 
described below.  
 
1. Fixed Barrier Load Cell Wall (LCW) Approach 
 
The aim of this research path is to develop a dynamic 
test procedure using a full-width deformable barrier 
(FWDB) load cell wall (LCW) and load-based 
metrics to quantitatively evaluate the collision 
compatibility of LTVs.  
 
Three series of studies (Figure 4) have been 
performed. 
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Figure 4: FWDB related test and simulation 
series. 
Test Series 1 – Height of PEAS 
The baseline pickup truck has PEAS whose height 
conforms to ‘option 1’ criteria [1] and the modified 
truck’s ride height was increased from this by 10 cm. 
In the truck versus car tests (Figure 5), it was 

observed that the PEAS of the baseline truck 
overlapped that of the car by a significant amount but 
there was no overlap when the truck was raised. Also, 

Figure 5: Pre-test alignment of baseline (left) and 
raised pickup (right) with car. 

the raised truck’s PEAS height did not conform to the 
‘option 1’ [1].  Shown in Figure 6 are the interactions 
between the vehicles in each case.  
  
 

Raised LTV 

Baseline LTV 

 
Figure 6: LTV vs Car tests for baseline LTV (top) 
and for raised LTV 
 
Examination of the test film   showed structural 
engagement between the truck and the car in the test 
with the baseline truck whereas in the test with the 
raised truck, it was observed that the truck’s wheels 
lifted off ground during the test. 
 
Figure 7 shows measured intrusions in the passenger 
car in each test. The intrusions in the car were low in 
both the cases even though the structural engagement  
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Figure 7: Car Compartment Intrusion  
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with the truck was different in the two tests. Raising 
the height of the truck appears to have the effect of 
reduced intrusions at all points except at the brake 
pedal which showed an increase.  
 
Figure 8 shows the measured decelerations in the car 
in impacts with the baseline truck and with the raised 
truck. The effect of raising the truck is observed to be 
lower deceleration in the car earlier in the impact but 
an increase in the peak value later in the impact.  
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Figure 8: Car Deceleration vs Time Results 

The resulting response of the 50th percentile Hybrid 
III ATD on the driver side in the car is shown in 
Figure 9. Relatively lower deceleration levels earlier 
in the event with the raised LTV caused delayed front 
airbag deployment in the car and this may be a factor 
in the observed ATD response. The ATD injury 
criteria were all below the standard regulatory limits 
(except for the tibia index) although the values were 
generally higher for the test against the raised truck. 
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Figure 9: ATD Responses in Car to LTV Impact 
 
Results from FWDB impact of the baseline truck and 
the raised truck indicate that the raised truck applies 
lower load in row 3 and higher load in row 4 than the 
baseline truck (rows 3 and 4 are the rows in 
alignment with the top and bottom of the CFR49 Part 
581 zone, respectively). The sum of the peak cell 
loads is shown in Table 2 where ‘metric 1’ is the 
summation of peak values of measured loads 

independent of time and ‘metric 2’ is the value when 
the results are truncated to 40 milliseconds. 
 

Metric 1 
Sum peak cell 
loads (kN) 

Metric 2 
Sum peak cell loads 
up to 40 ms (kN) 
 

 Truck 

Row 3 Row 4 Row 3 Row 4 
Baseline 279 328 205 321 
Raised 94 447 45 397 
Table 2: Comparison of Peak Cell Loads on Rows 
3 & 4 for Baseline Truck and Raised Truck 
 
These values should be compared to an example 
value of 100 kN. 
 
A comparison of the AHOF (Figure 10) shows that 
AHOF does not define the location of the PEAS of 
the vehicle but may be able to show the change in 
height although with a significant (20%) error. 
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Figure 10: Comparison of AHOF versus B-pillar 
Displacement for Baseline and Raised Trucks. 
 
In conclusion, the results of this test series show that 
the alignment of this LTV's PEAS with the CFR49 
Part 581 zone increased its structural interaction with 
the test car and reduced most of the injury measures 
on ATD in the car. Also, FWDB results show that 
metrics based on peak cell loads on rows 3 and 4 can 
detect a large (> 10 cm) change in height of PEAS of 
the LTV.  AHOF also appears to provide this 
discrimination but it is not an indicator of the position 
of the vehicle structure. 
 
Test Series 2 – BlockerBeam® type SEAS 
The capability of FWDB metrics to detect removal of 
SEAS in a full size pickup truck was investigated and 
detailed results from this test series are reported in a 
separate publication [5].  
 
Simulation Series – Sub-frame type SEAS 
Finite element models of an LTV and a car were used 
to study the effect of adding sub-frame type SEAS to 
the LTV. Two simulations were conducted with 
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raised SUVs - one being an SUV with a sub-frame 
type SEAS and the other one without SEAS.  Both 
the vehicles were raised in the simulation by125 mm 
over the standard height so that the vehicle with 
SEAS conformed to the ‘option 2’ criteria [1] and the 
vehicle without SEAS did not conform.  In the SUV–
versus-car simulations, the front end structure of the 
car (Figure 11, 12) shows significant overlap with the 

Figure 11: Alignment of Raised (left) SUV and 
Raised SUV with sub-frame SEAS versus Car. 
 
with that of the sub-frame SEAS, but not so for the 
SUV without the added SEAS.  
 

 
Figure 12: SUV vs Car Simulation at 75 msec – 
Increased structural interaction for Raised SUV 
with sub-frame SEAS (right)  

The cars’ compartment intrusions in the simulated 
impact (Figure 13) were very low (all but one <50 
mm) in both studies, the raised SUV with sub-frame 
SEAS causing approximately 14% less intrusion in 
the car than the raised SUV without the SEAS.   
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The Load Cell Wall (LCW) results for both SUVs are 
shown in Table 3. The addition of the sub-frame 
SEAS adds significantly to the loading of row 3 and 
row 4.  In both cases, row 4 loads exceeded 100 kN.  
 

Metric 1 
Sum peak cell 
loads  
(kN) 

Metric 2 
Sum peak cell 
loads up to 40 
ms (kN) 
 

Vehicle 

Row 3 Row 4 Row 3 Row 4
Raised SUV 75 154 38 130 
Raised SUV with 
sub-frame SEAS 

237 248 135 150 

Table 3:  Loads on rows 3 and 4 for Raised SUV 
with and without sub-frame SEAS.  

A plot of the average height of force (AHOF) against  
B-pillar displacement (Figure 14) shows a change in 
AHOF between two vehicles. Similar simulation 
studies were also conducted for SUVs at the standard 
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ride height. In these studies, intrusions in car were 
low in impact by either SUV; however the addition of 
the sub-frame increased the intrusions by an average 
of 51%. Similar results were also seen in the car’s 
peak and average decelerations where the SUV with 
sub-frame SEAS causes higher values. A comparison 
of the metric 1 and 2 row loads shows that both 
configurations of the standard SUVs meet the 100kN 
requirement for both row 3 and row 4.  Hence these 
metrics would not encourage the addition of SEAS to 
the baseline SUV. The AHOF value was lowered by 
the addition of the SEAS.  
 
In summary, the results of the FWDB simulations 
show that metrics 1 and 2 can detect the presence of 
sub-frame type SEAS for this case of raised SUVs, 
although the minimum row load of 100 kN was met 
with or without SEAS. The AHOF value shows that 
addition of SEAS lowers the calculated AHOF in this 
case.  Another observation from this study is that the 
addition of SEAS to the raised SUV resulted in lower 
intrusions in the car but for the standard height SUV, 
addition of SEAS indicated increased intrusions 
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which may indicate the need for integrating SEAS 
design with the overall front end design. 
 
2. CAE- Based Approach 
 
This research path is intended to develop a procedure 
for using finite element models of vehicles for 
compatibility evaluations. The planned tasks are 
- Evaluation of LTVs in simulated impacts with finite 
element model of a ‘representative car’; 
- Results to be synthesized into 'compatibility metric'; 
 
With this approach, it may be possible to evaluate 
collision compatibility in multiple impact 
configurations. The availability of appropriate finite 
element models of vehicles and the protocol for 
sharing such data is being currently discussed in the 
workgroup.  
 
3. Development of Car Surrogate MDB for LTV 
Impacts 
 
This approach is based on the assumption that 
‘improved collision compatibility’ between a large 
vehicle and a smaller one implies ‘improved 
protection of occupants in the smaller vehicle’. This 
of course needs to be achieved without any 
significant degradation in self-protection of either 
vehicle. Thus, an objective measure of improvement 
of occupants’ safety in the smaller vehicles (when 
impacted by a larger vehicle) is a suitable measure of 
improved compatibility of the larger vehicle.  
 
The intent of this research is to develop a moveable 
deformable barrier (MDB) that is a surrogate of a 
representative car for the purpose above. Thus, one of 
the challenges of the study was to select the ‘US fleet 
representative’ car in a ‘field-representative’ impact 
configuration [5]. The values selected for this are as 
follows [6]: 
- Car mass of 1600-1700 kg, 
- Full frontal impact with LTV as first priority, 
- ΔV of 35 mph in struck car, representing 97th 
percentile in LTV to car crashes. 
 
The car-surrogate MDB is developed to be 
representative of the car in front crush and in 
deceleration levels. In order to evaluate the degree of 
surrogacy achieved, it is necessary to compare these 
crush and deceleration levels in the reference car to 
those obtained using the MDB in impacts with LTVs. 
Since test results are subject to variations, it was 
necessary to determine the range of responses that 
may be achieved in nominally identical (but subject 
to test variations and build variations) LTV to car 
impacts and to define the MDB to represent this 

range. The range of responses in the vehicles selected 
is shown in Figure 15. 
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Figure 15: Response Corridor of Car in Impacts 
with LTV 
 
An MDB configuration has been developed [6] using 
finite element simulations of the car and the LTVs. 
This MDB (Figure 16) consists of aluminum plates 
and blocks of honeycomb material of various 
densities and strengths to approximate the 
components in the front end of the vehicle. 

 
Figure 16 - Schematic of Car-surrogate MDB  
 
The response of the proposed MDB as compared to 
the response corridor of car is shown in Figure 17. 
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Figure 17: Comparison of MDB to Car Response 
Corridor 
 
Physical prototypes of the MDB have been built and 
the MDB has been evaluated in component level tests 
(Figure 18). Based on the results from such  
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Figure 18: Component Test Configurations for 
Car Surrogate MDB Evaluation 
 
tests (e.g. deformations in one test shown in Figure 
19), several modifications have been made in the 
original configuration. The modified MDB is being 
fabricated and MDB-to-LTV tests and comparative 
evaluations with car-to-LTV tests have been planned. 
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Figure 19: Comparison of Test Results from 
Centre of Bumper Impact to CAE results 
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ABSTRACT  

In response to Section 10304 of the Safe, 
Accountable, Flexible, Efficient Transportation 
Equity Act: A Legacy for Users (SAFETEA-LU), the 
National Highway Traffic Safety Administration 
(NHTSA) conducted a study of existing backover 
prevention technologies for light vehicles.  The 
objective was to assess how well current, 
commercially-available backover prevention 
technologies perform in detecting objects, 
particularly small children. Eleven available 
backover avoidance technologies were identified and 
examined.  The object detection performance of 
sensor-based systems was measured using a set of 
test objects in both static and dynamic conditions.  
Visual systems, including rearview camera systems 
and cross-view mirrors were examined to determine 
their field of view and subjectively estimate the 
clarity of the image they provide of the area behind 
the vehicle. 

Sensor-based systems generally exhibited poor ability 
to detect pedestrians, particularly children, located 
behind the vehicle.  Systems’ detection performance 
for children was inconsistent, unreliable, and in 
nearly all cases quite limited in range.  Based on 
calculations of the distance required to stop from a 
particular vehicle speed, detection ranges exhibited 
by the systems were not sufficient to prevent many 
collisions with pedestrians or other objects.   

The rearview video systems examined had the ability 
to show pedestrians or obstacles behind the vehicle 
and provided a clear image of the area behind the 
vehicle in daylight and indoor lighted conditions.  
While the auxiliary mirror systems tested also 
displayed any rear obstacles present, their fields of 
view covered a smaller area behind the vehicle than 
did the video systems tested, and the displayed 
images were subject to distortion caused by mirror 
convexity and other factors (e.g., window tinting) 
making rear obstacles more difficult to recognize in 

the mirror.  In order for visual backing systems to 
prevent crashes, drivers must look at the video 
display or auxiliary mirror, perceive the pedestrian or 
obstacle, and respond correctly. 

INTRODUCTION 

To assess the performance capabilities of existing, 
commercially-available, systems designed to detect 
obstacles present behind a backing light vehicle, the 
following testing was performed:   

1.  Static field-of-view measurements for selected 
backover avoidance sensor-based systems based 
using a variety of test objects. 

2.  Repeatability of static field-of-view measurements 
for selected backover avoidance sensor-based 
systems using three test objects. 

3.  Dynamic range measurements for selected 
backover avoidance sensor-based systems using a 
limited set of test objects. 

4.  Response time measurements for selected 
backover avoidance sensor-based systems. 

5.  Field-of-view measurements for selected rearward 
pointing video cameras. 

6.  Field-of-view measurements for selected auxiliary 
mirrors designed to augment driver rearward 
visibility. 

7.  Measurements of the blind spot behind the vehicle 
for selected contemporary vehicles.  

AVAILABLE TECHNOLOGIES FOR AIDING 
DRIVERS IN DETECTING REAR OBSTACLES 
DURING BACKING MANEUVERS 

According to a recent NHTSA-sponsored effort to 
document advanced technologies for passenger 
vehicles [1], in 2006 there were 31 vehicle 
manufacturers (vehicle makes) and 100 different 
model lines offering object detection systems sold as 
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“parking aid” systems and/or rearview cameras in the 
U.S. market.  Twenty-six of the model lines offer a 
parking aid system and/or rearview camera as 
standard equipment.  These systems are intended to 
aid drivers in performing low-speed (typically at or 
below 3 mph) backing and parking maneuvers by 
providing some form of signal (typically an auditory 
tone) to indicate the presence of, and distance to, 
obstacles behind the vehicle.     

In surveying the various technologies available, it 
was noted that all systems offered by original 
equipment (OE) manufacturers were advertised as 
“parking aids” rather than safety systems, while 
aftermarket systems were marketed as safety systems 
with the ability to warn drivers of children present 
behind backing vehicles.  While the OE parking aid 
systems do not purport to detect pedestrians, they 
were included in this testing to fully address the 
congressional directive requesting an examination of 
“available technologies for detecting people or 
objects behind a motor vehicle” [2].   Furthermore, 
examining available parking aids allows NHTSA to 
inform consumers about their capabilities and permits 
comparison of their performance with aftermarket 
systems utilizing similar technology. 

Both sensor-based systems and visual systems 
require the attention and the appropriate response of 
the driver in order to succeed in achieving crash 
avoidance.  Systems that are purely visual are 
passive, in that the driver has to look at the display, 
perceive the object(s) displayed in it, and then take 

action to avoid backing into the object.  Sensor 
systems are somewhat active in that they draw the 
driver’s attention to the presence of an object behind 
the vehicle that they might not have seen.  Systems 
can be designed to be even more active using 
automatic braking to slow the vehicle if a rear 
obstacle is present.  Thus, the different types of 
systems can require different levels of effort from the 
driver to avoid a crash.  Figure 1 illustrates in a 
timeline fashion the steps in detecting and avoiding a 
rear obstacle as a function of system type.   

Sensor-Based Technologies 

There are two main technologies used for sensor-
based backing systems: ultrasound and radar.  Radar 
technology can be further subdivided into sensors 
that use the Doppler effect to detect the presence of 
objects and those that use frequency modulated 
continuous wave radar to determine the position of 
objects relative to the sensor. 

Ultrasonic object detection systems emit a burst of 
ultrasonic (a typical frequency is 40 kHz) sound 
waves backward from the vehicle.  Objects struck by 
the sound waves reflect them, creating an “echo.”  
The amplitude of the echo depends upon the 
reflecting material, shape and size [3].  Since sound 
travels at approximately 1,100 feet per second in 
room temperature air, the time from the emission of 
the sound waves to hearing the echo can be used to 
determine the distance to the reflecting obstacle. 

 

Figure 1.  Steps to detecting and avoiding rear objects as a function of system type.  
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Ultrasonic object detection systems are available as 
original equipment on a large range of vehicles.  
They are also available as an aftermarket product.  
Prices range from approximately $56 to $400 
(equipment only, installation additional).  Systems 
typically consist of two to six ultrasonic sensors, a 
driver interface, and the necessary wiring. 

Radar sensors come in two varieties for short-range, 
vehicle-based applications.  One type of radar sensor 
uses the Doppler effect to detect the presence of 
objects that are moving with respect to the vehicle 
(i.e., if the vehicle is stationary, then the object must 
be moving to be detected, if the vehicle is moving 
then the object must either be stationary or moving at 
a different velocity than the vehicle to be detected).  
The difference in relative velocities changes the 
frequency of the reflected radar waves.  The amount 
of frequency shift is proportional to the relative 
velocity difference.  Note that Doppler effect radar 
systems cannot, in general, detect stationary objects 
while the vehicle is stationary.  Doppler radar can 
determine relative velocities with high accuracy.   

Doppler radar can also determine the distance to 
objects behind the vehicle.  This can be done by 
changing the frequency of the emitted radar waves 
(the technique used by the Doppler radar sensor 
studied during this research) or by emitting multiple 
bursts of radar waves. 

Doppler radar object detection systems are available 
for aftermarket installation at prices ranging from 
approximately $200 to $300.  The system for a 
vehicle will consist of a Doppler radar sensor, a 
driver interface, and the necessary wiring. 

A second type of radar sensor uses frequency 
modulated continuous wave radar to determine the 
position of obstacles relative to the vehicle.  This 
technology can detect objects that are not moving 
relative to the vehicle and gives a more accurate 
measurement of distance to an object than does 
Doppler radar.  The ability to detect objects that are 
not moving relative to the vehicle is both an 
advantage and a disadvantage; it is advantageous in 
that it gives the ability to detect stationary objects 
behind the vehicle when the vehicle is not moving 
(think of a bicycle parked behind the vehicle) but a 
drawback in that the field of view of the system must 
be such as to avoid objects that are not a problem 
(e.g., the concrete of the driveway).  Having to avoid 
objects that are not a problem tends to leave holes in 
the detection zone in which objects that should be 
detected will not be seen. 

Frequency modulated continuous wave radar object 
detection systems are available as original equipment 
on a number of vehicles.  The system for a vehicle 
will consist of one radar sensor, a driver interface, 
and the necessary wiring. 

For both types of radar sensors, the detectability of 
objects within their field of view depends upon their 
radar cross section; the larger the radar cross section 
the more likely an object is to be detected.  (For 
Doppler effect sensors, detectability also depends 
upon whether the object is moving relative to the 
sensor.  Objects that are stationary relative to the 
sensor will not be detected.)  The radar cross section 
of an object depends upon its size, geometry, and 
material composition.  For example, large, angular, 
metallic objects have very large radar cross sections.  
On the other hand, some geometries and materials are 
virtually invisible to radar.  

Visual Technologies 

Visual technologies for detecting people and objects 
behind a backing vehicle include systems such as rear 
camera systems, and convex mirrors.  These systems 
show the driver what is behind the vehicle, but unless 
coupled with sensor technology, do not alert the 
driver to any unseen obstacles.   

Several models of aftermarket video backing aid 
systems were found to be sold on the internet for 
prices ranging from approximately $400 - $600 or 
more.  These rear camera systems typically included 
small dashboard-mountable LCD displays, while a 
few were offered that included the LCD display as 
part of a replacement rearview mirror.     

Rear-mounted convex mirrors, frequently called 
“cross-view mirrors” are available which seek to 
provide improved indirect rear visibility.  The 
implementation examined during this study is one in 
which these mirrors are mounted at the inside, rear 
corners of the vehicle and face toward the centerline 
of the vehicle. These mirrors were found on one 
vehicle, a 2003 Toyota 4Runner, in which they were 
mounted at each rearmost pillar.  We also examined 
an aftermarket convex mirror system called 
“ScopeOut” that sought to provide the driver with a 
view of vehicles approaching a backing vehicle at a 
perpendicular angle.  Since a portion of the field of 
view of these mirrors covers the area directly behind 
the vehicle they were included in this study.  The 
ScopeOut system literature stated that mirrors 
provided rear visibility by looking forward into the 
vehicle’s center rearview mirror, thus giving the 
driver additional information about what may be in 
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the vicinity of the vehicle’s rear without having to 
turn around to look.  The inexpensive, aftermarket 
system mounted to the rear window glass using 
adhesive tape.  Another implementation of rear-
mounted convex mirrors, which is more commonly 
used for medium duty trucks (such as delivery 
trucks), is that of a single convex mirror mounted 
diagonally out from the left rear corner of the vehicle 
using an overhead bracket. 

Systems Selected for Testing 

Eight sensor-based systems were selected for 
examination:  four original equipment systems and 
four aftermarket systems.  One of each of the original 
equipment and aftermarket sensor systems included 
rearview video as part of the system.  One original 
equipment rearview camera system was examined.  
Two mirror systems were examined:  one original 
equipment system and one aftermarket system.  Table 
1 presents details of the systems. 

 

Table 1. Backover Avoidance Systems 

 System Type System Name (Vehicle) Technology Number of Sensors  Display Type 

“Park Distance Control” 
(2006 BMW 330i) 

Ultrasonic 4 sensors LCD color graphical 
display,  
auditory alert 

Single-
Technology 
Sensor 

Rear Sonar System (2005 
Nissan Quest) 

Ultrasonic 4 sensors Auditory alert 

Extended Rear Park Assist 
(2005 Lincoln Navigator) 

Ultrasonic/ 
Radar 

2 ultrasonic,  
1 radar 

Auditory alert Multiple 
Technology  

Ultrasonic Rear Parking 
Assist, Rear Vision 
Camera (2007 Cadillac 
Escalade) 

Ultrasonic/ 
Video 
(integrated) 

1 camera (Viewing 
angle not provided) 

LCD color video,  
3 LEDs, auditory alert 

RearView Monitor (2005 
Infiniti FX35) 

Video 1 camera (Viewing 
angle not provided) 

LCD color video 

OEM 

Visual 

(2003 Toyota 4Runner) Convex 
mirrors 

2 mirrors Located at rearmost 
pillars 

Poron “Mini3 LV Car 
Reversing Aid” 

Ultrasonic 3 sensors LED distance display, 
auditory alert 

Sense Technologies 
“Guardian Alert” 

Doppler Radar, 
X-Band 

1 LED, 3 colors 

Single-
Technology 
Sensor 

Sense Technologies 
“Guardian Alert” 

Doppler Radar, 
K-Band 

2 LED, 3 colors 

Multiple 
Technology  

Audiovox “Reverse 
Sensing System”, “Rear 
Observation System” 

Ultrasonic, 
Mini-CCD 
camera 

4 sensors;  
1 camera (Viewing 
angle not provided) 

3 inch LCD display in 
rearview mirror 

After-
market 

Visual Sense Technologies 
“ScopeOut” 

Convex 
mirrors 

2 mirrors Mounted to inside of rear 
window 

 

METHOD 

Testing was conducted to measure a variety of 
aspects of object detection performance of sensor-
based systems.  Measurements included static field of 
view, static field of view repeatability, and dynamic 
detection range for a variety of test objects.  The 
ability of systems to detect an adult male walking in 
various directions with respect to the rear of the 
vehicle was assessed.  Sensor system detection 

performance was also assessed in a series of static 
and dynamic tests conducted using 1-year-old and 3-
year-old children.  Response time of sensor-based 
systems was also measured for a standard object.   

An examination of rearview video and auxiliary 
mirror systems was also conducted.  The examination 
consisted of field of view measurement and a 
subjective assessment of displayed image quality.    
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Test Objects for Sensor-Based Systems 

How well a sensor system can detect a particular 
object depends on a variety of factors including the 
composition of the object, its shape, size, and 
distance from the sensor. The object detection 
capabilities of sensor-based backing systems were 
measured using a variety of “test objects” (e.g., 
traffic cones).  Test objects of various heights, 
diameters, shapes, and a range of cross-sections were 
used to represent obstacles that a backing system may 
need to detect in the real world.   

Human subjects, including 1-year-old and 3-year-old 
children as well as an adult male, also participated as 
“test objects.”  Protocols involving human subjects 
were approved by an independent institutional review 
board.  Vehicles were stationary and secure during all 
test trials with pedestrians.   

Table 2 presents the complete list of objects used in 
sensor performance testing conducted indoors and 
indicates whether the object was presented statically 
or dynamically.  Table 3 presents similar information 
for tests conducted outdoors.  All tests were 
conducted with the test objects oriented in an upright 
orientation (e.g., standing), except where noted.  

 
Table 2.  Sensor Test Objects and Test Type – Indoor Testing 

TEST OBJECT STATIC DYNAMIC 
Traffic cones (12, 18, 28, 36-inch) X  
20-inch PVC pole X  
40-inch PVC pole (per ISO 17386) X 2, 3, 4 mph 
20-foot PVC pole, horizontal X (vertical test)  
Parking curb, plastic X  
Hybrid III 3-year-old crash dummy (210-0000) X 2, 3, 4 mph 
CRABI 12-month-old crash dummy (921022-0000) X 2, 3, 4 mph 
Child, 3 years old X Walking, running, riding toy 
Child, 1 year old X Walking, riding toy 

Adult, male (6’ 1”, 190 lbs) X (also laying on 
ground) 

Walking (laterally, longitudinally, 
diagonally with respect to vehicle) 

 

Table 3.  Sensor Test Objects and Test Type – Outdoor Testing 

TEST OBJECT STATIC DYNAMIC 
Car backing straight to a 36-inch traffic cone  Slow (<5 mph) 
Car backing straight to a car (Toyota Camry sedan)  Slow (<5 mph) 
Car backing  straight to a mild grass slope  Slow (<5 mph) 
Car backing  straight to a 17% concrete slope  Slow (<5 mph) 
Cozy coupe (toy car)  2, 3 mph 

Adult, male (6’ 1”, 190 lbs) X Walking (laterally, longitudinally, 
diagonally with respect to vehicle) 

 
Traffic cones and poles were chosen as test objects 
since their conical and cylindrical shapes, when 
positioned vertically upright, present the same 
appearance to the sensors despite any rotation about 
their vertical axis.  This quality renders them likely to 
achieve a more repeatable response in objective 
testing.  This is likely the reason that a PVC pole was 
recommended as a test object in the International 

Standard’s Organization’s (ISO) Standard  17386, 
“Transport information and control systems – 
Maneuvering Aids for Low Speed Operation 
(MALSO) – Performance requirements and test 
procedures” [4].  The 40-inch “ISO pole” (pictured in 
Figure 2) was included in this testing to assess the 
performance of systems in detecting this object.   
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Figure 2. ISO Pole behind Nissan Quest test vehicle. 

Another goal in test object selection was to 
investigate whether any object could be identified 
that would have a similar sensor system detection 
pattern to that of a child’s.  Identifying such an object 
would be useful in the development of any possible 
future performance measure for backover avoidance 
systems.  Since conducting research involving human 
subjects requires detailed review and approval of test 
protocols, the availability of a suitable surrogate test 
object for a child would prove quite useful and more 
convenient.  To this end, Anthropometric Test 
Devices (ATDs), or crash dummies were used to 
assess sensor system responses to them.  The 
particular ATDs used in this testing included the 
Hybrid III Three-Year-Old child (H-III3C) dummy 
(height, 37.2 in.) and the Child Restraint/Air Bag 
Interaction (CRABI) dummy (height, 29.4 in.).  The 
crash dummies are constructed from steel and rubber 
with fiberglass heads surrounded by polyurethane 
skins.  For testing, the crash dummies were dressed in 
long-sleeved knit shirts and long knit pants typically 
worn for crash testing, as shown in Figure 3.  Crash 
dummies were also fitted with knit hats to simulate 
hair, and the 3-year-old ATD was fitted with shoes.  
Children participating in testing also wore long 
sleeved shirts, long pants, and shoes.   

Test objects that were too heavy to be moved 
repeatedly by hand or that were not self-supporting 
were suspended from above via monofilament line of 
75 pound test connected to a modified engine hoist 
and boom fixture. The hoist was also used to suspend 
and stabilize movement of the ISO pole during 
dynamic testing.     

 

Figure 3.  Photographs of ATDs used in testing 

Test Grid 

Dimensioned floor grids facilitated measurement of 
the horizontal area in which objects were detected by 
sensors systems.  The grids were comprised of 1 foot 
squares.  The indoor grid was created using colored 
vinyl tape and was 60 by 50 feet.  The 20 by 25 foot 
outdoor grid was painted on level, asphalt pavement.   

 Apparatus for Controlled-Speed Dynamic Testing 
of Sensor-Based Systems 

For controlled-speed dynamic sensor system object 
detection tests, a pulley system was used to tow the 
hoist and boom fixture with suspended test object 
laterally behind the vehicle.  The hoist was positioned 
such that it was outside the range of detection of the 
sensor system.  A pulley system used weights, which 
were dropped by remote control, to cause a steel-
braided cable to pull the hoist with attached test 
objects.  Using this method, objects were moved at 
specific speeds across lines of the grid parallel to the 
vehicle’s rear bumper.   

 Apparatus for Sensor-Based System Response 
Time Testing 

Sensor system detection response time was measured 
using a remote-controlled fixture containing an 
aluminum plate that would pop up from the ground.  
The 20.25 in. by 35.5 in. plate was hinged to a 
plywood board that rested on the ground. The 
aluminum plate began in a horizontal position resting 
atop the plywood board.  A spring was attached 14 
inches up from the pivot point position on each side 
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of the aluminum plate and to the plywood 3 inches 
before the pivot point. The plate was held down (with 
springs fully extended) prior to deployment using a 
latch.  A solenoid was triggered by wired remote 
control to release the latch. When the cam was 
released it pushed the bottom of the aluminum plate 
upward, initiating the movement. The springs 
provided the force to move the plate into its deployed 
vertical position.  Braided stainless steel cables 
connected the plywood plate to the back side of the 
aluminum plate to limit its travel. Testing was 
conducted indoors on a flat, level, concrete surface.   

Instrumentation 

All tests were recorded in digital video format with 
sound.  These video data documented the test object’s 
position with respect to the vehicle as well as the 
system’s response to the object’s presence (if any).  
A Sony TRV-90 digital video camera was mounted 
on a tripod positioned approximately 30 feet behind 
the test vehicle to capture a wide-angle view of 
objects’ positions behind the test vehicle.  A second, 
identical camera was located inside the vehicle to 
capture any visual and/or auditory warnings produced 
by the systems.  System detection performance data 
were also recorded by hand.    

Vehicle Preparation Procedure 

Before testing, each test vehicle’s tires were set to the 
manufacturer’s recommended pressure and the fuel 
tank was filled to achieve a standard vehicle pitch.  
Backing system sensors were wiped to ensure they 
were free of dirt or other substance that might impact 
sensor performance.   

Vehicles were tested with the engine off, but the 
transmission in reverse gear and the ignition on to 
provide power to the sensor system being tested.  
Conducting testing with the vehicle’s engine off 
ensured the safety of test staff and participants, as 
well as eliminated the need to vent exhaust fumes.  
To prevent draining of the vehicle’s battery, a 12 volt 
power supply was connected during testing.  The 
power supply used was an Astron Model SS-30M. 

RESULTS 

Sensor-based systems generally exhibited poor ability 
to detect pedestrians, particularly children, located 
behind the vehicle.  Systems’ detection performance 
for children was inconsistent, unreliable, and in 
nearly all cases quite limited in range.  Based on 
calculations of the distance required to stop from a 
particular vehicle speed, detection ranges exhibited 

by the systems were not sufficient to prevent 
collisions with pedestrians or other objects.   

Findings For Sensor-Based Systems  

• Sensor-based systems generally exhibited poor 
ability to detect pedestrians, particularly children, 
located behind the vehicle.  Systems’ detection 
performance for children was inconsistent, unreliable, 
and in nearly all cases quite limited in range.  Testing 
showed that, in most cases, the detection zones of 
sensor-based systems contained a number of “holes” 
in which a standing child was not detected.  The size 
of the pedestrian did seem to affect detection 
performance, as adults elicited better detection 
response than did 1-year-old or 3-year-old children.   

• All eight of the systems could generally detect a 
moving adult pedestrian (or other objects) within 
their detection zone area when the vehicle was 
stationary.  However, all of the sensor-based systems 
exhibited some difficulty in detecting moving 
children.   

• The reliability (i.e., ability of systems to work 
properly without an unreasonable failure rate) of 
sensor-based systems as observed during testing was 
good, with the exception of one aftermarket, 
ultrasonic system that malfunctioned after only a few 
weeks, rendering it unavailable for use in remaining 
tests.  In examining consistency of system detection 
performance, it was noted that all of the sensor-based 
systems tested exhibited at least some degree of day-
to-day variability in their detection zone patterns.  
Results of static sensor-based system detection zone 
repeatability showed a range of performance quality.  
Inconsistency in detection was usually seen in the 
periphery of the detection zones and typically was 
not more than 1 foot in magnitude.     

• Sensor-based systems typically have detection 
zone areas that only cover the area directly behind the 
vehicle.  However, not all crashes involve pedestrians 
located directly behind the vehicle.   

• A majority of systems tested were unable to 
detect test objects of less than 28 inches in height.       

• While ultrasonic systems can detect stationary 
obstacles behind the vehicle when the vehicle is 
stationary, Doppler radar-based sensors, by design, 
cannot.  Doppler radar-based sensors also cannot 
detect objects moving at the same speed and direction 
as the vehicle on which they are mounted.   
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• None of the systems tested had large enough 
detection zones to completely cover the blind spot 
behind the vehicle on which they were mounted.  The 
sensor with the longest range of those tested could 
detect a 3-year-old child out to a range of 11 feet.  
The closest distance behind any of the six vehicles 
tested at which a child-height object could be seen by 
the driver, either by looking over their shoulder or in 
the center rearview mirror, was 16 feet. 

• Response times of sensor-based systems ranged 
from 0.18 to 1.01 seconds.  International Standards 
Organization (ISO) 17386 [4] contains a 
recommended maximum system response time of 
0.35 seconds (measured using a PVC pole that enters 
the detection zone from above).  Only three of the 
seven systems tested met the ISO limit.  Given the 
observed sensor system response times, the ranges at 
which systems tested were able to detect children 
were insufficient to allow time to brake the vehicle to 
a stop prior to many collisions (assuming typical 
backing speeds; Huey, et al. [5] stated that only about 
50 percent of the vehicles that back into pedestrians 
are traveling at speeds below 2.0 mph). Based on the 
analysis in that report [5], a system must have a range 
great enough to provide for a median maximum 
backing speed of at least 5 mph to provide sufficient 
time for braking to a stop before a collision.   

• In order for sensor-based backover avoidance 
systems to assist in preventing collisions, the driver 
must perceive the warning generated by the system 
and respond quickly and apply sufficient force to the 
brake pedal to bring the vehicle to a stop.  Time was 
not available in the context of this research to study 
drivers’ tendency to respond appropriately to backing 
system warnings.  However, a study sponsored by 
General Motors [6] raises questions as to whether the 
driver will respond quickly and with sufficient force 
applied to the brake pedal to bring the vehicle to a 
stop in response to a warning.     

Visual System (Rearview Cameras and Auxiliary 
Mirrors) Findings 

NHTSA also examined visual systems including 
rearview video camera systems and auxiliary mirror 
systems designed to augment driver rearward 
visibility.  The examination of these systems included 
assessment of their field of view and potential to 
provide drivers with information about obstacles 
behind the vehicle.   

Visual systems, unless combined with an object 
detection technology, only display what is behind the 
vehicle.  The rearview video systems examined had 

the ability to display pedestrians or obstacles behind 
the vehicle clearly in daylight and indoor lighted 
conditions.  While the auxiliary mirror systems tested 
also displayed any rear obstacles present, their fields 
of view covered a smaller area than did the video 
systems tested, and the displayed images were 
subject to distortion caused by mirror convexity and 
other factors (e.g., window tinting) making rear 
obstacles more difficult to recognize in the mirror. 

Based upon this research, the following observations 
relating to the rearview video systems and auxiliary 
mirrors examined were made: 

• Rearview video systems provided a clear image 
of the area behind the vehicle in daylight and indoor 
lighted conditions.  The video systems showed 
pedestrians or obstacles behind the vehicle within a 
range of 15 or more feet and displayed a wider area 
than was covered by the detection zones of sensor-
based systems tested in this study.  The range and 
height of the viewable area differed significantly 
between the two OE systems examined.  In addition 
to the limited field of view, the limited view height of 
one system seemed to complicate the judgment of the 
distance to rear objects.   

• In order for rearview video systems to assist in 
preventing backing collisions, the driver must look at 
the video display, perceive the pedestrian or object in 
the display, and respond quickly and with sufficient 
force applied to the brake pedal to bring the vehicle 
to a stop.  The true efficacy of rearview video 
systems cannot be known without assessing drivers’ 
use of the systems and how drivers incorporate the 
information into their visual scanning patterns.  
Determining typical drivers’ interactions with 
rearview video systems would require complex 
human factors testing.  Sufficient time was not 
available to perform such testing in the context of this 
research.  However, two studies sponsored by 
General Motors raise questions regarding whether 
rearview video is adequate to prevent drivers from 
colliding with pedestrians or obstacles behind the 
vehicle.     

• The examination of rearview auxiliary mirror 
systems revealed that neither of the two systems 
tested fully showed the area directly behind the 
vehicle.  Both mirror systems had substantial areas 
directly behind the vehicle in which pedestrians or 
objects could not be seen.   

• Visually detecting a 28-inch-tall traffic cone 
behind the car using the rearview auxiliary mirrors 
proved to be challenging for drivers.  The convexity 
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of the cross-view mirrors caused significant image 
distortion making reflected objects difficult to 
discern.  Concentrated glances were necessary to 
identify the nature of rear obstacles.  A hurried driver 
making quick glances prior to initiating a backing 
maneuver may not glance long enough to allow them 
to recognize an obstacle presented in the mirror. 

DISCUSSION   

In order to fully estimate the benefits obtainable from 
implementation of backover avoidance systems, it is 
necessary to have an idea of how drivers will use the 
systems and the rate of their compliance with system 
warnings.  It is not known whether drivers will 
interact effectively with backing aids such that a 
reduction in crashes will occur with implementation 
of these systems.  Additional research is needed to 
confirm whether drivers’ trust of sensor-based 
systems is irreparably problematic.  Also warranting 
examination is how drivers incorporate the 
information presented by sensor-based or visual 
systems into their visual scanning patterns.   

CONCLUSIONS 

In summary, results showed that the performance of 
ultrasonic and radar parking aid and aftermarket 
backing systems in detecting child pedestrians behind 
the vehicle was typically poor, sporadic (i.e., 
exhibiting many “holes” and variability), and limited 
in range.  Based on calculations of the distance 
required to stop from a particular vehicle speed, 
detection ranges exhibited by the systems tested were 
not sufficient to prevent collisions with pedestrians or 
other objects given a vehicle backing at typical speed 
[7].  While the sensor-based systems tested showed 
some deficiencies, particularly in detecting small 
pedestrians, it may be possible to improve system 
performance and detection range.   

The rearview video systems examined had the ability 
to show pedestrians or obstacles behind the vehicle 
and provided a clear image of the area behind the 
vehicle in daylight and indoor lighted conditions.  
While the auxiliary mirror systems tested also 
displayed any rear obstacles present, their fields of 
view covered a smaller area than did the video 
systems tested, and the displayed images were 
subject to distortion caused by mirror convexity and 
other factors (e.g., window tinting) making rear 
obstacles more difficult to recognize in the mirror.  In 
order for visual backing systems to prevent crashes, 
drivers must look at the video display or auxiliary 
mirror, perceive the pedestrian or obstacle, and 
respond correctly. 

Additional details on this research can be found in a 
recently published NHTSA report titled, 
“Experimental Evaluation of the Performance of 
Available Backover Prevention Technologies” [8]. 

Future Research Plans 

This testing showed that, while current rear-object 
sensing technologies may perform adequately as 
parking aids, none of the sensor technologies 
examined, in their current forms, seemed adequately 
capable of preventing backover crashes with 
pedestrians.  Rearview video systems display objects 
behind the vehicle, but require effort from the driver 
to check the visual display and discern whether any 
obstacles are present.  Additional research and 
development is needed to develop an effective 
pedestrian backover countermeasure system.  To this 
end, NHTSA plans to continue to investigate ways to 
reduce the incidence of backover crashes and to 
encourage industry to continue its research and 
development activities in this area.  NHTSA’s efforts 
will include further examination of crashes, 
investigation of technology improvements, 
investigation of the feasibility of development of 
objective tests and technology-neutral performance 
specifications for backing safety systems, and 
assessment of drivers’ use of backing system 
technologies (e.g., rearview video systems).   
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ABSTRACT 
 
An experimental study of driver side air bag loads for 
out-of-position (OOP) occupants at the ISO-1 (chin 
on bag) position was performed using the 50th per-
centile THOR-NT dummy. The main objective was 
to observe the response of the dummy under expo-
sures to various types of air bags. Dummy sensitivity 
to the air bags was evaluated in terms of upper neck 
loads and head acceleration. Five types of late-model 
fleet air bag modules were used in a total of ten tests 
(two repeat tests per air bag). Sealed tank tests were 
also performed to characterize the five different air 
bag inflators. For one bag, the THOR-NT produced 
very repeatable measurements. For other bag types, 
the THOR-NT exposed the variability of the air bags, 
especially in its upper neck moment measurements. 
The high-speed videos confirmed the inflation vari-
ability of those air bags. The THOR-NT was able to 
segregate the moment at the head/neck pin joint (rep-
resenting human occipital condyles) from the total 
head/neck cross-sectional moment. The THOR-NT 
performed smoothly throughout the test and was gen-
erally user-friendly. A limitation is recognized that 
only two air bags for each model were used for repeat 
tests.  
 
INTRODUCTION 
 
The THOR (Test device for Human Occupant 
Restraint) dummy is an anthropomorphic test device 
(ATD) developed for advancing the study of biome-
chanical phenomena and the development of new 
injury criteria supported by other efforts in human 
volunteer tests, cadaver tests and modeling [1-3]. The 
notable new features of THOR include a neck design 
that segregates load paths within the cervical spine, 
and the use of multiple potentiometers for measuring 
chest and abdomen deformations at distributed loca-

tions. The current THOR version, denoted as THOR-
NT, has an improved design to overcome the limita-
tions of the previous version. 
 
The study herein focuses on the performance of air 
bags as measured within the THOR-NT head/neck 
complex. As shown in Figure 1, the THOR-NT dis-
tinct neck subassemblies reflect a design premise that 
human necks are loaded along multiple paths, and 
that loads are borne by both ligamentous tissues and 
musculature. Loads that pass through a human neck 
are presumed to include those borne by �external� 
musculature only (represented in THOR-NT by the 
two cable subassemblies), and those borne by both 
�internal� muscles and ligaments (represented in 
THOR-NT by the molded neck subassembly and the 
pin joint/nodding block subassembly).  

 

 

Front cable

Rear cable

Upper neck
load cell

OC pin joint:
cross-section and OC only
force and moment data
from Thortest program are
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Front cable
load cell Rear cable

load cell
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Figure 1.  THOR-NT neck structure. 

 
The THOR-NT design philosophy also presumes that 
human neck injuries occur when ligamentous tissues 
become overloaded. Hence, a THOR-NT injury crite-
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rion will be based on measurements in its upper neck 
load cell alone, which is mounted on the neck rather 
than in the head (Fig. 1). Forces measured in the load 
cells attached to THOR-NT anterior and posterior 
cables represent �external� noninjurious loads borne 
by musculature alone (and not ligamentous tissues). 
These load cell measures are contemplated as refer-
ence measures only, and may not be directly linked to 
an injury criterion. 
 
Other previous work has been performed showing 
favorable biofidelity evaluation of the head/neck 
complex of THOR-NT. These tests include a com-
parison of THOR-NT loads against muscle and 
occipital condyle (OC) loads measured in tests run by 
the Medical College of Wisconsin (MCW) using post 
mortem human subjects [4]. A favorable comparison 
of the THOR-NT neck response against a human 
model was also demonstrated by Duke University 
[5].  
 
Previous tests by L-3/Jaycor using the Air bag Test 
Simulator (ATS) with a previous version of THOR-
NT has shown highly repeatable head/neck responses 
to well-controlled air bag deployments in out-of-
position (OOP) conditions [6-8]. The ATS is a device 
developed by L-3/Jaycor that deploys air bags in a 
very repeatable fashion and with the same deploy-
ment characteristics as an actual production air bag 
module [9]. Using the ATS, the air bags were pneu-
matically inflated and two air bags with conventional 
folding were used with tests conducted at the ISO-1 
(chin on bag) and ISO-2 (chin on upper steering 
wheel rim) positions [10]. At least five repeat tests 
were conducted at the same condition, respectively, 
for both the 50th percentile Hybrid-III and THOR 
dummies, for data comparison. Data showed that the 
THOR neck design could carry loads through the 
cable elements and the head/neck pin joint akin to the 
way loads are transferred through and around the 
occipital condyles of a human neck.  
 
This paper presents results from testing the THOR-
NT using fleet driver side air bag modules in the 
laboratory. As the THOR-NT is a relatively new 
dummy, this paper also serves to provide an evalua-
tion of the dummy itself under well controlled condi-
tions. The tests conducted do not represent standard 
regulatory tests since there is no standard OOP posi-
tion or injury metrics established for THOR-NT. 
 
METHODS 
 
Five models of fleet driver side air bags were used, 
which are labeled as Bag A, B, C, D, and E, respec-
tively (Table 1). Other than Bag E that has a single-

stage inflator, the other four models have dual-stage 
inflators (Table 1).  
 

Table 1.  Five driver side air bag modules. 

Bag Model Position Stage 

A compact driver dual 

B SUV driver dual 

C sedan driver dual 

D sedan driver dual 

E light truck driver single 

 
The air bag inflators were characterized using the 
SAE standard sealed tank test as specified in SAE 
J2238 [11]. The inflator was separated from the air 
bag unit, connected to the tank, and electrically dis-
charged. The tank gas pressure and temperature his-
tories were recorded. Pressure and temperature 
gauges were mounted on the top, side and bottom of 
the tank (Fig. 2a). To characterize both stages of a 
dual-stage inflator in a single tank test, the second 
stage was triggered about 0.12 sec after the first stage 
(Fig. 2b). This 0.12-sec trigger delay for the second 
stage was only used for the tank tests to characterize 
the dual inflators in a single test.  
 

 
(a) Sealed tank and instrumentation 

 

 
(b) Trigger signal for dual stage inflator 

 
Figure 2. Sealed tank test setup. 
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For the OOP air bag impact tests, the 50th percentile 
male THOR-NT dummy was placed in the adjustable 
seat fixture of the ATS platform (Fig. 3). The dummy 
was placed at the ISO-1 position (Fig. 3). The posi-
tion of the dummy was accurately controlled using 
fixed position markers on the seat and the adjustable 
neck positioning arm for each test. The transducers 
used in THOR-NT included accelerometers, load 
cells, displacement string potentiometers, and rotary 
potentiometers. All signals were recorded using a 
digital data acquisition system with a sampling rate 
of 10 kHz. A high-speed digital camera recorded the 
air bag-dummy interaction at 1000 frames per sec-
ond. Signal conditioning, filtering, and recording 
techniques complied with the SAE J211 standard 
[12]. A complete new air bag module with the origi-
nal steering wheel was used for each test.  

 

 
Figure 3. THOR-NT test setup at ISO-1 position. 

 
Stage-by-stage comparison.  OOP tests using the 50th 
percentile male Hybrid-III dummy were first per-
formed to examine the effects of full deployment vs. 
first stage only using Bag A. The Hybrid-III dummy 
was also placed at the ISO-1 position. Two tests were 
performed separately using deployments from the 1st 
stage inflator and from both stages. For the full 
deployment test, both stages were triggered simulta-
neously. Based on the results observed, it was 
decided to conduct all THOR-NT dummy tests using 
deployments from both stages for all the dual-stage 
air bag modules.  
 
Full-stage air bag tests.  Full-deployment air bag 
impact tests were carried out for all five models for 
the THOR-NT dummy. For dual-stage models, both 
stages were triggered simultaneously for each test. 
Two repeat tests were performed for each air bag 
model. Head/neck load time-history data comparison 
was performed for each air bag model. Air bag infla-
tion repeatability or variability for each model was 
confirmed and analyzed using the high-speed video 
recordings. Values of Head Injury Criterion based on 
the 15-ms time interval (HIC15) were computed for 
comparison.  

As stated earlier, the THOR-NT has a unique neck 
construction in which muscles and osteoligamentous 
structures are represented by separate mechanical 
components (Fig. 1). The primary structural compo-
nent of the THOR-NT neck is the segmented molded 
rubber column which is designed based on the 
responses of the human cervical spine. A six-axis 
load cell is placed at the top of this component to 
directly measure the loads at the head/neck pin joint, 
which represents human occipital condyles. In the 
results presented herein, all neck loads (or upper 
head/neck loads) refer to the OC pin joint location 
(Fig. 1). Cross-sectional loads refer to loads including 
the front and rear cable loads with respect to the head 
coordinate system. 
 
The THOR-NT instrumentation allows one to com-
pute its �cross-sectional load� by accounting for the 
cable loads. The dummy has a rotary potentiometer 
that measures rotation of the head with respect to the 
neck. Using data from this potentiometer, one may 
translate THOR-NT�s cross-sectional neck loads to 
the head coordinate system using the THORTEST 
program [13]. In the results herein, cross-sectional 
loads are always given in the head coordinate system. 
The THOR-NT neck load data can also be presented 
in the neck coordinate system as will be indicated. 
 
RESULTS 
 
Comparison of single and dual-stage inflations.  The 
sealed tank test data for each inflator are shown in 
Table 2, with the two pressure values indicating the 
outputs from the first and both stages, respectively, 
for Bags A-D, while only one value is shown for Bag 
E with single-stage inflator. For a dual-stage inflator, 
the tank pressure history shows that the combustion 
of the first stage usually completes in 50 ms and a 
fairly stable tank pressure level is sustained for a long 
time until the second stage is ignited (Fig. 4). For 
dual-stage inflators, the first stage generally contains 
the larger portion of the total energy with the second 
stage contributing about 6-30% of the total energy 
output (Table 2; Fig. 4). The tank test data justify the 
use of 0.12-sec trigger delay to collect dual-stage data 
without sacrificing additional inflators. 
 

Table 2.  Tank test results 

Bag Model Stage Pressure, KPa 

A compact dual 100/150 

B SUV dual- 125/140 

C sedan dual 165/175 

D sedan dual 140/190 

E light truck single 160 
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(a) Bag A 

 
(b) Bag D 

 
Figure 4. Sealed tank test pressure data. 

 
Tests conducted using Bag A and the Hybrid-III 
dummy showed air bag loads from the 1st stage and 
both stages resulted in significant differences in the 
dummy response (Fig. 5). Inflation from both stages 
deploying simultaneously delivers a much stronger 
load to the dummy than that just from the 1st stage 
(Fig. 5). The results are consistent with the tank data 
showing the tank pressure increasing from 100 to 150 
KPa when the 2nd stage is triggered (Fig. 4a and 
Table 2). To achieve the maximum impact load for 
dummy evaluation, the remaining tests with the 
THOR-NT were conducted by deploying both stages 
simultaneously for all dual-stage modules. 
 
Data repeatability and variability.  It was found that 
the bag inflation variation was a dominant factor 
affecting the data repeatability of the air bag impact 
test results (Figs. 6-10). Bag A produced data with 
excellent repeatability as observed from the two tests 
for the THOR-NT dummy (Fig. 6). However, the 
other four types of bags produced significant vari-
ability in dummy metrics (Figs. 7-10). 
 
For illustration, large inflation variability was 
observed for Bag C deploying against the THOR-NT 
dummy (Fig. 7). The upper head/neck load data 
shown in Figure 7 are in the head coordinates. For 
test 1, the air bag pushed the chin backwards, which 
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Figure 5. Hybrid-III responses to first stage and full 

deployments for Bag A. 
 

generated large positive upper head/neck shear Fx 
and moment My (flexion) at 20 ms (Figs. 7a-b). For 
test 2, the air bag was trapped under the chin and 
pushed it upwards, which generated large negative Fx 
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and My (extension) at 40 ms (Figs. 7a-b). The air bag 
also slipped behind the steering wheel for test 2, 
which did not happen in test 1 (Fig. 8a vs. 8b).  
 

 
(a) Head CG X-acceleration 

 
(b) Chest CG X-acceleration 
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Figure 6. Excellent data repeatability observed for 

bag A. 
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(b) Upper head/neck My 
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Figure 7. Head/neck load data comparison for Bag C 

(head coordinates). 
 

 (a) Test 1 (b) Test 2 
 

Figure 8. Inflation variability for Bag C deployed 
against THOR-NT. 
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Figure 9. Head/neck load data comparison for Bag D 

(head coordinates). 
 

 (a) Test 1 (b) Test 2 
 

Figure 10. Inflation variability observed for Bag D 
deployed against THOR-NT. 

 
Inflation variability was also observed for tests using 
other air bags. For Bag D, high-speed video data 

showed the air bag was trapped under the dummy 
chin and pushed it upwards, which generated large 
negative My (extension) for test 1 at 35 ms (Figs. 9b 
and 10a). This neck trapping situation was less severe 
for test 2 as indicated by the much smaller negative 
My (Fig. 9b). In addition, the air bag slipped behind 
the steering wheel more for test 2 than for test 1 as 
shown by the high-speed video data (Figs. 10a vs. 
10b). This partially explains why test 2 delivered a 
softer load on the neck than test 1 (Fig. 9b). 
 
The inherent bag inflation variability manifested 
itself mostly in upper head/neck Fx and My. The 
head/neck axial force Fz was fairly consistent (Figs. 
7c and 9c). The Fz forces are positive most of the 
time (Figs. 6c, 7c and 9c), which means the neck 
pulls the head downwards in tension. This tensile 
upper head/neck Fz is a combined effect of the exter-
nal air bag load and the centrifugal rearward rotation 
of the head.  
 
Injury metrics for various air bags.  For the head, a 
HIC15 = 700 injury reference value may be used to 
assess injury risk. All five air bags produced HIC15 
values of less than 200 and significantly below this 
threshold, although Bag D produced the highest 
HIC15 values (Fig. 11). This seems to be consistent 
with the tank pressure data showing Bag D generat-
ing the highest dual-stage pressure (190 KPa) among 
the five models (Table 2). 
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Figure 11. HIC15 data comparison. 

 
Table 3 provides the critical injury assessment values 
for human spine tolerance [5]. While the THOR-NT 
is designed to mimic the human neck, it is stiffer than 
the human spine; thus it is likely that some adjust-
ment of the human cervical spine tolerance values 
will be necessary before they can be used as injury 
reference values in the THOR-NT. Nonetheless, the 
human threshold values may be used for experimen-
tal purposes. 
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Table 3.  Critical Values for Neck, MY and FZ 

 Human 

Compression, FC (N) 3640 

Tension, FT (N) 2520 

Flexion, MF (Nm) 48 

Extension, ME (Nm) 72 

 
The neck load data for all five bags are shown from 
Figures 12-16. These �OC� neck loads as shown are 
in the neck coordinate system as measured by the 
upper neck load cell excluding the cable effects, with 
the moment, My, moved up to the level of the head/ 
neck pin joint (the load cell is located 2.54 cm below 
the joint). The THOR-NT data are presented as such 
consistent with the way the neck data are expected 
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Figure 12. Neck load for Bag A (neck coordinates). 

to be used for injury assessment. Furthermore, the 
range of variability for each data metric is indicated 
by the shaded region bounded by the time-history 
data recorded from the two repeat tests for each bag. 
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Figure 13. Neck load for Bag B (neck coordinates). 

 
The data comparison shown from Figures 12-16 indi-
cates some clear trends even though only two tests 
were performed for each bag. The data spread for Fz 
is much smaller than that for Fx and My. The shear 
force Fx shows consistency with My, with both gen-
erally staying positive or negative simultaneously, for 
flexion or extension, respectively. Other than for Bag 
D, the neck moment cycled from flexion to extension 
or vice-versa smoothly within the safe critical values 
indicated in Table 3 (Figs. 12-16).  
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Figure 14. Neck load for Bag C (neck coordinates). 

 
Of the five types of air bags tested with the THOR-
NT, Bag D exceeded the critical value for neck ten-
sion given in Table 3. For Bag D, the axial tension 
force Fz recorded by THOR-NT reached 3300 N 
(Fig. 15b), which exceeded the human critical value 
of 2520 N shown in Table 3. This air bag also pro-
duced the highest inflation pressure in the tank test 
(Table 2).  Compared to the other bags, Bag D also 
produced the largest extension moment reaching -38 
Nm and the neck moment was dominated by exten-
sion throughout the entire bag-dummy interaction 
process (Fig. 15c).  
 
Cross-sectional vs OC My comparison.  With the 
exception of Bag A, each air bag had inflation vari-
ability that certainly contributed to the differences in 
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Figure 15. Neck load for Bag D (neck coordinates). 

 
dummy responses for a given air bag type. Nonethe-
less, there were some consistent trends that can be 
illustrated comparing the OC neck moment against 
the cross-sectional neck moment calculated by 
including the cable load effects.  
 
As shown in Figure 17 using data from Bag A and 
Bag D, the OC moment at the pin joint recorded by 
THOR-NT is considerably smaller than the total 
cross-sectional moment (Fig. 17). This trend is con-
sistent for all five air bags tested. This further con-
firms the intended capability of the THOR-NT neck 
design to distinguish the musculature from the liga-
mentous load. 
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Figure 16. Neck load for Bag E (neck coordinates). 

 
 
DISCUSSION 
 
The present study has shown that the head/neck com-
plex of the THOR-NT dummy is capable of capturing 
the detailed air bag load effects due to the variability 
of bag inflation on the occupant head and neck in 
OOP conditions. The variability of the early inflation 
behavior of the fleet air bag modules tested was con-
firmed by the high-speed video data. Nevertheless, all 
HIC15 values calculated from the tests are well below 
the injury threshold. Our previous studies for the 
THOR and Hybrid-III dummies have shown that 
highly repeatable dummy responses can be obtained 
if the inflation and bag folding can be tightly con-
trolled for each test in the laboratory [6-8]. Other 
studies have also demonstrated the importance of  
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Figure 17. Upper head/neck moment comparison. 

 
dummy position control [14]. The dummy position 
was well controlled for the present work. On the 
other hand, the variability of the pyrotechnics and 
bag folding in the fleet air bag modules is something 
that may not be as easily controlled by the scientific 
researcher in laboratory tests. 
 
Data variability can be an important issue for scien-
tific research and dummy evaluation. It is likely that 
the range of bag inflation variability is within the 
manufacturer�s expectation, and in terms of standard 
safety evaluation, it may not result in any significant 
differences in injury metrics such as that demon-
strated by the HIC15 values that are all well below the 
injury threshold. One way to circumvent data vari-
ability is to tightly control the inflation process. 
However, it is probably a reality that some fleet air 
bags will not inflate with high repeatability as the 
present work has demonstrated. When these bags are 
used for research, it is desirable that a significant 
number of repeat tests are performed with the statisti-
cal variation of the results quantified.  
 
By its design nature, the THOR-NT neck separates 
the musculature load from the spinal ligamentous 
load on the neck, which results in a lower OC 
moment than the total cross-sectional value. The test 
data obtained confirmed the expected performance of 
the THOR-NT head/neck complex design.  
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The tests performed are not standard regulatory tests 
but rather scientific studies for the evaluation of the 
THOR-NT dummy. It should also be noted that there 
are no injury criteria defined for the THOR-NT 
dummy, nor are there standard OOP positions 
defined for using the THOR-NT dummy. Part of the 
purpose for the present work is to collect scientific 
data to understand the attributes to the variability in 
the dummy responses so that well-defined OOP posi-
tions for the THOR-NT dummy can be established in 
the future. In addition, injury criteria for the THOR-
NT will still need to be established and the present 
work contributes to the understanding of air bag load 
paths to the neck in OOP conditions. 
 
A limitation of the present work is that the number of 
repeat tests for each case is small. In addition, a lim-
ited range of driver side air bags was tested and only 
at one OOP position.  
 
CONCLUSIONS 
 
Comparative tests have been carried out successfully 
for five late model driver side air bag models using 
THOR-NT in the ISO-1 position. The major findings 
are that the inflation variation in four of the five air 
bags was the cause of highly variable neck moment 
responses in the THOR-NT. Neck tension, on the 
other hand, was not influenced nearly as much by the 
inflation variation. However, neck tension appears to 
be the most critical load and almost all of the tension 
is passed through the ligamentous spine, with very 
little load borne by musculature. Neck tension was 
shown to approach the human threshold value for one 
of the bags. The THOR-NT dummy has shown good 
usability for the test effort and was successful in 
capturing the effects of inflation variability on 
head/neck responses. 
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ABSTRACT 

 
To understand the response of the head, neck and 
torso during a lateral collision, and to investigate the 
relation between cervical vertebral motion and the 
occurrence of neck injuries, lateral impact 
experiments were conducted on the shoulder areas of 
human volunteers. Test subjects consisted of 8 
volunteers (5 males and 3 females). For the analysis 
of cervical vertebral motions of each subject, a 
cineradiography system was used.  A VICON 
motion photographic device was also used for the 
three-dimensional analysis of head/neck/torso 
motions. In the experiment, 3 levels of impact force 
(400N，500N, and 600N) were applied considering 
both the presence and absence of muscle tension. 
Cervical vertebral rotations all started at 35 ms, but 
the time required to reach the peak rotation increased 
toward the upper vertebrae, with C7 and T1 peaking 
at 120 ms and the final peak in the head at 120 ms. At 
around 35-80 ms, the rotation angle of C5 surpassed 
those of the head and C4 showing that the cervical 
spine was bending into an S-curve. This phenomenon 
shows the same type of cervical vertebral motions 
causing whiplash during a rear-end collision. Also, 
extreme compression was at work in the vertebral 
disc and/or the facet joint in C6/C7 and C7/T1, 
suggesting a high probability of injury occurring in 
the neck.  
 
INTRODUCTION 
 
Vehicle occupants involved in automobile accidents 
but saved from fatality with injury severity level 
reduced to serious - minor are increasing, owing 
probably to the implementation of automobile safety 
measures and advances made in emergency medical 
treatments. It can be deduced that the increase in 
number of those with severe - minor injuries is 
attributable to the abovementioned developments. 

above-mentionedabove-mentioned tendency. In In 

In order to keep pace with this development, active 
studies are being made for further enhancement of 
automobile safety, particularly against vehicle frontal 
collisions. Despite such efforts, the number of those 
injured by rear-end collisions is increasing 
significantly (Kraft et al., 2002), which is considered 
by some researchers as a "trade-off" between the 
number of fatalities and the number of "severe - 
minor injuries", with the priority set on the reduction 
of the fatalities. Regarding neck injuries, such 
increase were found not only in rear-end collisions 
but also in lateral-collisions (Hell et al., 2003).  The 
same as in the case of rear-end collisions, the neck 
injury mechanism in lateral-collisions has not been 
clearly determined, with many questions still 
remaining unsolved (Kumar et al., 2005, Ito et al., 
2004, Yoganandan et al., 2001). One of the reasons is 
the scarcity of biomechanical studies conducted on 
human head/neck/torso impact responses in 
lateral-collisions. In this regard, a new test equipment 
called "head/neck inertia impactor" was used in this 
study in order to analyze the "human head/neck 
junction" while applying a lateral impact to the 
shoulder. To be more specific, volunteers were 
impacted on their shoulders to simulate automobile 
lateral-collisions, and study human head/neck/torso 
impact responses as well as cervical vertebral 
motions. Differences in neck muscle responses 
between the male and female volunteers were also 
investigated. 
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EXPERIMENTAL METHODS 
 
Lateral Inertia Impactor 
 
An inertia impactor (Figure 1) specially designed for 
this study was used in order to investigate 
head/neck/torso responses and cervical vertebral 
motions of subjects submitted to a lateral inertia 
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impact. The test equipment consists of a compressed 
air storage/coil spring unit to eject the impactor, the 
impactor height adjuster, and the test subject sitting 
position adjuster (forward/ backward & up/down). 
The front plate, pushed against the impactor front 
was fixed to the piston through the piston rod. The 
compressed air is stored in the cylinder with the 
piston fixed to the air chuck located at the rear end. 
The impactor mass is 8.5 kg. The impactor is ejected 
by opening the air chuck, and impact is applied to the 
back of test subject. A coil spring is provided to 
control the impactor stroke and the rise of impact 
load. The stroke setting and the rise of impact load 
can be varied per test. 
 
Head/Neck/Torso Visual Motions 
 
In order to record the kinematics of the 
head/neck/torso of each subject during impact, a 
high-speed video camera with a photographic 
capability of taking 500 frames/s was used. The head 
rotation angle and the displacement relative to the 
torso (the first thoracic vertebra: T1) were calculated 
by tracing the motion of each marker adhered to the 
subject according to the photographic images. A 
VICON motion photographic device (125 frames/s) 
was also used for the three-dimensional analysis of 
head/neck/torso motions. 
 

 
 

Adjustment of impactor height 

Impactor 

Adjustment of seating position

Fig.1 Lateral inertia impactor 

Cervical Vertebral Motions Using 
Cineradiography System 
 
For the analysis of cervical vertebral motions of each 
subject during impact, a cineradiography system 
(Philips: BH500) was used. The system is capable of 
taking cervical vertebral images at the rate of 60 
frames per second with 16.67 ms intervals.   
 
Experimental Conditions 
 
Using five healthy male and three healthy female 
adults as human volunteers, experiments on the 
head/neck/torso impact responses and the cervical 
vertebral motions upon lateral inertia impact was 
conducted. Table 1 shows anthropometric data on 
human volunteers. The impact loading direction was 
set vertical (0 deg inclination) against the shoulder on 
one side (Figure 2). To be more specific, each test 
subject sat on one side of the impactor, with the back 
set practically straight against the stiff seat, so that 
the impact direction become parallel to the line 
connecting the acromion and the lower part of the 
cervical vertebrae. In order to analyze the differences 
in impact loading directions, the impact was also 
applied from 15 deg forward and 15 deg backward 
directions (Figure 2), in addition to the 0 deg 
direction. The impactor surface is rectangular with an 
area of 100 mm x 150 mm. The impact loading 
location against the subject's shoulder was set so that 
the position of acromion would become the same as 
that of the impactor upper surface. In order to find 
the difference in effects of neck muscle response on 
the head/neck/torso motions, the states of muscle 
were set in tensed and relaxed conditions, 
respectively. The impact load was set at 3 different 
levels such as 400 N, 500 N and 600 N in order to 
find the differences in head/neck responses to the 
lateral impacts. For the direction with 0 deg 
inclination, impact responses were compared 
between cadaver tests and those on the volunteers. 
Table 2 shows the different test conditions classified 

by differences in sex (male and female), impact 
loading levels, impact directions and states of muscle, 
with different combinations of test conditions. 

 

 

X

Y

Impactor

0° Impact direction

15°  

15° Forward 

Backward 

Fig.2 Impact directions 

Table 1 Anthropometric data of the subjects 

Age Sex Height
(cm)

Weight
(kg）

Sitting
Height
(cm)

Mass of head
(estimate)

(kg)

Inertia of head
(estimate)
（10-2kgm2)

1 25 M 172 67 97 4.28 2.21
2 23 M 170 63 94 4.14 2.14
3 22 F 162 46 83 3.63 1.85
4 23 F 166 51 88 3.77 1.93
5 24 F 161 58 86 3.98 2.04
6 23 M 180 85 91 4.97 2.59
7 24 M 174 61 90 4.07 2.10
8 24 M 181 77 96 4.64 2.42
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Informed Consent for Volunteers 
 
The informed consent procedure in line with the 
Helsinki Declaration (WHO/CIOMS, 1988) was 
conducted in order for the volunteers to be fully 
informed of the purpose and method of experiments 
and also to ensure their full consent. The 
details/contents of the experiments were subjected to 
the approval of Special Committee of Ethics, 
Medical Department, Tsukuba University. 
 
ANLYTICAL METHODS 
 
Impact Force Applied to Head/Neck 
 
Head acceleration was measured with the head 9 
channel accelerometer, first thoracic vertebra (T1) 
acceleration was measured with 3-axis accelerometer, 
and electromyogram was analyzed. The measuring 
instruments were the head 9ch accelerometer (X, Y & 
Z), head angular velocity sensor (X, Y & Z), T1 
accelerometer (X, Y & Z) and the pelvis 
accelerometer. The locations where the sensors were 
attached are shown in Figure 3. A mouth-piece 
suitable for the teeth profile (teeth impression) was 
prepared for each test subject. Assuming that the 
head is rigid, the head coordinate system was set in 
line with the location of anatomical center of gravity. 
The 9 channel acceleration measurement method 
(Ono et al., 1980) was applied according to the 

coordinates of each accelerometer in this system, and 
the rotational and linear accelerations at the head CG 
were calculated. No. of Subject Sex Impact force

(N) Impact direction Muscle condition

400 15° forward

500 0 degree

600 15° backward

Male

Female
8

Relaxed

Tensed

Table 2 Test conditions 

 
Torso Acceleration (T1) 
 
For the measurement of acceleration at T1, a 
three-axial accelerometer was attached onto the skin 
over a spinous process of T1. 
 
Three-dimensional Motions of Head/Neck/Torso 
 
The three-dimensional motions of head/neck/torso 
were measured by means of a VICON Motion 
Capture. Then the right-shoulder strain 
(displacement), left-shoulder strain (displacement), 
head rotation angles (X, Y & Z), T1 rotation angles 
(X, Y & Z) and the head rotation angles relative to T1 
were analyzed.   
 
RESULTS 
 
Characteristic Aspect of Neck Impact Loading & 
Visual Motions 
 
A 600 N impact loading experiment (in relaxed 
muscle condition) is shown in Figure 4, with the 
sequential photographs of the head/neck/torso 
motions during impact. X-ray of the neck motions 
under the same test conditions are shown in Figure 5. 
Figure 6 shows the corridors of the impact forces, the 
impact velocities, and the impact accelerations of 
impactor measured in 600 N impact loading 
experiment (in relaxed muscle condition). The linear 
and the angular accelerations at the head CG (X, Y & 
Z) calculated from the values measured with the head 
9 channel accelerometer, the accelerations (X, Y & 
Z) at the T1 are also shown. Figure 7 shows the neck 
forces (Fx, Fy, Fz, Mx, My & Mz), and the visual 
head (head displacements and head rotational angles) 
motions in relation to the T1. Figure 8 shows the 
visual motions in relation to the shoulder strains (at 
the sternum upper end and the right or the left 
acromion) of the right shoulder (right acromion) and 
the left acromion).  On the other hand, the rear view 
and the lateral views of spine trajectories by the 
VICON are shown in Figure 9. 
 
Phase 1 [0-50 ms] - The duration of impact for each 
one of 8 test subjects were 70 ms or so (Figure 6a). 
The impact load peak levels were fluctuating, as the 
impactor and the shoulder were not in complete 
contact in the initial stage of impact. This presumably 
resulted in the relatively low impact peak level in the 
initial stage and the relatively high peak level in the 
secondary stage. The T1 accelerations, on the other 
hand, showed that the maximum value was found 
around 50 ms (Figures 6j-6l), while that of the head 

Head acc.（9ch） 

T1 acc.（3ch） 

Pelvis acc（3ch） 

Head ang. vel. sensor (3ch) 

X 
Y 

Z 

Fig.3  Mounting of accelerometers and rotational 
velocity sensors 
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was around 60 ms (Figures 6d-6f). The maximum 
values of T1 and the head in the Y-axial direction 
were 55 m/s2 and 18 m/s2, respectively. It is deduced 
that the axial forces between the T1 and the head 
were acting in opposite direction of compression, as 
the accelerations of T1 and the head in the Z-axial 
direction were reversed around 50 ms. The rotations 
of the head and T1 around the X-axis were reversed 
around 30 ms. The rotations around the Z-axis were 
also reversed. The neck shear force (in Y-axial 
direction) and the neck moments around X-axis and 
Z-axis did not show their maximum values around 50 
ms (Figures 7m), 7q), 7r)), but the axial force of neck 
in Z-axis showed the maximum value at 50 ms or so. 
The right shoulder strain (on the impact side) showed 
the maximum value around 70 ms (Figure 8a). A 
slight torsion of upper cervical vertebrae was found 
around the Z-axis (Figure 5). 
 
Phase 2 [50-100 ms] - The impact was continually 
set up to 70 ms or so (Figure 6a), and the shoulder 
was separated from the impactor due to the torso 
inertia. Hence, the acceleration at each portion of the 
head drops thereafter (Figures 6d-6f). However, the 
head rotates laterally against the torso, and the 
acceleration in the X-axial direction starts to increase 
around 90 ms, as the head is subjected to a restriction 
by the lateral bending at the same time. The head 
rotation angles found from the three-dimensional 
motion analysis by means of VICON Motion Capture 
showed the maximum values around 100 ms in both 
X and Z axial directions (Figures 9a-9b). The timing 
was roughly the same as the timing when the head 
rotational angle relative to T1 was highest. The 
maximum value around the X-axis was 32 deg, and 
25 deg around the Z-axis. Similar to this trend of 
head acceleration, the neck shear force decreases 

around 90 ms, but increases again as the head 
acceleration was restricted by the lateral bending. 
The displacements of right and left shoulders and the 
strains start resuming at the initial states around 80 
ms, while the upper cervical vertebral torsion and the 
lateral extension which occurs mainly at the lower 
cervical vertebra also started (Figure 5). 
 
Phase 3 [100-300 ms] - The impact loading already 
stopped, but the entire body keeps rotating clockwise 
due to inertia. The T1 acceleration in Y-axial 
direction converged around 150 ms, whereas the 
head acceleration remains up to 200 ms or so 
(Figures 6d-6f). The T1 rotation angle around the 
Y-axis showed gradual changes after 100 ms, while 
the head keeps on rotating. The lateral extension of 
cervical vertebrae starts to end, resuming the initial 
states while maintaining the torsion in the Z-axial 
direction. It was found from the three-dimensional 
motion data obtained with VICON that the torsion 
angle around the Z-axis resumed the initial state at 
300 ms or so (Figure 9b). The lateral extension of 
cervical vertebrae started to resume in the initial state 
while maintaining the torsion in the Z-axial direction 
(Figure 5). 
 

Fig.4 Sequential motions of head/neck/torso (Impact forces: 600N, Relaxed condition) 
0ms 

0ms 33.2ms 48.8ms 66.4ms 99.6ms 132.8ms0ms 33.2ms 48.8ms 66.4ms 99.6ms 132.8ms

Fig.5 Sequential images of cervical vertebrae by cineradiography (Impact force: 600N, Relaxed condition)

50ms 100ms  150ms    200ms   
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Fig. 6 Impact load, Head C.G. Acc., Head angular Acc., and T1 Acc., (Relax, 600N) 
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Fig. 7 Neck force, Neck moment, Head Disp. and Rot Ang. w.r.t. T1 (Relax, 600N) 
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Fig. 8 Shoulder strain at the sternum upper-end and the right or left acromion 

Fig. 9 Views of spine trajectories by the VICON 
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DISCUSSION 
 
Effect of Differences in Muscle Functions of 
Head/Neck/Torso Impact Responses 
 
The average value of T1 acceleration for 
tensed/relaxed muscle conditions with an impact load 
of 600N is shown in Figure 10. The maximum of T1 
acceleration becomes 60m/s2 in the case of the 
relaxed muscle condition. On the other hand, the 
maximum of T1 acceleration becomes 50m/s2 in the 
case of tensed muscle condition. Suppression of T1 
acceleration under the different muscle conditions 
was observed. Generally in the case of tensed muscle 
condition, impact force is transmitted easily to the T1 
region when stiffness of the shoulder structure 
increase. The T1 acceleration rapidly increases 
according to this phenomenon, and its value becomes 
greater. Furthermore, effective mass of the shoulder 
region which was impacted showed higher stiffness. 
As a result, T1 acceleration decreased and there was 

an increase in muscle tone, thus, impact force acting 
on the upper neck is reduced (Fig.11) at an average 
of 15%. Furthermore, in the case of tensed muscle 
condition, the motion of head rotation is suppressed 
so that the stiffness of neck structure itself is 
increasing (Fig.12 and Fig.13). According to this 
result, it can be said that the impact motion responses 
of head/neck/torso easily change based on the 
different state of muscle conditions. 
 
Effects of Differences between Male & Female on 
Head/Neck Impact Responses 
 
The maximum of T1 acceleration and head C.G. 
acceleration under the relaxed muscle condition with 
impact force of 600N (three males and two females) 
are shown in Fig.14 and Fig.15. As for the head C.G. 
acceleration, female subjects showed greater value 
than male subjects. For the T1 acceleration, no 
difference was seen between male and female. As a 
result, even if the force level in lateral impact is 

Fig. 10 Comparison of T1 acceleration 
between relaxed and tensed muscle 
conditions 

Fig. 11 Comparison of neck shear force 
(Fy) between relaxed and tensed muscle 
conditions

Fig. 12 Comparison of head rot. ang (Y) 
w.r.t. T1 between relaxed and tensed 
muscle conditions 

Fig. 13 Comparison of head rot. ang (Z) 
w.r.t. T1 between relaxed and tensed 
muscle conditions
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almost same, difference of the head/neck motion is 
observed between male and female. This could 
probably be due to the smaller head mass of females 
compared to males. Furthermore, it is thought that 
the structure size of cervical vertebrae of a female 
being small might be the cause. The maximum head 
displacement relative to T1 in the Y-axis and the 
maximum head rotational angle relative to T1 in the 
X-axis under the relaxed muscle condition with 
impact force of 600N are shown in Fig.16 and Fig.17, 
respectively. The displacement and rotation of 
head/neck for both male and female were suppressed 
by doing muscle tone. However, the displacement 
and the rotation of the head/neck for two female 

subjects were greater than those of male values under 
the tensed condition, whereas no difference was 
observed between male and female under the relaxed 
condition. According to this situation, it is suggested 
that under tensed muscle condition, stronger 
muscular strength of males in general can greatly 
depress the head/neck/torso motions. On the other 
hand, females who have weak muscular strength, has 
difficulty in suppressing the global motion. 
According to the difference in responses of 
head/neck/torso between males and females, it is 
supposed that there will be a higher risk of neck 
injury for females.  
  

Fig. 14 Max. T1 acc. (Relax, 600N) Fig. 15 Head C.G. acc. (Relax, 600N) 

Fig. 16 Head disp. (Y) w.r.t. T1 (600N)

Fig. 17 Head rot. ang. (X) w.r.t. T1 (600N)
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Effect of Shoulder Structural Deformation on 
Head/Neck Impact Responses 
 
Sabine et al (2002, 2003, and 2004) reported that a 
difference of motion such as the clavicle and the 
shoulder blade etc. was clarified in the experimental 
studies on the PMHS lateral shoulder impacts. In the 
lateral collision, the impact which went from the 
shoulder takes the influence of the shoulder structure 
greatly before reaching neck region when an impact 
acts on the occupant's shoulder region through the 
vehicle inside structure such as a door panel. And, a 
change in the impact energy dispersion of the 
shoulder region, the impact transmission direction of 
the torso and so on occurs at the same time. The 
shoulder structure which influences the motion 
responses of head/neck in the lateral impact was 
examined here.  
When a lateral impact is imposed to the shoulder 
region, it is transmitted to the clavicle and thorax, the 
sternum through the shoulder blade, and it influences 
the neck region consequently through T1 region 
(Fig.9).  The compression strain between the right 
acromion and the T1 was greater (Fig.8a), Fig.8c)). 
This corresponds to the result of the PMHS 
experiment by Sabine et al (2002, 2003, and 2004).  
It is not compressed comparatively because the 
clavicle exists between the acromion and the sternum 
and it is fixed firmly when an impact is imposed 
from the lateral direction to the shoulder region. The 
shoulder blade may slide behind the aperture thoracic 
superior by the impact, and greatly compress in the 
acromion and the T1. In other words, the acromion 
and the aperture thoracic superior though an impact 
is transmitted directly, and the transmission of the 
impact is delayed in the acromion and the T1. The 
rising time of the lateral displacement of shoulder 
markers were shown in Table 3. Displacement 
between the sternum top-end and the left acromion 
almost started at the same time, and the motion of T1 
was delayed. This shows a difference in the impact 
transmission mechanism that the neighborhood of the 
bone structure on the torso front side such as the 
sternum and clavicle followed by the movement of 
the neighborhood of the bone structure on the torso 
rear side such as T1. 

It is understood that the different motion response 
was due to the structural difference of the rear and 
front torso as described above. An impact was 
introduced to the left acromion directly without 
deformation between the left acromion and the 
sternum top-end though the impact transmitted to the 
top-end of the sternum was transmitted to the left 
acromion through the clavicle on the opposite impact 
side. In other words, the left acromion was imposed 
an impact through the top-end of the sternum, and the 
left acromion was displaced backward. It can be 
considered that the strain of the left acromion and T1 
showed slight tension at first, and as a result showed 
compression. 
 
Characteristics of Cervical Vertebral Motions 
during Lateral Impacts 
 
The head rotation was delayed for about 30ms to the 
neck, after which, head rotation begins. The rotation 
of C4 was lower than that of C5 in 35-80ms (Fig.18). 
It can be considered that the torso moves first, and 
then the left lateral moment acts to the upper neck as 
shown in Fig.19. Furthermore, C4/C5 which is the 
relative rotational motion of cervical vertebrae as 
shown in the Fig.20 showed a negative value in the 
early stage of impact. This indicated that the tension 
of the left cervical vertebral joint in C4/C5 and the 
compression of the right cervical vertebral joint in 
C4/C5 occurred. It was estimated that the rotational 
angle of C1～C3 which can not be analyzed in this 
experiment will be delayed from that of the lower 
cervical vertebra, and the rotational angle of the 
upper cervical vertebra will exceed that of the lower 
cervical vertebra. The rotation angle of C5 
suppressed those of the head and C4, showing that 
the cervical spine has a bi-phases curvature form 
such as an S-curve. An S-shape form with relative 
left extension of upper cervical vertebra and relative 
right flexion of lower cervical vertebra was presented 
concretely, and it can be considered that the right 
bending moment was acting on upper cervical 
vertebra and the left bending moment was also acting 
on the lower cervical vertebra. This phenomenon 
shows the same type of cervical vertebral motions 
causing the whiplash during a rear-end collision. 
Moreover, tension on the left side of the cervical 
vertebra always shows an increase tendency as 
shown in Fig.21. On the other hand, compression on 
the right side of the cervical vertebra (C4/C5～C7/T1 
in 90-120ms) shows a constant value (Fig.22). The 
rotation angle of the cervical vertebra was depressed 
by restricted motion of the facet joint on the right of 
cervical vertebra, and it can be considered that larger 
compression acts on this area at the latter half of 
impact. The compression of the intervertebral disk 
decreased with the elasticity of the neck itself due to 
a decrease in compression and the axial force applied 
on the upper neck shifted to tension force after 
130ms (Fig.23).  

Right Acromion Upper Sternum T1 Left Acromion
I 8 16 26 14
II 8 28 30 22
III 8 18 22 16

IV 10 14 28 22
V 8 20 28 20

Average 8.4 19.2 26.8 18.8

Rising Time of Displacement (ms)
Subject

Table 3 Rising time of the lateral displacement
of the shoulder markers (Relax, 600N) 
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Fig. 18 Vertebral angle w.r.t. T1 Fig. 19  Neck Moment 

Fig. 20 Vertebral angle w.r.t. lower vertebra Fig. 21 Left side strain of intervertebral disc

Fig. 22 Right side strain of intervertebral disc Fig. 23 Neck force Z
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CONCLUSIONS 
 
     Using five healthy male and three healthy 
female adults as human volunteers, experiments on 
the head/neck/torso impact responses and the cervical 
vertebral motions upon lateral inertia impact have 
been conducted, with the impact forces set at 400 N, 
500 N and 600 N, respectively. The findings obtained 
from the above are as follows: 
 
Effect of Differences in Muscle Functions of 
Head/Neck/Torso Impact Responses  
The suppression of head/neck/torso motions was 
greater in tensed muscle than in relaxed condition. 
The T1 displacement (18%) and the head 
displacement (48%) relative to T1 were more 
suppressed in the tensed condition than in relaxed 
condition.  
 
Effects of Differences between Male & Female on 
Head/Neck Impact Responses 
Regardless of the state of muscle tension, the 
displacement of acromion with respect to the first 
thoracic vertebra (T1) tends to be greater for male 
than for female subjects. As female shoulders tend to 
have less flexibility against impact than male, the 
female cervical vertebral motions are likely to show 
longer lateral extensions than male. It is suggested 
that the differences in muscle responses should be 
taken into account, in addition to the differences in 
shoulder anatomical structures, as marked differences 
between male and female.  
                    
Effect of Shoulder Structural Deformation on 
Head/Neck Impact Responses 
When an impact is applied to a shoulder, the 
head/neck/neck impact responses become different 
even if the magnitude of impact on the torso is the 
same. Thus, it is suggested that the differences in 
head/neck/torso motions are caused by the 
differences in shoulder anatomical shape and/or 
front-rear structural differences. A shoulder has high 
three-dimensional flexibility and a wide range of 
movability, owing to the gleno-humeral and 
sternoclavicular joints, which facilitate vertical and 
lateral motions against lateral impacts. However, the 
shoulder movability would be restricted, if the 
direction of the lateral impact roughly aligns with the 
line connecting the acromio-clavicular joint and the 
sternoclavicular joint - i.e., the longitudinal direction 
of the clavicle. 
 
Characteristics of Cervical Vertebral Motions 
during Lateral Impacts 
Cervical vertebral rotations all started at 35 ms, but 
the time required to reach the peak rotation increased 
toward the upper vertebrae, with C7 and T1 peaking 
at 120 ms and the final peak in the head at 120 ms. At 

around 35-80 ms, the rotation angle of C5 surpassed 
those of the head and C4 showing that the cervical 
spine was bending into an S-curve. This phenomenon 
shows the same type of cervical vertebral motions 
causing whiplash during a rear-end collisions. Also, 
extreme compression was at work in the vertebral 
disc and/or the facet joint in C6/C7 and C7/T1, 
suggesting a high probability of injury occurring in 
the neck.       
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ABSTRACT 

 

Regulations and interventions to protect far-side 

occupants in crashes do not currently exist, despite 

these occupants accounting for 43% of the AIS3+ 

injured persons and 30% of the overall Harm in side 

impact crashes. Furthermore, no suitable ATDs or 

mathematical models have been developed to 

investigate far-side occupant dynamics. The aim of 

this study was to investigate seat belt to shoulder-

complex interaction during the first phase of a far-

side impact for incorporation into a multibody 

occupant model.  

 

The model adaptations were derived based on quasi-

static belt slip tests using two volunteers, a standard 

Hybrid III ATD and a Hybrid III Spring-Spine ATD. 

The model development was validated for this first 

phase of impact by comparison with shoulder belt 

force-time histories and head lateral displacements 

from lateral far-side sled tests using PMHS and a 

WorldSID ATD. 

 

The newly adapted model correctly predicted seat 

belt to shoulder complex interaction in all of the 

quasi-static belt slip tests, compared to 50% and 67% 

for Hybrid III and Hybrid III Spring-Spine 

respectively. Furthermore, the model was able to 

predict the increasing likelihood of the seat belt 

engaging the shoulder when the D-ring moved 

rearward and pretension increased. For the validation 

tests, the magnitude and phasing of the shoulder-belt 

force-time and head displacement-time histories were 

generally within 10% of the PMHS results. In 

addition, the model was capable of predicting the 

location of occupant to seat belt interaction observed 

in the PMHS tests. 

 

 

INTRODUCTION 

 

Side impacts represent the second most common type 

of passenger vehicle crash to cause serious injury or 

death to the occupant behind frontal collisions (Fildes 

et al., 1991; Otte, 1984). Research into side impact is 

becoming more critical as it is projected that the 

number of elderly road users will increase. Elderly 

road users have an increased likelihood of being 

involved and seriously injured in a side impact crash 

compared to other age groups (Chipman, 2004). 

 

In addition, while research attention and government 

regulations have focused on protecting nearside (or 

struck side) occupants of the vehicle, little attention 

has been paid to protecting far-side (or non-struck 

side) occupants. Research by Gabler et al. (2005a) 

using NASS/CDS and FARS data from 1997-2002 

indicated that far-side occupants account for 43% of 

the seriously injured persons and 30% of the Harm in 

US side impact crashes. Furthermore, using MUARC 

in-depth data (MIDS) from 1993-2002, Gabler et al. 

(2005b) observed that far-side occupants accounted 

for 20% of the seriously injured persons and 24% of 

the Harm in Australian side impact crashes.  

 

The primary form of restraint for a far-side occupant 

is the outboard mounted three-point seat belt. 

However, it has been recognized that this design does 

not provide adequate restraint for this crash 

configuration. Specifically, by preventing thorax and 

head excursion towards the struck side of the vehicle. 

This was most recently highlighted by Gabler et al., 

(2005a) where head and thorax injuries accounted for 

over half of the serious injuries sustained in these 

crashes. Added to that, the seat belt has been 

recorded as the source of injury in around 86% of 
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AIS2+ abdominal injuries sustained in far-side 

crashes (Gabler et al. 2005a).  

 

In an earlier study, Mackay et al., (1993) conducted 

an analysis of 193 cases of restrained occupants in 

far-side crashes. It was observed that of those 

occupants with AIS ≤ 2 head injuries, 35% came out 

of the shoulder section of the seat belt. The authors 

suggested that “…as well as the direction of the 

impact, a number of other factors have a bearing on 

this event – the position of the upper anchorage, the 

size of the occupant, the seat position, the adjustment 

of the upper anchorage, and the looseness of the seat 

belt”. Mackay concluded by stating that these 

problems may be alleviated through experimental 

work looking at improving seat belt geometry and 

pretensioning.  

 

It had long been recognized that the seat belt was not 

ideal in all crash configurations. Knowing this, early 

laboratory studies by Adomeit et al., (1977) and 

Horsch (1980) examined the effect of impact angle 

on the restraint provided by the seat belt using 

anthropomorphic test devices (ATDs). Both Adomeit 

et al., (1977) and Horsch (1980) observed that for far-

side impacts up to approximately to 40 degrees, the 

shoulder belt remained in the clavicular area and did 

not slip off the shoulder. At angles greater than this 

the thorax tended to slip out of the shoulder portion 

of the seat belt, leading to an increase in thoracic and 

head excursion. Horsch did however note that even at 

angles of around 60 degrees, significant energy was 

removed from the thorax by the seat belt before 

slippage.  

 

In an attempt to reduce this lateral excursion, Horsch 

et al., (1979) and Kallieris & Schmitt (1990) used 

Post Mortem Human Subjects (PMHS) to investigate 

the effect of inboard belts. However, such designs 

were observed to induce neck injuries. One of the 

primary concerns with the use of an inboard belt is 

this neck loading, which can place the neck’s 

vascular system and spinal column at risk of trauma 

(Sinson et al., 2003).  

 

More recent attempts have been made to reduce 

occupant excursion towards the vehicle’s struck side 

in a far-side crash (Stolinski et al., 1999; Boström & 

Haland, 2003; Pintar et al., 2006; Rouhana et al. 

2006). Stolinski et al., (1999) investigated the effect 

of firing pretensioners on reducing lateral excursion 

using Hybrid III and SID ATDs. Boström and Haland 

(2003) investigated inboard airbags and a 3+2 seat 

belt design using a modified BioSID ATD; Pintar et 

al. (2006) investigated thorax and shoulder supports 

in addition to inboard belts using a WorldSID ATD; 

and Rouhana et al. (2006) investigated the use of a 

four-point seat belt using PMHS, BioSID and SIDIIs 

ATDs. Each study suggested methods of reducing 

head and thorax excursion, however, more research is 

required to ensure that these designs do not induce 

additional injuries, primarily to the thorax and neck.  

 

Despite these attempts to design better restraints, 

therein lies a problem, no computer model or ATD is 

designed specifically for far-side impacts. WorldSID 

has been suggested to be the best of the available 

ATDs (Fildes et al., 2002), however, thorough 

validation is yet to be seen. A major limitation ATDs 

have is the ability to mimic the seat belt to shoulder 

complex interaction. This has come primarily from 

the fact that ATDs are designed to work within a 

narrow crash configuration band. In frontal crash 

tests, Hybrid III ATDs only have a single 

measurement device in the chest to measure the effect 

of shoulder belt load. However, up to half the belt 

load gets distributed through the shoulder where no 

measurement device exists (Kent et al., 2003). In side 

impacts, ATDs are to a large extent not validated 

using shoulder belts. As a result, the shoulder region 

of both frontal and side impact dummies is not ideal.  

 

Tornvall et al., (2005) investigated this very aspect, 

more specifically looking at the performance of the 

shoulder complex of THOR in oblique impacts (both 

near and far-side). Despite a lack of sufficient PMHS 

tests in far-side configurations, Tornvall’s results 

indicate a weakness in the kinematic shoulder 

response of the three ATDs, possibly related to 

limitations in shoulder range-of-motion and the lack 

of human-like shoulder complex design (Tornvall et 

al., 2005). 

 

This investigation forms part of a larger study aimed 

at improving far-side occupant protection (Fildes et 

al., 2005). A subtask of this larger study involves 

developing a far-side occupant model. Due to the 

critical role of seat belt to shoulder-complex 

interaction in governing upper body kinematics in a 

far-side crash, it was deemed necessary to explore 

further. 

 

OBJECTIVE 

 

The aim of this study was to investigate seat belt to 

shoulder-complex interaction during the first phase of 

a far-side impact and incorporate this knowledge into 

a multibody occupant model.  
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METHODS 

 

This study is separated into four components: quasi-

static far-side tests categorizing the seat belt to 

shoulder-complex interaction; developing a model 

capable of mimicking this interaction; high-speed 

lateral far-side sled tests; and validating the model 

against these sled tests. 

 

1g Quasi-Static Far-Side Tests 

 

The aim of the quasi-static belt slip tests was to 

characterize the seat belt to shoulder-complex 

interaction in a far-side impact. Two factors 

identified by Mackay et al., (1993) – seat belt 

geometry and pretension, were investigated regarding 

their role in providing lateral restraint to the subject. 

 

To achieve these aims, a test rig consisting of a 

rotating seat with appropriate safety measures was 

designed (Figure 1). It rotated the subject in the 

frontal plane, about an axis running horizontal to the 

ground through their thorax. When rotated 90 

degrees, the subject experienced a 1g lateral force. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Rotating quasi-static test rig 

 

The test subject was seated normally with the belt in 

the drivers position in a Volvo V70 seat. The seat 

back was positioned to the angle used in seat rating 

tests, the tilt and other chair settings being set to the 

mid-positions and were kept there throughout testing. 

 

The seat X-position (fore/aft) was instrumented such 

that 5 positions: 0, 60, 120, 180, and 240 could be 

determined. These positions (measured in millimeters 

from most-rearwad) represented 0%, 25%, 50%, 

75%, and 100% forward. Similarly, this represents 

moving the D-ring fore/aft (0 being the most forward 

D-ring, 240 being the most rear D-ring). 

 

In addition to belt geometry, three belt pretensions 

were tested. Due to the difficulty in getting 

reproducible tensions, ranges were used instead of 

specific tensions. These were 0N, 100-150N, and 

200-250N. The tension was produced prior to the test 

manually (not through actual pretensioner devices) 

and measured through a standard belt tension 

measurement system (Figure 2) and monitored from a 

continuous online display.  

 

 

 
 
 
 

 

 

 

 

 

 

 
Figure 2.  Seat belt tension measurement device 

and anchorage point 

 

Three different subjects were put through the entire 

matrix of tests: A standard Hybrid III 50
th
 Percentile 

Male ATD; A Hybrid III 50
th

 Percentile Male with a 

Spring-Spine (as seen in Boström et al., 2005); and a 

male human volunteer of average height and weight. 

For the volunteer test, muscle tension was neglected 

as the subject was completely relaxed, with little or 

no muscle activity.  

 

A second volunteer was exposed only to the X = 120, 

0N pretension configuration to highlight the 

difference body size has on the resulting restraint. 

The second volunteer was more muscular and broad 

shouldered than the first volunteer. Volunteer 1’s 

shoulder breadth was approximately 480mm, whereas 

the second volunteer’s was 560mm. 

 

The only measured outcome from these tests was 

whether the seat belt slipped off the shoulder or not, 

leading the results to be binary (i.e. yes or no). Five 

tests were conducted with each subject at the same 

configuration. As such, a percentage of times the belt 

slipped off the shoulder for each configuration could 

be determined. For instance, if the belt slipped off the 

shoulder in 5 out of 5 cases at a set configuration, the 

result would be 100%. If the belt only slipped twice, 

the result would be 40% and so on.  

 



Douglas 4 

Modeling the 1g Quasi-Static Far-Side Tests 

 

The test set-up geometry (as described in the previous 

section) was modeled in MADYMO 6.2.2 using the 

pre-processor Easi-Crash-MAD v5. A geometrically 

similar seat and seat belt was modeled using facet 

surfaces and finite elements respectively. Each was 

given realistic stiffness characteristics.  

 

 
 

Figure 3.  Human model in simulated 1g test 

 

The human model used for these simulations was the 

TNO Human Facet Model. This model was recently 

validated against ISO TR9790 requirements for 

lateral impact by de Lange et al., (2005). The same 

study also demonstrated that the human facet model 

showed potential in frontal and oblique impacts (de 

Lange et al., 2005). The human facet model was 

identified to be the most suitable MADYMO model 

for far-side impacts (Digges et al., 2005). 

 

As previously mentioned, modeling the seat belt to 

shoulder-complex interaction is a critical requirement 

of a far-side occupant model. The standard TNO 

Human Facet Model is not capable of replicating the 

contour variation of the shoulder-complex’s boney 

structures, specifically the junction of the clavicle, 

scapula and humerus.  

 

To address this issue, rigid ellipsoids were inserted 

into the region of the shoulder (Figure 4). The 

shoulder was represented by a sphere (degree 2 

ellipsoid) of radius 0.053m. These dimensions 

coincide with those defined for a 50
th

 percentile male 

in Tilley et al., (2002). The shoulder breadth of the 

human model was approximately 460mm.  

 

Two additional ellipsoids were placed in the upper 

arm adjoining the shoulder ellipsoid to ensure the belt 

did not deeply penetrate the arm and get caught when 

the belt slipped off the shoulder. Each was modeled 

as a sphere of 0.045m radius, which coincides with 

the same arm thickness defined for arm ellipsoids in 

earlier versions of the TNO Human Facet Model.  

 
 

Figure 4.  Rigid ellipsoids used to approximate the 

shoulder on the human model 

 

A MB.FE Kinematic contact was then defined 

between the seat belt, clavicle and shoulder, so that 

the belt would not penetrate this region - ensuring the 

contour of the region (despite being approximated) is 

maintained. Due to the choice of contact type, a static 

friction coefficient for the belt and skin interaction 

could only be defined, rather than a specific velocity 

dependant function. As such, an approximated 

friction coefficient of 0.3 was used.  

 

To start the simulation, the human model was firstly 

sat in the seat under gravity and allowed to come to 

equilibrium. Belts were then routed across the model 

such that anchor locations matched those used in the 

tests. For cases with pretension, simulated loads 

represented the middle of the ranges defined in the 

physical tests. To achieve this preload, linear belt 

segments were attached vertically from the D-ring 

with 125N and 225N loads added to the ends. This 

initiated initial penetrations in the model, which 

provided the preload prior to initiating the lateral 1g 

pulse.  

 

Once the model was at equilibrium and the belts were 

in the correct position, a 1g lateral pulse was inserted 

to the model. This pulse was not a step input, rather a 

ramp, due to the rotating of the buck in the physical 

tests. Concurrently, the 1g used for pre-simulation 

(vertical direction) was ramped down. Each 

simulation lasted 1 second.  

 

The measured outputs from the model included 

whether the belt slipped or not, and T1 lateral 

displacement – to quantify the effect of D-ring 

position and pretension on excursion.  

 

Far-Side Lateral Sled Tests 

 

Data from lateral far-side sled tests were utilized as 

means of model validation in this first phase of 

impact. Tests were conducted at 30km/h using a 

unique far-side impact buck which included, as a 
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standard configuration, a center console and outboard 

three-point belt system (Pintar et al. 2006).  

 

For this study, two configurations of seat belt 

geometry and pretension were investigated with 

PMHS and a WorldSID ATD (Table 1). As a realistic 

worst case scenario, the Forward D-ring was located 

120mm above and 30mm rear of the shoulder. The 

Middle D-ring was located 120mm above and 90mm 

rear of the shoulder. PMHS tests were conducted 

using the same procedures as described for the 

WorldSID tests (Pintar et al., 2006). 
 

Table 1.  

Sled Test Matrix 
 

D-Ring Position Pretension Test Subject

Middle 100N PMHS 1, WorldSID

Forward 0N PMHS 2, WorldSID  
 

For the PMHS tests, 2 unembalmed human cadavers 

were procured, medical records assessed and tested 

for Hepatitis A, B, C and HIV. Pretest x-rays and 

anthropomorphic data were obtained using 

established procedures (Pintar et al., 1997) (Table 2). 

PMHS were cleaned then dressed in a tight-fitting 

leotard with a head/face mask to ensure anonymity.  
 

Table 2.  

PMHS Sex and Anthropometry 
 

PMHS Sex (M/F) Height (m) Weight (kg)

1 M 1.73 67

2 F 1.60 70  
 

To quantify occupant-to-seat belt interaction, seat 

belt force transducers mounted between the shoulder 

and D-ring measured shoulder belt load. To quantify 

lateral excursion, retro-reflective targets placed on 

the head, in addition to reference targets fixed to the 

sled and buck tracked three-dimensional, 1000 f/s 

motion (Pintar et al., 2006).  

 

Modeling the Far-Side Sled Tests 

 

The test set-up geometry (as described in Pintar et al. 

2006) was modeled in MADYMO 6.2.2 using the 

pre-processor Easi-Crash-MAD v5 (Figure 5). The 

sled pulses used from the physical tests were directly 

inserted into the model. The same human model 

(including shoulder modifications) was used and 

executed in the quasi-static tests.  

 
 

Figure 5. Human model in simulated far-side buck 

 

Seat belts were modeled using finite elements and the 

center console was modeled using facet surfaces. 

Force-deflection characteristics for the center console 

and belts were defined in Pintar et al. (2006). 

 

Within the model, contact between the human model 

and the center console was defined as a FE.FE (facet-

to-facet) COMBINED contact. To achieve this, a 

stress-strain relationship was required for the paper 

honeycomb mounted to the console. This was 

approximated, since the honeycomb’s rating was 

15psi and 30psi respectively. This approximation can 

be seen in Figure 6. 
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Figure 6.  Approximated stress-strain relationship 

for paper honeycomb 

 

Each simulation was executed for 240ms. The 

shoulder belt forces and head c.g lateral 

displacements were obtained from the relevant 

MADYMO output files.  
 

RESULTS 

 

1g Quasi-Static Far-Side Tests 
 

Results from the physical tests and the simulations 

can be seen in Table 3. Only results from the four 

rearmost positions are shown as the most-forward D-

ring (X=0) yielded the same result as X=60 

Volunteer 1. 
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Table 3.   

1g quasi-static test results. Numbers represent the 

proportion of time slip occurred at that 

configuration. Shading represents cases which 

match volunteer response  
 

X pos (mm) 0N 100-150N 200-250N

60 100 100 100

120 100 100 20

180 100 0 0

240 100 0 0

X pos (mm) 0N 125N 225N

60 100 100 100

120 100 100 0

180 100 0 0

240 100 0 0

VOLUNTEER

HUMAN MODEL

 
 

X pos (mm) 0N 100-150N 200-250N

60 100 60 0

120 100 0 0

180 0 0 0

240 0 0 0

X pos (mm) 0N 100-150N 200-250N

60 60 0 0

120 0 0 0

180 0 0 0

240 0 0 0

HYBRID III

HYBRID III SPRING-SPINE

 
 

Results from the volunteer tests indicate that a trend 

exists between moving the D-ring rearward, 

increasing pretension, and thus, an increased 

likelihood of the belt engaging the shoulder. A visual 

example of cases where belt slip occurred and where 

the shoulder was engaged can be seen in Figure 7. 

 

 
 

Figure 7.  Volunteer in cases indicative of belt slip 

(left) and shoulder engagement (right) 

 

 

As previously mentioned, the second volunteer was 

only tested in the X=120, 0N pretension case. For this 

configuration, the seat belt effectively restrained the 

larger occupant. Despite this only being a single 

configuration, it suggests that human anthropometry 

plays a major role in whether the belt restrains the 

human or not. It also suggests that more broad or 

muscular occupants may be better restrained by an 

outboard three-point belt in a far-side impact.  

 

Results also highlight that the standard Hybrid III and 

the Hybrid III Spring-Spine ATDs are much more 

sensitive to changes in belt geometry and pretension 

than the human volunteer. Moreover, the standard 

50
th

 percentile Hybrid III and Hybrid III Spring-Spine 

only predicted the same binary outcome of slip or 

engagement in approximately 50% and 67% of the 

configurations when compared to the mid-sized 

volunteer. A visual example for the Hybrid III 

Spring-Spine in cases of belt slip and restraint can be 

seen in Figure 8. 

 

 
 

Figure 8.  Hybrid III Spring-Spine in cases of belt 

slip (left) and shoulder engagement (right) 

 

The difference between the way in which the 

volunteer and the ATDs interacted with the belt was 

noticeable. Specifically, the belt engaged the ATDs 

thorax instead of the shoulder complex. Of the two 

ATDs tested, the Hybrid III Spring-Spine ATD was 

more biofidelic in how belt slip occurred compared to 

the standard Hybrid III. However, the Hybrid III 

Spring-Spine was still more sensitive to D-ring 

position and pretension than the volunteer. This was 

related to the solid features of the thorax engaging the 

belt even when the belt slipped over the shoulder. 

 

Conversely, the human model correctly predicted all 

of the binary outcomes from the mid-sized volunteer 

tests, in addition to the trend observed between D-

ring position, pretension and belt slip. A visual 

example of cases where belt slip occurred and where 

the shoulder was engaged can be seen in Figure 9. 
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Figure 9.  Human model in cases indicative of belt 

slip (left) and shoulder engagement (right) 

 

Despite the match in binary results, the human 

model’s upper body lateral motion appears stiffer 

than the volunteer. This is not surprising since this 

model (like the ATDs) is designed to perform at 

higher severity impacts than 1g.  

 

In addition to the binary outcomes from the quasi-

static tests, T1 lateral displacements were also plotted 

(Figures 10 and 11). This was done to quantify the 

effect different D-ring positions and pretensions had 

on the model’s lateral displacement.  
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Figure 10.  T1 lateral displacement vs. time for 

cases with belt slip 

 

Figure 11.  T1 lateral displacement vs. time for 

cases with belt engaging the shoulder 

These results indicate that the crucial factor 

influencing the magnitude of lateral displacement is 

whether the belt slips over the shoulder or not. For 

cases where the belt slips over the shoulder, T1 

displacements are all very similar (average 

displacement = 138mm). When the belt engages the 

shoulder there is only minor differences between D-

ring positions (average displacement = 126mm). 

What is interesting to note is that this equates to only 

an average 9% reduction in lateral displacement. It 

should be noted however that the maximum 

displacements for cases with slip occurred 

approximately 200ms earlier that those with 

engagement.  

 

Far-Side Lateral Sled Tests 

 

For the Middle D-ring configuration, all test subjects 

indicated that the seat belt engaged the shoulder 

complex. This can be derived from the shoulder belt 

force-time histories seen in Figure 12, with an image 

of the human model response seen in Figure 13. 
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Figure 12.  Shoulder belt force – Middle D-Ring, 

100N Pretension 

 

 
    Forward D-Ring, 0N Pret       Middle D-Ring, 100N Pret 

 

Figure 13.  Human model simulated belt 

interaction in sled tests (175ms) 

 

In the force-time curve, the belt to shoulder-complex 

interaction is represented by the large peak response 

at around 100ms. Both the WorldSID and the human 

Model predicted the magnitude and timing of this 

event within 10% of the results from the PMHS test. 

One difference is the initial peak observed in the 
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response of the PMHS test. This was attributed to 

thoracic loading prior to slipping across the thorax 

(drop in response) and then engaging the shoulder. 

Neither the WorldSID nor human model observed 

this response to the same magnitude.   

 

For the forward D-ring configuration, all test subjects 

(PMHS, WorldSID and human model) slipped out of 

the shoulder portion of the seat belt. In all cases, the 

belt provided restraint via loading the thorax in the 

early phases of impact. The belt subsequently slipped 

past the shoulder and got caught on the upper arm 

near the elbow. Despite those similarities, the 

shoulder belt force-time histories are quite different 

for all three subjects (Figure 14).  
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Figure 14.  Shoulder belt force – Forward D-Ring, 

0N Pretension 

 

The shape and phasing of WorldSID and PMHS 

traces are similar, however the magnitude of the 

PMHS belt force is 40% higher than WorldSID. 

Conversely, the human model made a closer match of 

the belt force magnitude, however the trace shows a 

profound double peak. The first peak related to the 

thorax loading the belt, with the second peak for 

contact with the upper arm. This suggests that the 

thorax of the PMHS and WorldSID took nearly all 

the belt load. Whereas in the model, belt load 

dropped whilst the belt slipped over the shoulder. 

 

To quantify excursion, head lateral displacements 

were plotted versus time for both test configurations 

(Figures 15 and 16).  
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Figure 15.  Head lateral displacement – Middle        

D-ring, 100N Pretension 
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Figure 16.  Head lateral displacement – Forward      

D-ring, 0N Pretension 

 

For the Middle D-ring configuration, the human 

model predicted a slightly slower velocity to 

maximum displacement than both the PMHS and 

WorldSID. The maximum head displacement of the 

human model was 12% less than the PMHS and 15% 

less than that of WorldSID. The timing of maximum 

displacement was within 5ms for all three subjects. 

All three subjects also predicted rebound of similar 

velocities subsequent to maximum excursion.  

 

For the Forward D-ring configuration, all the subjects 

predicted a similar level of maximum displacement 

(within 5%), and the speed at which they arrive there. 

When the PMHS reached maximum displacement, 

the human model’s displacement magnitude was 

within 1% and WorldSID’s within 3%.   

 

In contrast to the physical test results, the human 

model spent in excess of 100ms at 95% of maximum 

displacement, whereas the PMHS and WorldSID 

only spent 60ms and 65 ms respectively. This was 

related to the human model continuing to slip and not 

rebound in the same way the PMHS and WorldSID 

did.  
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DISCUSSION 

 

The aim of this study was to investigate seat belt to 

shoulder-complex interaction during the first phase of 

a far-side impact and incorporate this knowledge into 

a multibody occupant model. After incorporating this 

into the model, it was to be validated against a series 

of lateral sled tests using PMHS and WorldSID ATD.  

 

The first aspect of this study involved 1g quasi-static 

tests using human volunteers, a Hybrid III ATD, a 

Hybrid III Spring-Spine ATD and the TNO Human 

Facet Model (with shoulder modifications). From the 

volunteer quasi-static tests two interesting findings 

were observed. Firstly, thorax lateral restraint appears 

to be dependent on seat belt geometry and the level of 

pretension applied to the belt. Secondly, the critical 

relationship between the shoulder engaging the belt 

(or slipping) and seat belt geometry and pretension is 

highly dependent on human anthropometry. Only two 

volunteers were needed to demonstrate the 

uniqueness of humans in this sense. 

 

Due to the effect of anthropometry, it should not be 

necessary to validate ATDs or human models to a 

specific human for specific belt pretensions and 

geometries. It is to be expected that there should be 

similar restraining effects depending on the level of 

pretension or belt geometry for human surrogates of 

similar anthropometry. However, these levels are not 

possible to estimate until a much larger sample set 

and higher impact speeds are investigated.  

 

For the meantime, it should be demonstrated that the 

model or ATD has a critical (or almost critical) slip 

relation depending on seat belt geometry and 

pretension levels. Specifically, that it can predict the 

increasing likelihood of shoulder engagement by the 

seat belt as the D-ring moves rearward and pretension 

increases.  

 

The 1g quasi-static simulations indicated that the 

newly adapted human model was able to demonstrate 

an increasing level of restraint as D-ring moved 

rearward and pretension increased. The ATDs tested 

also predicted this trend, however they were much 

more sensitive to seat belt geometry changes and 

pretension. Further to that, the way in which the 

ATDs loaded the belt was not the same as the 

volunteer, or the human model for that matter. 

Restraint in the ATD tests was provided through the 

belt loading the thorax, whereas the volunteer and 

human model also loaded the shoulder-complex.   

 

 

The dimensions of the shoulder ellipsoid added to the 

human model were derived from the arm radius at the 

axilla for of a 50
th

 percentile male defined in Tilley et 

al., (2002). Tilley et al., showed that this 53mm 

radius coincides with a shoulder breadth of 465mm, 

very similar to that of this human model. When 

compared to other anthropometries, a 95
th

 percentile 

male with a shoulder breadth of 523mm has a radius 

of 58mm (Tilley et al., 2002). Thus it is reasonable to 

suggest that the dimensions of the shoulder ellipsoid 

defined in this study are similar to those of Volunteer 

1. Volunteer 2 on the other hand, who had a shoulder 

breadth of 560mm, is likely to have a larger arm 

radius at the axilla. 

 

These simulations also indicated that the most critical 

factor influencing thorax lateral displacement was 

whether belt slip occurred or not. If the shoulder 

engaged the belt, displacement levels remained the 

same regardless of belt geometry or pretension. 

Similarly, if the belt slipped off the shoulder, there 

was little influence of belt geometry and pretension.  

 

It was firstly thought that the minor differences 

observed in overall lateral displacement for cases of 

belt slip and engagement may be have been a factor 

of the low test speed (1g). This being related to the 

fact that occupant models are typically validated at 

much higher speeds than 1g.  

 

In the high speed sled tests, it was also observed that 

lateral excursion was only slightly less during 

shoulder engagement compared to when the belt 

slipped off the shoulder. The small differences noted 

in these tests are likely to be influenced by the 

difference in anthropometry between subjects. 

Specifically, the PMHS which slipped out of the belt 

was 13cm shorter than the subject which engaged the 

belt at the shoulder. While all three subjects 

distinguished differences in magnitude between the 

two configurations, the human model showed the 

largest difference.  

 

The other notable difference between the subjects in 

the high speed tests related to the shoulder belt 

loading. This was most pronounced in the case where 

the belt slipped over the shoulder. The force-time 

trace for the human model showed two obvious 

peaks, one related to thorax loading and the other due 

to arm contact. The same event did not happen in the 

physical tests. Results from more tests where the belt 

slips over the shoulder would need to be conducted to 

see whether this is an artifact of the model or not.  
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In light of the results put forward in this study, it 

possible to suggest most likely and least likely 

configurations for occupants to slip out of the 

shoulder portion of the seat belt. The most likely 

configuration being with a forward mounted D-ring, 

no pretension and slim anthropometry. Conversely, a 

rear mounted D-ring, pretension and a more solidly 

built person is less likely to slip out of the shoulder 

portion of the seatbelt.  

 

Another factor, not investigated in this study, likely 

to influence belt slip and lateral excursion is occupant 

height. A taller person is likely to have larger lateral 

displacement purely based on the belt loading the 

thorax lower on the inboard side, the increased inertia 

of the longer body segments and the extra distance 

their body will occupy when positioned horizontally. 

As seat belt geometry and occupant size are closely 

related, further research should be undertaken to gain 

a better understanding of the effect D-ring position 

has on lateral excursion.  

 

FUTURE WORK 

 

The next step in this research is for more detailed 

validation demonstrating that this model is capable of 

mimicking additional human responses such as neck, 

thoracic, abdominal and pelvic loading in far-side 

impacts. This should also be conducted at 60 degrees, 

as these impacts represent the greatest source of 

Harm in far-side crashes (Gabler et al., 2005a). The 

effect of D-ring position and pretension at various 

impact directions is also to be investigated. 

Additionally, this model should be validated against 

tests like those seen in Pintar et al., (2006) to evaluate 

whether it is capable of identifying which body 

regions are suitable to load, should inboard 

countermeasures be proposed.   

 

CONCLUSIONS 

 

The newly adapted human model has been 

demonstrated to exhibit a critical element of what is 

required for a far-side occupant model. Specifically, 

the ability to model seat belt to shoulder-complex 

interaction. This ability was firstly established using 

low speed data from volunteer tests and subsequently 

validated against high speed data obtained from 

PMHS and WorldSID tests.  

 

This study has also demonstrated that a trend exists 

between seat belt geometry and pretension on the 

level of restraint provided to occupants in far-side 

impacts. It has also been highlighted that human 

anthropometry has a major effect on the restraint 

provided by the seat belt in far-side impacts. 
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ABSTRACT 
 
Australia is considering allowing the use of lower 
anchorage systems for child restraints in motor 
vehicles.  However, care needs to be taken to 
ensure that the mix of existing Australian child 
restraint systems and any proposed lower anchorage 
system does not pose safety risks for children.  In 
addition, it is desirable to avoid unique 
requirements for an Australian lower anchorage 
system and hence an assessment of UNECE 
ISOFIX and US FMVSS LATCH requirements was 
undertaken. 
 
A series of 28 frontal impact sled tests were 
conducted based on the Australian Standard 
AS/NZS 3629 child restraint dynamic test method.  
A further series of 15 tests were conducted in a 
vehicle body mounted on an impact sled with an 
acceleration-time history representative of a 56 
km/h full frontal rigid barrier crash.  Three different 
models of forward-facing child restraint were 
tested, with varying anchorage configurations 
including rigid ISOFIX, flexible LATCH strap and 
3-point seatbelt.  Top tethers were evaluated with 
anchorages directly behind the child restraint (0°) 
and offset at an angle of 20°.  P3 and Hybrid III 3 
year old dummies were used.  Anchorage loads and 
safety performance of the restraint system were 
assessed.  In tests in the vehicle body, maximum 
dynamic top tether loads were in the range of 7-8 
kN and maximum dynamic lower anchorage loads 
are estimated to be in the range 13-14 kN.  Tests 
using rigid ISOFIX anchorages generally produced 
lower head acceleration and forward excursion than 
other tested anchorage types.  However, this was 
accompanied by increased chest deflections and 
neck flexion moments.  These data suggest that 
lower anchorage systems may be acceptable in 
Australia, but that modifications to the UNECE and 
LATCH requirements may be required to ensure 
compatibility with existing Australian child 
restraint systems without a degradation of child 
safety. 
 
INTRODUCTION 
 
In Australia, the use of child restraints and top 
tethers has been mandatory since the 1970s. 
Typically, Australian passenger vehicles have been 
equipped with a top tether anchorage in each of 
three second row seating positions. When used in 
conjunction with a seatbelt, the top tether plays an 

important role in overall restraint performance by 
acting as an anti-rotation device.  
 
The safety and performance of child restraint 
systems in Australia is regulated via requirements 
for the child restraint under Australian Standard 
AS/NZS 1754 (a mandatory consumer product 
safety standard under the Trade Practices Act, 
1974) and requirements for the anchorages in the 
vehicle under Australian Design Rule ADR 34/01 
(a legislative instrument under the Motor Vehicle 
Standards Act, 1989). 
 
The Australian Standard AS/NZS 1754 currently 
requires all child restraints supplied to the 
Australian market to be designed to be attached to 
the vehicle using an adult seatbelt and top tether.  
This standard does not address connectors for lower 
anchorage systems and child restraints with ISOFIX 
or LATCH lower anchorage systems are currently 
unable to gain approval under this standard.   
 
The Australian Design Rule ADR 34/01 currently 
requires each top tether anchorage to be designed to 
withstand a 3.4 kN static load for a period of at 
least 1 second. A dynamic anchorage strength test 
requirement may be satisfied as an alternative to 
this static requirement. There are currently no lower 
anchorage requirements in ADR 34/01.  
 
Australia is currently considering allowing the use 
of child restraints equipped with lower anchorage 
systems. However, it is particularly important that 
the adoption of any proposed harmonised child 
restraint anchorage requirement for vehicles 
(including vehicle top tether anchorage strength and 
anchorage location requirements) does not 
adversely impact on the ongoing use and 
performance of existing Australian child restraint 
systems. 
 
In this study, dynamic top tether and lower 
anchorage load measurements are used to assess 
UNECE ISOFIX (Regulation 14) and FMVSS 
LATCH (FMVSS 225) anchorage strength 
requirements, and dummy sensor measurements 
and head excursion results are used to evaluate the 
restraint performance for ISOFIX, flexible LATCH, 
and 3-point seatbelt child restraint systems.  
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METHOD 
 
Two separate series of frontal impact sled tests 
were conducted using 3 different forward facing 
child restraint models and an instrumented 3 year 
old frontal impact dummy. Top tether loads, 
lap/sash belt loads, lower anchorage loads, head 
excursion, and dummy sensor output were 
measured and analysed for the purpose of 
evaluating the performance and anchorage loads of 
ISOFIX, flexible LATCH strap, and 3-point 
seatbelt child restraint systems.  
 
One of the three tested child restraint models 
(Model A) was a UNECE Reg. 44 approved 
restraint equipped with an ISOFIX lower anchorage 
system. This child restraint model (Model A) is also 
able to be restrained using a 3-point seatbelt or a 
flexible LATCH strap fitted using the seatbelt 
mounting in the back of the restraint. The other two 
tested restraint models (Model B & Model C) 
are/were popular in the Australian market and are 
considered to be representative of existing (3-point 
seatbelt + top tether) Australian child restraint 
systems. Model B is able to be restrained by either 
a 3-point seatbelt or flexible LATCH strap using 
the seatbelt mounting provided at the rear of the 
restraint. Restraint model C is also able to be used 
in conjunction with either a flexible LATCH strap 
or 3-point seatbelt, however, for this restraint, the 
flexible LATCH strap / lap belt is fitted around the 
front base of the restraint.  Restraint models A and 
B are both fitted with a floating or Y-shaped top 
tether. Model C is fitted with a single top tether 
strap. 
 

 
Figure 1.  Sled setup (with pneumatic spring) 
used to certify child restraints under Australian 
Standard AS/NZS 1754. 
 
The first series of 28 frontal sled tests were 
conducted on a sled used to certify child restraints 
under the existing Australian Standard AS/NZS 
1754 (Child Restraint Systems for Use in Motor 
Vehicles) as shown in Figure 1.  This sled utilises a 
pneumatic spring to simulate a frontal impact, and 
when calibrated according to the dynamic test rig 
requirements of the Australian Standard AS/NZS 

3629.1 (Methods of Testing Child Restraints), 
produces a velocity change of approximately 49 
km/h. Each of these sled tests were conducted using 
a P3 dummy fitted with tri-axial head and chest 
accelerometers. Load cells placed between the sled 
and lower anchorages were used to measure 
flexible LATCH and rigid ISOFIX lower anchorage 
loads.  Top tether and seatbelt loads were measured 
using load cells designed to be fitted to belt 
webbing.  The tests conducted in this series are 
listed in Table 1. 
 

Table 1.  
Test Matrix (Series 1) 

 
Number 
of Tests 

Restraint 
Model 

Dummy Top 
Tether 
Angle 

Anchorage 
Method 

3 A P3 0 ISOFIX / 
Top Tether 

3 A P3 0 
Flexible 

LATCH / 
Top Tether 

3 A P3 0 3 Pt Belt / 
Top Tether 

2 B P3 0 
Flexible 

LATCH / 
Top Tether 

2 B P3 0 3 Pt Belt / 
Top Tether 

2 C P3 0 
Flexible 

LATCH / 
Top Tether 

2 C P3 0 3 Pt Belt / 
Top Tether 

1 A P3 20 ISOFIX / 
Top Tether 

1 A P3 20 
Flexible 

LATCH / 
Top Tether 

1 A P3 20 3 Pt Belt / 
Top Tether 

1 B P3 20 
Flexible 

LATCH / 
Top Tether 

1 B P3 20 3 Pt Belt / 
Top Tether 

1 C P3 20 
Flexible 

LATCH / 
Top Tether 

1 C P3 20 3 Pt Belt / 
Top Tether 

2 A P3 0 3 Pt Belt / 
Top Tether* 

2 A P3 n/a ISOFIX / No 
Top Tether 

* top tether failure 
 
A further 15 restraint tests were conducted using 
the same three child restraint models and a vehicle 
buck constructed from a previously crash tested 
vehicle body (see Figure 2 and Figure 3).  The 
vehicle model used was equipped with factory 
fitted lower anchorages in each outboard rear 
seating position.  The front row seats were removed 

  Belcher 2



from the vehicle and two transparent polycarbonate 
sheets were used to simulate the front seat back 
location in the mid track fore/aft position (with 
front seat back angle set to give an adult torso angle 
of 25º).  The second/rear row bench seat was 
reinforced to allow multiple tests to be conducted.  
A sled and bending bar brake were then used in 
conjunction with this vehicle buck to simulate a 56 
km/h full frontal rigid barrier crash pulse for this 
vehicle (see Figure 4).  A P3 or HIII 3 year old 
dummy was used for each of the tests in this series.  
The P3 dummy was fitted with the same 
instrumentation used for the first test series.  The 
HIII 3 year old dummy was fitted with head, chest, 
upper spine, lower spine, and pelvis tri-axial 
accelerometers, as well as an upper neck load cell, 
and a chest deflection rotary potentiometer.  Lower 
anchorage loads were not measured.  Webbing load 
cells were used to measure top tether, 3-point 
seatbelt, and flexible LATCH strap loads.  The tests 
conducted in this series are listed in Table 2. 
 

Table 2.  
Test Matrix (Series 2) 

(P) – pre-tensioned 
 
 

 
Figure 2. Vehicle body shell / buck mounted on 
crash sled (Series 2). 
 

 

Number 
of Tests 

Restraint 
Model 

Dummy Top 
Tether 
Angle 

Anchorage 
Method 

1 A P3 0 ISOFIX / 
Top Tether 

1 A P3 0 3 Pt Belt / 
Top Tether 

1 A P3 0 3 Pt Belt (P) / 
Top Tether 

1 B P3 0 
Flexible 

LATCH / 
Top Tether 

1 B P3 0 3 Pt Belt / 
Top Tether 

1 B P3 0 3 Pt Belt (P) / 
Top Tether 

1 C P3 0 3 Pt Belt / 
Top Tether 

1 A P3 20 ISOFIX / 
Top Tether 

1 A P3 20 3 Pt Belt / 
Top Tether 

1 A P3 20 3 Pt Belt (P) / 
Top Tether 

1 B P3 20 
Flexible 

LATCH / 
Top Tether 

1 B P3 20 3 Pt Belt (P) / 
Top Tether 

1 A HIII  
3 y.o. 0 ISOFIX / 

Top Tether 

1 A HIII  
3 y.o. 0 3 Pt Belt / 

Top Tether 

1 A HIII  
3 y.o. 0 3 Pt Belt (P) / 

Top Tether 

Figure 3.  Test setup used in vehicle body / buck 
test series (Series 2).  
 

 
Figure 4.  Typical acceleration-time history / 
crash pulse for each series of child restraint 
frontal impact tests. 
 
Each child restraint test was conducted using, no 
top tether anchorage (2 sled tests only), a 0º tether 
anchorage, or a 20º tether anchorage (see test 
matrices).  For the first series of tests, each 0º top 
tether was anchored to the sled on the seating 
reference plane, approximately 230 mm behind the 
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shoulder reference point.  For the vehicle buck sled 
test series, each 0º tether test was conducted with 
the top tether attached to a child restraint anchorage 
located on the seating reference plane at the base of 
the seat back.  All 20º tether tests (both series) were 
conducted with the tether anchored approximately 1 
metre behind the shoulder reference point and 20º 
inboard from the seating reference plane. 
 
For each individual test (see Table 1 and Table 2), 
each child restraint was tested using ISOFIX, 
flexible LATCH strap, or 3-point seatbelt 
anchorage.  In the case of flexible LATCH, tests 
were conducted by fitting the flexible LATCH strap 
through/around the available seatbelt mounting.  
For the second test series (vehicle buck), the safety 
and performance of seatbelt pyrotechnic retractor 
pre-tensioning was also investigated. 
 
All dummy sensor and load cell channel data were 
collected at a 20 kHz sampling frequency.  Each 
data channel was then filtered using the channel 
frequency classes (CFC) specified in Table 3.   All 
data plots presented in this paper are in accordance 
with the sign conventions specified by SAE J211-1 
(Dec 2003). 
 
High speed video images and motion analysis 
software were used to calculate dummy forward 
and lateral head excursion relative to the 
intersection of the seat back / bight.  For the first 
series of tests, an off-board overhead camera view 
was used to calculate both forward and lateral head 
excursion.  For the second test series, an off-board 
overhead camera view was used to calculate lateral 
head excursion, and onboard side camera views 
were used to calculate forward head excursion. 
 

Table 3. 
Channel Frequency Class 

 

 

RESULTS 
 
Dynamic Lower Anchorage Loads 
 
Figure 5 shows the maximum lower anchorage 
loads obtained from the frontal sled test series 
conducted using the existing AS/NZS 3629.1 pulse 
(Series 1).  For this series of tests, multiple (repeat) 

tests (2-3) were conducted for each 0º tether test 
configuration (i.e. for each unique combination of 
restraint model and lower anchorage method).  For 
multiple tests, the maximum anchorage load from 
any one test is plotted in Figure 5 (see Appendix for 
all results). 
 
The maximum total (left + right) lower anchorage 
load recorded during the first test series was 7.2 kN 
(restraint model A with ISOFIX lower anchorage 
and 20º top tether anchorage).  In some cases, most 
notably the tests conducted with a 20º tether angle, 
the lower anchorage load was not uniformly 
distributed between each of the two lower 
anchorages.  Excluding tests conducted without a 
top tether, the maximum dynamic load on any one 
anchorage (i.e. left or right anchorage) was 4 kN.  
For the tests conducted with a 0º top tether 
anchorage, the maximum total lower anchorage 
load was 6.3 kN.  Two additional tests (not shown 
in Figure 5) were also conducted using restraint 
model A with rigid ISOFIX anchorage only (i.e. no 
top tether anchorage).  For these additional tests, 
the maximum total lower anchorage load was 11 
kN. 
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Figure 5.  Maximum total lower anchorage loads 
(Series 1). 
 
Rigid lower anchorage loads were not measured 
during the series of tests conducted using the 
vehicle body / buck (Series 2).  For this test series, 
it was not physically possible or practical to use 
load cells (or other means) to measure lower 
anchorage loads.  However, it is possible to use lap 
belt loads obtained from both series of tests, and 
lower anchorage loads recorded during the first test 
series, to estimate likely lower anchorage loads 
based on the proportionality of loads. 

Data Measurement Channel CFC 
(Hz) 

Head acceleration x, y, and z 1000 

Upper neck force x, y, and z 1000 

Upper neck moment x, y, and z 600 

Chest acceleration x, y, and z 180 

Chest deflection x 600 

Pelvis acceleration x, y, and z 1000 

All top tether, seatbelt and lower anchorage loads 60 

 
The maximum outer lap belt load (see Appendix) 
recorded during the vehicle buck sled test series 
was 5.93 kN (restraint model A with 0º tether and 
3-point seatbelt mounting).  For this restraint model 
and tether angle, the maximum outer lap belt load 
and maximum lower anchorage load recorded 
during the first series of sled tests were 2.8 kN 
(excluding tests conducted with top tether 
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modification or failure) and 6.3 kN respectively.  
Therefore, for the initial sled test series, the 
maximum total rigid lower anchorage load was 
approximately 2.25 times the maximum outer lap 
belt load (for restraint model A).  Assuming a 
similar maximum load ratio for the vehicle buck 
sled test series, maximum dynamic rigid lower 
anchorage load is approximately 13.3 kN (i.e. 2.25 
× 5.93 kN). 
 
Dynamic Tether Anchorage Loads 
 
Figure 6 shows the maximum top tether anchorage 
loads recorded during the first series of frontal sled 
tests.  Similarly to lower anchorage loads, where 
multiple tether anchorage loads are available for a 
given test configuration, the maximum recorded 
anchorage load from any test is plotted (see 
Appendix for all results).  The maximum top tether 
anchorage load for this series of tests was 9.4 kN 
(restraint model A with 3-point seatbelt and 0º top 
tether anchorage).  In this series, 20º tether 
anchorage loads were generally 15-40 percent 
lower than the corresponding 0º tether anchorage 
loads.  The maximum tether anchorage load 
recorded for the 20º tether angle was 6.5 kN.       
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Figure 6.  Maximum top tether anchorage loads 
(Series 1).   
 
Figure 7 shows the maximum top tether anchorage 
loads recorded for each vehicle buck sled test 
(Series 2) conducted using a P3 dummy (see 
Appendix for tether anchorage loads obtained from 
tests conducted using HIII 3 year old dummy).  The 
maximum top tether anchorage load measured 
during this test series was 7.7 kN (restraint model B 
with pre-tensioned 3-point seatbelt mounting and 0º 
tether anchorage).  For the tests conducted with a 
20º tether angle, the maximum top tether anchorage 
load was 6.9 kN. 
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Figure 7.  Maximum top tether anchorage loads 
(Series 2). 
 
Head Excursion 
 
High speed video images and motion analysis 
software were used to estimate forward and lateral 
head excursions.  To enable evaluation of results, 
motion analysis techniques were consistently 
applied to each test conducted in each test series.  
However, it should be noted that different fixed 
camera angles / positions were used for series 1 and 
2.  Head excursion results obtained for series 1 and 
2 are therefore unable to be directly compared (i.e. 
results not comparable across series), but do 
provide a good indication of the relative 
performance of each restraint model / restraint 
anchorage method (i.e. results can be compared 
within each series). 
 
Figure 8 shows dummy forward head excursion 
relative to the seat back / bight intersection for the 
first series of sled tests. Where multiple tests were 
conducted for the same test configuration, average 
head excursions are plotted, with the full range of 
recorded test results indicated by vertical bars (see 
Appendix for all results).  For restraint model A, 
rigid ISOFIX anchorage produced the lowest 
forward head excursion, and flexible LATCH 
anchorage produced the highest forward head 
excursion.  For restraint models B and C, flexible 
LATCH and 3-point seatbelt anchorage systems 
produced similar forward head excursion.  For this 
test series, multiple test results indicate good 
repeatability for forward head excursion.  For the 
additional tests conducted using restraint model A, 
rigid lower anchorage, and no top tether anchorage 
(see Appendix for results), removal of the top tether 
increased forward head excursion by an average of 
approximately 130 mm (relative to restraint model 
A with 0º tether anchorage).  
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Figure 8.  Forward head (centre of gravity) 
excursion (Series 1). 
 
Figure 9 shows dummy forward head excursion 
relative to the seat back / bight intersection for each 
vehicle body / buck sled test conducted using a P3 
dummy (see Appendix for forward head excursion 
results obtained from tests conducted using HIII 3 
year old dummy).  During some of these tests, the 
dummy head collided with the polycarbonate sheet 
/ seat back (see HIC 36 results for further details).  
This polycarbonate sheet was used to simulate the 
front row seat back location for the mid track for/aft 
position and an adult torso angle of 25º.  Therefore 
the seat back places an upper limit on forward head 
excursion.  For the tests in which the dummy head 
collided with the seat back, this forward head 
excursion limit is determined by the trajectory of 
motion of the head / position (i.e. height) of impact.  
Due to the inclined angle of the polycarbonate, 
greater forward head excursion is possible for 
trajectories of motion in which the head impacts the 
polycarbonate closer to the base of the front seat.  
As a rough guide, forward head excursions of 
approximately 450mm resulted in head contact to 
the polycarbonate sheet.  In this series, rigid 
ISOFIX anchorage produced substantially less 
forward head excursion than 3-point seatbelt 
mounting. Seatbelt pre-tensioning produced a small 
reduction in forward head excursion compared to 
no pre-tensioning.   
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Figure 9.  Forward head (centre of gravity) 
excursion (Series 2). 
 

Figure 10 shows dummy lateral head excursion for 
the first series of sled tests.  Similarly to forward 
head excursion, average lateral head excursions are 
plotted, with vertical bars used to indicate the range 
of results obtained from multiple / repeat tests (see 
Appendix for all results).  Lateral head excursions 
were influenced more by top tether configuration, 
than by lower anchorage method.  For each restraint 
model / lower anchorage method, lateral head 
excursions were greatest for the test conducted with 
a 20º tether angle.  The lateral head excursion 
estimates obtained from this series of tests do not 
exhibit the repeatability observed for forward head 
excursion (i.e. lateral head excursion results appear 
to be less repeatable / subject to greater variability).        
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Figure 10.  Lateral head (centre of gravity) 
excursion (Series 1). 
 
Figure 11 shows dummy lateral head excursion for 
each vehicle body / buck sled test conducted using 
a P3 dummy (see Appendix for HIII 3 year old 
lateral head excursion results).  Like the first test 
series, lateral head excursions were influenced 
more by tether angle, than by lower anchorage 
method.  With the exception of restraint model A 
with ISOFIX lower anchorage, lateral head 
excursions were substantially greater for tests 
conducted with a 20º tether anchorage.  
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Figure 11.  Lateral head (centre of gravity) 
excursion (Series 2). 
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P3 Dummy Sensor Data 
 
A P3 dummy was used for each test conducted in 
Series 1, and for all but three of the tests conducted 
in Series 2.  In this section, where multiple tests 
have been conducted for a single test configuration, 
averages are plotted and vertical bars are again used 
to indicate the range of recorded results.  
 
During the first test series, dummy head to knee / 
buckle collisions were observed for some tests (see 
Appendix for test specific details).  These collisions 
were not necessarily repeatable for multiple tests 
(i.e. each 0º tether configuration).  Furthermore, 
during the second test series, the presence of a front 
row seat back was observed to greatly diminish the 
likelihood of head to knee / buckle collisions.  
Therefore, for some test configurations, the 
occurrence of head collisions is likely to have 
artificially increased both the average and range of 
3 ms head acceleration / HIC 36 results.   
 
Figure 12 and Figure 13 show 3 ms head 
acceleration and HIC 36 for the first series of sled 
tests.  The 3 ms head acceleration and HIC 36 
results obtained for restraint model A, indicate 
similar levels of head injury risk for rigid ISOFIX 
and 3-point seatbelt anchorage methods.  In most 
cases, results obtained for flexible LATCH 
anchorage indicate a head injury risk approximately 
equal to or greater than that of 3-point seatbelt 
mounting.  There were however, some test 
configurations for which flexible LATCH 
anchorage exhibited HIC 36 results superior to 3-
point seatbelt mounting (restraint models B and C 
with 20º tether anchorage).  Head acceleration and 
HIC 36 results obtained from two additional tests 
conducted with rigid lower anchorage only (see 
Appendix for results); indicate an increased head 
injury risk for no top tether anchorage compared to 
tests conducted using top tethers.  
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Figure 12.  3 ms head acceleration (Series 1). 
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Figure 13.  HIC 36 (Series 1). 
 
During the vehicle buck sled test series, all but one 
of the HIC results greater than 2500 occurred as a 
consequence of the head striking the polycarbonate 
front row seat back simulation.  It is important to 
note that the energy absorbing properties of an 
upholstered seat back are quite different to a 
transparent polycarbonate sheet.  Consequently, the 
3 ms head acceleration and HIC 36 results obtained 
from tests involving head to polycarbonate 
collisions provide an indicative rather than truly 
representative measure of head injury risk.   
 
Figure 14 and Figure 15 show 3 ms head 
acceleration and HIC 36 for each vehicle buck sled 
test conducted using a P3 dummy.  The 3 ms head 
acceleration and HIC 36 results obtained for 
restraint model A, indicate a lower head injury risk 
for rigid ISOFIX anchorage than for either form of 
3-point seatbelt mounting.  In this series, flexible 
LATCH anchorage was only tested using restraint 
model B. For this restraint model and 0º tether 
anchorage, flexible LATCH anchorage produced 
slightly lower 3 ms head acceleration and HIC 36 
than 3-point seatbelt mounting.  For some restraint 
test configurations, seatbelt pre-tensioning was 
effective in reducing forward head excursion by 
just enough to prevent the dummy head from 
colliding with the polycarbonate sheet / front row 
seat back (eg. restraint model A with 20º top tether 
anchorage).  For these test configurations, seatbelt 
pre-tensioning produced a substantial reduction in 
both 3 ms head acceleration and HIC 36.  However, 
for restraint model A with 0º top tether anchorage, 
there were no head collisions with the 
polycarbonate seat back, and 3 ms head 
acceleration and HIC 36 were similar for 3-point 
seatbelt mounting with and without pre-tensioning.  
The effect of seatbelt pre-tensioning is most 
pronounced when the reduction in forward head 
excursion due to pre-tensioning is such that head 
contact to the polycarbonate sheet that would 
otherwise occur is prevented. 
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Figure 14.  3 ms head acceleration (Series 2). 
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Figure 15.  HIC 36 (Series 2). 
 
Figure 16 shows maximum resultant chest 
acceleration for the first sled test series.  For each 
child restraint model tested; rigid ISOFIX, flexible 
lower anchorage, and 3-point seatbelt mounting all 
produced similar maximum resultant chest 
accelerations.   
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Figure 16.  Maximum chest acceleration 
(Series 1). 
 
Figure 17 shows maximum resultant chest 
acceleration for each vehicle buck sled test 
conducted with a P3 dummy.  For this series of 
tests, there was no clearly identifiable and 
consistent correlation between maximum resultant 
chest acceleration and lower anchorage method. 
Peak resultant chest accelerations varied depending 
on a range of factors, including the restraint design 
and the top tether anchorage location / angle. The 
lowest maximum chest acceleration occurred for 

restraint model A with rigid ISOFIX lower 
anchorage and 20º top tether anchorage. 
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Figure 17.  Maximum chest acceleration 
(Series 2). 
 
HIII 3 Year Old Sensor Data 
 
The current Australian Standard AS/NZS 3629.1 
(Methods of Testing Child Restraints) specifies P 
series dummies for the dynamic testing of child 
restraints. Each child restraint must retain the 
appropriate P series dummy without any separation 
of load carrying parts. Vehicle anchorage strength 
requirements should ensure that vehicle top tether 
anchorages are able to withstand loads at least equal 
to those to which child restraints are certified.  For 
this reason, a P3 dummy was used for each frontal 
sled test conducted using the AS/NZS 3629.1 pulse.   
 
To enable comparison of test results, a P3 dummy 
was also used in the majority of tests conducted in 
the vehicle buck sled test series.  However, a major 
limitation of the P series dummies is their lack of 
instrumentation – the P3 dummy is equipped with 
head and chest accelerometers only.  In contrast, the 
HIII 3 year old dummy is equipped with head, 
neck, chest, upper spine, lower spine, and pelvis 
instrumentation.  Consequently, the HIII 3 year old 
dummy is able to be used to identify potential 
injury risks not measured by the P3 dummy.  For 
this reason, three restraint tests were conducted 
using restraint model A and an instrumented HIII 3 
year old dummy.  Each of these HIII 3 year old 
tests was conducted with a 0º tether anchorage and 
rigid ISOFIX, 3-point seatbelt, or pre-tensioned 3-
point seatbelt mounting.  
 
Figures 18 to 25 show dummy sensor output for 
each restraint test conducted using a HIII 3 year old 
dummy.  Table 4 lists 3 ms head acceleration, HIC 
36, and head excursion results for each test.  Each 
restraint anchorage method produced similar 
resultant chest acceleration (values slightly higher 
for ISOFIX), neck tension, and neck shear results.  
In contrast, head excursion, head acceleration / 
HIC 36, upper neck moment, chest deflection, and 
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pelvis acceleration results were substantially 
affected by restraint anchorage method.   
 
Similarly to the vehicle buck sled tests conducted 
with a P3 dummy, rigid ISOFIX anchorage 
produced substantially less forward head excursion 
than either form of 3-point seatbelt mounting.    
When 3-point seatbelt mounting was used the 
dummy head collided with the polycarbonate sheet 
/ front row seat back, producing a local head 
acceleration maximum (see Figure 18, t ≈ 0.079 
seconds).  For this restraint model and tether angle, 
seatbelt pre-tensioning reduced forward head 
excursion by enough to prevent the dummy head 
from colliding with the polycarbonate sheet.   
 

Table 4. 
Summary of Head Injury Predictors  

(HIII 3 year old)  
 

(P) – pre-tensioned 
 

 
Figure 18.  Resultant head acceleration (HIII 3 
year old – Series 2).  
 
Each restraint anchorage method produced similar 
peak upper neck tension and peak upper neck shear 
load results.  Rigid ISOFIX and pre-tensioned 3-
point seatbelt anchorage methods both produced 
significantly longer upper neck tensile load duration 
(above 1 kN) than 3-point seatbelt mounting. 
 

 
Figure 19. Upper neck shear load (Fx) (HIII 3 
year old – Series 2). 
 

 

Anchorage 
Method 

3 ms 
Head 
Accel. 

(g) 

HIC 
36 

Max. 
Forward 

Head 
Excursion 

(mm) 

Max. 
Lateral 
Head 

Excursion 
(mm) 

ISOFIX / 
Top Tether 103.40 1578 376 33 

3 Pt Belt / 
Top Tether 132.90 1853 467 150 

3 Pt Belt 
(P) / Top 

Tether 
95.32 1673 431 73 

Figure 20. Upper neck tension (Fz) (HIII 3 year 
old – Series 2). 
 
Peak upper neck moments about the x-axis in the 
dummy coordinate system (Mx) varied depending 
on the restraint anchorage method used.  The 
largest of these peak upper neck moments (19.5 Nm 
– see Figure 21) was produced by 3-point seatbelt 
mounting.  For rigid ISOFIX anchorage, the peak 
upper neck moment about the x-axis was 6.1 Nm.  
As a result, 3-point seatbelt mounting exhibited 
more visible head rotation about the x-axis (ear tilts 
towards shoulder), than rigid ISOFIX anchorage.  
 

 
Figure 21. Upper neck moment (Mx) (HIII 3 
year old – Series 2). 
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Rigid ISOFIX and pre-tensioned 3-point seatbelt 
anchorage methods produced substantially higher 
neck flexion / extension moments than 3-point 
seatbelt mounting.  For rigid ISOFIX, 3-point 
seatbelt, and pre-tensioned 3-point seatbelt 
anchorage, the peak upper neck flexion moments 
were 29.8 Nm, 13.8 Nm, and 35.5 Nm respectively.  
For each of these anchorage methods, the 
corresponding peak upper neck extension moments 
were 24.8 Nm, 9.3 Nm, and 20.4 Nm (see Figure 
22). 
 

 
Figure 22. Upper neck moment (My) (HIII 3 
year old – Series 2). 
 
Maximum resultant chest acceleration was similar 
for each 3-point seatbelt anchorage method tested.  
Rigid ISOFIX anchorage produced slightly higher 
maximum resultant chest acceleration.  There were 
also differences in the relative timing of maximum 
chest acceleration.  For the rigid ISOFIX and pre-
tensioned 3-point seatbelt anchorage modes, 
maximum chest acceleration occurred 
approximately 15-20 ms before maximum head 
acceleration.  For 3-point seatbelt mounting, 
maximum head and chest acceleration occurred at 
approximately the same time. 
 

 
Figure 23.  Resultant chest acceleration (HIII 3 
year old – Series 2). 
 
The onset, duration, and magnitude of chest 
deflection varied depending on the restraint 
anchorage method used.  Rigid ISOFIX and pre-

tensioned 3-point seatbelt mounting both produced 
substantially more chest deflection than 3-point 
seatbelt mounting.  For rigid ISOFIX, 3-point 
seatbelt, and pre-tensioned 3-point seatbelt 
anchorage, the peak chest deflections were 
17.5 mm, 16 mm, and 8.2 mm respectively.  For 
rigid ISOFIX anchorage, the chest deflection 
response also indicated an earlier onset and longer 
duration of chest loading (see Figure 24).   
 

 
Figure 24. Chest deflection (HIII 3 year old – 
Series 2). 
 
Peak resultant pelvis accelerations were 
substantially greater for 3-point seatbelt mounting, 
than for rigid ISOFIX anchorage (see Figure 25).  
Pelvis acceleration values were not obtained for the 
test using pre-tensioned 3-point seatbelt attachment.  
When 3-point seatbelt mounting was used, the base 
of the child restraint moved forward before the lap 
portion of the 3-point seatbelt began to carry 
substantial load.  This delay in the onset of lap belt 
load, led to a higher and later occurrence of peak 
resultant pelvis acceleration (relative to rigid 
ISOFIX anchorage).   
 

 
Figure 25. Resultant pelvis acceleration (HIII 3 
year old – Series 2).  
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DISCUSSION 

 
Australian Design Rule (ADR) 34/01 currently 
requires each child restraint top tether anchorage to 
be able to withstand a minimum static test load of 
3.4 kN.  The Department of Transport and Regional 
Services is not aware of any cases of failure in the 
field of top tether anchorages complying with ADR 
34/01. 
 
The results presented in this paper show a 
maximum dynamic top tether load of 9.4 kN for a 
restraint attached using 3-point seatbelt and 
subjected to the AS/NZS 3629.1 test pulse.  Tests 
of restraints mounted in the vehicle body shell 
using 3-point seatbelt recorded a maximum 
dynamic top tether load of 7.7 kN.  Maximum 
dynamic top tether loads for restraints mounted 
using rigid ISOFIX were around 6 kN.  These 
results indicate that the use of lower anchorage 
systems to mount child restraints does not impose 
increased loading on top tether anchorages 
compared with the loads imposed by the mounting 
of child restraints using 3-point seatbelts. 
 
The application of static or dynamic load imposes 
different stress states on anchorages.  A static load 
of the same magnitude as a peak dynamic load is a 
more severe load condition than the transient 
dynamic load.  Due to the longer duration of 
loading, a static load may cause greater deformation 
than a transient load of greater magnitude acting 
only for short duration.  This would suggest that in 
order to withstand a 9.4 kN dynamic load, a top 
tether anchorage may need to withstand a static 
load somewhat less than this value.  The 3.4 kN 
static load requirement of ADR 34/01 is 
significantly lower than the 9.4 kN maximum 
recorded dynamic load and there is a risk that an 
anchorage designed to withstand the 3.4 kN static 
load may not be able to withstand the 9.4 kN 
dynamic load.  However, there is no field data to 
suggest that the ADR requirement is inadequate.  
This may be because the AS/NZS 3629.1 test is a 
more severe condition than observed in the field.  
This contention is supported by top tether loads 
recorded in the vehicle body shell that were lower 
than those in the AS/NZS 3629.1 tests.  It is also 
important to note that the 3.4 kN static test load is a 
minimum load that must be withstood.  Vehicle 
manufacturers are likely to design top tether 
anchorages to pass this requirement by a significant 
margin, such that the static failure load is 
significantly higher than 3.4 kN. 
 
The maximum dynamic load on the lower 
anchorages recorded during tests of child restraints 
with a top tether connected and subjected to the 
AS/NZS 3629.1 pulse was 7.2 kN.  Tests conducted 
using rigid ISOFIX without a top tether connected 

recorded a maximum dynamic lower anchorage 
load of 11 kN.  For tests conducted in the vehicle 
body shell, maximum dynamic lower anchorage 
loads have been estimated to be 13.3 kN. 
Both UNECE Regulation 14 and US Federal Motor 
Vehicle Safety Standard (FMVSS) 225 specify the 
testing of child restraint anchorages by application 
of static force through a fixture loading only the 
lower anchorages.  UNECE Reg 14 requires an 8 
kN static test load; FMVSS 225 requires 11 kN 
static test load.  In addition, there is a requirement 
to use a fixture to test the strength of the lower 
anchorages and top tether anchorage 
simultaneously – UNECE Reg 14 requires an 8 kN 
static test load; FMVSS 225 requires 15 kN. 
 
The maximum dynamic load on the lower 
anchorages in the tests reported in this paper has 
been estimated to be 13.3 kN.  It is not 
straightforward to determine the static test load that 
would need to be used to ensure that anchorages are 
capable of withstanding this peak dynamic load.  
One possible approach could be to use the 
experience gained from existing ADR 34/01 
requirements to find a ratio of static to dynamic 
loads that may be appropriate.  This approach 
would suggest that either the UNECE static load 
requirement (8kN) or the FMVSS static load 
requirement (11 kN) may be sufficient to address 
the 13.3 kN maximum dynamic load.  However, 
one further step of research will be required to 
confirm the static load requirements for lower 
anchorages. 
 
The geometry of the UNECE and FMVSS fixture 
used to simultaneously load the lower anchorages 
and top tether anchorage is such that roughly half of 
the applied load is distributed to the top tether 
anchorage.  A static force of 8 kN applied to the 
fixture would result in approximately 4 kN static 
load applied to the top tether anchorage.  This 
compares favourably with the 3.4 kN requirement 
currently in ADR 34/01.  There is however, a 
difference in the duration of the UNECE Reg 14 
and ADR 34/01 static test loads.  UNECE Reg 14 
requires the load to be sustained for at least 0.2 
seconds, whereas ADR 34/01 specifies 1 second. 
 
In terms of restraint performance and dummy injury 
measures from the tests reported in this paper, 
flexible LATCH strap does not seem to offer any 
significant benefits when compared with 3-point 
seatbelts.  Indeed, it could be argued that some of 
the injury measures for restraints mounted using 
flexible LATCH straps indicate a higher risk of 
injury than for 3-point seatbelts.  However, the 
LATCH strap routing path was the same as that 
used for 3-point seatbelt and was not optimised for 
a flexible strap to be attached to the lower 
anchorages.  Such optimisation may improve the 
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performance of restraints attached using the flexible 
LATCH strap. 
 
Attachment of restraints using rigid ISOFIX shows 
a reduced risk of injury for many of the dummy 
injury assessment measures, but with a relative 
increase in risk for neck injury and chest deflection 
when using a Hybrid III 3 year old dummy.  
However, these relative increases in injury risk for 
rigid ISOFIX attachment were similar to those 
observed for attachment using 3-point seatbelt with 
pyrotechnic retractor pre-tensioning.  Hence, it 
could be argued that rigid ISOFIX attachment 
would not present any increased safety risk 
compared with systems that would currently be 
allowed in the Australian market. 
 
The current Australian Standard AS/NZS 1754 for 
child restraints for use in motor vehicles does not 
specify injury assessment reference values for 
dummies when testing forward facing child 
restraints. 
 
Appropriate injury criteria and injury assessment 
reference values for children are the subject of 
ongoing international research and debate.  Scaling 
techniques have been applied to adult injury risk 
functions in an attempt to estimate injury risk to 
children.  However, consensus has not always been 
reached on which adult injury risk functions should 
be used as the starting point and the proposed 
scaling techniques and scaling factors vary widely. 
This paper is not intended to appraise, select or 
recommend particular scaling techniques or child 
injury assessment reference values, but it is 
informative to refer to some of these as they 
provide a context in which the data from the tests 
reported in this paper can be considered. 
 
The Recommended Procedures for Evaluating 
Occupant Injury Risk from Deploying Side Airbags 
(Side Airbag Out-of-Position Injury Technical 
Working Group) provided a set of injury reference 
values and additionally a set of injury research 
values which specify injury limits for the Hybrid III 
3 year old dummy.  Some of these are reported in 
Table 5.  Scaling techniques reported in the US 
National Highway Traffic Safety Administration 
(NHTSA) report entitled “Development of 
Improved Injury Criteria for the Assessment of 
Advanced Automotive Restraint Systems II” can 
also be applied to adult injury reference values from 
UNECE Regulation 94 to determine equivalent 
injury limits for the Hybrid III 3 year old dummy.  
Some values determined in this way are also 
reported in Table 5. 
 
For tests using the Hybrid III 3 year old dummy, 
some of the injury measures recorded during the 
tests exceed the injury limits contained in Table 5.  
This suggests that these tests are relatively severe 

and represent a condition that may cause injury to a 
child and hence may serve as a useful comparison 
in assessing the anchorage loads anticipated during 
such a crash, as well as providing some basis for 
comparison of the performance of child restraints 
attached to the vehicle by various methods. 
 

Table 5. 
Injury Limits for Hybrid III 3-year-old Dummy 
 
Injury Measure Limit Value 

15 ms HIC 570* 

36 ms HIC 900** 

3 ms Head Acceleration 80 g*** 

Upper Neck Tension 1.13 kN* 

Upper Neck Flexion 68 Nm* 

Upper Neck Extension 34 Nm* 

Upper Neck Shear 0.9 kN** 

Thorax Deflection 36 mm* 

Thoracic Spine Acceleration 55 g* 

* Side Airbag Out-Of Position Technical Working Group 
Recommended Procedures for Evaluating Occupant Injury Risk 
from Deploying Side Airbags. 
** UNECE Regulation 94 adult injury limit scaled using 
techniques described in NHTSA report entitled “Development of 
Improved Injury Criteria for the Assessment of Advanced 
Automotive Restraint Systems II”. 
*** UNECE R94 adult injury limit. 
 
The results using rigid ISOFIX connection with a 
Hybrid III 3-year old dummy show a reduced risk 
of head injury, but a slightly increased risk of 
extension injury to the upper neck and chest injury 
(thorax deflection and thoracic spine acceleration) 
when compared to other mounting systems.  The 
results for neck extension moment and chest 
deflection are below the limit values in the above 
table.  The peak thoracic spine 3 ms acceleration for 
rigid ISOFIX was around 85 g compared with 75 g 
for the other mounting systems.  All of these values 
exceed the proposed 55 g limit. 
 
CONCLUSION 
 
The use of lower anchorage systems for mounting 
of child restraints does not provide increased 
loading on top tether anchorages when compared to 
mounting child restraints using the adult 3-point 
seatbelt.  On the basis that the current ADR 34/01 
requirement for a 3.4 kN top tether static test load is 
adequate, static test loads at or above this level 
would be sufficient to ensure structural integrity of 
top tether anchorages. 
 
The maximum dynamic lower anchorage loads 
determined during child restraints tests according to 
AS/NZS 3629.1 and in a vehicle body under 
simulated 56 km/h full frontal barrier test 
conditions are less than or equal to 13.3 kN.   
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Mounting of child restraints using flexible LATCH 
straps does not seem to offer any safety 
improvement over the use of the adult 3-point 
seatbelt and may reduce the level of safety in some 
instances. 
 
Mounting of child restraints using rigid ISOFIX 
anchorages offers some safety benefits over the use 
of the adult 3-point seatbelt, but may increase the 
risk of neck and chest injury compared to some 
child restraint systems currently in use in Australia.  
However, the neck and chest injury results for the 
rigid ISOFIX system evaluated in this test series do 
not indicate an increased injury risk when 
compared to some child restraint systems that 
would currently be permitted. 
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APPENDIX 
 

Table A1. 
Summary of Test Results 

 

 

Sled Test / ID Restraint Mounting Dummy Top 
Tether 
Angle 

Sled 
dV 

(km/h) 

Sled 
g 

Max. 
Tether 

Anchorage 
Load    
(kN) 

Max. 
Lower 

Anchorage 
Load   
(kN) 

Resultant 
3 ms 
Head 
Accel.   

(g) 

Max. 
Resultant 

Chest 
Accel.   

(g) 

HIC 
36 

Max. 
Forward 

Head 
Excursion 

(mm) 

Max. 
Lateral 
Head 

Excursion 
(mm) 

SERIES 1 
Calibration n/a n/a n/a n/a 49.5 26.9 n/a n/a n/a n/a n/a n/a n/a 

1 S050308 Model A Rigid ISOFIX P3 0 48.8 26.4 6.06 6.01 49.41 59.54 350 509 18 

2 S050309 Model B Flexible LATCH P3 0 48.1 26.9 8.27 4.11 101.60 56.11 1446 670 32 

3 S050310 Model B 3-point Seatbelt P3 0 48.5 27 7.78 n/a 90.20 55.05 1207 691 30 

4 S050311 Model B 3-point Seatbelt P3 0 48.2 27 7.98 n/a 96.25 57.82 1482 675 17 

5 S050312 Model B 3-point Seatbelt P3 20 47.9 26.9 5.33 n/a 102.90 64.14 1559 681 181 

6 S050313 Model A 3-point Seatbelt P3 0 48.2 26.9 6.31 n/a 68.63 65.53 446 570 105 

7 S050314 Model A 3-point Seatbelt P3 0 48.1 27 3.85 n/a 66.33 51.66 496 552 133 

8 S050315 Model A 3-point Seatbelt P3 0 49.2 26.9 9.38 n/a 60.35 53.49 491 543 19 

9 S050316 Model A 3-point Seatbelt P3 0 47.9 26.7 6.33 n/a 66.70 62.36 451 574 104 

10 S050317 Model A 3-point Seatbelt P3 0 48.1 27 5.11 n/a 72.40 63.75 543 546 67 

11 S050318 Model C 3-point Seatbelt P3 0 48.4 27 5.13 n/a 109.40 50.73 1372 541 93 

12 S050319 Model C 3-point Seatbelt P3 0 48.2 26.8 4.83 n/a 97.26 59.54 1315 570 141 

13 S050320 Model A 3-point Seatbelt P3 20 48.3 27.2 5.26 n/a 69.19 63.43 775 610 200 

14 S050321 Model C 3-point Seatbelt P3 20 48.2 27 3.98 n/a 89.37 58.22 1190 604 464 

15 S050322 Model A Rigid ISOFIX P3 0 48.8 26.5 5.78 6.18 63.27 58.22 480 522 13 

16 S050323 Model A Rigid ISOFIX P3 0 49 26.7 5.66 6.30 89.56 60.17 717 553 8 

17 S050324 Model A Rigid ISOFIX P3 20 48.9 26.8 4.82 7.17 65.16 66.34 486 561 231 

18 S050325 Model A Flexible LATCH P3 0 48.2 26.8 8.28 5.39 106.80 59.77 1421 636 56 

19 S050326 Model A Flexible LATCH P3 0 48.7 26.8 9.06 4.92 76.15 51.33 882 593 37 

20 S050327 Model A Flexible LATCH P3 0 47.9 26.8 8.39 5.19 102.20 57.03 1212 631 72 

21 S050328 Model A Flexible LATCH P3 20 47.4 26.9 6.19 6.14 94.30 59.53 972 639 140 

22 S050329 Model B Flexible LATCH P3 0 47.9 27.1 8.10 4.03 118.20 52.94 1641 711 17 

23 S050330 Model B Flexible LATCH P3 20 47.7 27 6.48 4.17 100.20 58.26 1219 692 170 

24 S050331 Model C Flexible LATCH P3 0 47.9 26.8 5.08 5.97 120.30 58.73 1568 555 40 

25 S050332 Model C Flexible LATCH P3 0 48.4 26.9 5.10 5.88 132.80 51.00 1442 557 99 

26 S050333 Model C Flexible LATCH P3 20 48.2 27 4.39 6.81 87.51 55.14 945 557 336 

27 S050334 Model A Rigid ISOFIX P3 n/a 48.1 26.7 n/a 10.63 89.40 56.29 749 647 39 

28 S050335 Model A Rigid ISOFIX P3 n/a 48.2 26.8 n/a 11.04 79.92 54.59 717 668 8 

SERIES 2 

20310-01L Model A Rigid ISOFIX P3 0 63.2 51.4 1.86 - 109.30 70.51 1541 411 48 
1 

20310-01R Model B Flexible LATCH P3 0 63.2 50.4 5.02 7.87 138.50 99.54 2545 470 96 

20310-02L Model A Rigid ISOFIX P3 0 62.7 52.3 4.31 - 95.40 82.16 1308 365 123 
2 

20310-02R Model B Flexible LATCH P3 0 62.7 48.7 6.79 6.29 150.40 89.94 2835 460 51 

20310-03L Model A 3-point Seatbelt (P) P3 20 63.1 50.5 5.68 n/a 114.20 80.58 1617 453 200 
3 

20310-03R Model A 3-point Seatbelt (P) P3 0 63.1 48.2 4.76 n/a 108.90 124.13 1488 433 40 

20310-04L Model B 3-point Seatbelt P3 0 63.1 52.7 6.12 n/a 214.50 114.23 4896 493 220 
4 

20310-04R Model B 3-point Seatbelt (P) P3 0 63.1 50.7 7.73 n/a 129.30 84.61 2632 420 71 

20310-05L Model B Flexible LATCH P3 20 62.7 47.8 6.88 6.68 143.90 88.72 3045 489 159 
5 

20310-05R Model B 3-point Seatbelt P3 0 62.7 50.5 7.28 n/a 164.50 82.77 2930 439 65 

20310-06L Model A Rigid ISOFIX P3 20 62.2 46.2 4.45 - 93.79 69.47 1087 370 66 
6 

20310-06R Model A 3-point Seatbelt (P) HIII 3 y.o. 0 62.2 47.4 4.56 n/a 95.32 81.16 1673 431 73 

20310-07L Model A Rigid ISOFIX HIII 3 y.o. 0 62.9 49.9 4.39 - 103.40 88.46 1578 376 33 
7 

20310-07R Model A 3-point Seatbelt P3 0 62.9 46.9 4.95 n/a 114.10 90.47 1517 437 29 

20310-08L Model A 3-point Seatbelt P3 20 62.5 51.9 4.16 n/a 158.60 130.57 2972 486 162 
8 

20310-08R Model A 3-point Seatbelt HIII 3 y.o. 0 62.5 48.2 4.79 n/a 132.90 81.45 1853 467 150 

20310-09L Model B 3-point Seatbelt (P) P3 20 62.8 48.2 6.88 n/a 170.00 94.11 3851 473 189 
9 

20310-09R Model C 3-point Seatbelt P3 0 62.8 52 5.49 n/a 102.10 101.63 1579 468 75 
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Table A2. 
Seatbelt Webbing Load Cell Measurements 

 
Sled Test / 

ID 
Restraint Mounting Dummy Top 

Tether 
Angle 

Outer 
Lap Belt 

Load 
(kN) 

Inner 
Lap Belt 

Load 
(kN) 

Inner 
Sash Belt 

Load 
(kN) 

Outer 
Sash Belt 

Load  
(kN) 

SERIES 1 
S050310 Model B 3-point Seatbelt P3 0 2.06 1.47 - 0.34 
S050311 Model B 3-point Seatbelt P3 0 2.07 1.71 - 0.39 
S050312 Model B 3-point Seatbelt P3 20 2.1 1.64 - 0.96 
S050313 Model A 3-point Seatbelt P3 0 4.56 3.27 - 1.92 
S050314 Model A 3-point Seatbelt P3 0 3.46 2.58 - 1.77 
S050315 Model A 3-point Seatbelt P3 0 2.79 1.92 - 0.68 
S050316 Model A 3-point Seatbelt P3 0 4.3 3.42 - 2.91 
S050317 Model A 3-point Seatbelt P3 0 3.56 2.61 - 1.57 
S050318 Model C 3-point Seatbelt P3 0 2.98 1.68 - 0.58 
S050319 Model C 3-point Seatbelt P3 0 2.65 1.49 - 0.47 
S050320 Model A 3-point Seatbelt P3 20 3.18 2.45 - 1.42 
S050321 Model C 3-point Seatbelt P3 20 3.54 1.72 - 1.01 

SERIES 2 
20310-03L Model A 3-point Seatbelt (P) P3 20 5.31 5.09 4.21 6.24 
20310-03R Model A 3-point Seatbelt (P) P3 0 5.62 4.44 - 6.58 
20310-04L Model B 3-point Seatbelt P3 0 4.36 3.88 3.27 4.15 
20310-04R Model B 3-point Seatbelt (P) P3 0 3.65 3.13 3.39 4.38 
20310-05R Model B 3-point Seatbelt P3 0 3.49 2.8 1.66 2.48 
20310-06R Model A 3-point Seatbelt (P) HIII 3 y.o. 0 5.33 4.26 4.69 6.11 
20310-07R Model A 3-point Seatbelt P3 0 5.93 4.15 4.56 5.71 
20310-08L Model A 3-point Seatbelt P3 20 5.85 5.35 5.27 6.43 
20310-08R Model A 3-point Seatbelt HIII 3 y.o. 0 5.18 5.1 3.98 6.57 
20310-09L Model B 3-point Seatbelt (P) P3 20 4.06 5.82 - - 
20310-09R Model C 3-point Seatbelt P3 0 5.24 4.98 3.89 3.11 

 

Notes: 
 
S050313, S050316:  The restraint top tether failed due to fracture of the plastic shell at the left side top tether 
slot.  This allowed the tether webbing end plate to pull through the back of the restraint. The restraints used for 
these tests were not originally fitted with top tether straps.  The initial method of attaching tether straps was 
found to be inadequate. 
 
S050314, S050317:  Re-test of the previous failed restraint (with tether modification) 
 
S050310, S050320, S050322, S050334, S050335: Chalk paint evidence of possible head contact with harness 
buckle assembly. 
 
20310-01L, 20310-01R:  Vehicle rear seat back deformation occurred.  Seats were then supported with an 
additional cross member along their upper edge for the remainder of the test series.  Results provided, but not 
used for analysis purposes.   
 
20310-04L:  The top tether webbing cut on an exposed bolt head which was part of the additional seat back 
strengthening cross member.  Results provided, but not used for analysis purposes. 
 
Rebound was ignored for the calculation of maximum values (eg. 3 ms head acceleration). 
 
20310-02R, 20310-05L, 20310-05R, 20310-08L, 20310-08R, 20310-09L: Dummy head collided with 
polycarbonate sheet. 
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ABSTRACT 
 
The barrier face that using the current regulation of 
Japan and EU was developed in the stiffness of ’70s 
vehicles[1].  Therefore, the stiffness of this barrier 
is different from the current vehicles that adapts to 
the frontal impact tests and considering of 
compatibility.  Then, we did the development of the 
new barrier face that the stiffness of the current 
vehicles including the small sized sports utility 
vehicles was reproduced. 
First, we investigated the stiffness of the front-end of 
the vehicle for ’98MY in IHRA-SIWG[2],[3].  Next, 
we started the development of the barrier face in 
based on the results of this investigation.  In the 
same time, they started the development of new 
barrier face in Europe[4].  So, we cooperated with 
their development for harmonization. 
The developed barrier face named the advanced 
European mobile deformable barrier (AE-MDB) is 
the almost matched to the stiffness of investigated 
results of current vehicles.  However, the 
deformation mode was different between the 
car-to-car test and the MDB-to-car test.  Therefore, 
we did more improvement in the barrier face.  The 
improvement items were the addition of the beam 
element and the tuning of the stiffness of lower row.  
The beam element is reproduced the bumper 
reinforcement of the actual vehicle.  In these 
improvements, we completed the development of the 
new barrier face that matched to the stiffness of the 
current vehicle, and the same deformation mode 
between the car-to-car (CTC) test and the 
MDB-to-car test. 
We hope that this barrier face is adopted in the new 
regulations for side impact. 
 

INTRODUCTION 
 
Japan adopts the side impact test procedure equal to 
EU.  The barrier face used for this test procedure 
reproduced the stiffness of the vehicle in the ’70s.  
The stiffness of current vehicles are different 
from ’70s vehicles, because they are adapting to 
various safety regulations for example the frontal 
impact test, the compatibility and so on.  Therefore, 
the stiffness of the barrier face is different from the 
stiffness of current vehicles.  As for this, the results 
of the investigations in IHRA-SIWG are 
clear[5],[6],[7].  Then, the development of the 
barrier face that reproduced the stiffness of the 
current vehicles was necessary.  They started the 
development of the various type of the new barrier 
face in IHRA-SIWG and EEVC WG13 etc.  Japan 
also started the development of new barrier face 
called J-MDB.  However, Japan did join the 
development in Europe from the viewpoint of the 
international harmonization, because the same 
regulation is adopted in Europe, and they were doing 
development with the same concept as Japan.  The 
developed barrier face in this group was called 
AE-MDB V2[8].  However, this barrier face had 
some problems. 
 

THE DEVELOPMENT OF BARRIER FACE 
 

The Problems of AE-MDB V2 
 
The deformation modes were different when the 
results of the tests using AE-MDB V2 and the CTC 
tests were compared. 
In the struck vehicles, as shown in Figure 1, the 
deformation of the AE-MDB tests was larger than the 
CTC tests in door-height (thorax and H-point level) 
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section, but it’s the contrary trend in the 
side-sill-height section.  In the door-height section, 
the deformation of the door was larger in the 
AE-MDB tests than the CTC tests, and the 
deformation of the B-pillar was smaller than that.  
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Figure 1.  The comparison of deformation of the 
struck vehicle between the AE-MDB V2 tests and 
the car-to-car tests. 
 
In the striking vehicles, as shown in Figure 2, the 
deformation mode was different between the 
AE-MDB tests and the CTC tests.  The deformation 
of the center area of the AE-MDB was very big in 
comparison with the deformation of the actual car.  
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Figure 2.  The comparison of deformation of the 
striking vehicle between the AE-MDB V2 tests 
and the car-to-car tests. 
 
Therefore, we investigated the cause that the 

deformations were different between AE-MDB tests 
and CTC tests.  In the AE-MDB, that is made of the 
individual six blocks which are covered the face plate 
of 0.5mm thickness, same as ECE Reg.95 barrier 
face.  In the actual car, that is the structure that the 
left and right longitudinal members are connected 
with the bumper beam.  And, the bumper beam will 
be stiffer year by year for compatibility. 
So that, as shown in Figure 3, we suggested adding 
the independent bumper on AE-MDB for reproduced 
bumper-beam, to fit the deformation mode of 
AE-MDB test to the car-to-car tests. 
 

Intermediate plate : t=3mm
drilled plate
same as back plate

Stiffness of bumper : 245psi (same as FMVSS 214)

Other parts are same 
as AE-MDB V2  

Figure 3.  The modification proposal of the 
AE-MDB. 
 

Development of the ‘Modified AE-MDB’ 
 
We developed the ‘Modified AE-MDB’ to solve the 
problem of AE-MDB V2 that deformation mode was 
different from the CTC test.  As shown in Figure 4, 
the lower row was changed with the ‘Modified 
AE-MDB’ from the AE-MDB V2.  The modified 
points were follows. 
� Cut off the bumper section. 
� Add the independent bumper with drilled plate 

on the main-body of the lower row. 
� Covered by face plate of original barrier face. 
 

Face plate : t=0.5mm
(same as AE-MDB V2)

Bumper block : 245psi
(same as FMVSS 214 without dimension)

Intermediate plate : t=3mm drilled
(same as back plate material)

Main body
(same as AE-MDB V2 without depth)  

Figure 4.  The lower row structure of the 
‘Modified AE-MDB’. 
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However, the stiffness of main-body was not changed 
from the AE-MDB V2. 
 
     Load Cell Wall Test - We carried out the load 
cell wall test to confirm the stiffness of the developed 
the ‘Modified AE-MDB’.  The test procedure for 
the ‘Modified AE-MDB’ is same as the barrier 
calibration test of ECE Reg.95 without the mass of 
trolley.  The mass of trolley was 1500kg required in 
the AE-MDB specification.  The collision velocity 
of the LCW test of the ‘Modified AE-MDB’ was 
35km/h. 
The force-deflection curves of the ‘Modified 
AE-MDB’ are shown in Figure 5.  The upper row 
blocks, Block A, Block B and Block C, which were 
not changed from the AE-MDB V2, were within the 
required corridor.  However, the lower row blocks 
especially Block E was without the required corridor 

to stiffer side.  The both side blocks of the lower 
row, Block D and Block F, were upper limit of the 
required corridor in the initial part of the 
displacement.  Also, the whole barrier face stiffness, 
Total, was almost at upper limit of the required 
corridor. 
This is because; the ‘Modified AE-MDB’ was cut off 
the softer part of the lower row from original 
AE-MDB V2.  Then, the stiffer independent bumper 
than the main body was added there.  Because of 
that, the blocks of the lower row become stiffer.  
Furthermore, it can think that the load value of the 
Block E was increased by the load exchange with the 
stiffer blocks of the both side.  
Using this ‘Modified AE-MDB’ to confirm the 
influence of bumper-beam though this was not 
matched for the required corridor carried out the 
full-scale test. 
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Figure 5.  The force-displacement curve of the ‘Modified AE-MDB’. 
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     Full-Scale Test - We carried out the full-scale 
side impact test using the ‘Modified AE-MDB’.  
The test condition of this test was same as ECE 
Reg.95.  The impact point was put on the position 
where the centerline of the MDB corresponded to the 
seating reference point of the struck vehicle.  And, 
the impact velocity was 50km/h. 
In the struck vehicles, as shown in Figure 6, at the 
thorax level were almost similar between the 
AE-MDB V2 and the ‘Modified AE-MDB’.  This is 
because; the upper row of the ‘Modified AE-MDB’ 
was not changed from the AE-MDB V2.  At the 
H-point level in the B-pillar position, 2,300 to 2,400 
in lateral axis, the ‘modified AE-MDB’ was larger 
than the AE-MDB V2.  And, it almost corresponds 
with the deformation mode of the ‘Modified 
AE-MDB’ test when it increases the deformation 
mode of the CTC test 80mm.  The deformation by 
the ‘Modified AE-MDB’ was larger than the 
deformation by the AE-MDB V2 in side sill level. 
 

0
100
200
300
400
500

1,000 1,500 2,000 2,500 3,000 3,500In
ne

r 
 <

--
  -

->
  O

ut
er

Front  <--  -->  Rear

Pre-test Car-to-Car

AE-MDB V2 Modified AE-MDB

THORAX LEVEL

0
100
200
300
400
500

1,000 1,500 2,000 2,500 3,000 3,500In
ne

r 
 <

--
  -

->
  O

ut
er

Front  <--  -->  Rear

H-POINT LEVEL

0
100
200
300
400
500

1,000 1,500 2,000 2,500 3,000 3,500In
ne

r 
 <

--
  -

->
  O

ut
er

Front  <--  -->  Rear

SIDE SILL

Move to +80mm

Front Seat SRP Rear Seat H.P.

 

Figure 6.  The comparison of deformation of the 
struck vehicle between the AE-MDB tests and the 
car-to-car test. 
 
In the striking vehicles, as shown in Figure 7, in the 
bumper level, the deformation of the ‘Modified 
AE-MDB’ was smaller than for the AE-MDB V2.  
And, it almost corresponds with the deformation 
mode of the ‘Modified AE-MDB’ and the 
deformation mode of the bumper beam of actual 
vehicle. 
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Figure 7.  The comparison of deformation of the 
striking vehicle between the AE-MDB tests and 
the car-to-car test. 
 
The ‘Modified AE-MDB’ improved the deformation 
mode of the door section of the struck vehicle and the 
bumper of the striking vehicle.  And, more 
improvement of the lower row will be necessary. 
 
     The Problems of the ‘Modified AE-MDB’ - 
The force-displacement curves of the blocks of the 
lower row were without the required corridor to 
stiffer side.  Therefore, the deformation of the 
full-scale side impact test using the ‘Modified 
AE-MDB’ was larger than the CTC test and the 
AE-MDB V2 test.  And, the face plate of the 
‘Modified AE-MDB’ was split due to the collision.  
Then, the development of the new barrier face to 
conform to the required corridor was started. 
 

Development of AE-MDB V3.1J 
 
We developed the new barrier face that matched 
completely in the required corridor of the AE-MDB.  
We called that the AE-MDB V3.1J.  The structure 
of the lower row of this barrier face is shown in 
Figure 8.  The point that this barrier face is changed 
from the ‘Modified AE-MDB’ to is shown in the 
following. 
� Add the front plate between the face plate and 

the bumper to prevent the face plate from 
splitting. 

� Tuning the stiffness of the main-body of the 
lower row for matching to the required corridor. 

Other parts of the barrier face were not changed in 
this improvement. 
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Face plate : t=0.5mm
(same as AE-MDB V2

Bumper block : 245psi
(same as FMVSS 214 without dimension)

Intermediate plate : t=3mm drilled
(same as back plate material)

Main body
(same as AE-MDB V2 without depth and tuning)

Front plate : t=3mm
(same as back plate material without holes)

 

Figure 8.  The lower row structure of the 
AE-MDB V3.1J. 
 
     Load Cell Wall Test - Again, we carried out 
the load cell wall test to confirm the stiffness of the 
developed the AE-MDB V3.1J.  The test procedure 
for this barrier face is same as the previous LCW test.  
So, the mass of the trolley was 1500kg, and the 
velocity of the trolley was 35km/h. 

The comparison of the force-displacement curves of 
the AE-MDB V3.1J and the ‘Modified AE-MDB’ are 
shown in Figure 9.  The force-displacement curves 
of the upper row of the AE-MDB V3.1J were almost 
similar to the ‘Modified AE-MDB’ within the 
required corridor.  Because, there were no changed 
from the ‘Modified AE-MDB’.  In the 
force-displacement curves of the AE-MDB V3.1J, 
the both side of the lower row were within the center 
of the required corridor even in the initial part of the 
displacement.  In the force-displacement curve of 
the AE-MDB V3.1J, the lower center block was 
different from ‘Modified AE-MDB’, and it’s within 
the required corridor clearly.  These splendid results 
could obtain by tuning the main body of the lower 
row of the AE-MDB V3.1J.  And then, the whole 
barrier face stiffness of the AE-MDB V3.1J was 
within the required corridor clearly, too. 
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Figure 9.  The force-displacement curve of the AE-MDB V3.1J. 
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     Full-Scale Test - We carried out the full-scale 
side impact test using the AE-MDB V3.1J, too.  
And, the CTC test was carried out for the comparison.  
These test configurations are shown in Figure 10. 
In the MDB-to-car test, the test condition was 
different from the test of the ‘Modified AE-MDB’, 
and that is same as the test procedure of AE-MDB 
proposed by EEVC WG13.  The impact point was 
put on the position where the centerline of the MDB 
corresponded to the 250mm rearward of the seating 
reference point of the struck vehicle.  And, the 
impact velocity was 50km/h.  And, the ES-2 
dummies were put on the front and the rear seat in 
struck side. 
In the CTC test, that was carried out on both moving 
conditions.  The impact point was put on the 
position where the centerline of the striking vehicle 
corresponded to the seating reference point of the 
struck vehicle.  Then, the velocity of the striking 
vehicle was 48km/h and the velocity of the struck 
vehicle was 24km/h.  Also, the ES-2 dummies were 
put on the front and the rear seat in struck side. 
 

50km/h

25
0m

m

MDB Mass : 1,500kg

AE-MDB V3.1J

ES-2

a) AE-MDB to Car

 

48km/h
ES-2

24km
/h

24km
/h

b) Car to Car

Striking Vehicle Mass : 1,500kg

 
Figure 10. The test configuration. 
 
In the struck vehicle, the deformations after the test 
were shown in Figure 11.  At the thorax level and 
the side sill were almost similar between the 
AE-MDB V3.1J and the CTC test.  At the H-point 
level, the results of both tests were not the 

deformation mode that the door was greatly 
deformed in comparison with the B-pillar like the 
previous test series but the passenger compartment 
area was homogeneously deformed.  However, the 
deformation of the AE-MDB V3.1J was larger than 
the CTC test in rear seat H-point area.  This 
difference of deformation is supposed an influence 
by the difference in a position of an initial collision. 
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Figure 11.  The comparison of deformation of the 
struck vehicle between the AE-MDB V3.1J test 
and the car-to-car test. 
 
In the striking vehicle, the deformations after the test 
were shown in Figure 12.  The radiator-core support 
was measured with the CTC test as the top edge.  
Also, the bumper-beam was measured as the bumper. 
In the CTC test, the post-test deformation lines were 
offset for left side in this figure.  As for this, there 
was dragged on the right direction in front-end of the 
striking vehicle because the CTC test was both 
moving condition. 
The deformation of the top edge of the AE-MDB 
V3.1J was larger in the equivalent part to B-pillar of 
struck vehicle. And, the deformation of the CTC test 
was homogeneously.  Also, the deformation of the 
bumper section was homogeneously in the both tests. 
 
 
 
 
 
 



 Ueno 7 

0
100
200
300
400
500

-1,000 -500 0 500 1,000F
ro

nt
  <

--
  -

->
  R

ea
r

Forward of Vehicle  <--  -->  Rearward of Vehicle

Pre-test of Car Pre-test od AE-MDB

Car-to-Car AE-MDB V3.1J

TOP EDGE

0
100
200
300
400
500

-1,000 -500 0 500 1,000F
ro

nt
  <

--
  -

->
  R

ea
r

Forward of Vehicle  <--  -->  Rearward of Vehicle

BUMPER

Rear Seat  H.P.Front Seat SPR

 

Figure 12.  The comparison of deformation of 
the striking vehicle between the AE-MDB V3.1J 
test and the car-to-car test. 
 
The injury values of the dummies were shown in 
Table 1 to compare with the JNCAP results of the 
same vehicle.  Though the velocity of the striking 
vehicle of AE-MDB V3.1J was 50km/h, the CTC test 
was 48km/h and the JNCAP test was 55km/h.  And, 
the test vehicles using the AE-MDB V3.1J and the 
CTC were equipped the SAB (side air-bag) and CAB 
(curtain air-bag) systems.  But, the test vehicle of 

the JNCAP was not equipped these restraint systems. 
The injury values of the AE-MDB V3.1J test were 
larger than the CTC test and the JNCAP test in each 
region.  And the injury values of the rear seat 
dummy were larger than the front seat dummy. 
 

Table 1. 
The injury values of the dummies. 
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The injury values of the dummies in the AE-MDB 
test, the CTC test and the JNCAP test were shown in 
Figure 13.  This is shown in the percentage of injury 
value to proposal limit of current regulation. 
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Figure 13.  The comparison of injury values between the AE-MDB test, car-to-car test and JNCAP test. 
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In the head performance criterion (HPC), each result, 
especially CTC test, was very low value under 30% 
to the proposal limit.  The rear dummies were larger 
than the front dummies, because the head of the rear 
dummies without the cover area of the CAB system. 
In the rib deflection criterion, the maximum value of 
each rib deflection is used for the evaluation in the 
regulation.  Therefore, in this case, the lower rib 
deflection is used for the RDC in the both dummies 
of the AE-MDB test and the front dummy of the 
car-to-car test.  And, the upper rib deflection is used 
in the rear dummy of the CTC test.  The results of 
the AE-MDB test were larger by about 30% than the 
JNCAP test with both dummies of the front seat and 
the rear seat, though the vehicle of the AE-MDB test 
was equipped with SAB system in front seat.  Also, 
the results of the CTC test were larger by about 
5-15% than the JNCAP test.  The rear dummy of the 
CTC test was different trend from other dummies.  
In this dummy, the rib deflection was increasing to 
the upside.  But other dummies, the rib deflection 
was increasing to the downside.  This difference of 
trend is supposed an influence by the vehicle 
deformation in the rear seat position of the CTC test 
was smaller than the AE-MDB V3.1J test. 
In the rib viscous criterion (V*C), also the maximum 
value is used for the evaluation in the regulation.  
The V*C cannot compared with the JNCAP test, 
because it was not measured in the JNCAP test.  
The V*C values were very small value under 30% to 
the proposal limit with both tests of the AE-MDB 
V3.1J test and the CTC test.  The V*C values 
depended on the RDC values.  Therefore a tendency 
of the V*C values were different only in the rear 
dummy of the CTC test. 
In the abdominal peak force (APF), the result of the 
front seat dummy of the AE-MDB V3.1J test was 
almost same value to the result of the JNCAP test, 
though the vehicle of the AE-MDB test was equipped 
with the SAB system in the front seat.  On the other 
hand, the result of the front seat dummy of the CTC 
test was almost half value of the other tests.  In the 
rear seat dummy, though the AE-MDB V3.1J test 
was almost 2 times of the JNCAP test, the CTC test 
was small by about 30% than the JNCAP test.  The 
APF values of the rear seat dummies were larger than 
the front seat dummies in both tests. 
In the pubic symphysis peak force (PSPF), though 
the front dummy of the AE-MDB test was larger 
about 15% than the JNCAP test, the CTC test was 

smaller about 45% than the JNCAP test.  Also in the 
rear dummy, though the AE-MDB test was larger 
about 40% than the JNCAP test, the CTC test was 
smaller about 60% than the JNCAP test.  As for this, 
the AE-MDB test was larger than the JNCAP test, but 
the CTC test was smaller than the JNCAP test.  
Therefore, the results of the AE-MDB were about 2-3 
times of the results of the CTC test. 
The injury values of the rear seat dummy were larger 
than the front seat dummy in each region.  One of 
the reasons, the SAB system was equipped only in 
the front seat. 
The injury values of the AE-MDB test were larger 
than the CTC test in each region.  One of the 
reasons, the lateral element of the velocity for struck 
vehicle of the AE-MDB test was higher than the CTC 
test of both moving condition. 
 

CONCLUSIONS 
 
We carried out this study to develop the new barrier 
face to reproduce the stiffness of the current vehicle 
including the small sized sports utility vehicles.  
The force-deflection corridor was not changed from 
the original AE-MDB that decided by the stiffness of 
the ’98MY vehicles.  The independent bumper was 
added in front of barrier face without change the 
shape of whole barrier face with a purpose of fitting 
the deformation mode to the actual vehicle.  Then, 
the tuning by chemical etching was done to fit the 
original corridor of the AE-MDB in the main body of 
the lower row of new barrier face, because the 
stiffness of new barrier face changed by adding the 
independent bumper. 
We succeeded in the development of the new barrier 
face as a result of such process.  And this new 
barrier face was within the required corridor of the 
AE-MDB completely. 
After that, we carried out the full-scale side impact 
test to confirm the deformation mode when the new 
barrier face was used.  The deformation mode of the 
full-scale test was the homogeneously like the CTC 
test.  The injury values were compared with the 
results of the CTC test and the JNCAP test of same 
vehicle.  The results of the full-scale test using this 
new barrier face were severe than the results of the 
other tests.  One of the purposes of the development 
of this barrier face is reproduce the stiffness 
including the small sized sports utility vehicles.  
Therefore, it was presumed that the injury values of 
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the test using this new barrier face were severe than 
the CTC test. 
The next step, we plan the validation test using 
another vehicles, and/or using another dummies. 
The review of the barrier face is necessary for about 
every ten years, because the stiffness and the 
dimension of the vehicles will be changing year by 
year to improve safety. 
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ABSTRACT 

 

MADYMO® rigid-body models are widely used in 

the automotive industry for a range of occupant 

protection related applications.  These models have 

been evaluated at various levels against a range of 

experimental conditions including blunt impacts. 

To date the greatest focus for head impacts has 

been the study of severe impacts.  It appears 

beneficial to broaden the field of validation of these 

models, and to expand the knowledge of tolerance 

limits associated with lower severity injury.  In this 

case, mild traumatic brain injury (MTBI). 

A simulation protocol was developed using 

MADYMO’s human facet models to reconstruct 27 

real-life concussive head impacts from impact 

sports.  The cases were selected from a set that had 

been studied previously using a video analysis 

protocol.  The contact behaviour of the model was 

first evaluated against both experimental and 

numerical results available in the literature.  The 

video impact cases were then reconstructed and 

simulated, allowing for the assessment of a range of 

global biomechanical parameters that have been 

shown to be correlated with injury risk. The 

reliability of these reconstructions was evaluated by 

means of a sensitivity analysis of the influence of 

several independent variables on these dynamic 

outputs.  

The results showed that the use of MADYMO’s 

human facet model was adequate to obtain a 

representative estimate of head dynamics associated 

with soft to medium impact severities.  They also 

hinted at the model’s limitations to accurately 

model short impact durations impacts. The 

following mean peak values for MTBI were 

obtained from the reconstruction of the real-life 

impacts: 103 g for the head centre of gravity linear 

acceleration, 8022 rad/s2 for the head angular 

acceleration and 359 for the HIC.  

These values compare well with other studies and 

should contribute to the identification of the level at 

which injury first occurs. 

 

INTRODUCTION 

 

The head is exposed to the risk of impact and 

consequent injury in many areas, eg. transport, 

recreation, sport and assault.  

In automotive accidentology, focus has been drawn 

so far on mitigating the risks of moderate to severe 

injuries, this mitigation being a priority in such 

impacts as pedestrian (Chidester and Isenberg 2001; 

Otte and Pohlemann 2001), rollover (Otte and 

Krettek 2005) or lateral impacts (Digges and 

Dalmotas 2001). Early approaches to understanding 

the mechanisms of head injury and the tolerance of 

the head to impact relied on human cadaver or 

animal experimentation and subsequent medical 

assessment of the injuries (Ommaya et al. 1967; 

Gennarelli et al. 1972; Ono et al. 1980). The advent 

of improved computing and numerical modelling 

techniques then provided additional methods of 

study (Ruan et al. 1993; Willinger et al. 1994; Zhou 

et al. 1995). In particular, mild traumatic brain 

injury or concussion had not lent itself well to 

cadaver or animal models, due to the functional 

nature of the injury and ethical issues; numerical 

techniques have proven a promising method to 

investigate this range of energy levels (Zhang et al. 

2004). As MAIS injury levels have decreased in the 

last 20 years (Kullgren et al. 2002) thanks to 

improved passive measures, it appears that precise 

estimates of the risk of injury for contacts with 

softer parts of a vehicle (eg. dashboard) or other 

occupants may also benefit from both an improved 

modelization of the impact and a better knowledge 

of associated injury levels. 

The availability of video of sports head injury 

events, specific medical information, and numerical 

methods has provided a new avenue for 

biomechanical analysis of the mechanisms of mild 

to moderate severity head injury and related 

tolerance limits (McIntosh et al. 2000; Pellman et 

al. 2003; Zhang et al. 2003). Sport provides the 

opportunity to study impacts that lead to concussion 

as these events are often filmed and the injured 

athlete is thoroughly assessed, especially in 

professional sport. 

In this purpose, the MADYMO rigid-body 

modelling software package was used to simulate 

real-life concussive cases and to evaluate the 

dynamics associated with injurious levels. An 

evaluation of the ability of the model to describe 

impact dynamics was first performed in order to 

evaluate the reliability of these simulations and 

their implications for safety design strategies. 

Previously recorded real-life concussive head 
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impacts between football players were then 

reconstructed using MADYMO. 

This paper presents the design of this protocol, 

including an evaluation of the head contact 

properties, a parametric study of the main 

parameters of the impact, and the results of the 

simulations. 

 

MATERIALS AND METHODS 

 

Background to the modelling 

 

A set of a hundred videos of concussive 

impacts in both Rugby and Australian 

Rules Football was analysed and reported 

previously (McIntosh et al. 2000). For 

each player involved in an impact, 

anthropometric data (mass, height), 

conditions of the impact (location of the 

impact, head orientation, impacting 

segment) as well as medical assessment of 

the injury (definition and duration of the 

symptoms, concussion grade) had been 

collected. The kinematics of the players 

were then estimated, based on a 2D 

analysis of the videos. To refine these first 

calculations and precisely take into 

account their out-of-plane components, a 3D 

numerical analysis was chosen for the study 

presented here. Depending on the nature and 

duration of the impacts, an influence of the neck on 

the head dynamics could be expected (Beusenberg 

et al. 2001). Furthermore, a realistic simulation 

would depend on accurate modelling of the 

effective masses involved in the impact, and it was 

decided to model the whole players. The 

MADYMO human facet model’s behaviour had 

been previously validated against several sled test 

as well as blunt test impact configurations (TNO 

2005). Due to a more representative geometry, the 

contact behaviours were expected to be more 

precise than for the equivalent ellipsoid model. 

Moreover, its relative simplicity compared to an FE 

model allowed for easier parametrisation. For these 

reasons MADYMO’s facet models were chosen for 

these simulations. The following flow-chart (figure 

1) describes the methodology of the study, the grey 

blocks corresponding to the three stages associated 

to the numerical reconstruction and simulation 

process. 

 

Definition and evaluation of the model’s head 

contact properties 

 

Management of the contact in numerical impact 

models is of critical importance and after a 

preliminary run of the parametric study presented 

below it appeared that the contact characteristics 

had a significant influence on the model’s head 

impact responses. Furthermore, and although 

MADYMO’s human facet model’s behaviour had 

been validated previously (TNO 2005) for various 

blunt impact locations (thorax, shoulder and pelvis), 

this was not the case for it’s head. Therefore it was 

decided to improve the contact properties based on 

recent experimental data available in the literature, 

and to evaluate the resulting behaviour. 

 

 
Figure 1.  Flow-chart of the study’s three stages. 

 
Earlier versions of MADYMO did not allow 

combining the contact properties of two impacting 

surfaces. Therefore, combined contact 

characteristics had to be defined by the user or one 

of the objects (eg. the head) had to be defined as a 

rigid body. Versions 6.2 and later now authorize a 

combined calculation based on the contact 

properties of each surface and on their respective 

penetration, which allows for a more accurate 

modelling of the contact behaviour, especially in 

the case of two surfaces with similar contact 

properties. As they included both quasi-static and 

dynamic test conditions, the results from 

(Yoganandan et al. 1995) were used to refine the 

contact properties of the head model. In this 

experimental study, twelve unembalmed cadaveric 

head segments were rigidly fixed and impacted by a 

hemispheric rigid anvil at various locations of the 

head (resp. frontal, occipital, parietal, temporal and 

vertex impacts) and the force-deflection 

characteristics were measured. The loading 

conditions included quasi-static tests at 0.002 m/s 

and dynamic loadings at 7.5 ± 0.35 m/s. These two 

conditions (geometry, positioning, loading velocity) 

were reproduced with MADYMO. A quasi-static 

stress/penetration characteristic was defined in the 

model so as to obtain a good fit, respectively 

between the average quasi-static experimental and 

simulation force-deflection curves. Damping 

amplification properties (see appendices) were then 
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defined to fit the 7.5 m/s dynamic results, allowing 

for the definition of a complete contact 

characteristic. Experimental data from (McIntosh et 

al. 1993; Yoganandan et al. 2004) as well as FE 

simulation results from (Neale et al. 2004) were 

used to evaluate this behaviour. 

(McIntosh et al. 1993) impacted seated human 

cadavers at head level, respectively in lateral and 

occipital impacts with a pneumatic impactor. Tests 

included both unpadded and padded (25.4 mm thick 

Ensolite®) impact conditions for three different 

velocities. Boundary conditions were clearly 

defined for these protocols and pulse durations of 

impact force and head accelerations were available. 

These conditions were reproduced with MADYMO 

and the results, in terms of impact force, head 

acceleration, and HIC were compared between 

experiment and simulation. 

Published experimental results from (Yoganandan 

et al. 2004) were also used for the specific case of 

lateral impact. In these drop-test experiments, ten 

unembalmed cadaveric head specimens were 

dropped on a 50 mm thick, 40 Durometer material 

padded anvil, in order to obtain impacts in the 

temporo-parietal area. Impact velocities were up to 

7.7 m/s and results included corridors of the 

measured force and acceleration responses. The 

boundary conditions of these tests were reproduced 

and simulated with MADYMO. The contact 

behaviour of the padded surface was defined based 

on Sorbothane® force/deflection characteristics. 

Force and acceleration results were compared with 

the experimental corridors. 

As the simulation protocol and material properties 

were clearly described and included several impact 

conditions, results of Finite Element head drop-test 

simulations by (Neale et al. 2004) were finally used 

to evaluate the contact options for the head. In these 

drop-test simulations, a validated FE head model 

impacted an elastic block whose Young’s modulus 

was chosen with values ranging from 0.63 to 25 

MPa in order to control the impact durations (from 

20 to 6 ms). The coefficient of friction was 0.3 and 

impact velocity 4.44 m.s
-1
. To evaluate the 

MADYMO head model behaviour, frontal and 

parietal impacts to the head were modelled, 

reproducing the above described characteristics and 

boundary conditions for Young’s moduli of 

respectively 3 MPa and 25 MPa. Results were 

compared in terms of acceleration of the head’s 

CG, as well as contact forces. 

 

Parametric study 
 

Impacts between players were reconstructed and 

simulated using numerical rigid-body models in the 

present study.  There are many degrees of freedom 

in such models, and assumptions regarding the 

model’s geometry and mechanical properties 

influence the results. Errors may also come from 

the case reconstruction process, for example from 

the transfer of boundary conditions (eg. velocity) 

assessed on the videos, to the model. Therefore, 

before reconstructing the real-life impacts, a study 

of the influence of various independent parameters 

on the kinematics and the dynamics of the head 

impact was performed. 

A standardized protocol was chosen, where the full 

body model was positioned in a seated position and 

its head impacted horizontally by a spherical object. 

A parametric study was then performed, to assess 

the influence of the change in six independent 

variables (see table 1) on the results, when going 

from a low level (-1) to a high level (1) around a 

reference level (0) value. 

 

Table 1.  Parameters and their low/high levels 

 
Variable -1 / Low level 1 / High level 

Velocity  

(m/s) 
3.6 4.4 

Position  

(cm) 

Initial position 

-4 cm 

Initial position 

+ 4 cm 

Orientation  

(degrees) 

Perpendicular 

to 

sagittal plane 

Perpendicular 

to sagittal 

plane + 20 deg 

Neck 

stiffness  

(N.m) 

No restraint 

moment 

 “aware” 

condition 

Contact  

stiffness  

(N/m2) 

MADYMO 

limb contact 

stiffness  

– 20 % 

MADYMO 

limb contact 

stiffness  

+ 20 % 

Friction 

coefficient 
0.2 0.5 

 

This protocol resulted in two matrixes of 64 

simulations that were performed for two different 

changes (forward and backward) in horizontal 

position for the purpose of the sensitivity analysis. 

Simulations of the intermediate impact positions 

(level “0”) were also performed as a check for 

consistency and results distribution. 

In the video analysis (McIntosh et al. 2000), the 

minimal closing velocity for concussion was found 

to be 4.2 m/s. In the same study, the error in 

evaluating the velocity of the players was estimated 

to be less than 10 % on this set; as cases with 

potentially high parallax error had been excluded. 

Thus a mean velocity of 4 m/s, with a deviation of 

+/- 10 % was chosen to define the associated high 

and low level of this parameter in this study.  

The reconstruction of the initial position of the 

players in the real-life impacts was performed by 

assessing the videos frame-by-frame. For many 

videos, these frames were blurry and they did not 

allow a precise assessment of both the location and 

orientation of the head impact. In order to take into 

account these potential sources of error, the 

parametric study included simulations where the 

centre of impact was varied with regard to an initial 
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position (see figure 2). As this effect was thought to 

be maximal on the axial rotation of the head, the 

positions were chosen on a horizontal plane. For the 

same reason, the orientation of the blow was varied 

20 degrees around an initial lateral impact direction 

(figure 2). 

 
Figure 2.  Positions and orientations used for the 

impactor, with associated low and high levels. 

 

As the neck stiffness, in these cases representative 

of the player’s level of muscular activation and 

strength, was expected to possibly influence the 

results, two levels were taken into account in the 

parametric study. The high level, corresponding to 

an ‘aware’ state, was modelled by adding restraint 

torques at neck level to model muscle contraction. 

The values, 52 N.m in extension, 30 N.m in flexion, 

12 N.m in axial rotation and 31 N.m in lateral 

bending, were chosen at 80% of the range of 

maximal isometric neck torques defined in a review 

by (Portero and Genries 2003), the 80% threshold 

of maximal voluntary  force having been proposed 

by (Mertz et al. 1997) for Nij calculations with 

aware occupants in frontal impact. No restraint 

torques were added to the passive properties of each 

cervical level for the low level. 

Finally, contact properties influence the results 

(Camacho et al. 1999); they may depend on the 

subject and on the location on the body. Therefore, 

the limb contact characteristics present in 

MADYMO and used for this analysis where varied 

within +/- 20% of their mean value to assess this 

influence. In a review by (Sivamani et al. 2003), 

dynamic friction coefficient for the skin was found 

to range from 0.2 to 0.7. As a value of 0.34 had 

been described for the forehead, and as high values 

induced noise in the calculations, the coefficient 

was varied between 0.2 and 0.5 in this study. 

 Simulations were performed on a 200 ms time 

frame with a time step of 10
-3
 ms, allowing for the 

description of both the impact and the kinematics 

shortly thereafter. The dependant variables chosen 

as output were the Head Impact Power (HIP)-

(Newman et al. 2000b), Head Impact Criterion 

(HIC15), 3ms and peak linear (at the head’s CG) and 

angular acceleration of the head. 

 

Reconstruction of the real-life impacts 

 

Following the results of the parametric study, and 

in order to limit the effects of possible error in the 

assessment of the impact velocity due to the 2D 

analysis, 27 cases out of the 100 from the initial 

database were selected and reconstructed. These 

videos were chosen based on their clear description 

of the event; allowing for both the determination of 

accurate boundary conditions and the assessment of 

the reliability of the simulations. In particular, 

videos were chosen where the closing movement of 

the players occurred in the plane of the camera, to 

minimize errors made in the calculation of the 

initial velocity. In all cases head injuries had been 

well document and concussion graded according to 

the following criteria: Grade 1 – no loss of 

consciousness (LOC); Grade 2 – LOC < 1 min; and, 

Grade 3 – LOC > 1 min. 

The simulations of an impact between two players 

were performed using the following protocol: first, 

the models were positioned using HyperMesh® to 

reproduce the relative position of each player just 

before the impact (figure 3).  

 

 
Figure 3.  Reconstruction of the relative 

positions before impact. 

 

The masses and inertias of each model’s body 

segments were calculated based on the known 

anthropometry of the players and GEBOD (Cheng 

et al. 1994) scaling equations. They were then 

inputed into the models. The initial velocities of 

each human model were the closing velocities 

previously assessed during the video analysis. The 

parametric study had concluded that neck stiffness 

had a low influence on the head behaviour 

compared to other variables. Furthermore, it was 

difficult to assess the awareness of the injured 

players on some of the videos. Therefore, a generic 

“unaware” state was modelled: joint restraint 

torques were input into the model so that it could 

just maintain the standing upright position in a pre-

simulation. Finally, the initial position of the model, 

the initial velocity of each body segment and the 

stiffness of each joint were tuned in order to obtain 

a satisfactory match between the kinematic 

behaviour of the impacting bodies compared to the 

real event on video. The restraint torques used for 

the shoulder, elbow, hip, knee, and ankle, were 

chosen in the range of the values proposed by 

(Stobbe 1982). The simulation period was 200 ms 

which incorporated both the impact and immediate 

post impact kinematics. All simulations were run 

using HyperMesh v6.0 and MADYMO v6.2.2. 

 

Biomechanical Output Data 

 

In order to compare the results with the existing 

video analysis data, the Peak Velocity Change 

(PVC), impulse and impact energy of the head were 

calculated. For means of comparison with the 

literature, the impact energy was calculated as the 
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energy needed to allow the head’s peak change in 

velocity, allowing the definition of an equivalent 

drop-test impact energy. The impulse was 

calculated at the same time of peak change. The 

head’s CG linear acceleration, head angular 

acceleration, HIC15 and HIP were also calculated in 

order to study the biomechanics of concussion and 

for comparison with the literature.  

 

RESULTS 

 

Definition and evaluation of the model’s head 

impact properties 

 

An example of simulations of an impact following 

each protocol (McIntosh et al. 1993; Neale et al. 

2004; Yoganandan et al. 2004) is presented in 

figure 4. 

 
Figure 4.  Simulations of Yoganandan et al., 

Neale et al. and McIntosh et al. (from top to 

bottom) impact conditions. 

 

Simulation of  Yoganandan’s experiments : 

Figure 5 presents a comparison between the 

simulation and experimental results for this series 

of drop-tests. Experimental results present the 

average and standard deviation of the 10 tests. 

Simulations results present outputs for simulations 

with the min/average/max head weight from the 

experiment. Both the peak force and acceleration 

compare well with the experiment for this relatively 

soft impact.  

 
Figure 5.  Comparison of experimental (in blue) 

and simulation (in red) peak force and 

acceleration. 

Simulation of Neale’s simulation protocol : 

The results are presented in table 2 and table 3. In 

the 3 MPa frontal and parietal impacts, differences 

between simulation and experimental results are 

within 11%. In the 25 MPa impacts, the same trend 

is observed for the peak force and linear 

acceleration. However, there are large differences 

(up to 50 %) between the simulated and 

experimental peak angular accelerations for both 

impacts. For the 25 MPa impacts, force pulse 

durations were significantly higher (up to 25%) in 

the MADYMO simulation. 

 

Simulation of McIntosh’s experiment :  

 

 
Figure 6.  Comparison between simulation and 

experimental results from (McIntosh et al. 1993) 

for the Aluminium (undamped) and Ensolite 

(damped) 5.9 m/s parietal impacts. 

 
Figure 6 presents peak values in linear acceleration 

of the head’s CG, Force and HIC for the 

Aluminium (5 ms) and Ensolite (11 ms) parietal 

impacts, compared between simulations and 

experiment. Results are within, or close to the 

experimental range of values for both impacts. 

However, for the undamped impact, the peak force 

output is significantly out of the experimental 

corridor by 66%.  

 

Parametric study 

 

Table 4 gives a statistical description of the 192 

simulations set (including intermediate positions), 

and Figure 7 shows an example of the distribution 

of the mean HIC values and peak angular 

acceleration of the head for the various positions. 

As none of the outputs were found to be normally 

distributed, the relative influence of each of the 

parameter was assessed by representing it as a 

scatter plot with the means (see figure 7 for an 

example of the effects). In order to compare the 

influence of each parameter, changes in the 

variables between low and high level were 

normalized by expressing them as a percentage of  
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Table 2.  Comparison between simulations and (Neale et al. 2004) for the 12ms and 6ms frontal impacts 

 

FRONTAL IMPACT 

Acceleration  

 

 
Linear 

(g) 

Rotational 

(rad/s
2
) 

Force 

 

(N) 

Duration 

 

(ms) 

HIC 

 

E = 3 MPa      

Mean 144 1839 6700 12.5 906 

(Neale 2004) 132 1727 6700 12.0 - 

E = 25 MPa      

Mean 248 4293 11550 7.5 1536 

(Neale 2004) 231 8510 11900 6.0 - 

 
Table 3.  Comparison between simulations and (Neale et al. 2004) for the 12ms and 6ms parietal impacts 

 

PARIETAL IMPACT 

Acceleration  

 

 
Linear 

(g) 

Rotational 

(rad/s
2
) 

Force 

 

(N) 

Duration 

 

(ms) 

HIC 

 

E = 3 MPa      

Mean 151 3372 7026 12.0 1019 

(Neale 2004) 140 3774 6800 12.0 - 

E = 25 MPa      

Mean 222 5313 10283 7.4 1450 

(Neale 2004) 210 7773 11800 6.0 - 

 

Table 4.  Descriptive statistics for each parameter, for 192 simulations, including intermediate 

positions 

 

Linear acceleration 

(m/s
2
) 

Angular acceleration 

(rad/s
2
) 

 HIP 

(W) 

HIC 

3ms Max 3ms Max 

Mean 9081 287 504 788 2981 4995 

Stdev
1
 2624 124 125 183 711 1994 

CV
2
 0.29 0.43 0.25 0.23 0.24 0.4 

CL Sup.
3
 9393 302 519 810 3065 5232 

CL Inf.
4
 8770 272 489 767 2896 4759 

(1)
 Standard deviation 

(2)
 Coefficient of variance 

(3),(4)
 95% Confidence Intervals of the mean, upper and lower limit.  

 

 

 
Figure 7.  Scatter and mean plot of the influence of each of the six parameters on the HIP values, in the 

case of the rearward change in position. 
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the initial (low level) value. These percentages of 

change were then averaged between the two sets 

(forward and rearward direction of change), 

allowing a ranking of each parameter’s influence on 

the output variable (see table 5). From these results, 

peak angular acceleration of the head is influenced 

dramatically by changes in position, while changes 

in velocity affect primarily HIC and HIP values. 

Changes in contact stiffness of the model also have 

a significant influence on each variable, although 

this is not true for the 3ms values (linear and 

angular acceleration). Friction coefficient, 

orientation of the impact and neck stiffness have 

relatively no significant influence. Overall, HIC 

value and peak angular accelerations of the head are 

the most influenced by change in the parameters, 

and 3ms values are the least. Finally, object contact 

stiffness shows the most influence on variables 

which depend on durations (HIC and HIP).  

In the same way, influence of a combination of two 

variables, or cross-effects, were then evaluated for 

combinations of the major influencing parameters. 

Assuming that cross-effects between two variables 

would account for the main changes in the model’s 

behaviour, the result show that a cross-effect 

between velocity and contact stiffness has an 

important influence both on the HIP and HIC 

values, while a combination of each of this variable 

with position influences mainly peak angular 

acceleration. These effects reached respectively 

110%, 141% and 95% of the low level value. The 

3ms accelerations, linear and angular are the least 

influenced, percentages being respectively 40 and 

50%. 

 

Real life impacts reconstruction 

 
Figure 8 presents a visual comparison between one 

of the impacts and its simulation.  

 

 
Figure 8.  Simulation of an Australian Rules 

Football impact. 

 
In this case (nb. 4) the player was hit by an 

opponent’s knee while crouching to catch the ball. 

He was not aware of the incoming impact and 

suffered no LOC from it, resulting in a Grade 1 

concussion classification. Table 6 presents a 

summary of the mean peak values and range for 

each biomechanical variable stratified according to 

each concussion grade and table 7 presents the 

results of each simulation. There were nine 

simulations for each grade of concussion. HIC 

values for concussion ranged from 87 to 994. The 

latter HIC was reached for one of the most severe 

impacts, where peak values of 200 J in impact 

energy and of 43 kg.m/s impulse were reached. The 

overall mean values for HIC, peak linear and 

angular acceleration were 359, 103g, and 8022 

rad/s
2
, respectively. Although some of the results 

demonstrated high standard deviations (respectively 

68% and 69% of the mean value for HIC and HIP), 

a common trend between injury severity and some 

of the biomechanical parameters can be observed. 

 

DISCUSSION 

 

The initial aim of this study was first to improve the 

reliability of the case study video analysis 

performed previously, and to evaluate the dynamics 

associated with concussive head impacts. 

Secondly we also aimed at evaluating the reliability 

of using a rigid-body software such as MADYMO 

to estimate these parameters. Although such models 

are used both in research and in the automotive 

industry to model pedestrian impacts, an evaluation 

of the facet model’s head behaviour had not been 

documented before. 

A parametric analysis was undertaken, which 

showed that the rigid-body model’s head contact 

properties influenced the biomechanical parameters 

used as estimators of the risk of concussion. New 

contact characteristics were proposed, that allow 

taking into account the combined behaviours of the 

two impacting objects, and refine the existing ones 

by taking into account damping effects. As these 

contact properties proved to be adequate to model 

the relatively soft impacts between players, they 

were used to reconstruct 27 real life concussive 

impacts in order to obtain an estimate of the 

biomechanical parameters associated with this first 

level of injury. 

 

Definition of the model’s head contact properties 

 

Results in terms of peak accelerations, peak forces 

and HIC values compare well with the experiments 

for the three sets of evaluations. However, 

significant differences are found for the peak 

angular accelerations and forces for the short-

duration impacts (≤ 6 ms). In the simulation of 

Neale et al.’s protocol, the differences in angular 

rotations may be explained by a relative coarseness 

of the mesh in this version of the model, meaning 

that small differences in initial positioning between 

the head models may yield significant differences 

in their rotational behaviour.  

In the same protocol, the peak force results of the 

simulation for the undamped impact show an 

important difference (66%) which is accounted 

mainly by high damping forces. At this stage, it is 

unclear if this short duration peak is an artefact of 

the simulation, due for example to the rough mesh, 

or if the head damping properties have to be 
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adapted for this kind of very short duration impact. 

As skull fractures were not modelled, but occurred 

in each of the undamped experimental impacts, 

simulations may yield these unrealistic results. Part 

of the above described inconsistencies may also 

relate with previous observations by (Neale et al. 

2004), and may reflect the fact that a rigid-body 

model may not be accurate enough to model short-

duration impacts because of the 

coupling/decoupling process involved between the 

brain and skull.  

The impact conditions assessed in Yoganandan and 

al.’s experiments correspond to an impact into a 

polyurethane material, similar to a dashboard. The 

combined contact definition yields satisfying results 

for these impact conditions. Several limitations may 

be associated with the evaluation process presented 

here. First, the experimental force-deflection curve 

used to define the contact properties is an average 

of results obtained for several impact locations on 

the head. It is acknowledged that differences in 

bone properties and skull thickness will influence 

the local behaviour of the head, however at this 

stage our aim was to improve the existing 

modelling, and to obtain a reasonable estimate of 

the impact dynamics. The parametric study was 

intended to allow the definition of possible 

uncertainties. It is also acknowledged that the 

impact behaviour will depend from the modelling 

of the second impact surface (in our case, limb, 

thorax, abdomen or head of the impacting player). 

The associated MADYMO bi-linear contact 

properties had been evaluated previously by means 

of blunt test simulations based on PMHS 

experiments, and were used as such. They would 

however benefit from a refined definition for the 

purpose of improving the combined contacts 

approach.  

  

Table 5. 

Influence of each parameter (expressed in percentage of change from low to high level), ranked 

from highest to lowest 

 

Linear  

acceleration 

Angular  

acceleration 

(%) HIP 

 

HIC 

3ms Max 3ms Max 

Average  

effect 

Position -21.1 -37.9 -37.8 -22 26.5 96.9 40.4 

Velocity 51.8 76.9 13.8 25.6 19.8 23.7 35.3 

Contact Stiffness 38.6 35.8 1.5 34.8 13.3 21.9 24.3 

Orientation -12.8 -10.5 -5.6 -7.1 -4.4 -16.6 9.5 

Friction -6.3 8.8 8.4 -0.7 -0.2 -5.5 5 

Neck Stiffness -2.4 -1.3 -1.3 -0.7 1.5 -0.90 1.4 

Average Effect 22.2 28.5 11.4 15.1 11 27.60  

 

Table 6. 

Mean peak values reached by the biomechanical parameters during the simulations 

 

Acceleration 

Linear  

(g) 

Angular 

(rad/s
2
) 

 

Impact 

energy 

(J) 

Impulse 

 

(kg.m/s) 

HIP 

 

(W) 

HIC 

3ms Max 3ms Max 

PVC
(1) 

 

(m/s) 

Duration 

 

(ms) 

Mean 63 24 8830 231 64 86 4380 7240 5.0 21 

Min 25 15 4600 87 47 60 2010 3470 3.2 8 Grade1(2) 

Max 103 32 14990 471 81 100 9500 14720 6.5 46 

Mean 82 27 11030 333 72 101 4760 7350 5.7 24 

Min 28 17 5080 111 50 60 2700 3880 3.4 7 Grade2(2) 

Max 164 40 15550 976 109 183 7100 15130 8.3 54 

Mean 105 31 21280 513 93 123 5650 9470 6.5 12 

Min 51 22 6800 232 70 84 2950 5100 4.7 7 Grade3(2) 

Max 200 43 53990 994 122 152 10900 16450 9.3 16 

Mean 83 27 13715 359 76 103 4930 8020 5.8 19 

Min 25 15 4600 87 47 60 2010 3470 3.2 7 All 

Max 200 43 53990 994 122 183 10900 16450 9.3 54 
(1 )Peak Velocity Change (2) Grade 1: no LOC 

          Grade 2: LOC < 1 min 

          Grade 3: LOC > 1 min 
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Table 7.  Peak values reached by each biomechanical parameter for each case 

 Case Grade  Impact Impulse HIP HIC Linear acc. (m/s2) Angular acc. (rad/s2) PVC Duration 

  energy (J) (kg.m/s) (W)  (3ms) (Max) (3ms) (Max) (m/s) (ms) 

1 1 78 27 4604 471 799 934 5780 7659 5.8 9.1 

2 1 47 21 7788 142 523 710 2610 4070 4.5 14.1 

3 1 46 20 8614 87 464 586 7050 9806 4.5 42.0 

4 1 59 24 12437 218 653 795 2410 5957 5.0 11.8 

5 1 39 20 5536 208 596 980 3085 8526 4.0 8.3 

6 1 86 29 6614 294 729 980 2950 3466 5.9 12.4 

7 1 25 15 12784 127 520 796 9500 14718 3.2 7.7 

8 1 82 29 6101 229 640 906 2010 4379 5.7 42.0 

9 1 103 32 14990 301 723 930 4020 6594 6.5 46.0 

10 2 78 27 5078 178 542 596 2700 3881 5.8 21.7 

11 2 28 17 12963 203 571 963 6345 9301 3.4 7.4 

12 2 164 40 14831 250 721 921 4020 5670 8.3 42.0 

13 2 93 29 12867 585 983 1338 5150 8285 6.4 9.5 

14 2 47 21 6955 111 492 588 5410 6550 4.6 20.7 

15 2 106 32 8091 238 674 905 4050 6560 6.6 40.0 

16 2 53 23 15549 241 641 1001 3460 4697 4.7 54.0 

17 2 62 24 9724 214 651 799 4630 6087 5.2 14.1 

18 2 110 33 13233 976 1065 1793 7100 15133 6.7 7.8 

19 3 78 28 14074 501 878 1432 6200 13160 5.6 7.0 

20 3 120 34 21145 641 1031 1266 4541 7282 7.1 11.3 

21 3 99 30 6799 405 900 1136 2950 6366 6.5 14.8 

22 3 136 36 30256 684 1078 1300 3400 7738 7.5 12.2 

23 3 103 31 19668 422 867 1077 4000 5100 6.5 12.0 

24 3 51 22 53993 293 725 1108 10900 16450 4.7 9.8 

25 3 77 27 15000 232 687 827 5240 9079 5.8 15.5 

26 3 200 43 16258 994 1200 1490 8900 10935 9.3 13.2 

27 3 79 27 14358 443 888 1209 4700 9132 5.8 10.7 
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Parametric study 

 
The results of this study show that errors in 

evaluating both the exact location and the velocity 

of the impacting objets may have the strongest 

influence on the biomechanical parameters used as 

estimators of the risk of concussion (see table 5). 

These parameters (HIC, HIP, head linear 

acceleration and angular acceleration) had been 

previously shown (Newman et al. 2000a; Zhang et 

al. 2004) to be acceptable estimators of the injury 

risk.  

Beusenberg et al. (2001) emphasised that the head’s 

behaviour during an impact simulation was 

dependant on the modelling of the neck with 

consideration for the rest of the body. This is not 

the case in this study, and may be explained by the 

importance of effective masses and compressive 

loading mechanism of the neck in Beusenberg’s 

simulation protocol; no such loading direction was 

performed in our real-life scenarios. Also, the range 

chosen for the low and high level in our parametric 

study have an influence on the results. They were 

however chosen carefully to be representative, 

either of possible errors in the reconstruction of the 

boundary conditions, or of possible fluctuations in 

the model’s degrees of freedom. Results may also 

have varied depending on the initial location of the 

centre of impact. For this reason, the changes in 

variables were averaged for changes both in the 

forward and in the rearward direction. Intermediate 

positions were also simulated in order to check the 

consistency of the evolution in behaviour. 

These results showed that estimating precisely the 

position and velocity were important for the real-

life case study simulations. This suggested 

restricting the ongoing reconstructions to impacts 

that were in the plane of the videos and where the 

location of the impact could be estimated precisely. 

Therefore, out of the initial 100 videos available, a 

set of 27 cases was chosen, where these constraints 

were met. 

Results showed that the model’s contact stiffness 

properties also had an influence on the results, and 

for this reason the evaluation of the model’s head 

behaviour was undertaken. Following this study, 

the impact durations of the real-life reconstructions 

(7-54 ms) were deemed long enough to ensure that 

the results were not influenced by errors due to 

short duration impacts reconstructions with 

MADYMO. 

Finally, the low and high levels were chosen to 

allow a full range of deviation (assuming for 

example an uncertainty of 20% in estimating the 

velocity, or of 8 cm in positioning). If we assumed 

a worst-case scenario with a cross-effect of the two 

main influencing effects, the boundary of the 

associated uncertainties would range from +/- 20 % 

for the 3ms linear and angular acceleration, up to 

+/- 70 % for the HIC value. 

 

Reconstruction of real-life impacts 

 

Table 8 presents a comparison of the mean peak 

values reached with the MADYMO simulations 

with the ones calculated from the video analysis, 

for the same set of 27 cases and for the whole set of 

100 cases. The results show a similar trend between 

the simulation and the video analysis although 

mean peak values for the simulations were slightly 

higher. This difference may be explained by the 

fact that numerical reconstructions allowed 

consideration for velocities after impact that were 

out-of-plane, which could not be evaluated in the 

previous 2D video analysis.  

 

Table 8. 

Compared results for the simulations and previously performed video analysis 

 

SIMULATION 
VIDEO ANALYSIS  

(same 27 cases) 

VIDEO ANALYSIS  

(all 100 cases) 

Impact Impulse PVC Impact Impulse PVC Impact Impulse PVC 

energy   energy   energy   

(J) (kg.m/s) (m/s) (J) (kg.m/s) (m/s) (J) (kg.m/s) (m/s) 

83 27 5.8 73 24 5.2 67 23 4.8 

 

Numerical studies on head injury biomechanics 

have been performed previously, and a large 

number were aimed at describing the mechanisms 

of injury and therefore used more precise FE 

models (Ruan et al. 1993; Miller et al. 1998; 

Kleiven and Von Holst 2002; Zhang et al. 2004). 

Only a few studies reported on real life accident 

reconstruction, either using dummy human 

surrogates (Newman et al. 1999; Pellman et al. 

2003) or numerical models (Baumgartner et al. 

2001; O'Riordain et al. 2003; Zhang et al. 2004). 

Some of these results are presented and compared 

with our results in table 11. The results of the 

present work show that concussion occurs for 

similar values of HIC, HIP, and accelerations as in 

similar studies. 
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Table 9. 

Comparison with similar studies 

 

 Impact HIC HIP Acceleration PVC Risk of 

 energy   Linear Angular  Concussion 

 (J)  (W) (g) (rad/s
2
) (m/s)  

(Newman 2000)  
240 

485 

12790 

20880 

78 

115 

6322 

9267 
 

50%  

95%  

(Pellman 2003) 118 381 - 98 6432 7.2 Mean value  

(Zhang 2004)  
240 

369 

- 

- 

82 

106 

5900 

7900 
 

50% 

95%  

This study 83 359 13715 103 8020 5.8 Mean value 

 

 

These results are encouraging, as they show 

realistic head dynamics. It is however difficult to 

assess both the presence and severity of all injury 

types. Reasons are numerous and relate to the 

difficulty in taking into account variability both in 

the injured human and in the impact situations and 

the range of experimental data acquired. Indeed, the 

validity, from content to external, of global 

mechanical parameters and injury criteria to assess 

injury risk remains a point of argument and 

controversy (King et al. 2003). For example, the 

HIC is based on the experimental assessment of the 

presence or absence of fractures and it is a 

significant extrapolation to use it as a general 

predictor of concussion or MTBI, as it is now 

characterised in sport. Nevertheless, some studies 

have found significant correlations between global 

criteria and the risk of concussion (Ruan et al. 

1993; Newman et al. 2000a; Zhang et al. 2004). 

They are also simple to calculate, generally highly 

reliable in impact testing, and may be used 

effectively for means of comparisons. Some, like 

the impact energy are a simple approach by which 

an equivalent impact energy for testing can be 

determined. 

Although no control (no-injury) cases were 

included in this study, our results are in close 

agreement with previously (Zhang et al. 2004) 

suggested values for a tolerable reversible brain 

injury. As Grade 1 MTBI’s were associated with 

mean HIC values of 230, HIP values of 8830 and 

combined linear and angular acceleration of 

respectively 86 g and 7240 rad/s
2
, these could be 

added to the pool of existing tolerance values 

proposed for this specific injury. 

 

CONCLUSION 

 

Twenty-seven cases of medically verified 

concussion from rugby union and Australian 

football were reconstructed using numerical 

simulation. The simulations were able to refine and 

add to data obtained from a previously performed 

video analysis. By modelling real-life concussive 

head impacts, the results of this study allow us to 

precise the knowledge of biomechanical tolerance 

levels associated to the presence of an injury.  

Results from the sensitivity study show that HIC 

values and peak angular accelerations of the head 

are significantly influenced by both the degrees of 

freedom in the model and the boundary conditions 

of the impact. These conclusions oriented us to 

restrict drastically the number of reconstructions in 

the real-life study that followed, and to evaluate the 

behaviour of the model’s head during impact. 

In particular, these real-life reconstructions allow 

presenting the following findings: 

- Grade1 concussions occurred for impacts 

involving mean energies of 60 J, and impulses of 24 

kg.m.s
-1
. These values confirm previous findings 

and may contribute to the design of experimental 

testing procedures. 

- Based on our results and similar studies (Pellman 

et al. 2003; Zhang et al. 2004), suggested tolerance 

values for concussion are as follows: 230 for HIC15, 

8830 W for HIP, 85 g and 6000 rad/s
2
 for combined 

peak linear and angular acceleration of the head. 

Finally, the evaluation performed in this study is a 

contribution towards an improvement in the use of 

head impact models in rigid body simulations. 

Results from this evaluation suggest that, although 

the behaviour has to be improved for short impact 

durations, HIC values, forces and peak linear 

acceleration of the head’s CG obtained by using a 

rigid-body model with adequate contact 

characteristics are representative of real-life 

impacts. As they were not evaluated against 

experimental results, or presented significant 

differences with previously published experimental 

or simulation data, respectively HIP values and 

angular acceleration of the head should be assessed 

with caution.  

Despite these restrictions, using human rigid-body 

models in impact present several advantages when 

the aim is to study the risk of injury associated with 

real-life accident reconstruction. It is also believed 

that this approach may be beneficial as an input to 

more refined simulations more focused at assessing 

the associated injury mechanisms. 
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APPENDICES 
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df = damping amplification function (difference 

between quasi-static and dynamic functions) 

λ = penetration     

t = surface thickness (normalized to 1.0 in our case) 
 

 
 

Figure 9.   Averaged quasi-static and dynamic 

(resp.  blue and red) stress functions used for 

MADYMO’s head contact properties, based on 

the response to the occipital, parietal and frontal 

impacts (corridors in black) described in 

(Yoganandan et al. 1995). 

 
Due to the choice of an averaged normalizing 

thickness, these characteristics do not represent the 

stress/penetration characteristics for a human head. 

However, their use in the previous equations (1) 

allow for a good fit of the resulting quasi-static and 

dynamic force-deflection curves obtained with this 

facet model. 
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ABSTRACT 
 
In comparison to the widespread advancement of 
safety-enhancing technologies for passenger vehicles, 
there has been only limited development of 
Intelligent Transport Systems (ITS) for motorcycles. 
Considering the international over-representation of 
motorcyclists in crash statistics, in particular, the high 
incidence of loss of control crashes and multiple-
vehicle crashes and the critical issue of motorcycle 
conspicuity, it would appear that the development of 
ITS for motorcycles should be given greater priority. 
The current review aimed to investigate the extent to 
which ITS have been applied to motorcycles 
(including both existing and emerging technologies) 
and discuss these ITS according to their likely safety 
benefits to motorcycle safety. A literature review and 
expert consultations confirmed that very few 
motorcycle-specific ITS currently exist, with 
advanced braking systems a notable exception, 
although a number of prototype systems have been 
developed. The potential to adapt emerging and 
existing ITS for other vehicles to motorcycles is also 
highlighted. Technologies that were seen to enhance 
the stability and braking power of motorcycles have 
been regarded with highest priority as these are most 
likely to be relevant to almost all motorcycle crash 
types, particularly loss of control crashes. Future 
motorcycle ITS developments must be safety-driven, 
but also consider issues such as acceptability. 
Evaluative studies of existing and emerging systems 
are a critical next step.  
 
INTRODUCTION 
 
This review was conducted in recognition of the lack 
of Intelligent Transport System (ITS) developments 
for motorcycles. There are numerous safety 
enhancing technologies for passenger and 
commercial vehicles, however, motorcycles to this 
point have been largely overlooked by both ITS and 
vehicle manufacturers. This is despite estimates that 
system-wide deployment of ITS would reduce 
crashes by up to 50% (e.g., 1 2 3). The demonstrated 
safety advantages of ITS for passenger and 

commercial vehicles (e.g., 4 5 6 7 8) suggests that ITS 
for motorcycles could also have important 
implications for reducing motorcycle crashes. The 
aim of this review was to provide a snapshot of the 
technological research and development currently 
being undertaken with regard to ITS and motorcycle 
safety. In addition, advancements in ITS for other 
vehicle domains have been considered for their 
potential to be adapted to motorcycles. This paper 
provides an overview of a range of in-vehicle ITS 
that may be implemented in the motorcycling 
domain, and that address those crashes that are 
typical for motorcycle riders.  
 
ITS has been classified both in terms of the location 
of the system, and the time at which it takes effect. 
System location classifications of ITS are: (i) in-
vehicle-based, (ii) infrastructure-based, and (iii) 
cooperative systems that integrate in-vehicle and 
infrastructure-based technologies and allow vehicle-
vehicle or vehicle-environment interactions. An 
alternative and complementary ITS classification 
differentiates the time at which the system takes 
effect. Active systems are crash avoidance 
technologies that serve to prevent a crash from 
occurring, either through constant support to the user, 
or intervention in an emergency situation. Passive 
systems are crash mitigation systems that serve to 
reduce the effects of the crash once it has occurred or 
is occurring. Combined active and passive systems 
(CAPS) combine both these functions. While 
numerous types of ITS exist that may enhance 
different aspects of the road user�s experience (e.g., 
in-vehicle information systems), only ITS which are 
designed to enhance the safety of vehicle occupants 
are reviewed in this paper. Furthermore, since 
infrastructure-based ITS have potential benefits for 
all road users and there are no infrastructure-based 
ITS developed specifically for motorcyclists, only 
emerging and existing in-vehicle and cooperative ITS 
will be reviewed.  
 
In order to appreciate which ITS would be most 
beneficial for motorcycles, an understanding of the 
critical safety issues relevant to motorcycling is 



Bayly 2 

needed, as motorcycle crashes tend to show different 
characteristics to other vehicle types. The over-
representation of motorcyclists in crash statistics is an 
international problem that is reflected in Australian 
crash statistics. Australian motorcyclists are three 
times more likely to be involved in a casualty crash 
than car drivers 9 and comprised 14% of the national 
road toll in 2005 10. The overrepresentation of these 
crashes is evident in that only 3% of registered 
vehicles in the Australian vehicle fleet were 
motorcycles 9.   
 
Multiple-vehicle crashes (head-on, side-swipe, failing 
to give-way) and loss of control crashes on both 
straight and curved sections of road are dominant 
types of fatal and serious injury motorcycle crashes. 
It has been found that up to 75% of all motorcycle 
crashes involve other vehicles 11. The MAIDS study 
12 reported 60% of all motorcycle crashes involved 
passenger cars, and that 41.3% of US motorcycle 
crashes are run off-road, while approximately 10% 
involved head-on crashes with other vehicles 13. It 
has also been repeatedly shown that rider error is a 
significant crash factor 11 12 13, that alcohol is a factor 
in 25-53% of crashes, and that unlicensed riders are 
involved in significantly more crashes than licensed 
riders 11 12. A common attribute of multiple vehicle 
crash causation is conspicuity, where the driver of the 
other vehicle claims not to have seen the motorcycle 
11 12. This may be due to driver inattention, temporary 
obstruction of the view of the motorcyclist, or low 
conspicuity of the motorcycle. Other factors, such as 
poor weather, poor visibility and poor road surface 
conditions have rarely found to be causal factors in 
motorcycle crashes, and collisions with pedestrians 
and animals comprise relatively small proportions of 
crashes 11 12.  
 
While these key safety issues may show patterns 
unique to motorcycling, there is potential for ITS 
developed for other vehicles to also address these 
issues. ITS currently exist that may address 
motorcycle crashes both in terms of crash prevention 
and harm minimisation. The extent to which this has 
already occurred will be reviewed in the following 
sections.   
 
THE STATE OF DEVELOPMENT OF ITS 
SYSTEMS FOR MOTORCYCLES 
 
The lack of ITS-specific applications for motorcycles 
has not gone unnoticed in both the fields of 
motorcycling safety and ITS research and 
development. While vulnerable road users are often 
considered in the ITS literature (e.g.,14), widespread 
applications of ITS to motorcycling safety have not 

yet occurred despite the clear need and potential for 
such safety countermeasures 15 16 17. Motorcycling 
safety bodies have also called for ITS developments 
and criticised the lack of consideration given to 
motorcycles in the ITS field 18. The potential for 
inter-vehicle communication systems to address 
motorcycle conspicuity issues has been previously 
recognised 12, and stimulation of development of 
conspicuity enhancing technologies such as daytime 
running lights (DRLs), and advanced braking systems 
such as anti-lock braking systems (ABS) and linked 
braking systems, have been encouraged 19.  
 
One of the first discussions of the potential for ITS 
adaptation to motorcycles postulated that while ITS 
have been developed for passenger vehicles, this does 
not preclude their modification for other vehicle 
types 15. ABS, blind spot warning systems, advanced 
lighting systems, intersection collision monitoring, 
and driver (rider) monitoring, among others, were 
identified as existing ITS for other vehicles that could 
practically and usefully be adapted to motorcycles 15. 
Furthermore, systems such as adaptive cruise control, 
traction warnings, weather warnings, vision 
enhancement, rider monitoring, and curve speed 
warnings could also be applied to the motorcycling 
domain20. The notion of ITS for collision avoidance 
and stability enhancement in motorcycles has also 
previously been highlighted 17. 
 
The forerunners of most ITS developments of 
motorcycles stem from Japan�s Advanced Safety 
Vehicle (ASV) initiative. The ASV program is 
concerned with the development of technologies for 
crash avoidance and crash minimisation. Several 
motorcycle manufacturers participating in this 
research program have developed a number of 
prototype in-vehicle systems. Areas of focus for these 
projects have included driver inattention, rear-end 
collisions and passive safety 21. 
 
In summary, there is potential for ITS for 
motorcycles to address issues such as conspicuity and 
vehicle handling, and multiple vehicle collisions. As 
already noted, the vast majority of ITS developments 
to date have focused on car safety and, to a lesser 
extent, heavy vehicle safety. Very few motorcycle-
specific ITS have been developed, although active 
research programs are beginning to address this. 
However, as seen with recent trials of ISA on 
motorcycles conducted in Sweden (by SWECO and 
IMITA) and in the United Kingdom by MIRA 22, 
there is potential for existing in-vehicle ITS to be 
adapted to motorcycles. 
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EXISTING AND EMERGING ITS FOR 
MOTORCYCLES 
 
In this section the various ITS that may be applied to 
the motorcycling domain will be reviewed. The 
following section provides a brief description of 
existing and emerging ITS for all vehicle types that 
show potential to address the safety issues already 
highlighted. Each ITS has been categorised 
nominally according to function. A functional 
overview of each system is provided, with a 
description of the state of development of these 
systems, for example, whether it is commercially 
available, or in prototype stage. Foreseen or known 
issues associated these systems are also identified. It 
should be noted that the information provided in this 
review is based on an extensive search of the 
literature and consultation with international industry 
experts in motorcycling and ITS, which formed the 
basis of an earlier report 23. However, it is quite 
possible that some emerging ITS for motorcycles 
have not been reviewed here if such information has 
not been made publicly available.  
 
Active Safety ITS 
 
     Crash Avoidance ITS 
 
Crash avoidance ITS are active systems that alert the 
rider to potential hazards in the road environment 
and/or dangerous riding behaviours. Collision 
warning systems are designed to detect potential 
hazards on the road using radar, laser, or infrared to 
monitor the frontal, rear and/or lateral roadway. 
Feedback is provided to the user when a hazard is 
detected. Some systems may also activate an 
automated collision avoidance function. The latter 
typically involve system intervention of steering 
and/or braking functions, and therefore adaptation of 
this function to motorcycles could be problematic. 
Following distance warning systems combine the 
information from forward-facing infrared cameras or 
radars with acceleration sensors to determine the time 
or distance headway to the leading vehicle, and alert 
the driver if some minimum headway threshold is 
reached. Inter-vehicle communication is a 
cooperative ITS that utilises GPS technology to 
communicate between vehicles. Information 
regarding location, direction and vehicle speed is 
transmitted between vehicles, allowing advanced 
warning of other approaching vehicles. 
Infrastructure-based versions of inter-vehicle 
communications systems, termed intersection 
collision avoidance, are also emerging.  
 
 

Lane departure warning systems monitor the lateral 
position of the vehicle in relation to the lane edges 
with radar, infrared cameras, or similar detection 
hardware. If the vehicle is about to depart the lane, 
the departure warning system provides visual, 
auditory or tactile feedback to the user. Lane keeping 
systems utilise similar functions, and additionally 
apply steering force that prevents the vehicle from 
drifting further, which again may not be suitable for 
motorcycles. Pre-crash systems combine the active 
and passive collision avoidance technologies 
described above (CAPS systems). For example, 
potential collisions activate the pre-crash system that 
in turn primes other vehicle systems, such as 
advanced braking systems or passive ITS in order to 
minimise the effects of the crash. 
 
Crash avoidance ITS have not been widely developed 
for motorcycles. However, some of these systems 
have clear potential for improving motorcycle safety 
and can be implemented without affecting the rider's 
control over the motorcycle. While collision warning 
systems are not commercially available for 
motorcycles, Yamaha�s ASV-2 prototype vehicle 
includes such a system. Similar technologies that 
detect animals and pedestrians are currently being 
developed for passenger vehicles that may also apply 
to the motorcycling domain. The benefits of these 
latter systems for motorcycle use may be limited 
given that pedestrian and animal crashes comprise 
relatively small proportions of motorcycle crashes 11 

12. Inter-vehicle communication systems may prove 
very important for preventing the larger proportion of 
motorcycle-related multiple vehicle crashes occurring 
in urban areas 12, in particular crashes occurring at 
intersections where the visual conspicuity of 
motorcycle riders and driver's inattention to 
approaching motorcycles are often factors 24. It 
should be noted, however, that these systems require 
a large proportion of the vehicle fleet to have adapted 
this technology in order for it to have notable impact 
on crashes.  
 
Following distance warning systems, lane 
keeping/departure warning systems, and pre-crash 
systems that link ABS with forward collision sensors, 
while commercially available on four-wheeled 
vehicles, have not yet been developed for 
motorcycles. Implementation of systems that include 
automation or intervention of vehicle functions 
would be problematic unless reliable steering and 
braking control systems were developed, and even 
then there may be low acceptability by motorcycle 
riders, who have been shown to ride motorcycles for 
reasons other than just transportation 25. Furthermore, 
the potential positive effects of lane keeping and lane 
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departure warning systems on reducing run-off-road 
crashes may attenuate if such systems do not take 
into account purposeful changes in lane position such 
as when the motorcycle splits lanes. 
 
     Stability and Braking Enhancing ITS  
 
Numerous ITS exist that serve to increase the braking 
potential of vehicles. One common such system is 
anti-lock brakes, which controls and optimises the 
braking performance of the vehicle and prevents 
wheels from locking under forceful braking events. 
ABS monitors the rotation of the wheels, and 
regulates braking pressure should they begin to lock. 
Contact between the wheels and the road is 
maximised, and the stability and path of the vehicle is 
maintained. Another system which similarly 
maximises the braking potential of the vehicle in 
emergency situations is brake assist. Brake assist 
serves to reduce the stopping distances of the vehicle. 
Forceful braking pressure is detected, and the system 
applies additional hydraulic pressure to the brakes. 
Brake assist has been developed in recognition that 
maximum braking pressure is rarely achieved in 
emergency situations. This may be especially true of 
motorcycles, where the independent nature of the 
front and rear brakes means they are not always 
optimally applied. Linked braking systems aim to 
counteract the potential of non-optimum motorcycle 
braking behaviour by applying dual braking pressure 
(i.e. from both brakes) even when only one brake is 
applied.  
 
Other systems address the stability characteristics of 
the vehicle. Roll stability systems monitor the yaw 
rate and speed of the vehicle, and the rider is warned 
if a critical threshold of tilt has been breached. Up to 
one-third of crashes have been found to occur on 
curves 12, and roll stability systems for motorcycles 
may at least partially address this. Electronic stability 
control (ESC) detects wheel traction, lateral 
acceleration, yaw rate, steering wheel position and 
speed and determines whether the actual course of 
the vehicle is the same as the driver�s intended 
course. If there is a discrepancy, ESC applies 
individual braking pressure to the wheels to correct 
the vehicles trajectory. 
 
Although ESC is commercially available for 
passenger vehicles under numerous product names, 
stability enhancing ITS are less advanced in terms of 
development for motorcycles. In fact, whether such 
as system would be feasibly adapted to a two-
wheeled vehicle is questionable due to the unique 
stability and braking characteristics of two wheel 
vehicles. However, given that this review has 

attempted to encompass all ITS that may potentially 
address motorcycles safety issues, of which stability 
(in loss of control crashes) is a key factor, ESC can 
justifiably be included here. Furthermore, ESC in 
other vehicles has been associated with single-vehicle 
crash reductions of up to 67% (e.g., 26 27 28). Roll-
stability systems for motorcycles are more advanced. 
While this technology has largely been developed for 
commercial vehicles and SUV�s, tilt sensors are 
commercially available for motorcycles.  
 
Advanced braking systems are a leading area of ITS 
developments for motorcycles, and much of the 
braking technology reviewed here already exists for 
motorcycles. Loss-of-control crashes may be 
significantly reduced with ABS for motorcycles. 
Until recently, however, surprisingly little 
implementation of ABS in motorcycles had occurred 
29 despite ABS for cars and light trucks being 
available for many years, and numerous discussions 
in the literature of the potential benefits of ABS for 
motorcycles (e.g., 12 15). A notable exception is 
developments in ABS and other advanced braking 
systems from Honda. The only application as yet of 
brake assist to motorcycles has been to Yamaha�s 
ASV-2 Model 1. Linked braking systems are a better-
established ITS. These systems may be combined 
with brake assist or ABS (as in Honda�s advanced 
braking systems). Evaluative studies of implemented 
advanced braking systems for motorcycles are not 
publicly available. 
 
     Visibility-enhancing Systems 
 
Advanced lighting systems should serve two benefits 
to motorcyclists. First, they may address the unique 
safety issue of conspicuity of motorcycles to other 
road users. Second, they may provide better 
illumination of the road environment for motorcycle 
riders. Serving the former function, daytime running 
lights provide a constant frontal light whenever the 
vehicle is in operation, typically employing an 
existing headlight at around 80% of its normal 
luminance. Traditional fixed headlights tend to 
illuminate the shoulder of the road when cornering 
rather than the intended path of the vehicle. 
Motorcycle DRLs have been associated with 
considerable reductions in daytime crashes in several 
Asian countries (e.g., 30 31 32). Adaptive front lighting, 
or active headlights, use input from vehicle speed and 
angular velocity sensors to adjust the angle of the 
headlight when cornering. A rotating mechanism in 
the headlight maintains a parallel angle with the road 
at all times, maximising illumination of the road at 
night 33. There is potential for this system to both 
enhance the conspicuity of the motorcycle to other 
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vehicles while cornering, as well as the primary aim 
of improving the visibility of the riding environment. 
Therefore, adaptive front lighting may address the 
significant safety issues of conspicuity and crashes 
occurring on curves, at least at night-time. Vision 
enhancement systems provide an augmented view of 
the road environment. These may employ radar, laser 
or infrared imaging to detect objects on the road, and 
overlay this enhanced image on the windshield of the 
vehicle, and potentially the visor of the rider (see 
helmet mounted displays in the next section). These 
systems enhance the riders� functional viewing 
distance and increases the contrast of objects in poor 
visibility conditions such as at night-time or in fog.  
 
DRLs are a technically mature ITS, are a standard 
feature on many motorcycles, and have been made 
mandatory in a number of jurisdictions. DRLs are 
widely considered an effective and economical 
vehicle safety technology 34. There is debate whether 
daytime DRLs should be classified as ITS. However, 
given that DRLs are conspicuity-enhancing in-
vehicle technologies with well-demonstrated safety 
enhancing effects, they have been included in this 
review. Adaptive front lighting is a less technically 
mature ITS, although such as system was 
implemented on Yamaha�s ASV-2 Model 1. Vision 
enhancement systems are an emerging technology for 
all vehicle types.  
 
     Advanced Driver Assistance Systems  
 
Advanced driver assistance systems (ADAS) serve to 
provide additional information available to the user, 
and/or present integrated information from various 
warning ITS and the vehicle instrumentation panel. 
Additionally, numerous systems exist that address 
specific elements of the driving task. For example, 
curve speed warnings indicate to the rider that the 
current speed is inappropriate for upcoming changes 
in the road geometry. Such information is discerned 
cooperatively, through roadside beacons or GPS 
systems. Road surface monitoring systems 
continuously uses laser, radar, and/or video imaging 
to screen the road surface for abnormalities, such as 
debris, ice or potholes. The system may be used to 
either provide additional information to the rider, or 
integrate with advanced braking or collision 
avoidance systems to increase stopping distances and 
headways to suit the road conditions 35. Helmet-
mounted displays project vehicle information onto 
the rider onto an area of the helmet visor. These 
systems serve to eliminate the need for the rider to 
take their eyes of the road to view vehicle 
information, such as speed and RPM. The display is 
projected at a similar focal distance as the roadway, 

so that the rider does not need to re-focus while 
viewing the information. However, the extent to 
which driver inattention or distraction resulting from 
looking at the vehicle�s instrumentation panels is a 
crash factor is largely unknown at this stage. Rear-
view displays provide the user a view of the roadway 
behind the vehicle. Rear-facing cameras continuously 
capture the road environment, and display this 
information either on visual interfaces within the 
vehicle, or on the upper area of the helmet visor. 
Such systems may help prevent multiple-vehicle 
crashes, such as rear-end or side-swipe crashes, 
although it is worth noting these have not been 
identified as leading motorcycle crash types. 
Intelligent speed adaptation (ISA) provides speed 
control to the user.  Speed zones are transmitted 
cooperatively to the vehicle, and the system either 
passively alerts the user when excessive speeding 
occurs, or in intervening systems, prevents the driver 
from exceeding the speed limit. In passenger 
vehicles, this may be in the form of upward pressure 
on the accelerator pedal.  
 
An ADAS �rider support system� introduced on the 
Yamaha ASV-2 incorporates information from the 
forward collision warning system, curve speed 
warning system, speedometer, and navigation system, 
and conveys this information on a visual display on 
the console and via an earpiece worn by the rider. 
Integrated systems such as this are not specific to 
particular crash types, but serve to reduce rider 
workload and enhance the information available to 
the rider and are therefore expected to indirectly 
enhance motorcycle safety. Curve speed warnings are 
in an initial stage of development. Similar 
infrastructure-based systems for commercial vehicles 
currently exist, however, the only in-vehicle 
application of such technology to motorcycles known 
to date has been in Yamaha�s ASV-2. Several types 
of commercially available visual display systems for 
motorcycles currently exist and are relatively 
advanced. Existing helmet-mounted display systems 
project information such as speed, fuel levels, RPM, 
and gear position to the rider�s visor. Road surface 
monitoring technology is emerging in all vehicle 
types, and may serve to reduce loss of control 
crashes, although road surface conditions are rarely 
cited as key factors in motorcycle crashes 11 12. While 
ISA for motorcycles has been tested in a number of 
European trials, no formal reports of these 
investigations are currently available. However, it 
was communicated to the authors that the different 
acceleration and deceleration patterns of motorcycles 
compared to other vehicles, as well as technical 
considerations such as throttle resistance as feedback 
and vibration from the motorcycle must be addressed. 
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Therefore, adaptation of ISA is at a formative stage. 
Notably, it has been shown that motorcycle accidents 
are not often characterised by excessive speed 12. 
 
     Driver Management/Monitoring Systems 
 
Driver management/monitoring systems restrict or 
monitor the vehicle operator and may prevent an 
individual from turning on the vehicles ignition, 
and/or continuously assess the ability of the operator 
to safely operate the vehicle. For example, alcohol 
interlocks analyse the breath alcohol content (BAC) 
of the user. The system typically disables the ignition 
of the vehicle, which is only enabled if the breath 
content of the vehicle is below a predetermined BAC 
level. The breath testing device may be mounted on 
the vehicle, or a device on the key fob. Driver 
vigilance systems monitor the status of the driver 
and/or driving performance and determine whether 
the driver is fatigued or inattentive. These systems 
monitor factors such as eye movement, steering 
wheel grip, lateral lane movement, or may involve 
devices that require regular input from the driver. 
While issues such as fatigue and intoxication are 
significant safety issues for car and heavy vehicle 
domains, where systems that monitor driving 
performance have been estimated to reduce fatal and 
injury-related crashes by 10-15% 2, less is known 
about their potential impact on motorcycle crash 
rates.  
 
Electronic licenses are mechanisms that prevent 
unauthorised individuals from operating a given 
vehicle. The engine is immobilised until an 
authorised card is present. The role of unlicensed 
vehicle operation in crash rates is largely unknown, 
although it has been shown that unlicensed riding is a 
factor in a significant proportion of crashes 11. 
However, it is a common feature of motorcycle 
graduated licensing schemes to include power 
restrictions for learner riders, and this ITS may 
provide a mechanism for enforcement of these 
restrictions.  
 
Alcohol interlocks on motorcycles for riders who 
have been convicted with riding over a legal BAC 
have been trialled in Australia, but as yet their 
effectiveness has not been evaluated. Driver vigilance 
monitoring systems are emerging technologies in 
other vehicle domains, but have not yet been applied 
to motorcycles and there are technical challenges in 
adapting such systems to inside the motorcycle 
helmet. Electronic licences are an emerging 
technology, with heavy vehicle fleet management 
leading the development of such systems. A similar 
technology, referred to as smart cards, has been 

developed for motorcycles by Honda to reduce 
motorcycle theft, where the ignition can only be 
activated by one of these cards.  
 
Passive Safety ITS 
 
Passive safety systems are those that take effect 
during or immediately after a crash in order to 
minimise harm to the vehicle occupant. For example 
airbags absorb the kinetic energy of the vehicle 
occupant during a crash, reducing injury severity. 
Airbags installed below the airbags inflate when 
triggered by impact sensors in the front wheels, and 
are relevant to all frontal impact crashes. However, 
unique issues concern motorcycle airbags since they 
must be designed to take into account that the 
position of the rider is not always upright such that 
there may be smaller distances between the rider�s 
face and the airbag than that typical for car drivers, 
and that the presence of pillion passengers will affect 
the forward force of the rider 36. A motorcycle-
specific innovation is inflatable airbag jackets that 
deploy when a cable connecting the jacket to the 
vehicle is severed when the rider is propelled from 
the vehicle, cushioning the rider from impact with the 
ground.  Automatic crash notification (ACN) systems 
detect the occurrence of a crash through vehicle 
speed, tilt, and deceleration sensors, and 
automatically notify emergency services. GPS units 
inform emergency services of the vehicles location. 
ACN should perform several important functions 37, 
such as informing the user that emergency services 
have been contacted and when they are due to arrive 
through auditory and/or visual displays, providing 
information to the user from the emergency services 
operators, and updating this information in real-time. 
Emergency lighting systems illuminate the vehicle in 
the event of a crash (a passive system) and serves to 
enhance the visibility of the vehicle to other road 
users and emergency services. Emergency lighting 
systems for motorcycles are commercially available. 
 
Relatively fewer passive than active ITS applications 
exist that are relevant to motorcycling. However, of 
those systems identified here, it is important to note 
that these systems are in considerably advanced 
development for motorcycles, particularly with 
regard to airbags. In-vehicle airbag systems have 
been developed by Honda through the Advanced 
Safety Vehicle program. These systems are currently 
commercially available, although no evaluative 
literature regarding their effectiveness could be 
identified. ACN systems for motorcycles are in a 
preliminary stage of development, and initial tests of 
their adaptability to motorcycles have been 
conducted 38. No formal evaluations of their 
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effectiveness were available. Airbags, airbag jackets 
and automatic crash notification systems are 
applicable to all crash types that may result in serious 
injury or fatality. Systems that minimise occupant 
injury or improve the response times of emergency 
services have previously been predicted to improve 
crash outcomes. For example, it has been estimated 
that of crashes in which a motorcycle airbag could 
have been triggered, 44% would have resulted in less 
serious injury outcomes for the motorcyclists 39. 
Numerous studies have predicted that automatic 
crash notification systems may be effective (for at 
least passenger vehicles) in reducing serious injury 
and fatal crashes by between 5-15% 40 41 42.  At least 
one Australian emergency lighting exists that product 
incorporates with a roll stability warning device 
currently. 
 
CONCLUSION 
 
The present review, has identified nine existing 
safety enhancing ITS systems for motorcycles. In 
addition, eight emerging technologies currently in 
prototype form, and several additional �potential� 
systems have been described. These have been 
discussed in terms of the critical motorcycling safety 
issues, namely loss of control crashes, multiple 
vehicle crashes, and additional factors such as 
conspicuity, alcohol and unlicensed riding. While 
some of these systems serve to address specific safety 
issues, such as interlocks and alcohol-related crashes, 
other systems will show comprehensive benefits 
across a number of crash types. For example, 
advanced braking systems are relevant to any event 
where forceful braking is applied. Importantly, this is 
one area of ITS development that has shown a 
significant amount of development. However to date 
there are no available studies on the effectiveness of 
the existing systems identified, with the exception of 
DRLs. In addition to technical development, future 
research should address issues such as acceptability, 
usability, negative behavioural adaptation, and 
further in-depth analysis of crash causal factors such 
as distraction.  
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ABSTRACT 
 
Vehicle compatibility combines aspects of both self 
and partner protection. Self protection involves a 
vehicle�s compartment strength and occupant 
protection systems.  Partner protection involves 
vehicle design attributes that work towards providing 
occupant crash protection of a vehicle�s collision 
partner.  Research has suggested that crush force 
matching (or good engagement of the front structures) 
and high compartment strength are essential 
components for improving compatibility between 
passenger cars and other vehicles [1].   However, 
recent trends have shown that incompatible force 
distributions and greater relative front end stiffness 
are prevalent in the fleet.  To research this issue, the 
Progressive Deformable Barrier (PDB) face was 
evaluated for its ability to assess the compatibility 
between the front end force of heavier vehicles with 
the compartment strength of lighter ones. 
 
The paper investigates the feasibility of a high energy 
absorption PDB in full frontal and offset frontal crash 
test configurations.  A joint research program was 
carried out at the Union Technique de l�Automobile 
du Motocycle et du Cycle (UTAC) in conjunction 
with the Directorate for Road Traffic and Safety 
(DSCR) in France and the National Highway Traffic 
Safety Administration (NHTSA) of the United States 
(U.S.) to investigate whether barrier deformation 
using the PDB could differentiate compatibility 
performances between two different U.S. light trucks 
and vans (LTVs). 
 
INTRODUCTION 
 
Safety researchers around the world, including the 
U.S. and France, have been concerned with vehicle 
compatibility in crashes for many years.  NHTSA has 
conducted studies on vehicle aggressiveness (injury 
risk vehicles pose to drivers of other vehicles with 
which they collide) and methods for measuring it for 
over 25 years [2].  Examination of U.S. crash 
statistics shows a disparity in fatality risk for 

passenger car occupants in vehicle-to-vehicle 
collisions with LTVs.  Past studies have shown that 
LTVs, as a class, were found to be twice as aggressive 
toward their collision partners as passenger cars [2]. 
This mismatch in crash performance has considerable 
consequences for the traffic safety environment, as 
approximately half of all passenger vehicles sold in 
the U.S. are LTVs.   
 
While LTVs are not nearly as prevalent in Europe, 
vehicle compatibility has been a growing concern for 
its countries as well.  Researchers have observed that 
European vehicles have been generally produced with 
greater mass, stiffer front ends and higher 
compartment strengths to provide occupant crash 
protection in fixed offset barrier crash tests [1].  
However, as vehicles get heavier and stiffer, the 
deformable barriers used for the evaluation of frontal 
offset crash protection begin bottoming out.  As a 
consequence, the test becomes more severe for the 
stiffer, heavier vehicles, and they become more 
incompatible with smaller collision partners. 
 
In 1996, European Enhanced Vehicle-Safety 
Committee Working Group 15 on vehicle 
compatibility was established in order to explore 
methodologies to assess vehicle compatibility, and 
develop test procedures to address it.  In March 2002, 
vehicle compatibility was included as an area of focus 
for the exchange of information in the program of 
work adopted under the World Forum for the 
Harmonization of Vehicle Regulations (WP.29) 1998 
Global Agreement.  Both the U.S. and France are 
signatories to that agreement, and have been 
concurrently active participants in international 
research collaborations, such as the International 
Harmonized Research Activities on vehicle 
compatibility [3].   
 
In 2004, NHTSA and the DSCR signed a bilateral 
agreement to enhance cooperation and increase the 
efficient use of resources.  One form of this 
cooperation includes conducting joint analyses to 
promote the development of improved vehicle safety 
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programs and related regulations.   The two parties 
decided that one area of focus would relate to issues 
of vehicle compatibility.  A joint research program 
was initiated to investigate the use of a PDB in 
discerning levels of partner and self protection of 
heavy passenger vehicles in full width and offset test 
configurations.  Based on its own research program 
on vehicle compatibility, NHTSA identified two sets 
of LTVs with differing levels of aggressiveness for 
the PDB study [4].  UTAC was selected as the site 
location for conducting the tests. 
 
DSCR has been researching the PDB test procedure 
approach for over 8 years as a means to address 
vehicle compatibility [1].  The PDB progressively 
increases in stiffness in depth and upper and lower 
load levels, which contributes to its name, PDB, as a 
Progressive Deformable Barrier.  Its characteristics 
were designed to represent an actual vehicle structure 
with sufficient force level and energy absorption 
capacity to mitigate any occurrences of bottoming out.  
In doing so, the PDB may be able to better harmonize 
test severity among vehicles of different masses.  The 
approach aims to encourage lighter vehicles to be 
stronger without increasing the force levels of large 
vehicles [1].  By its design, the PDB is also able to 
detect all frontal structures involved in a crash (i.e. 
cross members, subframes, blocker beams, and 
longitudinal frame rails).  By detecting the impact 
deformations, the test procedure can encourage 
vehicle designs to incorporate structures that 
distribute homogeneous force levels over large 
surfaces. 
 
 
METHOD OF TEST EVALUATION 
 
Test Severity 
 
One approach toward evaluating both self protection 
and partner protection is to normalize the test severity 
for all vehicles, large and small by using the PDB.  
The test velocity alone is not a good indication of the 
severity of the event because, unlike a rigid barrier 
test, a portion of the test energy is absorbed by the 
deformable element of the barrier.  The energy 
absorbed by the barrier is a factor of the vehicle�s 
mass, design and stiffness.  Therefore, the parameter 
used to equate the test severity for different vehicles 
at a common speed using the PDB is the Energy 
Equivalent Speed (EES). 

 

M

Eabs
hkmEES

××= 2
6.3)/(  

Eabs = energy absorbed by the vehicle (J) 
Eabs = Kinetic energy � Energy in the barrier 
M = mass of the vehicle (kg) 
 

∫=
max

min

x

x

FdxEbarrier     F = P * S 

P = barrier stiffness (MPa)  S = crushed surface (m2) 
 
Self protection 
 
The concept of self protection is the ability to protect 
the occupants within the striking vehicle in a vehicle-
to-vehicle crash.  Many of the crashworthiness 
regulations around the world are directed toward 
evaluating a vehicle�s �self protection,� or how the 
vehicle protects its own occupants.  To achieve good 
self protection, front end design must limit intrusion 
and acceleration levels in the passenger compartment 
as well as limit occupant injury criteria.  The 
following parameters were measured to evaluate the 
level of self protection the vehicles offered: 
 

- Compartment intrusion 
- Dummy injury criteria 
- Vehicle acceleration 

 
Partner protection  
 
The concept of partner protection involves vehicle 
design attributes that function to maximize protection 
of the occupants within the collision partner (struck) 
vehicle.  In order to take advantage of the potential 
energy absorption of a vehicle front end in a vehicle-
to-vehicle crash, good engagement of the vehicle 
structures must occur.  To achieve this result, the 
deformation of the front end must be distributed over 
a large surface.  In this study, barrier digitization is 
used to examine the different barrier engagement 
patterns.  The study also compares the following 
parameters that have been identified in previous 
research as influential in the evaluation of partner 
protection [5]: 
 

- Average Height of Deformation (AHOD): 
height at which the median deformation occurs, 
(evaluates the frontal geometry of a vehicle) 

- Average Depth of Deformation (ADOD): 
average deformation over the barrier, 
(evaluates the frontal stiffness of a vehicle) 

- Maximum Deformation (Dmax)  
 
Calculation method: 
 
- Average Height of Deformation (AHOD): 

 
For a given rectangular investigation region, 
the �depth profile� is computed as a function 
of height. 

∫=
max

min

),()(
y

y

dyzyXkzρ  
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Where k is a normalization constant ensuring 
that: 

1)( =∫ dzzρ  

 
The AHOD is then obtained as a mean value:  

 

∫= dzzzAHOD )(ρ  

 
- Average Depth of Deformation (ADOD): 

 
For a given investigation region with an area 
S:  

∫= dydzzyX
S

ADOD ),(
1  

 
 
 
TEST CONFIGURATION 

 
PDB+ Offset Test configuration 
 

 
PDB+ Offset 

 

 

 
Barrier 
Speed 
Overlap 
 
Dummies 

 
PDB + 50% 
60km/h 
50% 
 
H3 50% male 
H3 5% female 
+ Leg Lx 

Figure 1: Vehicle in front of the offset PDB 
 

This test procedure is based on the current PDB test 
protocol (Figure 2) [6]. The only difference is in the 
barrier construction itself.  In order to avoid 
bottoming out the barrier with large and heavy LTVs, 
a layer of 90 mm honeycomb at 1.71 MPa was added 
to the back of the barrier (Figure 2).  The stiffness of 
other barrier parts were similar to the current PDB.  
For the purposes of this study, this modified barrier, 
with a rear layer, is called �PDB+.�   

 
 

 
 

 
 

Figure 2 : PDB + barrier specification. 
 
 
PDB+ Full Width test configuration 
 

 
PDB+ Full Width 

 

 

 
Barrier 
Speed 
Overlap 
 
Dummies 

 
PDB + 100% 
60km/h 
100% 
 
H3 50% male 
H3 5% female 
+ Leg Lx 

Figure 3: Vehicle in front of the full width PDB 
 
The �full width� test configuration used a full width 
PDB+ (Figure 4). This barrier was built as a standard 
PDB, considering stiffness and layers, but it is 2 
meters wide instead of 1 meter.  This barrier was also 
built with a rear layer of 90 mm of honeycomb at 1.71 
MPa.  The test speed was fixed at 60 km/h to ensure 
that the test would be sufficiently severe for LTVs 
and the results could be compared with previous 
offset PDB tests [1] and full width rigid wall tests. 
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Figure 4: Full width PDB+ 

 
A belted Hybrid III 50th percentile male dummy was 
in the driver position and a belted Hybrid III 5th 
percentile female dummy was seated in the right front 
passenger position.  Both dummies were instrumented 
with lower leg instrumentation. 
 
VEHICLE SELECTION 
 
To evaluate the performance of the PDB+, the 2003 
Chevrolet Silverado pickup truck (Figure 5 and Figure 
6) and the 2005 Chrysler Town & Country minivan 
(Figure 7 and Figure 8) were selected for this study 
based upon their design, construction geometry, test 
weight, frontal stiffness and force matching height, 
collected as part of the United States New Car 
Assessment Program (USNCAP).  In this test 
program, vehicles equipped with belted 50th percentile 
male dummies are impacted into a rigid barrier at 56 
km/h, and load cell data is collected from the test.   
 
The intent of the vehicle selection was to identify 
those that had similar force matching heights during 
impact, but also had a difference in frontal structural 
stiffness, which could represent two incompatible 
vehicles.  The Silverado and Town & Country 
vehicles also represent two distinct vehicle design 
approaches.  The Silverado used a separate body on 
frame construction whereas the Town & Country was 
built with a unibody structure.  From USNCAP test 
data, it was determined that the average height of the 
force when impacting an instrumented rigid barrier 
was similar for both the Silverado and the Town & 
Country.  However, the Silverado�s front structure 
was estimated to be over 40 percent stiffer.  Since the 
vehicles had similar force matching heights, they were 
identified as good candidates to evaluate how the 
PDB discriminates not only different front structural 
stiffness, but also differing frame construction.  
Figure 6 and Figure 8 provide details on the mass, 
width, and structure. 
 

 
Figure 5: Silverado 

 
Silverado 

Test Mass 2293 kg 
Width 1994 mm 
Structure Body on frame 

Figure 6:  Silverado Specifications 
 
 

 
Figure 7: Town & Country 

 
Town & Country 

Test Mass 1950 kg 
Width 1920 mm 
Structure Unibody 

Figure 8:  Town & Country Specifications 
 
 
TEST RESULTS 
 
Four tests were performed according to the matrix 
below (Figure 9).  The following sections describe the 
test results based on test severity, self protection and 
partner protection. 
 

Test Matrix 

 
50% 

Offset 
PDB+ 

Full Width 
PDB+ 

Silverado √ √ 
Town & Country √ √ 

Figure 9:  Test Matrix 
 
PDB+ Offset test 
 
Town & Country 
 
Test severity 
 
The amount of energy absorbed in the offset PDB+  
was 73 kJ for the Town & Country test. The 
calculated EES for this test is 51 km/h, which is 9 
km/h less than the test speed. 

 
Self protection 
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In terms of self protection, the Town & Country 
maintained its occupant compartment integrity (Figure 
10).  The front end crushed uniformly without any 
undeformed load paths. 
 

 
Figure 10: Town & Country PDB+ offset 

 
The injury measures for the 50th percentile male 
driver and 5th percentile female passenger are reported 
in Figure 11.   
 
 

 Driver Pass. 
HIC36 450 295 
HIC15 265 217 

Chest Def (mm) 36 29 
Chest Gs 47 42 

Left Femur (kN) 1.98 1.57 
Right Femur (kN) 1.56 0.17 
UL Tibia Index 0.559 0.112 
UR Tibia Index 0.337 0.390 
LL Tibia Index 0.237 0.250 
LR Tibia Index 0.296 --- 

Figure 11: Town & Country PDB+ offset � Dummy 
Injury Measures 

None of the occupant injury measures were elevated 
in this test.  Intrusion measures in this test (Figure 12) 
were low, except for the footwell area on the driver�s 
side.  However, the dummy lower leg injury measures 
were not significantly affected.   

 

Town & Country PDB+ 50%
INTRUSIONS (mm)

0 25 50 75 100 125 150

A PILLAR SILL

FOOTWELL

PEDAL AXLE

A PILLAR WAIST

DASHBOARD

 
Figure 12: Town & Country PDB+ Offset � Driver 

side intrusions 
 

The maximum acceleration measured was 31 g at 93 
ms, corresponding to 1.023 m of displacement (Figure 
13).  The average acceleration was 17.6 g.  
 

Town & Country PDB+ 50%
B-Pillar acceleration vs Displacement
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Figure 13: T&C PDB+ offset � Acceleration pulse 

 
Partner protection 
 
In the PDB+ offset test, the forces generated by the 
longitudinal and lower load paths of the Town & 
Country are distributed, resulting in homogeneous 
deformation (Figure 14 and Figure 15).  There was 
good engagement between the front of the vehicle and 
the barrier.  No bottoming out of the barrier was 
observed. 
 

 
Figure 14: Town & Country PDB+ offset � front 

end deformation 
 

  
Figure 15: Town & Country PDB+ offset � barrier 

deformation 
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Figure 16: Town & Country PDB+ offset � barrier 

digitization 
 
In Figure 16, the barrier was able to detect the lower 
load path of the vehicle.  The calculated parameters 
based on barrier digitization analysis are presented in 
Figure 17.  The energy absorbed in the barrier is 73 kJ 
which represent 27% of the total kinetic energy.   
 

Partner protection 
ADOD (X) 275 mm 
AHOD (Z) 404 mm 
Dmax 570 mm 

Figure 17: Partner Protection Parameters for 
the Town & Country PDB+ offset test 

 
 
 
Silverado 
 
Test severity  
 
The amount of energy absorbed in the offset PDB+  
was 85 kJ for the Silverado test. The calculated EES 
for this test is 51 km/h, which is 9 km/h less than the 
test speed. 
 
Self protection 
 
In terms of self protection, the Silverado resulted in 
significant deformation of the roof and sill between 
the A- and B-Pillar in the PDB+ offset test.  The rear 
door of the extended cab even exhibited structural 
deformation (Figure 18).  
 

 
Figure 18: Silverado PDB+ offset 

 
The injury measures for the 50th percentile male 
driver and 5th percentile female passenger are reported 
in Figure 19.  The head and chest injury measures of 
the dummies were relatively low; however, some of 
the driver leg injury measures were elevated.   
 

 Driver Pass. 
HIC36 505 358 
HIC15 285 201 

Chest Def (mm) 28 15 
Chest Gs 40 35 

Left Femur (kN) 5.54 3.20 
Right Femur (kN) 6.12 2.62 
UL Tibia Index 0.987 0.419 
UR Tibia Index 0.929 0.446 
LL Tibia Index 0.668 0.475 
LR Tibia Index 0.671 0.237 

Figure 19: Silverado PDB+ offset Dummy Injury 
Measures 

 
This is consistent with the high intrusion levels 
exhibited in the footwell area (Figure 20). 
 

Silverado PDB+ 50%
INTRUSIONS (mm)

0 40 80 120 160 200

A PILLAR SILL

FOOTWELL

PEDAL AXLE

A PILLAR WAIST

DASHBOARD

 
Figure 20: Silverado PDB+ Offset � Driver side 

intrusions  
 
The maximum acceleration measured is 36 g at 88 ms, 
corresponding to 1.150 m of displacement (Figure 
21).  The average acceleration is 14.4 g. 
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Silverado PDB+ 50%
B-Pillar acceleration vs Displacement

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40

Displacement (m)

A
cc

el
er

at
io

n 
(g

)

 
Figure 21: Silverado PDB+ offset � Acceleration 

 
Partner protection 
 
There was good integrity and no bottoming out of the 
PDB+ after the Silverado test. However, the 
deformation was largely inhomogeneous since the 
deformation was localized in front of the longitudinal 
and connecting beam (Figure 22).  The PDB+ was 
able to detect the unique load path of this vehicle 
(Figure 23). 
 

 
Figure 22: Silverado PDB+ 50% - front end 

deformation 
 

  
Figure 23: Silverado PDB+ 50% - barrier 

deformation 
 

 
Figure 24: Silverado PDB+ 50% � barrier 

digitization 
 

The calculated parameters based on barrier 
digitization analysis (Figure 24) are presented below 
(Figure 25). The energy absorbed in the barrier was 
85 kJ which represents 27% of the total kinetic 
energy. 
 

Partner protection 
ADOD (X) 289 mm 
AHOD (Z) 414 mm 
Dmax 654 mm 

Figure 25:  Partner Protection Parameters for the 
Silverado PDB+ offset test 

 
PDB+ Full Width test 
 
Town & Country 
 
Test severity  
 
In the PDB+ full width test of the Town & Country, 
the amount of energy absorbed in the barrier was 33 
kJ. The calculated EES for this test was 56 km/h 
which is 4 km/h less than the test speed, but 
comparable with the severity of a full frontal rigid 
barrier test at 56 km/h. 
 
Self protection 
 
The Town & Country minivan exhibited good 
structural integrity after the full width PDB+ test 
(Figure 26). 
 

 
Figure 26:  T&C PDB+ Full Width 
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The injury measures for the 50th percentile male 
driver and 5th percentile female passenger dummies 
are reported in Figure 27.  Head injury measures for 
both dummies were low; however, the chest 
acceleration measurement for the passenger dummy 
was high.   
 

 Driver Pass. 
HIC36 437 419 
HIC15 229 281 

Chest Def (mm) 51 30 
Chest Gs 49 57 

Left Femur (kN) 1.68 3.94 
Right Femur (kN) 1.67 1.49 
UL Tibia Index 0.452 0.526 
UR Tibia Index 0.477 0.500 
LL Tibia Index 0.371 0.532 
LR Tibia Index 0.516 0.338 

Figure 27: Town & Country PDB+ full width � 
Dummy Injury Measures 

 
Intrusions were relatively low, except in the footwell 
area, where there was more than 125 mm of intrusion 
(Figure 28). 

 

Town & Country PDB+ 100%
INTRUSIONS (mm)
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Figure 28: Town & Country PDB+ Full Width � 

Driver side intrusions 
 
The maximum acceleration measured in the test was 
44 g at 60 ms, corresponding to 0.775 m of 
displacement (Figure 29). The average acceleration 
was 21.6 g. 
 

Town & Country PDB+ 100%
B-Pillar acceleration vs Displacement
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Figure 29: Town & Country PDB+ offset � 
Acceleration 

 
Partner protection 
 
In the Town & Country full width PDB+ test, there 
was very good integrity of the barrier and good 
engagement with the barrier; no bottoming out was 
observed. The deformation was large and 
homogeneous.  The front end of the vehicle fitted 
with two levels of load paths, was able to distribute 
the loads (Figure 30 and Figure 31). 
 

 
Figure 30: Town & Country PDB+ Full Width - 

front end deformation 
 

 

 
Figure 31: Town & Country PDB+ Full Width - 

barrier deformation and digitization 
 

The calculated parameters based on barrier 
digitization analysis (Figure 31) are presented in 
Figure 32 below.  The energy absorbed in the barrier 
was 33 kJ which represents 12% of the total kinetic 
energy. 
 

Partner protection 
ADOD (X) 105 mm 
AHOD (Z) 425 mm 
Dmax 174 mm 
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Figure 32: Partner Protection Parameters for the 
Town & Country PDB+ Full Width 

 
 Silverado 
 
Test severity  
 
In the PDB+ full width test of the Silverado, the 
amount of energy absorbed in the barrier was 68 kJ. 
The calculated EES for this test was 53 km/h which is 
7 km/h lower than the test speed and lower than the 
severity of a full frontal rigid barrier test at 56 km/h.   

 
Self protection 
 
There was good structural integrity of the Silverado 
after the full width PDB+ test (Figure 33). 
 

 
Figure 33: Silverado PDB+ Full Width 

 
The injury measures for the 50th percentile male 
driver and 5th percentile female passenger are reported 
in Figure 34.   
 

 Driver Pass. 
HIC36 727 988 
HIC15 410 787 

Chest Def (mm) 35 23 
Chest Gs 43 42 

Left Femur (kN) 5.24 3.38 
Right Femur (kN) 6.99 5.08 
UL Tibia Index 0.605 0.498 
UR Tibia Index 0.534 0.463 
LL Tibia Index 0.391 0.311 
LR Tibia Index 0.454 0.312 

Figure 34:  Silverado PDB+ Full Width � Dummy 
Injury Measures 

The driver dummy had relatively low injury measures; 
however, the passenger dummy had high head injury 
measures.  There were low levels of intrusion in the 
driver compartment, except in the footwell area where 
there was nearly 80 mm of deformation (Figure 35). 
 

Silverado PDB+ 100%
INTRUSIONS (mm)
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Figure 35: Silverado PDB+ Full Width � Driver side 

intrusions  
 

The maximum acceleration measured was 33 g at 74 
ms, corresponding to 0.887 mm of displacement 
(Figure 36).  The average acceleration was 16.5 g. 
 

Silverado PDB+ 100%
B-Pillar acceleration vs Displacement
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Figure 36: Silverado PDB+ Full Width � 

Acceleration 
 
Partner protection 
 

There was good integrity and no bottoming out of the 
full width barrier in the Silverado full width test.  
However, the deformation was inhomogeneous and 
localized in front of the longitudinal (Figure 37).   
 

 
Figure 37:  Silverado PDB+ Full Width - Front end 

deformation 
 
The imprint of the connecting beam was not well 
detected, as it was positioned back from the front of 
the longitudinal and the deformation was not enough 
to detect this device (Figure 38). 
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Figure 38: Silverado PDB+ Full Width - barrier 

deformation and digitization 
 

The calculated parameters based on barrier 
digitization analysis are presented in Figure 39 below.  
The energy absorbed in the barrier was 68 kJ which 
represents 21% of the total kinetic energy. 
 

Partner protection 
ADOD (X) 163 mm 
AHOD (Z) 423 mm 
Dmax 516 mm 

Figure 39:  Partner Protection Parameters for the 
Silverado PDB+ full width 

 
DISCUSSION 
 
Test severity 
 
The test severity in the offset test configuration is 
similar for the Town and Country and Silverado; even 
with 350 kg differences in car mass, the evaluation of 
the EES is 51 km/h for both cars.  Considering full 
width configuration, EES for the Silverado is slightly 
lower than for the Town and Country (53 km/h vs. 56 
km/h). 
 
The PDB barrier shows good capability for absorbing 
different amounts of energy. Thus it seems possible to 
normalize test severity with the use of a deformable 
element, which will allow for controlling other 
parameters, such as partner protection. Test severity 
harmonization could encourage heavier vehicles to be 
less stiff and result in less disparity between heavy 
and light vehicles because of the test set-up. Thus it 
has the potential of reducing the front end force 
difference.  
 
 
Self protection 
 

In the offset PDB+ tests, both vehicles demonstrated 
good performance in protecting the head and chest of 
the dummy.  The injury numbers were not elevated in 
these tests.  Similarly, most of the head and chest 
injury performance measures were relatively low in 
the full width PDB+ tests.  However, there were a few 
notable exceptions.  In the Town & Country full width 
PDB+ test, the passenger dummy resulted in a high 
chest acceleration measure, and in the Silverado test, 
the 5th percentile passenger dummy resulted in a high 
head injury reading.   
 
It is interesting to note that when compared to the 
injury measures from the USNCAP full width rigid 
barrier tests of the same vehicle models (Figure 40 
and  Figure 41), it was found that the elevated 
passenger head injury criteria in the Silverado test was 
consistent with elevated passenger head injury criteria 
in the USNCAP program (in spite of it using a 
different dummy size).  However, the elevated 
passenger chest acceleration in the Town & Country 
test was not found in the USNCAP test.  Most other 
injury measures were comparable between the two 
test procedures.   
 

Town & Country 
Driver 

Silverado 
Driver 

 

Full 
PDB+ 

US 
NCAP 

Full 
PDB+ 

US 
NCAP 

Dummy 50th 50th 50th 50th 
HIC36 437 482 727 738 
HIC15 229 284 410 523 

Chest Def 
(mm) 

51 39 35 29 

Chest Gs 49 44 43 45 
L Femur 

(kN) 
1.68 3.21 5.24 4.09 

R Femur 
(kN) 

1.67 2.09 6.99 4.35 

 
Town & Country 

Passenger 
Silverado 
Passenger 

 

Full 
PDB+ 

US 
NCAP 

Full 
PDB+ 

US 
NCAP 

Dummy 5th 50th 5th 50th 
HIC36 419 385 988 990 
HIC15 281 204 787 629 

Chest Def 
(mm) 

30 31 23 32 

Chest Gs 57 46 42 49 
L Femur 

(kN) 
3.94 3.55 3.38 4.64 

R Femur 
(kN) 

1.49 3.45 5.08 4.36 

Figure 40 and Figure 41: Comparison of PDB+ and 
USNCAP Dummy Injury Measures 
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Based upon this limited data, the measured self-
protection of the vehicles in the full width PDB test 
was nearly equivalent to a full frontal rigid barrier 
crash test. 
 
In terms of intrusions, the Town & Country produced 
relatively low levels in both the full width and offset 
configurations (Figure 42).  Footwell intrusions were 
the exception to this.  The values were 122 mm and 
140 mm for the offset and full width tests, 
respectively.  Though, in spite of the noted footwell 
intrusions, none of the dummy lower leg injury 
readings were elevated in these tests. 
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Figure 42: Comparison of driver side intrusions � 

Town & Country 
 

All of the intrusion levels in the Silverado were higher 
in the offset test than the full width test (Figure 43).  
This is not unexpected, given the nature of the test 
configuration.  The driver footwell intrusion in the 
Silverado offset test was over 200 mm.  This was 
consistent with the elevated lower leg injury measures 
for the driver dummy in this test.  The tibia indexes 
were 0.987 and 0.929 for the left and right legs, 
respectively. 
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Figure 43: Comparison of driver side intrusions � 

Silverado 
 
Aside from the footwell and pedal axle intrusions, the 
structural intrusions in the Silverado were generally 
greater than the Town & Country. 
 
 
 

Partner protection  
 
The test results showed that structural differences 
between the two vehicles are detected by the PDB+ in 
the offset test configuration (Figure 44). The 
Silverado barrier deformation is localized in front of 
the lower rail.  The vehicle�s crossbeam is also 
detected.  In contrast, the deformation of the Town & 
Country barrier is large and homogenous.  

 

  
Town & Country Silverado 

Figure 44: Comparison of barrier deformation � 
Offset 

 

Figure 45 summarizes the parameters calculated for 
this test configuration. As expected from the vehicle 
selection, the AHOD values for the Town & Country 
and Silverado were within 2 percent of each other.  
This is consistent with USNCAP tests that similarly 
found the average height of force (AHOF400) values 
to be 476 mm, and 475 mm for the Town & Country 
and Silverado, respectively [7].  The ADOD and 
Dmax were slightly higher in the Silverado, as 
expected from the digitization.   

 

PDB+ Offset 
 T&C Silverado ∆

% 
ADOD (X) 
(mm) 

275 289 5 

AHOD (Z) (mm) 404 414 2 
Dmax (mm) 570 654 13 
Figure 45:  Comparison of Partner protection 

Parameters in the Offset Tests 
 

Similarly, in the full frontal barrier tests, the 
deformation patterns were very different between the 
two tested vehicles.  The Silverado, fitted with a stiff 
single load path, created an inhomogeneous 
deformation, localized in front of the lower rail.  On 
the other hand, the Town and Country resulted in a 
more homogeneous deformation pattern due to the 
front cross beam and lower load paths.  The forces 
were distributed over a large area (Figure 46). 
 
 
 



 

    
  Delannoy Pg. 12. 

 
Town & Country  

 
Silverado 

Figure 46: Comparison of barrier deformation � 
Full Width 

Figure 47 summarizes the parameters calculated in the 
full width test configuration. Again, the AHOD values 
for the Town & Country and Silverado were very 
close in magnitude (within 1 percent) and consistent 
with USNCAP findings.  On the other hand, the Dmax 
values were considerably different for the two 
vehicles in the full width PDB+ tests.  The Town & 
Country resulted in only 174 mm of deformation, 
whereas the Silverado resulted in 516 mm.   
 

PDB+ Full Width 
 T&C Silverado ∆% 
ADOD (X) 
(mm) 

105 163 35 

AHOD (Z) (mm) 425 423 1 
Dmax (mm) 174 516 66 

Figure 47:  Comparison of Partner protection 
Parameters in the Full Width Tests 

 
NHTSA is also evaluating the merits of a stiffness 
metric, KW400, in its compatibility research program 
[4].  As part of this research, NHTSA conducted two 
full frontal vehicle-to-vehicle crash tests using both 
the Town and Country and Silverado.  Each vehicle 
was impacted by a standard collision partner, the 2002 
Ford Focus.  The results showed that the Silverado 
imparted higher head and chest injury measures to the 
driver dummy of Ford Focus than did the Town & 
Country.  Head and chest injury measures were 
increased 15 and 18 percent, respectively.  The crash 
test results are directionally consistent with the 
partner protection findings in this study.  
 
Future considerations of the PDB+ test procedure 
 
The PDB+ test configuration was able to discriminate 
between the Silverado�s body on frame vehicle 

structure and the unibody construction of the Town & 
Country.  Future research could include evaluating the 
PDB+�s ability to identify secondary energy absorbing 
structures, or other novel designs, and assess their 
partner protection performance for crash 
compatibility.  Research can also be expanded to 
appraise how the PDB+ performs with vehicles that 
have similar frontal stiffness and force matching to 
identify additional design factors that may play a roll 
in crash compatibility.  Finally, additional full width 
PDB+ testing could be conducted to verify if there is 
a correlation with the self-protection measurements of 
a rigid barrier.   
 
The DSCR is developing a parameter to assess the 
homogeneity of the vehicle crush pattern using the 
barrier digitization analysis.  It will be based on the 
shape of the deformation, discriminating between 
localized deformation and homogeneous deformation. 
This parameter has the potential to be very useful in 
differentiating the crash characteristics of the two 
vehicles. 
 
In this testing, a load cell wall was installed behind 
the PDB+ to measure the global front end force.  The 
PDB+ procedure is able to measure this force with a 
high level of accuracy.  Although the global force is 
reported for informational purposes in this paper, with 
further research it could be used for evaluating self 
and partner protection.  (See test results in the 
Appendix). 
 
CONCLUSIONS 
 
- Different frontal designs, in terms of force and 

geometry were well detected by both the full width 
and offset PDB+ test configurations. 

- The deformable element of the PDB+ absorbs 
different amounts of energy, so that the concept of 
force matching appears to be obtainable.   

- In the four tests, no bottoming out or instability of 
the PDB+ was observed.  The size and stiffness 
seemed to be appropriate for these heavier vehicles. 

- In this test series, the Silverado demonstrated crash 
protection concerns that were well identified by the 
PDB+ test procedure both in terms of self and 
partner protection.  The barrier forces were 
transmitted through the stiff Silverado front to a 
relatively soft occupant compartment, which led to 
higher compartment intrusion particularly in the 
footwell area. 

- The full width and offset test configurations were 
also able to evaluate the self protection of a vehicle 
in addition to its partner protection. 

- The testing showed that the measured self-
protection in the full width PDB+ test was 
reasonably equivalent to that achieved in a full 
frontal rigid barrier for the two vehicles evaluated. 
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- The results from these PDB tests are consistent 
with vehicle-to-vehicle crash tests. 

- Under the bilateral agreement between NHTSA and 
DSCR, resources were leveraged to carry out a joint 
research program on vehicle compatibility.  Results 
and knowledge gained from this test procedure 
evaluation proved to be useful to both countries. 
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APPENDIX 
 
Global force  
 
PDB+ Offset test - Town & Country 
 

The maximum global force is 436 kN at 1 meter 
displacement of the B-Pillar (Figure 48). 
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Figure 48: Town & Country PDB+ offset � Global 

force 
 
PDB+ Offset test - Silverado 
 
The maximum force was 495 kN at 1.150 m 
displacement of B-Pillar (Figure 49).  
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Figure 49: Silverado PDB+ offset � Global force 

 
 
PDB+ Full Width test - Town & Country 
 
The measured global force (Figure 50) could not be 
validated.  The calculated energy was 10% higher 
than the kinetic energy.  An investigation was 
conducted, but no explanation was found.  Therefore, 
for this test, the force measurement can not be 
interpreted, as it is probably overestimated. 
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Figure 50: Town & Country PDB+ Full Width � 
Global force 

 
PDB+ Full Width test - Silverado 
 
The maximum force was 541 kN at 0.801 m 
displacement of the B-Pillar (Figure 51). 
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Figure 51: Silverado PDB+ Full Width � Global 

force 
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ABSTRACT 

In 2002, following the deaths of a number of 
firefighters attending road-accident scenes, the 
French Interior Minister Nicolas Sarkozy asked 
Colonel Pourny of the fire department to "conduct 
an analysis of the full range of missions carried out 
by firefighters and put forward proposals aimed at 
improving active and passive safety on the ground". 
In light of the recommendations of the "Pourny 
report", the French Directorate of Civil Defence 
and Security or DDSC (Direction de la Défense et 
de la Sécurité Civiles), decided to set up a joint 
working group with French car manufacturers. The 
group – which was set up in the spring of 2005 – 
was required to make improvements in the methods 
employed by teams working on damaged vehicles 
at accident scenes, the aim being to facilitate rescue 
work and enhance firefighter safety. Such 
improvement is vital given that recent vehicles 
(coupé-cabriolets in particular) are increasingly 
difficult to cut because of the reinforcements and 
impact-resistant materials used to protect 
passengers in the event of a collision. 
After a year's collaboration, the working group 
decided to focus on two complementary initiatives: 

- The creation of an "extrication card" for 
distribution to French fire brigades;  

- The organization of extrication exercises for 
active-service firefighters, using recent vehicles.  

A detailed, illustrated presentation will be made of 
each of these initiatives, thereby raising awareness 
of the technical information contained in the 
extrication cards distributed to French firefighters 
since July 2006.  

Details of pilot exercises will also be provided. 

CONTEXT AND ISSUES 

In 2002, following the deaths of a number of 
firefighters attending road-accident scenes, the 
French Interior Minister Nicolas Sarkozy asked 
Colonel Pourny of the fire department to "conduct 
an analysis of the full range of missions carried out 
by firefighters and put forward proposals aimed at  
 
In his report, Colonel Pourny stressed that a better 
cooperation between the firefighters and the 
carmakers could change dramatically  the 

operations during road accidents in order to make 
them safer. The French Directorate of Civil 
Defence and Security or DDSC (Direction de la 
Défense et de la Sécurité Civiles) therefore took the 
lead of a new initiative. 
 
A first high-level guideline meeting between the 
DDSC and the French car manufacturers was held 
early in 2005. In an extension of the Pourny report, 
the DDSC listed some initiatives to be undertaken 
for discussion with the car manufacturers. In the 
end, this meeting confirmed the commitment of the 
French car manufacturers to working with the 
various segments of French road emergency 
services to make progress in resolving the more and 
more frequently occurring problem of extricating 
people from new vehicles. In fact, there was more 
and more feedback from firefighters working in the 
field to emphasize how difficult, even dangerous, it 
is for rescuers to cut victims free from new vehicles 
which have been involved in accidents.  
 
Although official statistics do not currently make it 
possible to specifically identify which accidents are 
linked to extrication operations, we have been able 
to observe, after careful analysis of the Ministry's 
accident analysis data for the year 2005, that 14 
serious work accidents (person unable to work for 
at least one week) were probably caused by an 
operation to cut someone free from wreckage. It 
also emerged from this analysis that most injuries 
are caused to the hands (cuts, muscle / tendon / 
ligament wounds, crushing, amputation, etc.) 
 
During this period, the most difficult vehicles to 
free people from according to the firefighters were 
the Peugeot 206 CC, the Renault Vel Satis and the 
Smart City Coupé. These three vehicles of the 
latest design, naturally praised for their excellent 
respective results in the Euro NCAP  tests are in 
fact a representative sample of the new difficulties 
facing the firefighters: reinforced structures, metal 
inserts, innovative pyrotechnic devices, etc. All 
these new and effective systems used to save the 
occupants in a violent impact become the rescuers' 
enemies during rescue operations. The paradox is 
undeniable but unfortunately very real! 
 
These reports really made French car 
manufacturers aware of the emergence of a new 
problem. They have already generally done 
excellent work in terms of protecting occupants in 
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an accident (many vehicles scored 5 stars according 
to the Euro NCAP  rating; Peugeot 1007 best score 
for occupant protection, all categories combined, 
Citroën C6 only car to obtain 4 stars in a pedestrian 
impact, etc.). However, the manufacturers are now 
certain that they have no option but to succeed in 
this "extrication" campaign. 
 
The first real work session took place in the spring 
of the same year. The members of the working 
party met together round the same table for the first 
time. There were: 
 

- 2 persons from the DDSC (Ministry of the 
Interior), responsible for managing the 
"extrication" initiative on behalf of the Sous-
Direction des Services de Secours (Emergency 
Services Sub-Department); 

-  2 persons from the Paris Fire Brigade (BSPP). 
The BSPP is an elite force reporting to the Ministry 
of Defence and its personnel are often called on for 
assistance in improvement schemes relating to the 
technical development of the work of firefighters in 
France; 

- 1 person from the Essonne Service 
Départemental d’Incendie et de Secours (SDIS: 
regional Fire and Emergency Service). This 
experienced person, who is a specialist in 
extrication techniques, was and still is the principal 
instructor on this subject at the Ecole D’Incendie et 
de Secours (EDIS: Fire and Emergency School) in 
the Essonne département;  

- 2 persons from PSA Peugeot Citroën, one of 
whom is the secondary safety (passive safety) 
department manager of the Group's Technical 
Department; 

- 2 persons from Renault, holding the same posts 
as those from PSA Peugeot Citroën. 

Of course, the composition of the working party 
would have to be modified from time to time, 
bringing in new skills or releasing others, but the 
main members listed above were always 
represented in the "hard core" and were among the 
most active.  
 
The structure of the working party can be explained 
quite logically because it reflects the complex 
organization of the players at the French 
firefighters' level. Apart from Paris and Marseille, 
where the personnel report to the Ministry of 
Defence, fire brigades come under the authority of 
the départements within a body called the Service 
Départemental d’Incendie et de Secours (SDIS: 
regional fire and emergency service). These 
firefighters in the field are either full-time 
professionals or part-time volunteers from other 
trades. Their building facilities, vehicles, salaries, 
etc. are provided by the local authorities, the 

regional councils, which naturally causes some 
disparity between rich départements, often 
industrialized with a high population density, and 
rural areas with less people. Laws governing the 
emergency services and the firefighters' profession, 
rules covering heavy equipment (communication, 
aircraft, etc.), training, etc. are placed under the 
responsibility of the Direction de la Défense et de 
la Sécurité Civiles (Directorate of Civil Defence 
and Security), reporting to the Ministry of the 
Interior, which thus ensures the overall cohesion of 
the whole system at national level. 
 

EXTRICATION CARD: THEORETICAL 
ASPECT 

Specifications and requirements 

The group met several times during the year 2005 
to specify exactly what is necessary on this 
extrication card. They decided that:  

- only useful information should be shown. 

- all the data should be contained in a single-
sheet (double-sided) document. 

- a template should be designed to ensure that 
every car manufacturer puts the same pieces of 
information in the same positions. 

- the template must use a colour-coded system. 

- the template must use predefined pictograms 
and predefined terminology. 

- the information presented on the extrication 
card should cover the maximum safety equipment 
and reinforcement available in this car model even 
though the vehicle could have standard or optional 
equipment.  

- only if necessary (if the locations of the 
reinforcements or pyrotechnic devices are different) 
the different body types (5 doors, 3 doors, …) will 
be shown on different extrication cards. 
 
For these reasons, it was decided to define specific 
areas on the document for: 

- a picture of the vehicle (7/8 left-hand front 
view). 

- a key describing the colour codes and 
pictograms which must be used. 

- a CAD drawing of the seats and seat belts. 

- a CAD drawing of the car body in white. 

- a table showing the vehicle's fuel type. 

- a table describing the pyrotechnic equipment 
designed for the driver, front passenger and rear 
passenger occupants. 
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- a space for comments: for additional 
information that cannot be put in the reserved 
spaces already described, including pictures if 
necessary.. 

Traceability 

In order to ensure the extrication card is the latest 
version, the following traceability data are required 
at the bottom of each page: 

- Make 

- Model 

- Body type(s) 

- Year of launch  

- Internal reference 

- Date of creation 

- Date of update 

- Version N° 
 
Moreover, in order to control the traceability, only 
one PSA Peugeot Citroën department team is 
allowed to release the final documents and the 
updated documents each time its is necessary to 
amend an extrication card. 
 

Accompanying documents 

An instruction guide has been produced to explain 
what should be put in the various sections of the 
extrication card. This guide also shows examples 
for each predefined area. A table listing the latest 
version of each extrication card and its date of 
release is also available. This table is updated as 
soon as a new extrication card is issued or when an 
existing one is updated.  

Extrication card layout 

This template has been created so that the same 
card can be used for all models (irrespective of the 
car manufacturer). Thanks to this template, each 
piece of information will always be found in the 
same position. Figure 1 shows the key used in each 
extrication card. 
 

Battery

Dangerous area

Battery supplying the 
pyrotechnic components

Inadvisable area

Key

Fuel tank
location

Battery

Dangerous area

Battery supplying the 
pyrotechnic components

Inadvisable area

Key

Fuel tank
location

 
 

Figure 1.  Key showing the colour code and the 
predefined pictograms that will be used for all 
Extrication Cards. 
 
For the same reason, it was decided to predefine the 
words used to describe the safety equipment 
(pyrotechnics) and their possible location (see 
Table 1). 
 
Table 1. - Terminology used for all extrication 
cards – List of options for the occupant’s 
pyrotechnic equipment 

Pyrotechnic equipment List of choice 

Front air bag 
Steering wheel, Fascia, 
Seat belt 

Side air bag 
Seat Back, Seat Cushion, 
Door Trim Pad, Sleeper 

Curtain air bag Roof, Seat back 
Knee air bag Steering column, Fascia 
Seat cushion air bag Seat cushion 
Rear impact protection Seat back, Head restraint 

Seat belt pretensioner 
Inertia reel, buckle, B-
pillar lower anchorage 

 
 
Description of the extrication card is given in 
Figures 2 and 3.  
 

Key which imposed 
and described the 
colour-coded and 
pictograms to be 
used

Picture of the 
vehicle (7/8 left-hand 

front view) with colour 
coded boxes 
indicating zones to 
avoid for extrication 
exercise

CAD drawing of 
the car body in 
white

CAD drawing of the 
seats and seat belt

Brand Logo

Traceability box

Brand, model 
and body type (if 
necessary)

Key which imposed 
and described the 
colour-coded and 
pictograms to be 
used

Picture of the 
vehicle (7/8 left-hand 

front view) with colour 
coded boxes 
indicating zones to 
avoid for extrication 
exercise

CAD drawing of 
the car body in 
white

CAD drawing of the 
seats and seat belt

Brand Logo

Traceability box

Brand, model 
and body type (if 
necessary)

 
Figure 2.  Explanations of the predefined areas 
on the 1st page of the Extrication Card. 
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Table to describe 
the vehicle energy

Space for 
comments: for 
additional information 
that cannot be put in 
the reserved spaces 
already described

Table to describe 
the pyrotechnic 
equipment designed 
for the driver, front 
passenger and rear 
passenger occupants

Brand Logo

Traceability box

Make, model 
and body type (if 
necessary)

Table to describe 
the vehicle energy

Space for 
comments: for 
additional information 
that cannot be put in 
the reserved spaces 
already described

Table to describe 
the pyrotechnic 
equipment designed 
for the driver, front 
passenger and rear 
passenger occupants

Brand Logo

Traceability box

Make, model 
and body type (if 
necessary)

 
Figure 3. - Explanations of the predefined areas 
on the 2nd page of the Extrication Card. 
 
Note: Larger pictures of Figure 2 and Figure 3 are 
presented in Annex 1. 
 

EXTRICATION CARD: PRACTICAL 
ASPECT 

How do we create the cards? How can we ensure 
that the assessment of what is an "Inadvisable area" 
or a "Dangerous area" is correct? To answer these 
questions PSA Peugeot Citroën decided to create 
another step in the consultation with rescue teams 
by presenting the new car models and their 
extrication cards to a leading rescue team about 
three months before the launch.  
 
The first step is to create a draft version of a new 
Extrication Card. In this draft version, we can 
create yellow boxes for structural zones which we 
do not know if current tools will cut (see Figure 4). 
We also make suggestions and give advice in the 
"comments" space. 
 

 
Figure 4.  Draft version of the picture where the 
yellow boxes indicate the structural zones which 
we do not know if current tools will cut. 
 

Then, we organize an "extrication day" with the 
principal rescue team. During this special day, we 
present the reinforcement and safety equipment of 
the new car model and the draft version of the 
extrication card. We also bring with us a crashed 
example of this new model. 
The leading rescue team will examine the vehicle. 
They will carry out several extrication exercises on 
this car using different techniques as shown in 
Figure 5. 
During this phase, PSA Peugeot Citroën safety 
experts will answer various questions and collect 
comments made by the team. 
 
 
Following this practical exercise, to conclude this 
special event, a debriefing is conducted where the 
various zones of the structure are definitively 
described with the appropriate colour code and the 
necessary comments are put in the correct space. 
 
 

 
 

 
 

Figure 5.  Pictures of two different exercises 
carried out by the leading rescue team in order 
to validate the extrication card for a new model. 
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Figure 6.  Final version of the Peugeot 207 
extrication card (French version) where the 
yellow boxes have disappeared or been changed 
to orange boxes. 
 
At this stage, the basic extrication card is then 
considered to be approved. The layout will be 
finalized by the engineers on their return to the 
design office and assigned a part number by PSA 
Peugeot Citroën.  

PUBLICATION AND AVAILABILITY OF 
EXTRICATION CARDS 

Campaign for France 

The extrication card is then sent to the DDSC as a 
PDF file. When the file is received, the DDSC 
makes the card official for all French fire brigades 
by distributing it via a secure extranet site named 
“infosdis”. 
 
The “infosdis” information system then generates a 
special message to notify each SDIS that the new 
card is available. It is then up to each SDIS to 
download this information and update its 
information / training system: at the moment, 
extrication cards are usually included in a file 
which is then placed in roadside assistance 
vehicles. 
 
This whole procedure was completed for the first 
time on 26 July 2006 for extrication cards for 
Peugeot and Citroën vehicles on the market at that 

time. It has since been repeated for the launch of 
three new vehicles (Citroën C4 Grand Picasso and 
Peugeot Expert / Citroën Jumpy) as well as for 
updating existing cards. 
 

Campaign for other countries 

The work carried out in France has made us aware 
of the requirements of emergency services in all the 
places where new vehicles, usually with high Euro 
NCAP  scores, are marketed. After a survey carried 
out with our European subsidiaries, it has become 
apparent that most firefighters naturally encounter 
the same type of extrication problems as French 
firefighters, since the cars are the same in most 
European countries. Therefore, the decision was 
taken to have extrication cards of French origin 
translated into twenty languages in order to be able 
to distribute them via the Peugeot and Citroën 
subsidiaries established in those countries. This 
translation work was launched at the end of 2006 
and the distribution of these extrication cards 
through our subsidiary companies is scheduled as 
soon as the translated versions are validated, i.e. 
during the first half of 2007. It should be mentioned 
that the translation work will be carried out by the 
PSA Peugeot Citroën Group after-sales technical 
departments, to ensure the correct technical quality 
and uniformity of terminology, as soon as the 
extrication card has been validated by the French 
fire brigades. By following this procedure in future, 
it should be possible to make extrication cards 
available in several languages, as soon as new 
vehicles are launched in the countries concerned. 

CONCLUSION 

We think that this extrication card initiative is an 
excellent example of successful action at the level 
of the integrated approach that many people are 
currently wanting in the area of road safety in 
Europe. In fact, more than ever before, the 
continued search for improvements carried on for 
many years to reduce the number of those killed 
and injured on the world's roads now evidently 
depends on concerted action on the following three 
major factors: the driver, the vehicle and the road 
environment with the various players, of which the 
fire brigades are in the front line. Thanks to this 
initiative, the firefighters are also at the centre of 
real concerns about our new vehicle projects in 
which the extrication card is a deliverable like any 
other. 
 
This initiative is doubly praiseworthy because it is 
also part of a new field for motor vehicle 
manufacturers, a field that we at PSA Peugeot 
Citroën call "tertiary safety", which aims to find 
solutions for dealing with the aftermath of an 
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accident (in our jargon, primary safety aims to 
prevent the accident and secondary safety aims to 
protect the occupants and vulnerable users in an 
impact). After the successful deployment of our 
emergency call system, designed to give 
information about the occurrence of an accident, 
extrication cards are the second practical element 
our Group has contributed to the field of tertiary 
safety. 
 
So, we hope that French firefighters, wherever they 
are, in the field, at the Ministry, in schools, etc. are 
as satisfied as we are with what has been achieved. 
Extrication cards will therefore be used with 
enormous benefit to road accident victims and 
those who come to their assistance. One of the 
objectives cited in the recommendations in the 
Pourny Report has therefore been fully 
implemented. 

RECOMMENDATIONS AND THE FUTURE 

It is clear that in future the number of vehicles on 
the European market receiving good or very good 
scores in the Euro NCAP  tests (at least 4 or even 5 
stars) will continue to rise. It is only a matter of 
time before all the motor vehicles on the road are 
replaced: in France, 50% of vehicles on the road 
are replaced in just over 7 years. The problems 
posed by the difficulty of cutting people free from 
wreckage will therefore logically become greater. 
 
Of course, firefighters will work out new 
intervention tactics and their tools will be 
improved. The important thing, during this 
transition period, is for them to have the basic 
technical information required to compensate for 
this growing robustness of vehicles in order not to 
feel like they are going backwards, powerless. With 
the shared knowledge on the extrication cards, the 
motor vehicle manufacturers can help the 
firefighters to keep on making progress, while we 
and the experts in legislation and consumerism 
remain conscious of the fact that, in future we must 
take a more global view of car accident problems, 
in terms of a period during the event and a period 
afterwards. 
 
With all the technological progress that the car 
industry is currently making, we also hope that one 
day we shall be able to make vehicles give details 
of their structure and restraint equipment at the 
same time as sounding the alarm and providing 
geo-localization information after an accident, 
thanks to a new generation of improved emergency 
call. Since progress is not confined to the motor 
vehicle industry, we also hope that this information 
could be made available in real time, with 
extrication cards already in the rescue vehicles. The 
project to refurbish the French Civil Protection 

telecommunications system (Project Antarès), 
currently well under way, should one day make this 
possible. Then we shall achieve total integration. 
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APPENDICES 

Annex 1: Detailed explanations of the predefined areas presented on the 1st page of the Extrication Card. 

 

Key which imposed 
and described the 
colour-coded and 
pictograms to be 
used

Picture of the 
vehicle (7/8 left-hand 
front view) with colour 
coded boxes 
indicating zones to 
avoid for extrication 
exercise

CAD drawing of 
the car body in 
white

CAD drawing of the 
seats and seat belt

Brand Logo

Traceability box

Brand, model and 
body type (if 
necessary)

Key which imposed 
and described the 
colour-coded and 
pictograms to be 
used

Picture of the 
vehicle (7/8 left-hand 
front view) with colour 
coded boxes 
indicating zones to 
avoid for extrication 
exercise

CAD drawing of 
the car body in 
white

CAD drawing of the 
seats and seat belt

Brand Logo

Traceability box

Brand, model and 
body type (if 
necessary)
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Annex 2: Detailed explanations of the predefined areas presented on the 2nd page of the Extrication Card. 

Table to describe 
the vehicle energy

Space for comments: 
for additional 
information that 
cannot be put in the 
reserved spaces 
already described

Table to describe the 
pyrotechnic 
equipment designed 
for the driver, front 
passenger and rear 
passenger occupants

Brand Logo

Traceability box

Make, model and 
body type (if 
necessary)

Table to describe 
the vehicle energy

Space for comments: 
for additional 
information that 
cannot be put in the 
reserved spaces 
already described

Table to describe the 
pyrotechnic 
equipment designed 
for the driver, front 
passenger and rear 
passenger occupants

Brand Logo

Traceability box

Make, model and 
body type (if 
necessary)
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ABSTRACT 

Since October 2005, the European regulation for 
pedestrian protection is applicable to new vehicles.  
Four impactors have been developed: leg, femur, 
child and adult heads for testing predefined areas 
on the front face of the vehicle. 
 
This paper presents the technical strategy and the 
set of solutions which place PSA Peugeot Citroën 
as one of the best manufacturers for pedestrian 
protection with in particular Citroën C6, first and 
unique vehicle achieving 4 stars in EuroNCAP 
pedestrian protection assessment. 
The scenario of head and leg protection is 
articulated around two requirements:  

- keeping a space between the bonnet and the 
various hard elements of the engine, and behind  
the front bumper so that the impactors do not come 
into contact with rigid elements,  

- softening the bonnet and the front bumper 
elements in order to generate a more progressive 
head and leg deceleration during the impact.  
 
The level of constraint induced by these 
requirements penalizes heavily the style and the 
overhang of the vehicles. Massive development 
efforts have been invested in both fields of leg and 
head protection. The physical characteristics of the 
components and the design constraints have to be 
optimized under advanced computational analyses 
with finite elements model. 
 
The protection of the leg requires the installation of 
two absorbers (upper and lower). 
The head protection requires complex tuning of the 
stiffness of the bonnet and some components inside 
the engine compartment. For executive cars with 
long hood, like C6, it also implied the development 
of an active bonnet, triggered by fusible optic 
sensors, which is not only a technical challenge but 
also addresses outstanding issues in the field of 
quality and reliability.   
 
The paper provides technical descriptions of the 
methods deployed by PSA Peugeot Citroën, 
associating numerical simulations and physical 
tests, for developing innovative solutions in the 
field of passive and active safety. 

INTRODUCTION 

Every year, approximately 8,000 pedestrians and 
cyclists are killed and 300,000 others injured in 
road accidents in Europe. The accidents are 
particularly frequent in urban zones. Even when 
cars are driving at relatively reduced speeds, very 
severe injuries can occur. Below a speed of 
approximately 40 km/h, it is nevertheless possible 
to considerably reduce the gravity of injury with 
modifications of the frontal parts of vehicles 
 
Since 2005, a European directive (called “phase 1”) 
requires the car manufacturers to treat their new 
vehicles for the protection of the pedestrians in case 
of impact. This directive is planned to be reviewed 
in the future to include more severe requirements. 
The current expected schedule is 2010 and the 
update is called “phase 2” (see [1]). 
 
Moreover, the consumerist organisation Euro 
NCAP assess the pedestrian protection offered by a 
new through component test configurations which 
are identical to those proposed at present time for 
the phase 2 of the directive. The level of pedestrian 
protection is then ranked by attributing the vehicle 
a given number of stars (four at most). 
 
The aim of this paper is to present various technical 
solutions used by PSA Peugeot Citroën to improve 
the performance of its vehicles in terms of 
pedestrian protection. 

TEST PROTOCOLS 

The assessment of pedestrian protection offered by 
a vehicle is made through three different and 
independent component test procedures 
corresponding to different body segment: 

- the first one is related to the assessment of the 
protection of the leg. The test is called “legform to 
bumper test” 

- the second one is related to the upper leg. The 
test is called “upper legform to bonnet leading 
edge” 

- the last one is related to the head, adult head 
impact and child head impact. The tests are called 
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“Adult and Child headforms to bonnet and 
windscreen test” 
 
Four specific body form impactors are used in these 
tests. They are propelled against the front part of 
the vehicle (from the bumper up to the windscreen 
depending on the type of test) and they are 
equipped with several sensors in order to measure 
biomechanical criteria that are used to assess the 
risk of injuries (see Figure 1). 
 

 

 

 
 

 
 
Figure 1.  Pedestrian test made of 4 body form 
impactors propelled against the car front-end. 
 
It is important to underline that accident data 
analyses show that upper leg injuries are almost 
non-existent during an impact of a pedestrian 
against a car. For this reason, the European 
Directive Phase 1 does not impose any limit on the 
biomechanical criteria for upper leg impact. It only 
requires the test to be carried out for monitoring 
purposes. 
 
This paper presents some technical solutions 
developed by PSA Peugeot Citroën for the legform 
and the headform tests. Therefore, the current 
chapter is dedicated the presentation of these 2 
impactors and the performance levels asked in 
Phase 1 and Euro NCAP requirements. 
Then, in the next chapters, we will present the 
technical solutions (theory + actual solutions 
implemented in our cars) for each type of impact. 

Leg to bumper tests: Legform impactor 

The legform impactor represents the leg of an 
adult. It is made out of two stiff elements 
corresponding to the tibia and the femur, which are 
connected by a articulation representing the knee 
joint. The different parts are covered with foam 

representing muscular tissues of the leg (see Figure 
2). 

 
Figure 2.  Legform pedestrian test. 
 
The test procedure consists in propelling the 
legform against the bumper, in free motion at 40 
km/h. Direction of impact should be in the 
horizontal plane and parallel to the longitudinal 
vertical plane of the vehicle. 
 
Three biomechanical criteria are recorded: 
- the tibia deceleration (measured by an 
accelerometer on the tibia - non impacted side), 
- the knee bending angle (measured by a 
potentiometer - on the top of the tibia),  
- the knee shear displacement (measured by a 
potentiometer - on the bottom of the femur). 
 
The biomechanical thresholds required by 
regulation are different than those required by Euro 
NCAP as shown in Table 1. 
 

Table 1. 
Biomechanical thresholds for leg to bumper 

tests required by regulation and by Euro NCAP. 

Protocols 
European 
Directive 
“Phase 1” 

EuroNCAP 
(high 

performance 
limits) 

Tibia deceleration 
(g) 200 150 

Knee bending angle 
(°) 21 15 

Knee shear 
displacement (mm) 6 6 

 
It is important to notice that the requirements 
imposed by Euro NCAP for its high performance 
level covers those of the European Directive 
Phase1. Indeed, the test protocol is identical and the 
biomechanical criteria in Euro NCAP are the most 
severe. 

Adult and child headforms to bonnet and 
windscreen tests: Headform impactors 

The different head impactors are all built in a 
identical way by an aluminium spherical part 
covered with a rubber skin (see Figure 3). 
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The test procedure consists in propelling the head 
impactor, in free motion, according to a specific 
angle. The mass and the size of impactors, as well 
as the speed and the angle vary according to 
protocols as shown in Table 2. 

 

bonnet 

Windscreen 

headform 

 
Figure 3.  Headform pedestrian test. 
 

Table 2. 
Headforms characteristics as required by 

regulation and by Euro NCAP. 

Protocols 
European 
Directive 
“Phase 1” 

Euro NCAP  

Type of 
headform child adult child adult 

Mass (kg) 3,5 4,8 2,5 4,8 
Radius (mm) 82,5 82,5 65 82,5 
Speed (km/h) 35 35 40 40 
Angle (°) 50 35 50 65 
 
A single biomechanical criterion is measured to 
assess the level of protection: the HIC which is 
calculated from the head acceleration. 

  (1). 

 with: mstt 15)( 12 ≤−  
 
The biomechanical limits not to be exceeded during 
the headform tests vary with the protocols as shown 
in Table 3.  

Table 3. 
Biomechanical thresholds for head impact tests 

required by regulation and by Euro NCAP. 

Protocols 
European 
Directive  
“Phase 1” 

EuroNCAP
(high 

performance 
limits) 

Type of 
headform child adult child adult 

Impact zone B W B or 
W B or W 

HIC 
requirement 

<1000  
on 2/3 of the 
test area  
+  
<2000 on the 
area left 

NA < 1000 

B = bonnet  W = windscreen 

It is important to keep in mind that protocols are so 
different (in terms of mass, radius, and head impact 
speed), that the requirements fixed by the European 
Directive Phase 1 are not covered by the 
EuroNCAP ones and vice versa. Therefore, a 
vehicle fulfilling the Directive requirements is not 
sure to get a good score at the Euro NCAP rating, 
and conversely a vehicle with a good score in Euro 
NCAP pedestrian rating has no certainty fulfil the 
Phase 1 criteria. 

SCENARIO FOR PROTECTING THE LEG 

Protection of the leg requires the implementation of 
two absorbers behind the bumper:  

- the first one located at the lower level of the 
tibia, 

- the second one located at the level of the knee. 
 
An example is shown in figure 4 which present the 
position of the two absorbers on the Citroën C4 
Picasso. 

 

Lower absorber 

High absorber 

 
Figure 4.  Citroën C4 Picasso – Position of the 
two absorbers designed to protect the leg of a 

pedestrian. 
 
For this car model, impact energy is 825 J. A large 
part of this energy will be absorbed by the front 
face of the vehicle according to the following 
distribution:  
- lower absorber: 20 % 
- upper absorber:  40 % 
- bumper: 40 % 
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Although dissipating a large part of the energy of 
the impact, the stiffness adaptation of the bumper 
for leg, is limited by its conception which is often 
limited by strong constraints of style and quality. 
Therefore, the tuning to match as much as possible 
the requirements is made on the lower and upper 
absorbers. 

Description and role of the lower absorber  

The lower absorber is made of a plastic or metal 
beam. Its role is to limit the bending of the knee 
during the impact thanks to its stiffness. He is hung 
either on the structure of the vehicle or directly 
moulded with the spoiler (see Figure 5 and Figure 
6). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Lower absorber and its attachment on 
Citroën C4 Picasso. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Lower absorber and its attachment on 
Citroën C4. 
 
Note: Citroën C4 and Citroën C4 Picasso scored 
the full score (6 points out of 6) in the legform 
tests, in their Euro NCAP rating. 

The upper absorber 

The upper absorber is located on the level of the 
knee, and is hung on the rigid structure of the 
vehicle. It is constituted by a plastic skin whose 
stiffness is designed to be crushed gradually, thus 
to create a progressive deceleration for the leg 
during the impact. 
 
Figure 7 presents the cross-section of the upper 
absorber on Citroën C4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Cross section of the upper absorber 
on Citroën C4. 
 
 

The kinematics of the impact 

Figure 8 gives details of the Kinematics of impact 
on the Citroën C4. 
 

 
Figure 8.  Kinematics of impact on Citroën C4 
(cross section). 
 

Position of 
the knee and 
the 

Control of 
deceleration by an 
adapted stiffness of 
the upper absorber 

 

Limitation of the 
bending thanks to the 
rigidity of the lower 
absorber 

  

  

Final  
time   

Initial 
time 

 

 Cross section 

 
Rigid structure 

Plastic skin 

Absorption crush length 
 

Lower absorber 

Spoiler 

 

Lower absorber 

Structure 
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Figure 9 presents the deceleration curve measured 
on this impact. 
 
 132 g 

Time (s)  
Figure 9.  Deceleration curve on the legform for 
Citroën C4. 
 
A too short length of absorption, and/or a too 
important flexibility of the upper absorber would 
cause a secondary peak of deceleration on the 
legform which could exceed the thresholds defined 
by the protocols. Furthermore, the addition of this 
upper absorber under the bumper increases the 
overhang of the vehicle and penalizes strongly the 
style. So the optimization of this length of 
absorption is of high importance. 

Difficulties 

During the impact of the legform on the front-end 
of the car, it is necessary that no rigid element 
interact and disturb the kinematics of impact. 
Otherwise, a too important peak of deceleration 
could be generated. According to the style of the 
vehicles, headlight can be sometimes found in the 
absorption length devoted to the leg. For this 
reason, sometimes, headlight should also be 
controlled for legform impactor test. This is the 
case for the Citroën C4 headlight, as shown in 
Figure 10. 
 

 
Figure 10.  Positioning of headlight compared to 
the absorbers on the Citroën C4 (cross-section). 
 
One of the solutions used, when the stiffness has to 
be controlled, is the use of replaceable fixing 

brackets (see Figure 11). These special brackets 
will allow the headlight to move backward during 
the impact with the legform. The breaking efforts 
are then tuned so that to be consistent with the 
crush vs stiffness laws specified for the absorbers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Replaceable fixing brackets of the 
Citroën C4 headlights. 
 
Moreover, in order to give enough space for the 
headlights to move backward, it could also be 
needed to equip the wings with the same type of 
replaceable fixing brackets. This is also the case for 
the Citroën C4 as it is presented in Figure 12. 

Initial time 

legform
 

(a) initial time 
Final time 

Wing and 
headlight 
movement 
 

 
(b) final time 

Figure 12.  Kinematics of headlight and wing on 
the Citroën C4 (Top view) - (a) initial time, (b) 
final time. 
 
Note: this type of kinematics is also used as a 
technical solution for the “reparability” impact 
(damageability test performed at 16 km/h) during 
which the minimum of parts must be changed, to 
limit the cost of repairs. 

 

Headlight 

Upper absorber 

Bumper  

Lower absorber  

Headlight part 
implanted in the race 
defined for leg impact 

Replaceable 
 fixing brackets 
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SCENARIO FOR PROTECTING THE HEAD 

The head protection is driven by two requirements. 
On the one hand it is necessary to preserve a space 
under the bonnet so that the impactors do not come 
into contact with rigid elements such as the engine. 
On the other hand, it is also vital to soften the 
constitutive elements of the bonnet in order to 
control the head deceleration in a progressive way 
during the impact. 
 
Figure 13 present the kinematics of impact of the 
headform test on the Citroën C4 Picasso. And 
Figure 14 presents the deceleration curve measured 
on this headform impact on the Citroën C4 Picasso. 
 

Initial time Headform 

Bonnet  
Engine 
 

 
Final time 

 
 
Figure 13.  Kinematics of impact on the Citroën 
C4 Picasso (cross-section). 

 
 
Figure 14.  Deceleration curve measured on this 
headform impact on the Citroën C4 Picasso. 
 
Therefore, all the elements likely to be impacted by 
the headform must have an adapted stiffness and 
usually may need to be softened (bonnet, scuttle, 
headlight…).  

For this reason, the free space under the bonnet 
must be sufficient in order not to avoid a hard 
contact that will result in an important peak of 
deceleration that may increase the HIC value. This 
will have a consequence on the compaction of the 
engine. 

Difficulties 

Collapsible bonnet arrester  
 
During the impact of the head on the bonnet, the 
bonnet arresters which ensure its correct 
positioning during the whole life of the vehicle, 
should not behave like hard points. One of the 
solutions is to use collapsible arresters which 
retract under a specific load.  
 
The principle of function of a collapsible arrester is 
presented in Figure 15. The Citroën C4 Picasso 
example is shown in Figure 16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Engine 
Stiff 
structure 

 
 
Figure 15.  Principle of function of a collapsible 
arrester. 
In its kinematics of impact, the head will first 
deform the bonnet. This one will then deflect and 
therefore press on the arresters which will be able 
to collapse. Therefore, the head will not be 
prevented to go downwards. 

Bonnet 

Headform 
Initial 
time 

Retracting 
part  

Hinge 

Final 
time 

Engine 

Stiff 
structure 
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Figure 16.  Bonnet arresters on the Citroën C4 

Picasso 
 
 

Active bonnet 
 
When space under bonnet is insufficient, for 
instance with large engines, an active bonnet can be 
another solution to prevent the head from 
impacting hard points. This active bonnet will 
deploy as soon as an impact with a pedestrian is 
detected and then, the space under bonnet will be 
artificially increased.  
 
The Citroën C6 is one of the first car model to be 
equipped with such a technology. 
 
The sensors, located under the bumper, identify the 
type of obstacle according to stiffness and force 
parameters. When a pedestrian impact is detected, 
the springs positioned near the windscreen will lift 
the bonnet of 65 mm in less than 15 ms .So that the 
pedestrian’s head is kept clear from the hard parts 
of the engine. 
 
The principle of function of the C6 active bonnet is 
shown in Figures 17 and 18. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17.  Example of the active bonnet of the 
Citroën C6. 
 

 
 

Fiber optics

Fiber optics control 
unit

Accelerometer for impact 
detection

Pyrotechnic system to 
release the active hood

Electronic Control Unit 
to process the 
recorded data

 

Force
Deceleration

Vehicle 
velocity

Optic fiber

Front beam

Accelerometer

Pyrotechnic system 
to release the 
active bonnet

Pyrotechnic system 
to release the 
active bonnet

longitudinals

 
 

Figure 18.  Principles of detection of a 
pedestrian impact for the Citroën C6 active 
bonnet. 
 
Note: Citroën C6 and Citroën C4 Picasso 
respectively scored 9,64 and 8 points out of 12 on 
the child headform tests in their EuroNCAP rating. 

METHOLOGY FOR DESIGNING THE 
FORNT-END COMPONENTS 

During the development phases of a vehicle, in 
order to limit the tests on expensive full prototypes, 
the various parts of the front-end are firstly 
designed thanks to C.A.D (virtual testing). Then 
during the manufacturing of the first components, 
their stiffness is validated thanks to component 
tests. In these tests, the components are fixed on a 
rigid frame and crushed using a rigid guided 
impactor which represent the leg or the head 
impactor.  

Collapsible bonnet 
arrester 
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With this methodology, the crush vs stiffness laws 
of each component of the front-end are validated 
for the pedestrian protection even before the first 
test on a complete prototype. 
 
Some component tests are presented in Figure 19 to 
22.  
 
 

Bumper 

Rigid legform 

 
 

Figure 19.  Principles of the component test 
carried out on the Peugeot 207 bumper 

 

 
Figure 20.  Example of a component test carried 
out on the Peugeot 207 bumper. 
 
 

Frame  
 

Bonnet 

 
Figure 21.  Principles of the component test 
carried out on the Peugeot 207 bonnet. 
 

 
Figure 22.  Example of a component test carried 
out on the Peugeot 207 bonnet. 
 

DISCUSSION AND CONCLUSION 

These solutions result from technical researches 
carried out by PSA Peugeot Citroën and convey the 
will of its Direction to improve the pedestrian 
protection and to anticipate the European 
Directives. They allowed PSA Peugeot Citroën to 
take place among the best car manufacturers in 
term of pedestrian protection.  
 
Nevertheless, the text of the European Directive 
foresees an increase in the required performance for 
2010 for the new vehicle types. This is called 
“Phase 2” and its requirements come from the 
EEVC WG17 proposal of procedure, which is 
currently used by Euro NCAP. 
 
Currently, only one vehicle achieved a 4 stars 
pedestrian protection rating: it is the Citroën C6. 
But, it is important to highlight that despite this 
excellent score, Citroën C6 could not fulfil all the 
requirements defined in the EEVC WG17 proposal. 
Indeed, some points in the head and upper leg 
zones still exceed the EEVC WG17 threshold 
limits. This clearly shows that even with an 
improved and innovative technical solution, the 
EEVC WG17 requirements are too stringent. 
 
Figure 23 and Figure 24 present the Citroën C6 
overall results on the bonnet and on the bonnet 
leading edge. 
 

 
Red Areas could not be “approved” regarding the EEVC WG17 

requirements (HIC level too high) 
Figure 23.  HIC results on the Citroën C6 
headform tests with respect to the EEVC WG17 
/ Phase 2 requirements. 
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U1 U2

U1A U1B U2A U2B U3A

U3
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BUT WITHOUT MARGIN (0%)BUT WITHOUT MARGIN (0%)

 
Red Areas could not be “approved” regarding the EEVC WG17 

requirements 
Figure 24.  Upper leg results on the Citroën C6 
with respect to the EEVC WG17 / Phase 2 
requirements. 
 
Moreover, these technical constraints for the 
pedestrian protection are most of the time in 
contradiction with other important car requirements 
such as: visibility for the driver or mass reduction 
 
Actually, pedestrian protection requirements tend 
to increase the bonnet height which is in 
contradiction with visibility requirements for the 
driver. 
 
 
Furthermore, pedestrian protection requirements 
tend to increase the mass of the vehicle by adding 
extra components such as the upper and lower 
absorbers. These requirements also tend to decrease 
the overall volume of the engine in order to prevent 
the head to impact the stiff parts of the car front-
end. This is in total contradiction with the Euro 5 
standard requirements that force the engine to be 
wider and larger because of added components for 
antipollution control. 
 
So to improve even more pedestrian safety, it 
would be necessary to investigate solutions linked 
to road infrastructures or linked to primary safety. 
For example, one proposal is to encourage the car 
manufacturer to equip their vehicles with a brake 
assist system.  
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ABSTRACT 

Although rollover crashes represent a small fraction 
(approximately 3%) of all motor vehicle crashes, they 
account for roughly 22% of crash fatalities to 
occupants of cars, light trucks, and vans (NHTSA 
Traffic Safety Facts, 2005 (1)). Of the fatally injured 
occupants in rollover crashes, 57% were ejected (2). 
With the development of advanced airbag and 
sensing technologies, General Motors (GM) has 
introduced systems intended to help mitigate the risk 
of head and torso ejection during a rollover crash.  

The implementation of these systems was preceded 
by the development of a suite of rollover sensor 
laboratory tests designed to simulate several types of 
rollover initiations. Many of these tests were 
conducted with instrumented Hybrid III 50th 
percentile Anthropomorphic Test Devices (ATDs) 
seated in the front outboard seating positions. For 
tests in which an Injury Assessment Reference Value 
(IARV) (3) was exceeded, a methodology was 
developed to provide a detailed summary of the 
vehicle kinematics, timing of ATD contacts, ATD 
peak responses, and film observations. 

Using this procedure, GM was able to identify 
common trends of peak ATD responses relative to 
restraint use and rollover initiation type. IARVs were 
shown to be exceeded in all test types, with both 
belted and unbelted ATDs. Although exact ATD 
motion was unpredictable, test type did have some 
effect on the location of ATD contact. In addition, the 
location of contact by leading side ATDs was 
influenced more by test type than by restraint usage. 
IARVs were shown to be exceeded with the vehicle 
at a wide range of orientations. Any impact during 
which the motion of the ATD head was arrested prior 
to stopping the ATD body showed the potential for 
exceeding a neck compression IARV. This was true 
regardless of vehicle orientation, location of the head 
contact, or dynamic deformation of the vehicle's 
structure.  

INTRODUCTION 

General Motors first introduced rollover crash 
sensors in 2005 model year mid-sized sport utility 
vehicles and has continued to develop this technology 
for other vehicle model lines during subsequent 
model years. The introduction of these sensors was 
preceded by the development of a suite of rollover 
sensor laboratory test types and test procedures that 
were used to develop the sensor calibrations for 
production applications. (4)  

GM has conducted 176 tests during the development 
of the suite of rollover sensor signature laboratory 
test methods as well as the development of 
production sensor calibrations for 2005 and 2006 
model year vehicles. These tests were conducted to 
generate vehicle sensor signatures as well as ATD 
kinematics for sensor calibration. The test types 
included: 

1. Trip-over: 
a. Curb trip-over 
b. Soil trip-over  
c. Gravel trip-over  
d. Friction trip-over 
e. Curb trip-over sled 
f. Soil trip-over sled 

2. Fall-over: 
a. Ditch fall-over with dirt slope 
b. Ditch fall-over with high friction 

slope 
3. Flip-over: Corkscrew ramp flip-over 
4. SAE J2114 Dolly rollover 
5. Other: 

a. Half corkscrew ramp 
b. Bounce-over 
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The data collected were not identical across all tests, 
but the majority of tests included the following:  

1. ATD head accelerations 
2. ATD chest accelerations 
3. ATD upper neck loads and moments 
4. ATD lower neck compression 
5. Seat belt loads, on tests with belted ATDs 
6. Vehicle accelerations and roll rates 
 

The vehicles tested included: 

1. Mid-sized sport utility vehicles 
2. Full-sized sport utility vehicles 
3. Cross over vehicles 
4. Passenger cars 
 
The tests were conducted with belted and unbelted 
Hybrid III 50th percentile ATDs in the front row 

outboard seating positions. In many of the tests, 
nylon-fabric membranes were attached to the vehicle 
structure across the front side window openings. 
High-speed cameras were installed in the test 
vehicles to record the kinematics of the ATDs 
relative to the vehicle. In addition, high speed 
cameras were placed outside of the test vehicles to 
document the kinematics of the test vehicle.  

CHARACTERIZATION OF ENTIRE DATASET 

Test Type 

A comparison of field statistics for the types of 
rollover initiations in the field to the 176 laboratory 
test dataset under analysis is shown in Figure 1. The 
trip-over tests make up the largest proportion of the 
laboratory dataset and reflect the majority of field 
rollover initiations (2001-2005 NASS-CDS, Cars + 
LTV's). 

0%

10%

20%

30%

40%

50%

60%

70%

80%

Tr
ip

-O
ve

r  
   

   
   

  

Fa
ll-

O
ve

r  
   

   
   

  

Fl
ip

-O
ve

r  
   

   
   

  

D
ol

ly
 ro

llo
ve

r  
   

   
 

Bo
un

ce
-O

ve
r  

   
   

   

O
th

er
   

   
   

   
   

   
 

En
d-

O
ve

r-
En

d 
   

   
   

C
lim

b-
O

ve
r  

   
   

   
 

Tu
rn

-O
ve

r  
   

   
   

  

O
th

er
 V

eh
ic

le
   

   
   

Rollover Initiation Type, Car + LTV, 2001-2005
NASS-CDS Weighted, Excluding Unknow ns

176 tests

 
Figure 1.  Distribution of test types. 
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Quarter Turns Achieved 

Of the 176 tests under analysis, 95 resulted in a 
rollover of at least ¼ turn. A comparison of these 95 
tests which rolled at least ¼ turn to statistics from 
field rollovers is shown in Figure 2. The larger 

proportion of laboratory tests that rolled only ¼ turn 
is indicative of the objective of the rollover testing 
itself - to develop a rollover sensing calibration. This 
puts an emphasis on simulating vehicle kinematics 
that approach and/or exceed a "threshold" in terms of 
vehicle rollover.  
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40%

50%

60%

1/4 roll        1/2 roll        3/4 roll        1 complete roll >1 complete
roll      

2001-2005 NASS-CDS Weighted, Cars+LTVs,
Excluding end-over-end and unknow ns

95 tests, Excluding tests < 1/4 turn

 
Figure 2.  Comparison of field data to test data by quarter turn achieved. 

CHARACTERIZATION OF TESTS WITH 
IARV EXCEEDED 

For the 176 tests conducted, the data was sub 
sampled for tests in which the ATD recorded injury 
values which exceeded IARVs. It was observed that 
in the 81 tests which did not achieve at least ¼ turn, 
no IARVs were exceeded. Of the remaining 95 tests, 
48 tests had at least one IARV exceeded. 

Quarter Turns Achieved 

Tables 1 and 2 show the distribution of the 176 tests 
conducted with and without an IARV exceeded by 
test type and by number of quarter turns achieved. 
The dataset shows 46% (81) of the tests rolled less 
than ¼ turn, which again reflects the objective to 
develop a rollover sensor calibration. Although the 
data shows that an IARV can be exceeded in a 
rollover of only ¼ turn, the majority of IARVs were 
exceeded in tests with multiple ¼ turns. 

Table 1. 
Number of quarter turns achieved – IARV not exceeded 

0 1 2 3 4 5 6 7 8 9 10 11 12 Total
Trip-over 68 26 3 0 1 0 2 0 1 0 0 0 0 101
Fall-over 12 5 3 0 0 0 0 0 0 0 0 0 0 20
Flip-over 0 2 2 0 0 0 0 0 0 0 0 0 0 4
Dolly 0 0 0 0 0 0 0 0 0 0 0 0 1 1
Other 1 0 0 0 1 0 0 0 0 0 0 0 0 2
All 81 33 8 0 2 0 2 0 1 0 0 0 1 128

Number of Quarter Turns Achieved
IARV not Exceeded
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Table 2. 
Number of quarter turns achieved – IARV exceeded 

0 1 2 3 4 5 6 7 8 9 10 11 12 Total
Trip-over 0 9 7 0 3 0 2 0 2 0 0 0 0 23
Fall-over 0 2 7 0 0 0 0 0 0 0 0 0 0 9
Flip-over 0 2 6 0 0 0 0 0 0 0 0 0 0 8
Dolly 0 0 0 0 2 0 0 0 1 1 1 0 3 8
Other 0 0 0 0 0 0 0 0 0 0 0 0 0 0
All 0 13 20 0 5 0 2 0 3 1 1 0 3 48

Number of Quarter Turns Achieved
IARV Exceeded

 

Restraint Condition 

Direct A-to-B comparisons of specific tests were not 
possible due to the underlying test objective, 
variation in vehicle models and rollover test types, 
and the inherent non-repeatability of rollover testing. 

Therefore, observations focused on the dataset of 95 
tests (190 ATDs) in which a rollover of at least ¼ 
turn was achieved. Table 3 and Table 4 show the 
distribution of restraint usage for the various test 
types in tests which rolled at least ¼ turn.  

Table 3.  
Leading side ATD in tests which rolled at least ¼ turn  

IARV Not 
Exceeded 

IARV 
Exceeded 

IARV Not 
Exceeded 

IARV 
Exceeded 

Trip-over 7 6 41 2
Fall-over 2 3 7 5
Flip-over 0 1 7 4
Dolly 0 3 4 2
Other 0 0 1 0
All 9 13 60 13

Unbelted Belted

 

Table 4.  
Trailing side ATD in tests which rolled at least ¼ turn 

IARV Not 
Exceeded 

IARV 
Exceeded 

IARV Not 
Exceeded 

IARV 
Exceeded 

Trip-over 3 10 33 10
Fall-over 2 3 11 1
Flip-over 0 1 5 6
Dolly 0 3 1 5
Other 0 0 1 0
All 5 17 51 22

Unbelted Belted

 

 

For this dataset, 14 of the 44 unbelted ATDs did not 
have an IARV exceeded, while 111 of the 146 belted 
ATDs did not exceed an IARV.  Therefore, 68% of 
the unbelted ATDs and 24% of the belted ATDs 
exceeded an IARV.  This suggests the likelihood of 
an ATD exceeding an IARV decreases with the use 
of belts, which is consistent with observations of 
rollover field data (5).  

The seat belt types included all-belts-to-seat (ABTS) 
as well as belt-to-pillar configurations. Retractor 
pretensioners or buckle pretensioners were included 
in some belted tests. However, the small size of the 
dataset precludes analysis of the effects of seat belt 
configuration, anchor location, and pretensioner type. 
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DATA ANALYSIS METHODOLOGY 

A summary chart was created for each ATD in the 48 
tests that had at least one IARV exceeded. This 
involved a total of 26 leading side ATDs (13 belted, 
13 unbelted), and 39 trailing side ATDs (22 belted, 
17 unbelted). An example summary chart is shown in 
Figure 3.  

The chart is a tool used to develop a one-page 
summary of the rollover test. The x-axis represents 
time in milliseconds, while the y-axis reflects the roll 
angle of the vehicle. The time at which a peak value 
occurred is plotted on each chart, along with the 

appropriate data label. Data labels in bold show peak 
ATD loads that exceeded the IARV, while those in 
italics show observations estimated from film. Film 
observations may include items contacted by the 
ATD, as well as estimated timing of dynamic vehicle 
upper structure deformation. Pictures of the vehicle 
and ATD orientation at the time at which an IARV 
was exceeded are also included.  

In Figure 3 for example, two IARVs were exceeded 
on the trailing side ATD during a single impact -- 
head contact to the leading side B-pillar. At this point 
in the rollover, the vehicle has achieved only 52 
degrees of roll angle.  
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Figure 3.  Sample summary chart. 
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DATASET OBSERVATIONS  

The 48 tests with at least one IARV exceeded were 
analyzed by IARV type, ATD contact location, test 
type, and restraint usage.  

IARV type 

The distribution of types of IARVs exceeded on 
leading side and trailing side are shown in Figure 4 
and Figure 5, respectively. For these tests, the 
following IARVs were grouped as follows: 

1. One upper neck compression IARV was 
‘counted’ if an ATD response exceeded the peak 
upper neck compression IARV and/or the peak 
upper neck compression time duration IARV. 

2. One lower neck compression IARV was 
‘counted’ if a peak lower neck compression 
IARV was exceeded.  

3. One Nij IARV was ‘counted’ if one or more Nij 
(i.e. Ntf, Nce, Nte, Ntf) were exceeded. 

4. One HIC IARV was ‘counted’ if a test exceeded 
the 15ms and/or 36 ms HIC. 

5. The ‘Other Neck IARVs’ included upper neck 
shear rearward, upper neck occipital condoyle 
moment left, upper neck occipital condoyle 
flexion and upper neck occipital condoyle 
extension. 

Leading Side 'Counts' - IARV Exceeded 
n=54

Upper Neck 
Compression 
Peak and/or 
duration, 23, 

43%
Nij, 9, 17%

Lower Neck 
Compression 

Peak, 12, 
22%

Other Neck 
IARV, 5, 9%

HIC - 15ms 
or 36ms, 5, 

9%

 
Figure 4.  Leading side ‘counts’ – IARV exceeded. 

Trailing Side 'Counts' - IARV Exceeded 
n=73

Upper Neck 
Compression 
Peak and/or 
duration, 37, 

52%

Nij, 14, 19%

Lower Neck 
Compression 

Peak, 9, 
12%

Other Neck 
IARV, 12, 

16%

HIC - 15ms 
or 36ms, 1, 

1%

 
Figure 5.  Trailing side ‘counts’ – IARV exceeded. 

Of the 96 ATDs in the 48 tests, 65 ATDs had at least 
one IARV exceeded for a total of 127 ‘counts’. The 
distribution of exceeded IARVs is similar between 
leading and trailing side ATDs except for Head 
Injury Criteria (HIC), which has a larger proportion 
on the leading side. The lone example of a HIC 
IARV being exceeded by the trailing side ATD was 
the result of ATD to ATD contact. 

ATD Contact Location 

A description of the categories used to describe the 
locations of contact, with associated example 
photographs showing vehicle orientation and ATD 
orientation relative to the ground, is as follows: 

1. Head contact to leading side door at beltline: The 
unbelted leading side ATD moved toward the 
trailing side and then moved back toward the 
leading side resulting in head contact to the 
leading side door (Figure 6). 

 

Leading ATD Head

 
Figure 6.  Head contact to leading side door at 
beltline. 

2. Head contact to ground - convertible: The head 
of the belted ATD contacted the ground through 
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the open convertible roof. The convertible roof 
was not in a closed position for the tests. 

3. Head to leading/trailing side structure at event 
arrest: These tests were corkscrew ramp flip-over 
tests where the vehicle was arrested by 
contacting a row of jersey barriers that were 
placed in front of the building wall. The time at 
which the vehicle contacted the jersey barriers is 
considered to be the event arrest. 

4. Head contact to ground or ground/roof rail on 
leading side: The head of the leading side ATD 
either contacted the ground through the leading 
side window membrane (a more lateral outboard 
motion) or the contact was to the ground with the 
head in contact with both the leading side roof 
rail and membrane (a more vertical outboard 
motion) (Figure 7). 

 

 
Figure 7.  Head contact to ground/roof rail. 

5. Head contact to leading/trailing side structure: 
The head contacted the roof rail, door frame, 
roof etc. on the leading/trailing side of the 
vehicle (Figure 8). 

 

Trailing Head

 
Figure 8.  Head contact to leading side structure. 

6. Head contact to ground through leading side 
membrane: The unbelted trailing side ATD 
moved toward the leading side and contacted the 
leading side window membrane which was in 

contact with the ground due to vehicle 
orientation. (Figure 9). 

 
Figure 9.  Head contact to ground through leading 
side membrane. 

7. Head contact to leading side window membrane: 
The unbelted trailing side ATD moved toward 
the leading side and was arrested by the leading 
side window membrane when the leading side of 
the vehicle was not in contact with the ground 
(Figure 10). 

Trailing Head

 
Figure 10.  Head contact to leading side window 
membrane. 

8. Head contact to leading side ATD: The head of 
the trailing side ATD contacted the leading side 
ATD (Figure 11). 

 
 

 
Figure 11.  Head contact to leading side ATD. 
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9. Head contact to ground/roof rail on trailing side: 
The trailing side ATD contacted the trailing side 
roof rail and window membrane which were in 
contact with the ground. 

10. Insufficient film length/No onboard lights: In 
some tests, the onboard camera ran out of film 
prior to the ATD contact or the onboard lights 
were lost for the entire test, so ATD contacts 
were not visible. 

 
A summary of the locations of contact for a leading 
side ATD impact during which an IARV was 
exceeded is shown in Figure 12. The summary for the 
trailing side is shown in Figure 13. It should be noted 
that multiple contacts during which an IARV was 
exceeded occurred in some tests, resulting in 71 
contacts during which IARVs were exceeded for the 
65 ATDs. 

Leading Side ATD Contact Locations - IARV Exceeded 
n=28
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Figure 12.  Leading side ATD contact locations – 
IARV exceeded.  
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Figure 13.  Trailing side ATD contact locations – 
IARV exceeded. 

Figure 12 and Figure 13 demonstrate the complex 
nature of ATD motion in a rollover. Although 82% of 
leading side ATD contacts were with structure and/or 
ground, the location of contact varied. For instance, 
in one test, the ATD head contact was to the leading 
side door at the belt line, with the vehicle on its 
wheels (Figure 6). On the trailing side, 63% of 
trailing side ATD head contacts occurred with the 
leading or trailing side structure. IARVs were also 
exceeded through contact to the leading side ATD 
and through restraint provided by the leading side 
window membrane.  

ATD Contact Location by Test Type 

Table 5 shows the leading side ATD contacts during 
which an IARV was exceeded for each rollover 
initiation type.  

Table 5. 
Leading Side ATD contacts during which an IARV was exceeded – by test type 

Trip-over Fall-over Flip-over Dolly rollover
Head contact to leading side structure 4 0 3 5
Head contact to ground or ground/roofrail 3 8 0 0
Head contact to leading side structure at event arrest 0 0 2 0
Head contact to ground - convertible 0 0 1 0
Insufficient film length 1 0 0 0
Head contact to leading side door at beltline 0 0 0 1  

All of the fall-over tests involved ATD head contact 
to ground or ground/roof rail. This was due to the 
relatively low vehicle angular rate that is 
characteristic of this test methodology. In these tests, 

ATD motion is influenced largely by gravity, leading 
to motion that is primarily lateral with respect to the 
vehicle. In contrast, the relatively high angular rates 
associated with flip-over and dolly rollover tests 
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resulted primarily in ATD head contact with the 
leading side structure as the ATD moved upward and 
outward.  

In trip-over tests, leading side ATD contact location 
was more varied. At trip initiation, the deceleration of 
the vehicle is primarily lateral, leading to lateral 
motion of the ATD relative to the vehicle. As the 
vehicle's lateral motion is converted to angular 
rotation, ATD motion becomes more upward and 

outward. For some tests, this resulted in ATD head 
contact to the leading side structure, while in others 
the ATD struck the ground or ground/roof rail.  

Table 6 shows the trailing side ATD contacts during 
which an IARV was exceeded by test type. The 
various angular rates associated with the different test 
methodologies again played a role in the amount of 
upward and outward motion of the ATD.  

Table 6. 
Trailing Side ATD contact locations during which an IARV was exceeded – by test type 

Trip-over Fall-over Flip-over Dolly rollover
Head contact to ground - convertible 2 0 1 0
Head contact to trailing side structure 8 1 4 7
Head contact to ground/ roofrail on trailing side 1 0 0 0
Head contact to trailing side structure at event arrest 0 0 3 0
Head contact to leading side structure 2 3 0 2
Head contact to leading side ATD 4 0 0 0
Head contact to leading side window membrane 1 0 0 0
Head contact to ground through leading side window membrane 1 0 0 0
Insufficient film length/No onboard lights 2 0 0 1  

ATD Contact Location by Restraint Usage  

Figure 14 and Figure 15 show a comparison between 
belted and unbelted leading side ATDs in terms of 
their contact locations. The distribution of contact 
locations does not appear to be affected by belt usage 
for the leading side ATD.  

Belted Leading Side ATD Contact Locations - IARV 
Exceeded n=14

Head contact to 
ground or 

ground/roofrail, 
5, 36%

Head contact to 
leading side 
structure, 7, 

50%

Head contact to 
ground - 

convertible, 1, 
7%

Head contact to 
leading side 
structure at 

event arrest, 1, 
7%

 
Figure 14.  Belted leading side ATD contact 
locations with IARV exceeded. 

Unbelted Leading Side ATD Contact Locations - IARV 
Exceeded n=14

Head contact to 
leading side 
structure at 

event arrest, 1, 
7%

Insufficient f ilm 
length, 1, 7%

Head contact to 
leading side door 
at beltline, 1, 7%

Head contact to 
ground or 

ground/roofrail, 
6, 43%

Head contact to 
leading side 
structure, 5, 

36%

 
Figure 15.  Unbelted leading side ATD contact 
locations with IARV exceeded. 

Figure 16 and Figure 17 show the distribution for 
contact locations for belted and unbelted trailing side 
ATDs demonstrating that belt usage strongly 
influenced the trailing side ATDs contact location.  
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Belted Trailing Side ATD Contact Locations - IARV 
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Figure 16.  Belted trailing side ATD contact 
locations with IARV exceeded. 
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Figure 17.  Unbelted trailing side ATD contact 
locations with IARV exceeded. 

For the belted ATDs, contact occurred primarily to 
the trailing side structure, although belt usage did not 
preclude head contact with the leading side ATD 
(Figure 18).  

Trailing headTrailing head

 
Figure 18.  Belted ATD head contact to leading 
side ATD. 

For the unbelted trailing side ATDs, 60% of the 
contacts occurred on the leading side of the vehicle, 
while only 20% were to the trailing side structure.  

Table 7 shows the number of quarter turns and 
vehicle orientation for the contacts, summarized by 
restraint usage. For the leading side ATD, the vehicle 
orientation at the contact did not show a significant 
difference for belted or unbelted ATDs. For the 
trailing side, however, the trend differs. The unbelted 
trailing side ATDs show the majority of contacts 
when the vehicle is on the leading side, as the 
unbelted ATD moves from the trailing side to the 
leading side, whereas the majority of belted contacts 
occurred when the vehicle was on the roof.  

Table 7.  Restraint condition and ATD location in 
contacts with IARV exceeded by vehicle 
orientation 

On 
wheels

On 
leading 

side On roof

On 
trailing 

side
Unbelted
Leading Side 1 10 2 1
Belted
Leading Side 0 11 3 0
Unbelted
Trailing Side 3 15 2 0
Belted
Trailing Side 1 3 19 0

Sum: 5 39 26 1

Restraint usage - Contacts by vehicle 
orientation

 

HIC and ATD Contact Location 

For leading side ATDs, HIC IARVs were only 
exceeded during fall-over tests as a result of head to 
ground contact. However, head to ground contacts 
occurred during other tests without the HIC IARV 
being exceeded. In addition, one test demonstrated 
that it is possible that the HIC IARV could be 
exceeded without exceeding any additional IARVs. 

On the trailing side, the HIC IARV was exceeded 
once, due to belted trailing side ATD head contact 
with the shoulder of the leading side ATD (Figure 
18). 

Upper Neck Compression and ATD Contact 
Location  

As shown in Figure 4 and Figure 5, approximately ½ 
of the IARVs exceeded were due to upper neck 
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compression loading. Figure 19 and Figure 20 show 
the distribution of contact locations during which the 
upper neck compression IARV was exceeded.  

Leading Upper Neck Compression IARV Exceeded - 
n=23

1

1

1

2

8

10

0 2 4 6 8 10 12

Head contact to leading side structure

Head contact to ground

Head contact to leading side structure at
event arrest

Head contact to ground - convertible

Insuff icient f ilm length/No onboard lights

Head contact to leading side door at
beltline

Number of Contacts  
Figure 19.  Leading side ATD upper neck 
compression IARV exceeded – ATD contact 
location. 

Trailing Upper Neck Compression IARV Exceeded - 
n=37
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Figure 20.  Trailing side ATD upper neck 
compression IARV exceeded – ATD Contact 
Location. 

Table 8 shows the vehicle orientation for tests during 
which the upper neck compression IARV was 
exceeded. As demonstrated in Figure 19 and Figure 
20, upper neck compression IARVs were exceeded 
through contact with the ground, door, roof rail, roof, 
window membrane or the other ATD. Any contact 

during which the motion of the ATD head was 
arrested prior to stopping the ATD body showed the 
potential for exceeding a neck compression IARV. 
This was true regardless of vehicle orientation, 
location of the head contact, or dynamic deformation 
of the vehicle's structure, as shown in Figures 6 
through 11.  

Table 8. 
Restraint condition and ATD location in tests with 

upper neck compression IARV exceeded by 
vehicle orientation 

On 
wheels

On 
leading 

side On roof

On 
trailing 

side
Unbelted
Leading Side 1 9 1 1
Belted
Leading Side 0 9 2 0
Unbelted
Trailing Side 2 12 2 0
Belted
Trailing Side 0 3 18 0

Sum: 3 33 23 1

Restraint usage - Contacts by vehicle 
orientation

Neck compression IARV exceeded

 

Lower Neck Compression Peak  

For the leading side ATDs with lower neck load cells 
installed, there were two tests in which the upper 
neck compression and lower neck compression 
IARVs were not both exceeded during the same 
impact. This was likely due to the ATD orientation 
during loading. In one of these tests, the upper neck 
aft shear IARVs were exceeded and in the other, the 
Ncf (Neck compression-flexion) IARV was exceeded, 
demonstrating the off-axis nature of the neck loading 
in these impacts.  When the loading of the neck was 
primarily axial, the magnitudes of the upper and 
lower neck compressions were similar. 

For the trailing side ATDs with lower neck load cells 
installed, lower neck compression peaks did show an 
associated IARV exceeded for the upper neck 
compression, due to the more axial nature of loading.  

Nij 

The Nij IARV was exceeded in 9 impacts for the 
leading side ATD and a single impact for the trailing 
side. There were no cases in which the Nij was the 
only IARV exceeded.  
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CONCLUSIONS 

General Motors has conducted 176 laboratory-based 
rollover sensor signature tests for developing test 
methods as well as for development of rollover 
sensor calibrations for 2005 and 2006 model year 
vehicles. These tests have a distribution of rollover 
initiation type that is similar to field frequencies.  

The tests were conducted with a combination of 
restraint characteristics – unbelted, belted with and 
without retractor and buckle pretensioners, with belts 
mounted to pillars and with all-belts-to-seat 
configurations. For this dataset, the likelihood of an 
ATD exceeding an IARV decreases with the use of 
belts.  

General Motors has developed a method for 
evaluating ATDs in a rollover test in which an IARV 
was exceeded. This method distills a complex crash 
test into a one page summary chart. This summary 
chart shows the times of peak injury assessment 
values, the vehicle roll angle, vehicle and ATD 
contacts, ATD orientation relative to the vehicle and 
ground, and vehicle orientation relative to ground.  

An analysis of ATD contact locations in the vehicle 
during which an IARV was exceeded demonstrates 
the complex nature of ATD motion during rollover 
crashes. IARVs can be exceeded through contact to: 

1. The vehicle structure on the leading side of the 
vehicle (roof, pillars, roof rail, etc) 

2. The vehicle overhead structure on the trailing 
side of the vehicle (roof, pillars, roof rail, etc) 

3. The vehicle door at the belt-line  
4. The other ATD 
5. The nylon-fabric membrane covering the 

window 
6. The ground through an open convertible roof 
7. The ground through the window membrane  
 

ATD motion and location of contact during which an 
IARV was exceeded can be affected by ATD location, 
test type, and restraint usage.  

For leading side ATDs, tests with lower angular rates 
led to ATD motion that was influenced primarily by 
gravity, leading to head contact to the window 
membrane and the ground. For tests with higher 
angular rates, the ATD motion was primarily upward 
and outward, leading to contacts with the vehicle 
structure on the leading side. Restraint usage did not 
show a significant effect on ATD motion for the 
leading side ATDs.  

On the trailing side, however, the trends differed. The 
motion of the ATD was influenced primarily by the 
restraint condition and did not appear to be 
significantly affected by test type. Belted trailing side 
ATDs primarily contacted the trailing side structure 
when an IARV was exceeded. Unbelted trailing side 
ATDs primarily made contacts on the leading side of 
the vehicle. Contact locations included impacts to the 
leading side structure, ATD, window membrane, and 
the ground through the leading side window 
membrane. 

An evaluation of vehicle kinematics, quarter turn, and 
orientation during ATD contacts with an associated 
IARV exceeded showed that an IARV can be 
exceeded with the vehicle at any orientation and at 
any number of quarter turns.  

An analysis of this dataset showed that it is possible 
that the HIC IARV could be exceeded without 
exceeding any additional IARVs. The only ATD 
contacts during which HIC IARV was exceeded were 
head to ground contacts through the window 
membrane. 

In addition, the analysis showed that neck 
compression IARVs could be exceeded with the 
vehicle at any orientation, independent of belt usage, 
and through any contact during which the head of the 
ATD stopped moving prior to the rest of its body. 
These ATD contacts occurred with the ground, door, 
roof rail, roof, window membrane or the other ATD.  
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ABSTRACT 

 

     The application of numerical techniques to the 

study of the phenomena that occur during the first 

milliseconds after the activation of the airbag until 

recently has remained out of reach, due to the high 

complexity of the problem. On the one hand, the 

highly dynamic evolution of the gas produced by 

the inflator invalidates the hypothesis of uniform 

pressure within the volume. On the other hand, the 

simulation of the airbag opening involves problems 

such as the creation of extremely complex meshes 

representing the folded bag inside its housing, 

characterization of the behaviour of strain rate 

dependent materials, breaking of seam lines, etc.   

 

     During the last years several simulation 

packages have introduced modules to reproduce the 

gas flow inside the airbag, but experimental 

methods most commonly used to validate 

simulations involving airbags are not able to deal 

with the high speed and lack of accessibility that 

characterize this stage of the airbag deployment.  

 

     The objective of the present studies is the 

determination of the capability of these simulation 

tools to be used in the design of parts with attention 

to the loads produced during the opening of the 

airbag. This will help us not only to improve the 

development and integration of components, but, in 

later steps, also to provide airbag models able to be 

applied with guarantee in the simulation of OOP. In 

order to do this, a combined methodology using 

simulation and instrumentation has been defined, 

based on the development of numerical models 

using the FEM software PAM-CRASH and its 

module for simulation of fluids based on the 

algorithm FPM. These models have been validated 

with experimental tests specifically designed for 

this task. This paper intends to introduce the 

characteristics of the different stages of the airbag 

deployment and shows some of the results of the 

mentioned studies. 

 

INTRODUCTION 

 

     As is well known, airbags are devices designed 

to provide protection to the users of vehicles during 

crash events. They are part of the so-called restraint 

system, which includes the different elements that 

help to reduce the damage to the occupants in case 

of accident, minimizing the loads necessary to 

adapt their movement to the movement of the car. 

Two of the main requirements of the airbags are in 

conflict. On the one hand, they should remain 

unseen until they are necessary, occupying as little 

space as possible. On the other hand, in case of 

accident they must fill the maximum available 

volume between the passenger and the parts of the 

interior of the vehicle that could harm him, in order 

to allow a progressive transmission of energy. In 

this case the airbag must reach its working position 

only a few milliseconds after the vehicle is 

impacted. To deal with these contradictory 

functions, the airbag is generally composed of a 

bag originally folded within a volume defined by 

mobile parts destined to open, allowing the way out 

(in order to generalize among the different types of 

airbag we will refer to them as “cover”), and a 

more or less rigid surface whose mission is to 

fasten the base of the bag and to orient its 

deployment in the desired way (it will be referred 

to here as “frame”). A very short time after the 

impact, the airbag receives a trigger signal, which 

causes an element commonly called generator or 

inflator to begin to inject gas into the bag. At a 

certain moment the pressure becomes high enough 

to open the cover, allowing the bag to unfold to its 

final position, where it is ready to receive the 

occupant. During these very rapid processes, the 

components of the bag, cover and frame can 

support pressures up to several bars, accelerations 

of several thousands of g’s and speeds over a 

hundred meters per second. Additionally, the 

violence of the deployment makes it potentially 

dangerous for occupants located in the deployment 

region. These situations are called “Out Of 

Position” or simply OOP.  

 

     The revision of the American standard FMVSS 

208 [1] limiting the aggressiveness of the airbags in 

OOP situations has led the airbag manufacturers to 

look for “low risk deployment” properties in their 

products. This has introduced a higher complexity 

in the design of the airbag in regard to its opening 

and deployment functions, as it is expected not 

only to do it “quickly”, but also “softly”. The 

number of design parameters related to these 

functions makes it very desirable to count on 

numerical tools allowing the simulation of the 

process instead of testing expensive prototypes.  
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     Finite Elements Method (FEM) based software 

have been widely employed in the design and 

development of restraint systems, focusing 

normally on the function of protecting the occupant 

once the airbag is deployed. For this task the airbag 

is simulated as a closed mesh of flat elements 

affected by a homogeneous field of pressure 

representing the gas. The hypothesis of uniform 

pressure within the whole volume of the airbag is 

quite accurate in this case, but it is very far from 

being applicable to the first moments of the 

deployment. To simulate correctly these 

phenomena we need to reproduce in some way the 

dynamics of the gas evolving within the folded bag. 

 

     Several software developers have accepted the 

challenge and have introduced modules of 

simulation of compressible fluids within their 

simulation packages. The most extended are LS-

DYNA (introducing ALE), MADYMO (CFD) and 

PAM-CRASH (FPM) [2][3]. While the first two 

are based on the coupling of an eulerian mesh 

reproducing the fluids with a lagrangian mesh 

representing the solids, the third one is based on a 

meshless algorithm called Finite Pointset Method 

(FPM) [4]. This code fills the volume inside the 

bag with a cloud of points, as shown in Figure 1, 

and calculates a set of thermodynamic variables on 

them, including pressure, density, speed and 

temperature, relating them by interpolation to the 

neighbouring points. Finally, it calculates the 

transmission of momentum between the FPM 

points and the lagrangian mesh representing the 

bag. 

 

Figure 1. Simulation of airbag using FPM 

(external skin and section showing FPM points). 

 

     The studies presented in this paper were defined 

according to two main objectives: 

 

1. To evaluate the capability of these numerical 

methods to be used as tools in the development 

of airbags, paying attention to three main 

scenarios: The interaction between the airbag 

and its surrounding parts during the process of 

opening, the kinematics during the deployment 

and, finally, the interaction of the airbag with 

an occupant in an OOP situation. PAM-

CRASH and its module FPM were chosen to 

perform the simulations. 

 

2. To develop a complete methodology of work, 

including numerical and experimental tools, 

designed according to the particularities and 

needs of each of the three designated 

scenarios. 

 

METHODS 

 

     In order to achieve these objectives, it was 

necessary to find solutions to an important number 

of questions related to each one of the scenarios, so 

it was decided to face each one of them according 

to their logical order. First of all, we analyzed the 

problematic of the interactions during the opening 

of the cover. Once this part was properly solved we 

proceeded to the deployment analysis, and then we 

made the airbag interact with a mannequin in OOP. 

The numerical models used in each of the studies 

were related to the ones obtained as results in the 

previous steps and adapted to the needs of the new 

scenario.  

 

     The first step was to analyze the problematic of 

each of the scenarios using the available 

information in order to choose the most appropriate 

way to validate experimentally our numerical 

models. As a result of these previous analyses, 

three stages were defined in the deployment of the 

airbag. 

 

     Due to the complexity of the first scenario, 

which included problems involving the modelling 

of the folded bag and the inflator on the one hand, 

and on the other hand the modelling of their 

environment, including plastic materials and the 

breaking of seam lines, it was decided to 

incorporate a prior step in which the assembly bag-

generator was validated separately within an 

environment easier to simulate. This gave us the 

chance to validate the capability of FPM to 

reproduce the loads of the deployment in a housing 

not only easier to simulate, but also easier to 

measure. These studies were denominated “in 

Controlled environment”.  

 

     The airbag chosen for the analysis was a 

passenger side frontal airbag, with the particularity 

of having and integrated cover, which made it 

unnecessary to use and model the rest of the 

dashboard. This simplified both the simulations and 

the tests. The housing was composed of a metallic 

base and a plastic component in Polypropylene 

with EPDM, as shown in Figure 2. This element 

played the roles of being the cover and a part of the 

frame simultaneously. The design of this element 

included a set of weakened points with the function 

of a breakable seam line. 
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Figure 2. Airbag module with detail of the seam  

line and numerical model. 

 

     The gas generator had only one phase, so it was 

not possible to include the modification of the mass 

flow in our studies. It was composed of the inflator 

itself and a metallic diffuser with a hole allowing 

for the orientation of the gas towards the cover. The 

bag was made up of one single volume, with two 

circular ventings open during the entire deployment 

and without any strap to control or modify its 

external shape. 

 

     In order to evaluate the capacity of the 

numerical tools to deal with changes in the design, 

several modifications were introduced to the 

models. These modifications were designed taking 

into account that they should also be easy to 

perform in the physical components. This allowed 

us to count on a set of models with the following 

variables: 

 

1. Folding pattern. Instead of using the original 

folding pattern of the airbag, Leporello (LE) 

and Rolling (RO) patterns were chosen 

because different behaviour was expected 

during the deployment (Figure 3).  

 

 

Figure 3. Folding patterns used in the studies. 

 

2. Diffuser. Four diffuser geometries were 

introduced in order to produce different 

directions of the gas flow (Figure 4). The first 

one (Diffuser 1 or Dif 1) was the original one, 

with radial orientation of the gas flow towards 

the cover. In the second one (Dif 2) the 

diffuser was modified in order to get a more or 

less axial orientation of the gas flow, which 

should avoid the local concentration of 

pressure under the cover and produce a more 

homogeneous distribution of loads. The 

geometries of diffuser 3 and 4 (Dif 3 and Dif 

4) were obtained rotating the original diffuser 

54 and 32 degrees respectively with regard to 

the axis of the generator, in order to redirect 

the gas flow and originate different zones of 

concentration of pressure. 

 

Figure 4. Generators and diffusers employed in 

the studies. 

 

3. Resistance to the opening of the cover. In order 

to introduce this variable easily, approximately 

half of the points that composed the breakable 

seam line were removed from the model. The 

original part and the weakened one were 

named Cover 1 (C1) and Cover 2 (C2) 

respectively.  

 

     The resultant array included 16 cases, which 

enabled us to evaluate the influence of each 

variable and to choose the most interesting cases to 

be performed experimentally. Not all the cases 

were simulated or tested in each scenario. They 

were selected according to the particular 

requirements of the different studies.  

 

     The experimental methodologies employed 

were designed specifically, taking into account the 

particular needs of each study. Several series of 

tests were performed in parallel to the development 

of the numerical works. First of all, a test bench 

was designed for the tests in controlled 

environment. Secondly, highly instrumented airbag 

deployment tests were used simultaneously for the 

studies of the interaction against real environment 

and kinematics of deployment. Finally, out of 

position tests were carried out in several 

configurations.  

 

      On the numerical side, different models were 

defined according to each scenario. Most of the 

parameters that helped us to reach good results in 

the studies of controlled environment were kept in 

the rest of the models, in order to analyze the 

 

Dif 1 Dif 2 Dif 3 Dif 4
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predictability of the method. The smoothing length 

(associated to the number of FPM points) was 

modified in the different scenarios in order to keep 

a balance between accuracy and reasonable 

calculation times, which varied from an average of 

eight hours in the simulations of controlled and real 

environments, more detailed and with only 15 

milliseconds of simulation, up to an average of 24 

hours in the simulations of out of position tests, less 

detailed but arriving at 50 milliseconds of 

simulation. The calculations were performed on a 

two processors Linux based platform using PAM-

CRASH v2005. 

 

STAGES OF AIRBAG DEPLOYMENT 

 

     In the process of the deployment of an airbag 

different phases can be observed. A basic analysis 

of the processes that occur in each of them will 

help us to understand the phenomena associated to 

each of our scenarios. 

 

     Observing the evolution of the pressure and 

volume of the airbag we can define three main 

stages (see Figure 5): 

 

1. First stage: The first stage begins when the 

generator starts to inject gas into the bag. At 

this stage the airbag is contained by its housing 

and cover, which prevent it from deploying 

freely. Due to this limitation of the available 

volume the pressure of the gas within the bag 

increases quickly, making the fabric push 

against its environment. At a certain moment 

the pressure grows enough so as to burst the 

seam that maintains the cover closed. The 

loads produced in this interaction depend not 

only on the gas generated, but also on the 

resistance opposed by the environment to the 

growing of the volume of the airbag. 

 

2. Second stage: When the cover begins to open, 

the bag starts to protrude, being able at this 

point to increase its volume. Then the second 

stage begins, in which the bag leaves the case. 

Due to the difference between the atmospheric 

pressure and the pressure achieved in the 

airbag during the first stage, the bag tends to 

go out of the frame very quickly, producing an 

expansion of the available volume and, 

consequently, a drop in the pressure inside the 

bag. At the beginning of this stage the pressure 

is still high, and the bag is propelled violently. 

This situation, known as “Punch Out”, is the 

most potentially dangerous for occupants 

placed too near the airbag (OOP situations). 

When the pressure inside the airbag has 

become closer to the atmospheric pressure, the 

bag keeps on developing until there is no more 

folded fabric in the case.  

3. Third stage: Once all the fabric is outside the 

housing, the volume can still grow until the 

bag is completely filled. This is due to changes 

in the shape. Then the volume is limited again, 

this time by the bag, and the pressure grows 

again, due to the fact that the generation of gas 

still continues. This time the pressure grows 

much more slowly and the levels reached are 

generally lower than the ones reached during 

the first phase. At this point we can consider 

that the deployment has finished and that the 

airbag is ready to receive the occupant. From 

this stage we can generally accept the 

hypothesis of uniform pressure within the 

volume of the bag. 

 
 

Figure 5. Typical evolution of the pressure and 

volume of an airbag during the different stages 

of its deployment. 

 

Following this approach, our first scenario (the 

interaction of the airbag and its environment up to 

the opening) includes the entire first stage and the 

beginning of the second. The kinematics of the 

deployment (our second scenario) will be linked to 

the second and third stages, and the Out Of Position 

will be related mainly to the second stage. 

 

CONTROLLED ENVIRONMENT 

 

     The simulation of the opening of a whole airbag 

includes several points that stretches the limits of 

the capabilities of the current state of the art 

techniques. On the one hand, we have the 

simulation of the folded bag, the generator and the 

gas itself, whose behaviour at this stage is highly 

dynamic and cannot be considered in any way as 

homogeneous. These elements compose what we 

could call “the active part” in the process of 

opening. On the other hand, we also need to 

simulate the housing and the cover, which include 

plastic components deformed at high strain rates, 

breakable parts, etc. These components constitute 
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the “reactive” part of the opening, restraining the 

deployment of the airbag until the cover is open. 

 

     In order to limit the uncertainties of the whole 

system, a controlled environment was designed, 

with the advantages of being easy to simulate and 

with a high degree of instrumentation in order to 

allow a complete validation of the numerical 

models. Only airbags with serial diffuser were 

tested and simulated, using both folding patterns 

(LE and RO).  

 

     The so-called “controlled environment” was 

composed of a rigid case equipped with transparent 

walls allowing the acquisition of high speed video 

images. It was fixed to a rigid support by a six-axis 

load cell, in order to measure reaction loads. 

Playing the role of the cover, a guided trolley was 

used. It was instrumented with an accelerometer 

and a set of eight small uniaxial load cells with the 

function of estimating the distribution of contact 

pressure produced by the airbag against the 

simulated cover. A pressure sensitive film was also 

used in order to register the map of maximum 

pressures achieved during the tests. Some details of 

the testing bench can be seen in Figure 6.  

 

 

 

Figure 6. Constructive details of controlled 

environment tests. 

 

     The conclusions of these validations were 

published in [6]. Figure 7 shows some of the 

achieved results, comparing the curves obtained 

using simulation with FPM and experimental 

results (three tests were performed in each 

configuration in order to include repeatability 

factors) 

 

     These studies made possible the optimal 

validation of partial models of folded bags and 

generator independent of the housing, which 

allowed us to increase the predictability achieved in 

later steps. They also established a reference about 

the capability of FPM to deal with the phenomena 

associated to the earliest milliseconds of the airbag 

deployment.  

 

REAL ENVIRONMENT 

 

     The interaction between the bag and its real 

housing during the first stage of the deployment 

presents some special characteristics that must be 

taken into account: 

- As introduced above, the high dynamicity of 

the processes invalidates the assumption of 

uniform pressure of the gas and makes a 

careful modelization of the behaviour of the 

materials and breakable seams and their 

dependencies on the strain rate necessary.   
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Figure 7. Results in controlled environment 

(Leporello Folding). 

 

- Experimental tests are characterized by the 

lack of accessibility and, again, by the high 

dynamicity. Most of the volume inside the 

housing is already occupied by the folded bag, 

and there is no space for standard 

instrumentation. Besides, the high acceleration 

that the cover reaches can produce inertial 

effects that must be taken into account.  

 

- The heterogeneous distribution of pressure 

within the volume of the airbag, the wide 

content of frequencies and the presence of 

phenomena of wave transmission invalidate 

the use of the pressure sensors commonly used 

in tests involving later stages of the airbag 

deployment. 

 

The studies of opening in real environment 

were divided into two phases. The first of them was 

oriented to the validation of the numerical models. 

Six tests were performed using only two different 

configurations (Leporello and Rolling folding 

patterns, with serial diffuser and cover). The 
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instrumentation used in these tests was composed 

of up to six high speed video cameras at 1000 and 

10.000 frames per second (depending on the 

function of each one), one six axis load cell in 

order to register the reaction loads at the base of the 

airbag and a set of eight small load cells in order to 

analyze the contact pressure between the bag and 

the cover. These load cells were specifically 

designed at CIDAUT with this function in mind. 

The set up of the tests can be seen at Figure 8, next 

to a diagram representing the position of the load 

cells under the cover. 

 

 

Figure 8. Set up of the deployment tests in real 

environment and positioning of load cells under 

the cover. 

 

     Numerical models were created from the models 

of bag and generator used in the previous phase, 

which were adapted to the new casing. In order to 

define the sub-model of the real environment, 

experimental characterisation of materials and 

seam line was performed, using both quasi-static 

and dynamic tests. The characterisation of the 

tearing of the seam line was made by testing the 

points that composed it separately. In order to do 

this, special tools were designed to fit to the 

geometry of the specimens, as shown in Figure 9. 

Tensile and shear test at several speeds were 

performed and reproduced in simulation using the 

different options available in PAM-CRASH, in 

order to chose the most realistic reproduction of the 

opening process. 

 

 

Figure 9. Detail of characterisation tests of seam 

line. 

 

     In addition to the numerical results equivalent to 

the respective experimental ones, several outputs 

were defined in the models in order to achieve a 

better understanding of the opening process. 

Among these outputs we can emphasize some 

interesting magnitudes difficult to be measured 

experimentally, such as the average force made by 

the bag against the cover or the force opposed by 

each point of the seam line, which gave us valuable 

information about the phenomena occurring during 

the first stage of the airbag deployment. 

 

     The results of these studies [7] showed a good 

numerical reproduction of the phenomena observed 

in the tests. Figure 10 shows the similarities of the 

kinematics in both cases.  

 

0 ms – 3 ms 4 ms 5 ms 6 ms 

    

    
7 ms 8 ms 9 ms 10 ms 

    

    

Figure 10. Comparison between experimental 

and simulated kinematics (Leporello folding). 

 

     With regards to the time of the opening, even 

though we are able to determine the exact time in 

which the seam line breaks in the simulated 

models, this was not measured in the experimental 

tests. The commonest way of estimating this is to 

consider the time of the frame in which the fabric 

of the bag is seen for the first time on the high 

speed video images of the deployment. This 

method, so called “white spot method” due to the 

colour of the textile, has also been used in 

simulation in order to get data comparable to the 

results obtained in the tests. Table 1 shows the 

registered values. In it we can see that opening in 

simulation occurs on average 0.6 milliseconds 

before. This can be related to the mathematical 

definition of the gas generated. The most 

interesting result is that the difference observed 
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when using both folding patterns has been well 

predicted numerically. 

 

Table 1.  Times of cover opening (white spot) 

 Leporello Rolling 

Test 1 5.7 ms 5.6 ms 

Test 2 5.7 ms 6.1 ms 

Test 3 5.7 ms 6.4 ms 

Average 5.7 ms 6.0 ms 

Simulation (FPM) 5.1 ms 5.4 ms 

 

     One of the most promising applications of the 

use of simulation methods is related to the design 

of components paying attention to their function 

during the opening of the airbag. Figure 11 shows 

how zones with high plastic deformation were 

detected just in the places where cracks were 

produced during the tests (failure options were not 

included in the definition of the material used in the 

simulations) 

 

  

Figure 11. Identification of critical points by 

simulation (contours of plastic deformation 

displayed on the right). 

 

     With regards to the measurements taken by the 

load cells under the cover, Figure 12 shows the 

curves measured experimentally and the 

corresponding ones obtained by simulation. 

Numerical curves also reproduce inertial effects 

equivalent to those registered in the real sensors, in 

order to allow the comparison between both. The 

position of the different sensors is the same as 

displayed in Figure 8. 

 

     After the comparison of the local results we can 

observe that the distribution of pressure has been 

reasonably well reproduced up to the opening of 

the airbag (around 5ms in this folding pattern), 

whereas in later moments experimental deployment 

produces a sharp concentration of force in the 

sensor number 42, which is situated just over the 

outflow of the gas generator. This concentration of 

pressures is less marked in the numerical case, 

although still appreciable, as shown in Figure 13. 

On the other hand, the section displayed in the 

same figure shows that the pressure calculated in 

the FPM particles correlates well with the 

distribution observed experimentally. This fact 

seems to indicate that there is a loss of accuracy in 

the pressure distribution, probably associated to the 

contacts among the layers of folded fabric and with 

the cover. Still, as seen above, the global behaviour 

of the simulated cover is very similar to the one 

observed experimentally.   
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Figure 12. Forces measured under the cover 

(Leporello folding). 

 

 
 

 

  

Figure 13. Distribution of contact pressure 

under the cover, and section with pressure in the 

fluid (Simulation of Leporello with Diffuser 1 at 

5.5 milliseconds). Red circles indicate the 

position of the gas outflow. 

 

     After these studies, the numerical models were 

considered representative enough so as to proceed 

to their modification in order to analyze the 
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influences of the inclusion of different types of 

diffusers (Dif 1 to Dif 4) and cover configurations 

(C1 and C2). Two additional simulations were 

made using a third configuration (Without Cover or 

WOC), in which the door of the cover was removed 

in order to provide a reference in the evaluation of 

the influence of the modifications on the seam line. 

 

     Thanks to the specific outputs introduced in the 

models, it was possible to analyze values that are 

very difficult to obtain using experimental 

methods, such as the exact time when the points 

composing the seam line break, or the force the bag 

produces against the cover. Figure 14 displays the 

curves of average pressure inside the airbag and the 

corresponding forces against the cover in all the 

simulated cases (obviously, the force against the 

cover is not represented in the WOC 

configurations, which have no cover). Figure 15 

shows the relation between the maximum values 

achieved in these curves. After both figures several 

observations can be made: 

 

- Folding patterns and diffuser geometries are 

clearly conditioning the average pressure 

inside the airbag and the time of the opening 

(marked by the descending slope of the 

curves). In general, the rolling folding is 

producing higher pressures and later opening 

of the cover. It can also be appreciated that the 

scatter produced by Leporello folding is 

generally smaller than that produced by 

Rolling folding. 

 

- Although the opening time is conditioning the 

shape of the force curves, the maximum values 

achieved are relatively similar in all the 

configurations. A certain reduction in the 

forces is observed when decreasing the 

resistance of the seam line (C2), although 

somewhat smaller than expected. We could 

conclude that this value is controlled mainly by 

the resistance of opening the door, due both to 

the seam line and to the energy needed to 

deform and accelerate the cover. This is easily 

understandable when thinking about Newton’s 

law of action and reaction forces. 

 

- One of the most interesting findings of the 

analysis was that, even when the variations of 

the opening times and average pressure inside 

the bag were of some importance, the 

maximum forces registered on the cover did 

not vary so much, even when the resistance of 

the seam line was reduced (Configurations C1 

and C2). This effect has been related to the 

folding pattern, which modifies the stresses 

reached by the fabric and, therefore, the energy 

stored in it, and to the diffuser geometry, 

which is related to the concentration of 

pressure in determined zones of the bag and to 

the degree of homogeneity of the pressure field 

that is finally transmitted to the environment.  
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Figure 14. Curves of average pressure and force 

against cover. 
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Figure 15. Relation between maximum average 

pressure in the airbag and maximum forces 

against cover. 

      

     Looking at the different results produced when 
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changing the diffuser geometry, as expected, the 

main variations were produced by diffuser 2. The 

design of this configuration was conceived to 

produce a more homogeneous pressure distribution, 

avoiding the concentration of loads on a 

determined zone of the cover.   

 

     Figure 16 shows some of the results achieved by 

the different geometries of the diffuser. It was 

observed how the variation of the gas flow 

direction allowed us to modify the distribution of 

pressure in the volume and, therefore, the load 

conditions on the cover. This was seen to affect the 

time of opening, as shown in Figure 17. The graphs 

in this figure represent the values of time when the 

last point of the seam line was broken (end of 

opening) and the duration from the rupture of the 

first point to the last. It can be seen how, because of 

the pressure being more homogeneous in 

configurations using diffuser 2, the duration of the 

opening is shorter, which means that the points are 

breaking almost at the same time, and occurring 

later than in other configurations. 

 

 

LE C1 Dif1 (5 ms) LE C1 Dif2 (5 ms) 

LE C1 Dif3 (5 ms) LE C1 Dif4 (5 ms) 

Figure 16. Dependency of contact pressure and 

gas pressure on the diffuser geometry. Red 

circles indicate the direction of the gas outflow. 
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Figure 17. Influence of diffuser on opening time. 

 

     A second series of tests were performed in order 

to provide data for the validation of these results. It 

was decided to make modifications only in the 

diffuser, in order to avoid the influences of the 

folding pattern, which had been seen to be well 

reproduced before, and to evaluate the capability of 

FPM to work with different directions of flow. As 

the biggest differences in the models had been 

found between the diffusers 1 and 2 the 

configurations LE Dif1 C1 and LE Dif2 C1 were 

chosen to be tested. As the repeatability had proved 

to be good in the previous tests only one test was 

performed with each configuration. Although the 

first configuration had already been tested, it was 

decided to perform the test anyway in order to have 

exactly the same frame in the video images, which 

would be essential in the later analysis of the 

kinematics of deployment. 

 

      The main value taken into account for the 

validation of the models was the time of cover 
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opening. As experimentally it was difficult to know 

the exact time of rupture of the points of the seam 

line, the method of the white spot was employed 

again. Table 2 shows the obtained values. As had  

happened in the previous validations, there was a 

difference of around half a millisecond between 

experimental and numerical results, but, once more, 

the difference between the times of opening when 

using both configurations was well reproduced. 

Table 2.  Times of cover opening (white spot) 

with Leporello folding (LE C1) 

 Diffuser 1 Diffuser 2 

Experimental 5.7 ms 6.6 ms 

Simulation (FPM) 5.1 ms 6.1 ms 

 

KINEMATICS OF DEPLOYMENT 

 

     During the second and third stages of the 

deployment of the airbag, the bag is leaving the 

housing, unfolding and taking the shape required to 

receive the occupant. Whereas during the previous 

stage the variation of the pressure was very rapid, 

in this case, particularly during the second stage, 

there is a quick evolution of the volume and the 

pressure at the same time. As the cover is already 

open, the opposition to the increasing of volume, 

coming mainly from the resistance of the fabric 

deforming and the air displacing, is very weak. 

Consequently, slight variations in the folding or in 

the gas flow can produce important variations in 

the overall kinematics. Figure 18 shows how the 

modification in the gas flow produced by the 

different geometry of the diffuser is affecting the 

whole mechanism of deployment. 

 

LE Dif1 C1 (40 ms) LE Dif2 C1 (40 ms) 

Figure 18. Influence of gas flow in kinematics of 

deployment (lower images represent the speed of 

the FPM gas particles). 

 

     Only the eight configurations with the serial 

seam line (C1) were used in the study of kinematics 

of deployment, showing clear differences in the 

deployment associated both to the folding pattern 

and to the geometry of the diffuser. Figure 19 

represents the deployment in four of the cases, 

showing the geometry of the bag and the contour of 

pressure of the gas inside the bag. We can observe 

how not only the general kinematics, but also the 

distribution of pressure is quite different from one 

case to another. In particular, we can see how the 

configuration LE Dif2 deploys much less 

aggressively than, for instance, the configuration 

LE Dif 1, reducing the “whiplash” effect. On the 

other hand, we can appreciate also that the Rolling 

pattern presents less sensibility to variations in the 

geometry of the diffuser than the Leporello folding. 

 

LE Dif 1 LE Dif 2 RO Dif 1 RO Dif 2 

   
10 ms    

    
20 ms    

    
30 ms    

    
40 ms    

    
50 ms    

Figure 19. Kinematics of deployment and 

evolution of pressure distribution in several 

configurations. 

 

      In order to quantify the “whiplash” effect, and 

to provide data for a quantitative comparison 

among the different configurations, the values of 

maximum distance of a point of the bag to the base 

of the airbag and the time in which this distance 

was achieved were noted. Table 3 shows these 

values. In it we can see again how the scatter of the 

values for the Rolling cases is lower than for the 

configurations with Leporello folding, particularly 

looking at the time of maximum displacements. On 

the other hand, we can see how this time has been 

highly increased by the configuration LE Dif 2 C1, 

at the same time that the maximum displacement 

has been reduced. These values indicate that this 
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combination is unfolding in a less aggressive way 

to potential occupants, without the intervention of 

any tether or additional mechanism to control the 

geometry of the deployment. Among the other 

configurations, the one with Leporello folding and 

diffuser 3, which also directed the flow towards the 

lateral walls of the housing instead of to the cover, 

had the most similar results.  

 

Table 3.  Time and magnitude of maximum 

displacement of the bag measured from the base 

of the airbag 

Configuration 

Time of 

maximum 

displacement 

[ms] 

Maximum 

displacement 

from base 

[m] 

LE Dif 1 C1 26 0.63 

LE Dif 2 C1 43 0.54 

LE Dif 3 C1 33 0.54 

LE Dif 4 C1 27 0.59 

RO Dif 1 C1 25 0.63 

RO Dif 2 C1 25 0.64 

RO Dif 3 C1 25 0.59 

RO Dif 4 C1 25 0.58 

 

     The tests used for the validation of the models 

of opening in real environment were also utilized 

for the validation of the models of kinematics of 

deployment (configurations LE Dif1 C1 and LE 

Dif2 C1). Although the frames extracted from the 

simulations were equivalent to the experimental 

ones, and therefore photogrammetric studies could 

have been performed in order to have a 

quantification of the results, the differences 

between both deployments were so obvious that a 

qualitative comparison of the geometries was 

decided to be indicative enough as to evaluate the 

capability of the software to simulate the real 

deployment. Figure 20 shows the comparison 

between experimental and numerical results. As 

predicted, the deployment after the modification of 

the diffuser was quite different to the original one, 

and followed well the tendencies marked by the 

simulations. This is particularly clear in the frames 

corresponding to the milliseconds 20 and 30, where 

the geometries of both configurations differ 

considerably.  

 

     On the other hand, the new direction of the 

outflow from the inflator increased the leakage of 

gas from some holes at the base of the bag, and 

produced important burns in the fabric next to the 

generator around the millisecond 40. These effects, 

which can be noticed in the video images, were not 

reproduced numerically. At any rate, the correct 

prediction of the tendencies of the deployment 

made them negligible to the conclusions of the 

study. 

 

LE Dif 1 LE Dif 2 

  
10 ms    

  
20 ms    

  
30 ms    

  
40 ms    

  
50 ms    

Figure 20. Comparison of experimental and 

simulated kinematics of deployment. 

 

OUT OF POSITION 

 

     The last step of our studies was to check our 

models in deployments with an occupant placed in 

Out Of Position. Two configurations were initially 

selected to be analyzed, one of them looking for the 

maximum injury on the neck (Chin on module or 

“CHOM”) and the other one trying to produce 

maximum damage on the thorax (Thorax on 

module or “THOM”). The dummy chosen for the 

occasion was the Hybrid III 50%, being the 

heaviest among those commonly used in OOP tests 

and, therefore, the one that should produce the 

maximum difference the static deployment. As no 

neck skin was present in the numerical models it 

was not used in testing either. 

 

     The standardized testing procedures for OOP 

testing require the use of elements of the vehicle 

interior, such as seat and dashboard. When 

necessary, foams and adhesive tapes are also used 

in order to maintain the dummy in the desired 

position. In our case, as our objective was not to 

simulate a specific type of test, it was decided to 

use a simplified rigid environment. This provided 

several advantages. First of all, it was not necessary 

to simulate these elements. This made it 

unnecessary to characterize them and eliminated 

the variability associated with them. On the other 

hand, the simplification of the environment of the 

dummy made its positioning much easier, in this 

way improving the reproducibility of the whole 
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test.  

 

     The tibias and feet of the dummy were removed 

in order to make the support of the airbag stiffer 

and easier to construct. The influence of these parts 

was considered negligible to the overall results of 

the test. Finally, a flat surface was built around the 

airbag support in order to avoid the airbag going 

forward during the deployment instead of pushing 

against the mannequin. This surface was fixed 

independently to the airbag, which was supported 

by the load cell used in the previous tests. The final 

make-up of the tests can be seen in Figure 21. 

 

  

Chin on module 

(CHOM) 

Thorax on module 

(THOM) 

Figure 21. Configurations used in Out Of 

Position tests. 

 

     All the airbag configurations with serial cover 

(C1) were simulated in both set ups. Additionally, a 

third OOP scenario was included modifying 

slightly the distance of the dummy to the airbag in 

the THOM configuration (from 2 millimetres to 4 

millimetres), in order to analyze the sensitivity to 

modifications in the positioning. Both situations 

were called “THOM d1” (2 mm) and “THOM d2” 

(4 mm) respectively. 

 

     Eight OOP tests were made for the validation of 

the models, all of them with serial diffuser (Dif 1) 

and cover (C1). The four first were “chin on 

module”, performing three tests with airbags with 

Leporello folding, in order to analyze the 

repeatability, and a fourth one with Rolling folding, 

in order to study the sensitivity to the folding 

pattern. The second group of tests were “thorax on 

module”. In this series there were two tests with 

Leporello folding placing the thorax at 2 mm 

(THOM d1), one more with Leporello folding and 

the thorax at 4 mm (THOM d2), and a last one with 

Rolling folding with the thorax at 2 mm. 

 

     Figure 22 represents the comparison of 

kinematics observed for the CHOM configuration 

in both folding patterns. In this image we can 

observe that the configurations with Leporello 

folding tended to unfold towards the right side of 

the dummy, influenced by the asymmetry of the 

airbag. This tendency, although also existing, was 

not so defined in the experimental results. On the 

other hand, in the Rolling configuration the 

deployment downward takes place some 

milliseconds earlier in simulation than in testing, 

while this movement is quite well reproduced by 

the Leporello folding. As a consequence, the loads 

in Rolling configuration descend before those 

observed experimentally (Figure 23). This seems to 

indicate that Rolling folding is less aggressive than 

Leporello folding, while experimental results point 

to the opposite.  

 

LE Dif 1 RO Dif 1 

    
10 ms    

    
20 ms    

    
30 ms    

    
40 ms    

   
50 ms    

Figure 22. Comparison of experimental and 

simulated kinematics of deployment (CHOM). 

 

     Furthermore, the physical airbags employed in 

the test tended to break due to the high pressures 

and temperatures, creating new venting holes not 

reproduced numerically. This happened generally 

around the millisecond 20 in CHOM configurations 

and around the millisecond 30 in THOM 

configurations. 
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      Some of the most interesting curves of the 

validation of the CHOM configuration can be seen 

in Figure 23. If we consider the different graphs 

separately, we can see that the main parts of the 

curves have been well reproduced numerically, and 

that the load levels have been more or less 

accurately achieved. However, as seen above, the 

tendencies observed experimentally when changing 

the folding pattern are not well reproduced by the 

simulations. Although some parameters were 

identified to be optimized in order to improve the 

results, the determination of their influence was left 

for further research.  

 

 

Figure 23. Comparison of experimental and 

simulated curves (CHOM). 

 

     In the case of THOM configuration the 

kinematics was in general well reproduced by all 

the numerical models. Observing the curves 

(Figure 24), we can see nevertheless that the results 

achieved by Rolling folding seem to be more 

accurate than the ones achieved when using 

Leporello folding.  Looking at the separated curves, 

we see that the shape of the curves of thorax 

acceleration and axial reaction forces are being 

quite well predicted, particularly in the case of 

Rolling folding, while the curves of thorax 

deflection show a worse level of reproduction. This 

could be related to the numerical definition of the 

dummy.  

 

     With regards to the change of distance from the 

thorax to the airbag, we can say that the general 

tendencies have been well reproduced, although 

perhaps not as strongly as observed in tests. 

 

 

Figure 24. Comparison of experimental and 

simulated curves (THOM). 

 

     Looking at the totality of the simulations 

performed, different tendencies were observed 

depending on the airbag configuration. Figure 25 

presents some sections of the models with the 

pressure distribution of the gas inside the airbag.   

We can observe how the modification in the gas 

flow due to the variation of the diffusers and 

folding patterns is producing different zones of 

concentration of pressure and, therefore, different 
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kinematics of deployment and different outputs in 

the dummy. As an example, diffuser 1, which was 

seen to produce a more aggressive deployment, is 

now causing lower loads on the neck of the dummy 

in the CHOM configuration. The explanation of 

this phenomenon has been related to the deflection 

of the gas flow produced by the cover, which is 

prevented by the dummy from opening normally, 

and that is directing the gas flow to the right side of 

the dummy when using diffuser 1, while diffusers 

2, 3 and 4 are filling the airbag in a more 

homogeneous way and, at the same time, producing 

a higher pressure under the chin. This can be seen 

in Figure 26. 

 

LE Dif 1 LE Dif 2 

  
RO Dif 1 RO Dif 2 

  

Figure 25. Sections with gas pressure contours 

(CHOM at 20 ms). 

      

LE Dif 1 LE Dif 2 

  

Figure 26. Velocity of the fluid for different 

diffuser options (CHOM at 20 ms). 

 

     One interesting study is the analysis of the 

relations between results achieved in different 

stages of the deployment, in order to establish 

design parameters to predict the behaviour in 

different situations. The graphs in Figure 27 show 

the relation between loads achieved in OOP 

simulations with the maximum average pressure 

reached in the simulations of opening in real 

environment. It can be seen that minimum 

moments of extension (negative values, according 

to [8]) at the upper neck during the OOP in CHOM 

configuration depend much less on the pressure 

during the opening than the thorax acceleration in 

the THOM configuration. These kinds of studies 

can help to identify and quantify the causes and 

effects related to the different factors associated to 

the airbag design. 
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Figure 27. Relation between OOP results and 

maximum pressure achieved during opening. 

 

DISCUSSION 

 

     Up to here we have described the characteristics 

of the different stages of the airbag deployment, as 

well as outlined the results obtained in their 

numerical simulation and experimental validation. 

The following points summarize the main findings 

of this group of studies: 

 

- Three stages have been identified in the 

deployment of the airbag according to the 

evolution of the pressure and the volume.  

 

- The interactions between the airbag and its 

environment (housing, cover, supports…) up 

to the opening of the cover are related to the 

first stage of the deployment. Numerical and 

experimental methods have been specifically 

developed for this phase in order to achieve 

simulation models as reliable as possible. 

Although some differences have been 
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identified in the local distribution of the 

contact pressure, overall results are very 

promising, reproducing accurately the general 

trends and timing observed experimentally.  

 

- Tendencies of kinematics of deployment when 

using different folding patterns and diffusers 

have been well predicted numerically. Most 

aggressive deployments have been correctly 

identified.  

 

- Good reproduction of load levels and timing 

has been achieved in the simulation of several 

OOP situations. In spite of this, some 

experimental tendencies have not been 

correctly predicted in simulation when 

changing the folding pattern. This has been 

related to the high instability inherent to this 

kind of events, which means that small 

variations in the inputs, either experimental or 

numerical, produce large variations in the 

results, reducing the reproducibility of the 

whole process. As a consequence, caution is 

suggested when using numerical tools to 

improve OOP results, the validation of the 

base models with testing still being 

recommended. Further research is required in 

order to improve both experimental and 

numerical methodologies.  

 

CONCLUSIONS 

 

     This document outlines the current possibilities 

and limitations of the simulation of the first stages 

of the airbag deployment. Studies have been 

performed in three different scenarios: Interaction 

with the environment during the opening, 

kinematics of deployment and OOP. The degree of 

accuracy of the simulations in each one of them has 

been evaluated, as well as the sensitivity of the 

models to modifications of several parameters. 

Additionally, advantages provided by the use of 

numerical methods have been shown, such as the 

possibility of obtaining magnitudes difficult to 

measure experimentally (e.g. the force made by the 

bag against the cover during the opening or the 

distribution of pressure of the gas within the 

airbag), and the capacity to check different 

configurations with a high degree of control of the 

modified parameters. As a result of this, simulation 

has proved to be a valuable tool to be taken into 

account in tasks related to airbag deployment.   

 

     The studies presented have been performed 

using a commercial airbag.  The numerical models 

have been developed systematically from the first 

validation of the generator and folded bag in a 

controlled environment to their final use in 

complex OOP scenarios with real cover and 

housing. At the same time, a complete set of 

validation tools and methods has been developed.   

 

     In conclusion, these technologies are able to be 

used not only as a tool to solve problems related to 

the airbag development, but also to help us arrive at 

a better understanding of the factors that influence 

the deployment of the airbag and its 

aggressiveness, and therefore get more efficient 

and safer designs. 
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ABSTRACT 

At the 2005 ESV conference, the International 
Harmonisation of Research Activities (IHRA) side 
impact working group proposed a 4 part draft test 
procedure, to form the basis of harmonisation of 
regulation world-wide and to help advances in car 
occupant protection. This paper presents the work 
performed by a European Commission 6th framework 
project, called APROSYS, on further development 
and evaluation of the proposed procedure from a 
European perspective. 
The 4 parts of the proposed procedure are: 
� A Mobile Deformable Barrier test.  
� An oblique Pole side impact test 
� Interior headform tests 
� Side Out of Position (OOP) tests  
Full scale test and modelling work to develop the 
Advanced European Mobile Deformable Barrier 
(AE-MDB) further is described, resulting in a 
recommendation to revise the barrier face to include 
a bumper beam element. 
An evaluation of oblique and perpendicular pole tests 
was made from tests and numerical simulations using 
ES-2 and WorldSID 50th percentile dummies. It was 
concluded that an oblique pole test is feasible but that 
a perpendicular test would be preferable for Europe.  
The interior headform test protocol was evaluated to 
assess its repeatability and reproducibility and to 
solve issues such as the head impact angle and 
limitation zones. Recommendations for updates to the 
test protocol are made. 
Out-of-position (OOP) tests applicable for the 
European situation were performed, which included 
additional tests with Child Restraint Systems (CRS) 
which use is mandatory in Europe. It was concluded 
that the proposed IHRA OOP tests do cover the worst 
case situations, but the current test protocol is not 
ready for regulatory use.  

INTRODUCTION 

In Europe, the order of 10,000 car occupants die in 
side impact crashes annually. At the 2005 ESV 
conference, the International Harmonisation of 
Research Activities (IHRA) side impact working 
group proposed a 4 part draft test procedure, to form 
the basis of harmonisation of regulation world-wide 
and to help advances in car occupant protection [11]. 
The European 6th Framework Programme Integrated 
Project (IP) on Advanced Protection Systems 
(APROSYS) focuses on developments in the field of 
passive and adaptive vehicle safety. The aim of Sub-
Project 1 (SP1), titled �Car Accidents�, is to reduce 
the number of car occupant fatalities and serious 
injuries in Europe through the development of test 
and evaluation procedures that once implemented in 
regulation and / or consumer testing will improve  car 
crashworthiness in side and frontal impacts.  
Four tasks in SP1.1 evaluate the draft side impact test 
procedure proposed by IHRA. The tasks and 
associated type of tests investigated are: 
1. Advanced protection in multi-vehicle lateral 

crashes � Mobile Deformable Barrier test 
2. Protection in single vehicle crashes involving 

narrow objects � Oblique Pole test 
3. Interior head protection in lateral impact -  Interior 

headform test proposed by EEVC WG13 
4. Occupant injury risk from deploying (side) airbags 

� Out of Position (OOP) tests 
This paper details the research performed in these 
tasks, during the first 36 month period of the 
programme. 
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AE-MDB DEVELOPMENTS 

Objectives  

This section details the research of task �Advanced 
protection in multi-vehicle lateral crashes�. 
To represent better the world-wide car fleet IHRA 
proposed two tests with different Mobile Deformable 
Barriers (MDB): 
� An MDB to represent Light Trucks and Vans 
(LTVs) type vehicles in the USA developed by the 
Insurance Institute for Highway Safety (IIHS) 
referred to as the IIHS-MDB [2]. 
� An MDB to represent the European passenger car 
fleet referred to as the Advanced European MDB 
(AE-MDB) developed by the European Enhanced 
Vehicle safety Committee (EEVC) side impact 
working group (WG13) [3]. 
 
Based on the strategy that APROSYS should focus 
on European problems the objectives of this task 
were: 
� Complete the development of the AE-MDB. 
� Perform an initial evaluation of the test procedure 
with the AE-MDB from the European perspective.  

Background Information 

History - The development of the new EU-barrier 
was started by EEVC WG13 in 2001 in support of 
European Governmental contributions to IHRA. The 
new barrier was called Advanced European Mobile 
Deformable barrier (AE-MDB) to differentiate it 
from the Regulation 95 barrier. The first test results 
using the AE-MDB were presented at the ESV 2003 
[4] 
The AE-MDB V2 specification, as defined by EEVC 
WG13, was presented at the 2005 ESV conference 
[4].  
However, various members of WG13 identified 
major concerns with AE-MDB V2. The main concern 
was that in tests with this barrier face the resulting 
vehicle deformation (low b-pillar deformation / high 
door intrusions) did not compare well with that seen 
in baseline car to car tests. To resolve this concern, 
further barrier development was required which was 
performed in APROSYS. 
 
AE-MDB geometry - The plan view of the new AE-
MDB face design was derived taking into account 
two main considerations and objectives: 
� The AE-MDB should reproduce, in a purely 

perpendicular impact with a stationary target 
vehicle, the loading pattern to front and rear 
occupants seen in a moving-car-to-moving-car 
side impact configuration. 

� The AE-MDB face should not allow 
simultaneous loading of the A and C pillars, 
which could prevent realistic loading of the 
passenger compartment. 

 
Based on this, and analysis of the dimensions of 
modern vehicles, the AE-MDB face (see Figure 1) 
was designed. It has a front face which is 1100mm 
wide and an overall width of 1700mm and a centre 
section of 500mm wide (corresponding to the width 
of the standard load cell wall) with edges chamfered 
at 45°. 
 
Figure 1.  AE-MDB dimensions. 

 

 
 

AE-MDB V3 specifications � As mentioned 
previously, the resulting vehicle deformation in tests 
with the AE-MDB V2 did not compare well with that 
seen in baseline car to car tests. The reason for this 
was found to be that the AE-MDB V2 barrier block 
to block stiffness distribution did not adequately 
represent the frontal stiffness distribution of a car.  
The block stiffnesses for AE-MDB V2 were 
determined by WG13 from car crash tests into a rigid 
Load Cell Wall (LCW). The following remarks were 
made about the rigid LCW results of WG13: 
� Concern was raised that the rigid LCW test may 
not show the effect of stiff lateral connections, such 
as bumper crossbeams, because they may not be 
strained in this test. This could result in the 
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specification of a barrier face with an 
unrepresentative weak middle block (E). 
� Offset deformable tests and compatibility appear 
to direct vehicle design toward stronger lateral 
connections between energy absorbing structures.  
 
In light of the available test and simulation results the 
members of EEVC WG13 discussed a series of 
modifications to the barrier face. It was decided by 
APROSYS to evaluate the following two barrier 
versions, both of which have a bumper beam element 
in contrast to the V2 face which does not. 
 
Version 3.1 A barrier with block stiffness identical to 
the V2 barrier but with a bumper beam element to 
spread the load in lateral direction. The original depth 
of the lower row of blocks was reduced by 60 mm 
and replaced by the bumper beam element. The depth 
reduction was realised by removing the soft front of 
the blocks to obtain a stable connection of the beam 
element.  
 
Version 3.9 A barrier with a reduced stiffness of the 
lower blocks. The two outer blocks have a design 
stiffness of 55% of the original V2 outer blocks and 
the middle block a design stiffness of 60% of the V2 
outer blocks. The bumper element was identical to 
the V3.1 element. 
Figure 2 shows the bumper element design, used on 
V3.1 and V3.9, which was based on the FMVSS-214 
specifications. 
 
Figure 2.  AE-MDB bumper beam specifications 

 

Test and simulation activities 

Full-Scale Test Program  
 
An extensive test program (see Table 1) with LCW 
barrier calibration tests, AE-MDB V3.1 and V3.9 to 
car tests and car to car tests was used to evaluate the 
AE-MDB V3 barriers. The main aim of the test 
program was to determine which barrier version best 
represented the baseline car to car tests. The Fiesta 

and Golf barrier tests were performed to provide a 
comparison between the two versions of barrier and 
the baseline tests. For all car to car and AE-MDB 
tests within the program the ES-2 dummy was 
positioned on the struck side in both the driver and 
rear seat passenger seating positions. The 
configuration of the AE-MDB test is presented in 
Figure 3 and the car to car in Figure 4. 
Figure 3.  AE-MDB test set-up, trolley mass 1500 
kg. 

 
Figure 4.  Car to car test set-up. 

 
Table 1. 

AE-MDB evaluation test matrix 
“Green” APROSYS / “Blue” additional tests 

Bullet cars/barriers 
Baseline tests Target Cars 

V3.1 V3.9 
Golf Freelander 

LCW calibration     
Ford Fiesta     
VW Golf     

Toyota Prius * *   
Volvo S80     

Robustness � sill     
Robustness - pole     

* performed without firing ANY airbag 
For a barrier to be accepted into future regulation the 
design must be robust and repeatable. At the 1998 
ESV, WG13 presented a series of test methods to 
assess the performance and integrity of side impact 
barrier faces[6]. Two of the tests proposed by WG13 
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were performed with both versions of the barrier. The 
rigid sill loading test and the offset pole test were 
chosen as they are considered to be the most 
discriminating of the tests.  
     LCW test results - The aim of these tests was to 
compare the force deflection characteristics of the V3 
barriers with the V2 design corridors. The results (see 
Figure 5) show that both barriers are within the AE-
MDB V2 design corridors for the first 200 mm of 
barrier deformation. For deformations larger than 200 
mm the force of V3.9 is below the V2 design 
corridor. However, it should be noted that in all AE-
MDB V3.9 tests the average maximum crush of the 
barrier was less than 200mm and the maximum 
dummy injury values were reached prior to maximum 
barrier deformation. 
Figure 5.   LCW test results AE-MDB 3.1 and 3.9 
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   Car to car and AE-MDB test results - The 
dummy responses of AE-MDB and car to car tests for 
each dummy are shown in Figure 6 to Figure 9.  
The results have been expressed as a percentage of 
the EEVC critical limits where possible. The limits 
used are described in Table 2. 

Table 2. 
EEVC critical limits ES-2 dummy 

Dummy results   EEVC limit 

HIC 36   1000 
Resultant 3ms cumulative g 88 
Rib deflection mm 42 
Rib V*C m/s 1 
Abdomen Total kN 2.5 

Pubic Symphysis kN 6 

The responses from the Fiesta tests are shown in 
Figure 6. Examining the driver results shows that the 
EEVC limits were not exceeded in any test. Results 
of the Freelander tests were generally similar to those 
of both barrier impacts; in most cases the Golf test 
provided the lowest response. Comparison of the 
barrier test results indicates a difference of no more 
than 17% for all of the dummy body regions apart 
from the pubic symphysis force, where there was a 
difference of 38%.  

 Figure 6.  Ford Fiesta dummy results – driver 
(top) and rear seated passenger (bottom). 
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The responses from the Golf tests are shown in 
Figure 7. None of the driver results exceeded the 
EEVC limit. Additional results from an AE-MDB V2 
test and a EuroNCAP test using the ECE Regulation 
95 (R95) barrier have been included. The largest 
difference between the V3.1 and V3.9 results was 
only 11%. Both graphs show that the driver and 
passenger dummy results for the V3.1 and V3.9 are 
generally more in line with the baseline tests than the 
results from the V2. For the rear seated passenger, all  
Figure 7.  VW Golf V dummy results 
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results show very similar trends. 
Figure 8 shows the Prius results. No baseline test is 
available for Prius, therefore R95 results are 
presented in Figure 8 only as reference. Indeed the 
homologation results were obtained with side and 
curtain shield airbags, whereas no airbag was fired in 
AE-MDB tests. None of the results exceeded the 
EEVC limits. 
Figure 8.  Toyota Prius dummy results 
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The responses from the S80 tests are shown in Figure 
9. No baseline test data was available so only the 
V3.1, V3.9 and R95 barriers can be compared.   
Figure 9.  Volvo S80 dummy results. 
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For the driver, three of the EEVC limits were 
exceeded.  
The V3.9 barrier was generally more severe that the 
V3.1 with the largest difference being 56% of the 
limit. For the rear seat passenger there were no 
significant differences between the barriers. Before 
and after each test the profile of each target vehicle 
was measured to highlight the post test deformation 
profile left by each bullet. The deformation profiles 
of the Golf are typical of the vehicles tested. Further 
information can be found in the APROSYS 
deliverable [3]. The horizontal profiles for the Golf 
were taken at three levels, the door line, H-point 
height and rocker flange height. At the H-point 
height, see Figure 10, a similar trend as described for 
the Fiesta, can be seen.  
Figure 10.  Deformation at H-point level - VW 
Golf 

Deformation at H-Point for VW Golf

0

50

100

150

200

250

300

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Vehicle X (mm)

D
ef

o
rm

at
io

n 
(m

m
)

Freelander
Golf
v2
v3.1
v3.9

  
 
For each impact the velocity of the driver and 
passenger door intrusion was measured from the 
inner door skin. The transducers were placed as close 
as possible to the dummies to gain the best indication 
of the loading received. The plots for the Golf are 
provided in Figure 10. All other results are available 
in the APROSYS deliverable [3]. For the driver the 
Golf, V3.1 and V3.9 had similar peaks values which 
were almost 4m/s below that of the Freelander. For 
the rear door the difference was much less, but the 
velocities were higher than those of the front door. 
Figure 11.  Door velocity VW Golf 
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There was very little difference in the associated door 
velocities of all tests using the two barriers, all of the 
data recorded in the program suggests both barriers 
induce similar door velocities.  
     Robustness test results – Both barriers V3.1 and 
V3.9 showed stability problems in the sill robustness 
tests, failing in bending and shear as shown in  
Figure 12.  

Figure 12. Barrier failure in sill robustness test 

 
Investigations are ongoing to improve the barriers on 
this subject. Also the severity of the sill test is under 
discussion as the vertical forces are likely to be 
significantly higher than in a full scale test where the 
barrier would override the vehicle sill. No barrier 
robustness problems were observed during the full 
scale tests. 
The performances of V3.9 and v3.1 were very similar 
in the offset pole test.  In both tests the side of the 
barrier came detached from the ventilation frame but 
no major stability problems were seen.  
 
Simulation Program  
 
Based on the slightly better results of the V3.9 barrier 
it was decided that further development of the AE-
MDB design should be continued based on the V3.9 
barrier. The main issues of the modelling program 
were: 
Barrier stiffness The V3.9 barrier was no designed 
to meet the EEVC WG13 defined global force 
corridors but I was a requirement of the partners 
during the project. The LCW test showed that the 
current barrier is below this corridor after a 
displacement of about 200 mm.  
Bumper beam element In the rigid sill robustness 
test the bumper beam element detaches from the 
main body of the barrier and rotates in the first 6 ms 
of the impact, indicating a possible stability problem.  
The current bumper beam specification is based on 
the FMVSS-214 barrier beam element geometry and 
stiffness. As a result of this it is 200 mm high.  
 
Modelling runs were performed to investigate the 
following changes to the V3.9 barrier: 
• Stiffness  

o Modifying the stiffness of the barrier 
blocks so that it met the WG13 defined 
global force deflection corridors. 

• Bumper beam element stability  
o Splitting it into two sections along its 

length  
o Reducing its height from 200 mm to 

100 mm 
The results of the simulations showed: 
Changing the barrier stiffness profile to enable it to 
comply with the EEVC WG13 global stiffness 
corridors made no / little difference to the 
performance of the ES-2 dummy or car. This was 
because the barrier did not deform as far back as the 
point where the stiffness changes were made when 
impacting the car, thus the stiffness changes were 
effectively not seen.  
For the bumper beam refinements, the simulations 
showed a small reduction in the dummy pelvic injury 
criterion and a small difference in the car 
deformation at the lower levels. 

Conclusions 

� Both V3 barriers give more comparable dummy 
injury values and final deformation measures to the 
baseline Golf and Freelander tests than the V2 barrier 
does. Note both V3 barriers have a bumper beam 
element whereas the V2 does not. 
� The dummy injury values for both V3 barriers are 
higher than for the regulation R95 barrier 
�  The differences in the cars� performances for the 
V3.1 and V3.9 barrier tests were slight for the 
dummy injury values, door velocities and 
deformations. However, the driver dummy pubic 
symphysis values for the V3.9 barrier compared 
better to the baseline test values than the V3.1 barrier.  
� In the sill robustness tests both V3.1 and V3.9 
barrier failed in shear / bending showing barrier 
stability problems. In the pole robustness tests no 
stability problems were seen with V3.1 or V3.9. 
� Refining the AE-MDB V3.9 stiffness profile to 
enable it to comply with the EEVC WG13 global 
stiffness corridors made no / little difference to the 
performance of the ES-2 dummy or car. This was 
because the barrier did not deform as far back as the 
point where the stiffness changes were made when 
impacting the car, thus the stiffness changes were 
effectively not seen.  For the bumper beam 
refinements, the simulations show a small reduction 
in the dummy pelvic injury criterion and a small 
difference in the car deformation at the lower levels. 
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CAR TO POLE  

Objectives  

The evaluation of the IHRA car to pole test protocol 
was carried out using full scale tests and numerical 
simulations. The main objectives of the full scale test 
program were: 
� To carry out an assessment of practicality and 
repeatability of the car to pole test proposed by 
IHRA, which is based on NPRM-214 [7] 
� To check the feasibility of using the ES-2 dummy 
or the WorldSID dummy in the proposed test 
procedure. 
� To investigate the effect of impact location 
variation. 
Main objective of the simulation study was: 
� To investigate the influence of test parameters 
such as impact angle, velocity, pole impact position 
and diameter on the injury levels for several body 
regions. 

Work Programme 

Within APROSYS four car to pole full scale tests 
were carried out. To broaden the protocol assessment, 
results from four other tests performed outside 
APROSYS were also used. The complete test matrix 
is presented in Table 3. 
 

Table 3. 
Car to pole (above) and car to car test matrix 

including input test parameters 

 

 
The influence of test parameters such as impact 
angle, velocity, pole impact position and pole 
diameter on the injury levels for head and other body 
regions was investigated. APROSYS performed 
simulations using a Generic Car FE Model of a mid-
sized vehicle developed by another APROSYS sub-
project. This model was equipped with thorax and 
curtain airbags. In addition to the APROSYS work 

similar simulations were carried out by Subaru, using 
a FE model of the Legacy.  
The specifications for the APROSYS numerical 
study are presented in Table 4 and  
Figure 13. 

Table 4. 
Specifications APROSYS / SUBARU numerical 

study 
Parameter  
Vehicle model � �Generic� model of a 4-

doors passenger car 
� Subaru Legacy 

Impact angles θ 
[°] 

90 (FMVSS-201) / 82.5 / 75 
(NPRM-214) 

Test velocities 
V [km/h] 

29 (FMVSS-201) / 32 (NPRM-
214) / 36  

Impact point -100, 0 and 100 mm shifted from 
specified, along vehicle for-aft 
axis 

Pole diameters 
Φ [mm] 

254 (NPRM-214) / 350 (ISO) 

Dummy ES-2 model 
 
Figure 13.  NPRM 214 test set up, including 
parameters numerical studies 

θ

φ

VHC

D

 

Results 

The main dummy results of the full scale tests with 
the Toyota Avensis are shown in Figure 14. 
Unfortunately, the high speed video recordings of the 
four Legacy tests show such large differences in 
airbag timing and airbag behaviour that they could 
not be used to compare the test methods. 
The dummy injury values are expressed relative to 
the ECE R95 limits for the ES2 dummy, see Table 2. 
The following observations were made: 
• The repeatability of the test with the ES-2 

dummy was good (compare T1 with T2). The 
changes in dummy injury criteria values did not 
exceed 15% of the performance limit.   
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Figure 14.  Toyota Avensis main dummy results. 

 
� Changing the impact location in the oblique test 
from NPRM to EuroNCAP (effectively moving the 
impact point on the car rearwards) results in a large 
increase in the rib injury criteria and a slight decrease 
in the other body region injury criteria (compare 
T1/T2  with T3).  
� The proposed test configuration (NPRM-214) 
results in significantly lower injury criteria values for 
the ribs but higher values for other body regions, 
especially the abdomen, compared to the EuroNCAP 
configuration (compare T1/T2 with T4). The 
observation that these injury value changes are 
similar to those seen for the change in impact 
location indicates that the major influencing factor on 
test severity, when changing the impact angle, is 
likely to be the change in impact location. 
 
Further detail can be found in the APROSYS 
deliverable AP-SP11-0086 [8]. 

Discussion and Conclusions 

�  Two similar oblique tests (IHRA specifications) 
with the Toyota Avensis showed good repeatability. 
� The Toyota Avensis tests and Subaru simulation 
work showed that the dummy injury values found in 
the proposed oblique test are approximately the same 
as those found in a perpendicular test with the initial 
impact point moved 100 mm forward.  
� An oblique test needs a modification of the 
currently used test equipment and is more complex to 
perform. Also the currently available dummies, ES-2 
and WorldSID, are nowadays more accurate in a 
perpendicular loading situation. Design changes for 
the WorldSID dummy are ongoing to improve the 
behaviour for oblique loading conditions. 
� Since other programs to evaluate the pole test 
procedure proposed by IHRA are still ongoing, 
worldwide harmonisation must be a leading priority 
in future decisions about its specification. 

INTERIOR HEADFORM TESTS 

Introduction 

Accident analyses have shown that in real world 
crashes serious head contacts occur with the interior 
structure of cars. These are only very rarely observed 
in ECE R95 type side impact tests. One reason for 
this is that real world accidents occur in various 
impact configurations, which cannot be represented 
in only one test set-up. To overcome this deficiency 
in type approval evaluations, EEVC WG13 was 
tasked by the EEVC Steering Committee to develop 
an interior headform test procedure for Europe. The 
ongoing development of the EEVC WG13 interior 
headform test procedure has been reported at 
previous ESV conferences [12]. A test procedure for 
head contacts in the interior of cars already exits in 
the USA (FMVSS 201). 

Objectives 

The overall aim of APROSYS task �Improved 
Interior Head Protection in Lateral Impacts� was to 
evaluate the latest test protocol version 103r. This 
draft protocol is available on the EEVC home page: 
www.eevc.org. The main objectives of this work 
were: 
� to evaluate the repeatability and reproducibility of 

the WG13 test procedure. 
� to evaluate the WG13 target limitation zone 

procedure for rear seat occupants. 

Repeatability / Reproducibility 

One of the major factors to affect reproducibility is 
head alignment, i.e. the effects of different head 
alignments at same targets when tested within 
different laboratories. The head alignment procedure 
is described in the flow chart in Figure 15. 
The results of the work programme to investigate the 
affect of head alignment on reproducibility for two 
cars are described below. The test houses involved 
were IDIADA, TRL, Fiat and BASt.  
 
Fiat Stilo 
Fiat selected the worst case targets and provided 
IDIADA with the 3D measurement data to mark the 
car. The test institutes performed the head alignment 
completely independently from each other for exactly 
the same targets by following the flowchart for the 
FMH alignment. The results of head alignments from 
Fiat and IDIADA were compared to identify if the 
testing protocol and flowchart were clearly defined. 
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Figure 15.  Head alignment flow-chart 
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Direction of 90° roll in step 2:  
Target area Left hand side of

the vehicle
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the vehicle

A post target
points

90° clockwise 90° anticlockwise

Roof rail
target points

90° clockwise 90° anticlockwise

B post target
points

90° anticlockwise 90° clockwise

 
   
 
Finally, IDIADA and Fiat tested the car according to 
their own head alignment to get information on the 
differences of HIC results on identical targets with 
their own head alignments. 
The following aspects were of interest: 
� if same head alignments were chosen by two 
different test houses following the test procedure. 
� the deviation of HIC values obtained by different 
test houses, testing identical targets using their own 
head alignments. 
In an optimal situation the results should have been 
identical. The head alignment results are shown in the 
following table.  

 
 
 
 
 

Table 5. Comparison of head alignment at 
IDIADA and Fiat. 
Target diff. diff.

IDIADA Fiat  [°] IDIADA Fiat  [°] IDIADA Fiat
1 281 270 11 16 0 16 1 1
2 268 270 -2 10 9 1 1 1
3 259 270 -11 -10 0 -10 2 1
4 252 270 -18 -20 7 -27 4 3
5
6 283 270 13 -11 -11 0 1 3
7 264 270 -6 -7 -40 33 4 1
8 270 270 0 -45 -39 -6 2 1
9

10
11 291 270 21 48 32 16 1 1
12 283 325 -42 -1 0 -1 3 4
13 283 270 13 -10 -12 2 4 4
14 286 270 16 -14 -4 -10 1 1

average deviation 14 average deviation 11

last step in flowchartHorizontal angle [°] Vertical angle [°]

 
 
It was of interest how much influence this deviation 
of impact angles had on the HIC results. Figure 16 
shows the obvious differences in HIC.  
Figure 16.  Comparison of FMH tests at Fiat and 
IDIADA according to method 1  
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It was found by analysing pictures and videos that 
different contacts in the contact patch were chosen at 
both test houses. This might influence the test results 
significantly. To minimise rotation of FMH, it always 
should be the aim to keep the lever between contact 
point and FMH�s centre of gravity as small as 
possible. Therefore it is suggested to select the most 
downward point on the contact patch, which can 
contact the target as first contact point. If head 
alignment is perpendicular to the surface of the 
target, it must always be the same target point in the 
lowest part of the contact patch as shown in Figure 
17. 
Figure 17.  Contact point in contact patch for 
perpendicular impact 

α
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contact
patch

CoG
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Perpendicular to the surface of the interior does not 
always result in realistic impact directions. Therefore 
impact angles are limited for horizontal and vertical 
alignment. For some targets, angle limitation leads to 
non perpendicular impacts. Nevertheless, the contact 
point should be as much downwards as possible and 
has to be the first contact point during the impact. 
A vertical limitation to an angle ß would result in an 
upwards movement of the contact point in the contact 
patch as shown in Figure 18. 
Figure 18.  Contact point in contact patch for non 
perpendicular impact 
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To achieve reproducible results, it is recommended 
that the procedure is revised to include a definition of 
the contact point in the contact patch as above. 
 
VW Golf 
It was of interest, if identical head alignments would 
be chosen by two different test houses which are well 
trained in the use of the procedure, TRL and BASt. 
BASt selected worst case targets and provided TRL 
with the 3D measurement data to mark the car. Both 
test institutes performed the head alignment 
completely independently from each other for exactly 
the same targets by following the flowchart as in 
Figure 15.  
The results of the head alignments from TRL and 
BASt, shown in  
 
 

 
Table 6, were compared. The variation in angle 
definition and choice of the alignment step in the 
flow chart are quite similar between the two test 
houses for identical targets. An average deviation of 
3° for horizontal and 4° for vertical angles is very 
low. The low variation in head alignment is probably 
the result of a high training level. TRL and BASt 
have been involved in the development of the test 
procedure and therefore might have a similar 
understanding / interpretation. 
 

 
 
 
 

Table 6. Head alignment results 
Target diff. diff.

BASt TRL [°] BASt TRL [°] BASt TRL
AP2 77 80 -3 35 29 6 0 0
AP1 88 85 3 46 45 1 0 0
SR1 87 89 -2 50 58 -8 1 0
SR2 89 90 -1 53 59 -6 0 0
BP1 85 85 0 25 25 0 3 3
BP2 90 90 0 0 15 -15 0 0
BP3 - - - - - -
BP4 101 100 1 15 15 0 2 2
BP5 96 90 6 36 39 -3 3 2
BP6 39 30 9 12 10 2 2 1
SR3 87 89 -2 48 50 -2 1 1
CP2 119 111 8 20 23 -3 2 2

average deviation 3 average deviation 4

Horizontal angle [°] Vertical angle [°] last step in flowchart

 
 
To achieve reproducible results it will be necessary to 
improve the head alignment definition, in particular 
the contact point in the contact patch. 

Limitation Zones for Rear Seat Occupants 

To be in line with the AE-MDB test procedure the 
WG 13 interior headform test procedure was 
extended for rear seat positions. Technical University 
Graz (TUG) compared the defined head contact zone 
defined by the WG13 procedure with head contact 
points from accident data. 
 
TUG and BASt chose 10 cars and defined the contact 
zones according to the WG13 protocol. A funnel 
created by four planes, (see figure below) projects an 
area in which targets can be selected for interior 
headform testing. The planes start from the head�s 
centre of gravity of a large male and a small female. 
These planes are V 60° upwards, W 20° downwards, 
T and U 45° sidewards.  
 
Figure 19. Example of limitation zone according 
to WG13 test procedure 
 

  
 
It was found that the currently proposed limitation 
zone for rear seating positions does not include 
important areas identified in real world accidents.  
TUG gave recommendations to optimise these 
limitation zones to be closer to real world data: Plane 
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V must be more upwards to include roll over. Plane T 
must be more forward to include the grab handle and 
the B-pillar. Plane W must be more downwards to 
include the upper door panel, especially for non 
struck side head contacts. Plane U is sufficient, but 
targets behind the rear headrests must be excluded.  

Conclusions 

The Interior Headform tests in the different 
laboratories showed that the results of the tests 
following the draft EEVC WG13 protocol are very 
sensitive to the head alignment (impact vector 
deviation and the contact point position in the contact 
patch). A procedure to position the contact point in 
the contact patch to minimize head rotation and help 
reproducibility has been defined. Concerning the 
head contact limitation zone for rear seat occupants, a 
small change in the definition procedure is 
recommended to give a more realistic testing zone. 
Progress with respect to protocol clarification, point 
selection and testing the rear seat occupant zone has 
been made. However, further work on the head 
alignment procedure and angle limitations is still 
needed to ensure a reproducible and robust test. 

SIDE OUT OF POSITION TESTS 

Objective 

The main objective of APROSYS task �Evaluation of 
occupant injury risk for deploying side airbags� was 
to evaluate the need and appropriateness of the IHRA 
proposed Side Out of Position (S-OOP) test 
procedure for application in Europe [9]. This test was 
proposed to minimise the potential negative effects of 
side airbag systems. 
 
The test procedures include tests for seat-mounted 
airbags, door/quarter panel-mounted and roof-rail 
mounted airbags using 3-year old, 6-year old Hybrid-
III and small female SID-IIs dummies. The test 
procedure has been accepted as part of IHRA 
harmonized test procedures in order to encourage car 
manufacturers and suppliers to take measures that 
minimise the potential negative side effects of side 
airbags. 
 
Two activities were undertaken, firstly a review of 
the protocol for application in Europe and secondly a 
test programme to investigate issues such as 
repeatability and reproducibility.  

Review of IHRA Protocol for Europe 

A review of the procedure was performed to answer 
the following questions: 
� Are the proposed dummies representative for the 
European situation? 
� Are the proposed injury levels representative for 
the European situation? 
� Which test configurations, dummy type / dummy 
positions, should be tested? 
� Are there any technical and/or practical problems 
to carry out the proposed tests? 
 
The review of the IHRA proposal showed clear 
differences between the US and EU situation, 
particularly related to assumptions of belt use and 
child restraint use.  
It was proposed to limit the number of different 
scenarios to be tested in a potential EU side OOP 
proposal to the ones considered relevant for the EU. 
In the IHRA proposal, combinations of airbags can 
be fired. When both side and curtain airbags are fired, 
the dummy could be moving out of the way of the 
other deploying airbag as a result of the other airbag, 
thereby potentially lowering the total dummy 
loading. Therefore it was decided that in the current 
research, the airbag modules should only be tested on 
their own, e.g. combinations of airbags would not be 
tested.  
   European Regulations.  In Europe, the usage of 
seat belts is mandatory, as well as the use of child 
restraint systems (CRS) for the transport of children 
in cars. These regulations have an effect on the OOP 
risk in Europe. Hence it was decided that in the 
current research only belted dummies would be tested 
and additional tests with CRS would be added to the 
program. 
   Accident Statistics.  From the over 40.000 car 
occupants cumulatively documented till June 2004 in 
the available databases no deaths or serious injuries 
have been recorded worldwide from side airbags. In 
Europe only eight side airbag induced injuries were 
found, all but one being rated as minor injuries 
(≤AIS1).Therefore it was concluded that currently, 
these kind of injuries are very rare.  
 
Test Programme 
 
Based on the IHRA protocol and the review results of 
the partners a test program was defined that covers 
the following: 
� Side OOP tests following the IHRA-TWG 
proposal, for those scenarios relevant for Europe. 
� Side OOP tests including CRS systems, additional 
to the IHRA-TWG proposal. 
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Attention was paid towards repeatability and 
reproducibility, particularly focussed on the dummy 
positioning procedures.  
Although door mounted airbags have tended to be 
replaced by seat mounted airbags, door mounted 
Therefore seat mounted side airbags, door mounted  
Figure 20.  Investigation of Side OOP scenarios. 

airbags might become more important again because 
of the increasing number of MPV/SUV type of cars. 
side airbags, head thorax bags and curtain airbags 
were included in the study. Because of the poor 
availability of vehicles equipped with door mounted 
airbags, the part of the work on door mounted airbags 
was covered by a short literature survey. 
The selected positions, dummies and airbags tested 
are summarized in Figure 20Error! Reference 
source not found.. All critical scenarios, marked 
with ▲, were tested in the program, except the 
scenarios with door mounted airbags. The rearward 
positions of the dummy are not a realistic seating 
position in Europe but were chosen as a potential test 
to measure the airbag aggressiveness. 
 
The complete IHRA protocol test matrix is presented 
in  
Table 7. 

Table 7. 
Test matrix IHRA protocol. 

   Laboratory 
Dum Airbag Test A B C D 
3yo Thorax Forward 2 2   
3yo Thorax Rearward 2  2 2 
3yo Head/thorax Forward   1  

3yo Head/thorax Rearward   1 1 
6yo Thorax Forward 2    
6yo Head/thorax Forward   1  
SID Curtain Forward 2  2 2 
 
In total three different vehicles models were used 
because it was not the purpose of this study to assess  

individual airbags or vehicles. One model was chosen 
as typical example of cars having a seat integrated  
 
thorax bag in combinations with a curtain airbag 
system. Two models were chosen as typical examples 
of cars equipped with head-thorax bags. 
 
Additionally, tests with child restraint systems were 
carried with group 2/3 child restraint systems, since 
these groups were assumed to give the largest chance 
of interaction between a side airbag and a child 
and/or CRS. Different qualities of CRS were used, 
with and without backrest for group 2 and group 3 
respectively. Tests were performed with 3-yo and 6-
yo Hybrid-III dummies in forward facing positions to 
be able to compare with the forward facing IHRA 
positions. Both seat mounted thorax airbags and seat 
mounted head thorax bags were included. The CRS 
was initially mounted according its manual; the 
dummy was then positioned following as close as 
possible to the TWG protocol for forward facing 
positions, aiming at the largest possible interaction 
between dummy, CRS and airbag. The complete 
matrix, including repeatability tests, is presented in 
Table 8. 

Table 8.  
Test matrix with dummies in CRS. 
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   Laboratory 
Dum Airbag CRS A B D 
3yo Thorax High end  2  
3yo Thorax Simple  2  
6yo Thorax High end 2   
6yo Head/thorax High end   1 
6yo Thorax High end 1   
6yo Thorax Simple 2   
 
All dummy test results are available in the 
APROSYS deliverable [10].  
 
From the test results of the seat integrated thorax 
bags, it is concluded that most probably the airbags 
have been designed following the TWG proposal. 
The injury reference values found were all well 
below the reference values, except for the thorax 
deflection rate in one rearward facing test, see Figure 
21. (The dummy injury values are expressed as a 
percentage of the reference values of the IHRA 
protocol.). The figure presents the results of 6 
identical test carried out in 3 laboratories. Please not 
also that this is not a realistic seating position in 
Europe.  
Figure 21.  Test results 3yo dummy in rearward 
facing position. 

 
 
From the test results in one laboratory it was 
concluded that the repeatability was reasonable, 
whereas, by comparing results from various 
laboratories, the reproducibility was poor. This was 
mainly caused by a different interpretation of the 
TWG protocol. Generally, the injury risk for the 6-
year-old dummy seems to be less than for the 3-year-
old dummy. 
 
Concerning the CRS tests with seat mounted airbags 
the following remarks can be made: 
� Using a CRS with a backrest decreases the risk of 
interaction between dummy and airbag during airbag 
deployment. No serious airbag � dummy or CRS 

interaction was observed in these seat mounted 
thorax airbag tests. 
� No significant differences were found between 
different types of CRS, although with a simple 
booster (without horns) it is easier to come closer to 
the airbag, in the potential zone of danger. 
� Generally it was concluded that the TWG 
proposal for forward facing 3 and 6 year old 
dummies covers the worst case situation that could 
occur when seated in a CRS. 
� From the TWG proposal, the rearward facing 3 
year old dummy is facing the most severe loading. 
 
The tests with the combined head/thorax airbags 
showed that this airbag design seems to include a risk 
in CRS- out-of-position conditions (sleeping child), 
however, this risk is likely to be covered by the TWG 
tests (forward facing on booster seat, not checked in 
this project). A general note is that CRS positioning 
on the rear bench should be preferred over the front 
passenger seat. 
 
In the tests with the curtain bags large differences are 
observed, particularly between the Nij values, with 
one test exceeding the limits. This is related to the 
different airbag � dummy interaction observed. In 
50% of the tests, the airbag was deployed between 
the dummy and the window, whereas in the other 
50%, the dummy was in between the airbag and the 
window. Differences in the dummy positioning and 
seat adjustment contribute to differences in the airbag 
� dummy interaction. The positioning protocol of the 
SID-IIs for this position needs further refinement for 
potential use in regulatory testing. 

Conclusions 

The following conclusions were drawn: 
� No relevant accident data was found regarding 
injuries induced by side airbags. 
� Out of the IHRA/TWG protocol, test scenarios 
relevant for Europe were identified 
� Different side OOP tests were performed in four 
different laboratories over Europe, resulting in a 
reasonable repeatability within laboratories but poor 
reproducibility between different laboratories. The 
current test protocol is not clear enough to be used in 
a European regulatory environment at this stage. 

SUMMARY OF CONCLUSIONS  

The 4 parts of the draft IHRA proposal have been 
evaluated and additional development activities have 
been carried out.  
� The AE-MDB work showed that both V3 barriers 
gave more comparable dummy injury values and car 



Versmissen, 14 

deformation measures to the baseline car to car tests 
than the V2 barrier. Please note that the major 
difference between the V3 barriers and V2 barrier is 
the addition of a bumper beam element. For one car, 
the results of V3.9 were slightly more comparable 
with the baseline test than V3.1. Tests with the AE-
MDB V3, which has a trolley mass of 1500 kg, were 
found to be more severe than the current regulation 
ECE R95, which has a trolley mass of 950 kg. Both 
V3.1 and 3.9 exhibited stability problems in sill 
robustness tests. However, the severity of this test is 
under discussion as it may be unrealistically high. 
Further work, based on the modeling work in the 
project, is needed to finalize the barrier design and to 
solve, if needed, the stability problem. 
� Car to pole full-scale tests and numerical studies 
showed that the severity of a car to pole test has a 
stronger relation to the impact location than to the 
impact angle. Therefore, based on practicality of the 
test and the better performance of the current side 
impact dummies with perpendicular loading, a 
perpendicular car to pole test with the impact location 
positioned ahead of the head centre of gravity would 
be preferable for Europe. However, an oblique test 
could be acceptable if other reasons, such as 
international harmonization, demand it. 
� The Interior Headform tests in the different 
laboratories showed that the results of the tests 
following the draft EEVC WG13 protocol are very 
sensitive to the head alignment (impact vector 
deviation and the contact point position in the contact 
patch). A procedure to position the contact point in 
the contact patch to minimize head rotation and help 
reproducibility has been defined. Concerning the 
head contact limitation zone for rear seat occupants, a 
small change in the definition procedure is 
recommended to give a more realistic testing zone. 
Progress with respect to protocol clarification, point 
selection and testing the rear seat occupant zone has 
been made. However, further work on the head 
alignment procedure and angle limitations is still 
needed to ensure a reproducible and robust test. 
� Current accident statistics show no need for a 
Side Out of Position regulation in Europe. If future 
accident studies show a need for an OOP regulation 
only a limited number of scenarios of the IHRA draft 
protocol will be needed in Europe to cover the 
situation with belted occupants and children in child 
restraint systems. Then an update of the IHRA 
protocol will be required to make the protocol 
suitable for European regulatory testing, especially 
with respect to the seat and dummy positioning. 
Special attention for the risks of OOP injuries will be 
needed if door mounted airbags are re-introduced in 
the car fleet. 
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ABSTRACT 
 
The WorldSID program was set up to develop a new, 
worldwide acceptable, advanced technology, side 
impact crash test dummy for improved assessment of 
injury risk to car occupants in lateral collisions. 
Following the release of the mid-sized male 
WorldSID, the development of the small female 
WorldSID dummy was initiated by the EC 6th 
Framework collaborative research project 
‘APROSYS’ in 2004.  
The main specifications and requirements of the new 
dummy have been defined in terms of anthropometry, 
biomechanical response and instrumentation 
capabilities in general and per body segment. An 
overview of the specification is given in this paper. 
Two prototype dummies have been evaluated against 
a first set of test conditions. Test results are presented 
here, including pendulum impactor, linearly guided 
impactor, drop and sled tests. For a prioritised matrix 
of biomechanical test conditions, the dummy 
responses were compared against the biomechanical 
human response requirements. Furthermore, the 
dummy’s repeatability in well-controlled test 
conditions and its sensitivity to temperature were 
studied and its compliance to anthropometric 
requirements is reported. Following the assessment of 
the dummy’s current biofidelity and maturity, 
recommendations for further dummy improvements 
are given in the conclusions.   
 
INTRODUCTION 
 
In recent years there have been a number of 
developments in the field of side impact crash test 
dummy technology. The WorldSID 50th percentile 
male dummy was developed between 1997 and 2001 

and evaluated against a number of biofidelity and 
sensitivity criteria.  
After the development of the 50th percentile male 
dummy, the focus was put on the small (5th percentile) 
female size. The aim was to develop a dummy with 
the same biofidelity, functionality, handling and 
injury assessment capabilities as the WorldSID 50th 
percentile male dummy. The results of the WorldSID 
50th percentile prototype testing were taken into 
account in the 5th female development. The 
specification of the WorldSID 5th female, including 
the selection of scaled biofidelity requirements, was 
undertaken in the Aprosys EC project (Barnes et al., 
2005). Five prototype dummies were built according 
to these specifications, two of which have been 
extensively evaluated in the Aprosys EC project. 
This paper provides an overview of the biofidelity 
and anthropometry assessment of the dummy as well 
as assessment the dummy’s repeatability, sensitivity 
to environmental temperature, its handling and 
robustness. The dummy’s characteristics are 
evaluated against the requirements and 
recommendations are made as to potential 
improvements to the design and usability of the 
dummy to make it suitable for use in a regulatory test 
environment. 
 
MAIN SPECIFICATIONS 
 
The WorldSID small female requirements were 
published in a detailed document prepared in the 
Aprosys EC project (Barnes et al., 2005). Further, the 
specifications of the WorldSID small female 
prototypes that were built according to these 
requirements were published by Wang et.al. (2007). 
The current paper only provides a brief overview of 
the main characteristics of the dummy. 
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Anthropometry 
 
The small female WorldSID dummy was designed in 
order to represent a small-size adult female and 
adolescent car occupant. The dummy anthropometry 
was based on the UMTRI data set (Schneider et al., 
1983). This data set includes many anthropometry 
details for a small-sized female in an automotive 
seating posture, such as the external 3D surface, joint 
centre locations, external and internal anatomical 
reference points, and mass and inertia properties of 
the body segments. The dummy target mass is 45.8 
kg ± 1.2 kg (~2.5%) including two half arms, 
excluding dummy suit and shoes. 
 
Biofidelity 
 
The biomechanical performance requirements of the 
WorldSID 5th female are based on impact responses 
as specified in ISO Technical Report 9790 
(ISO, 1997) for lateral biofidelity, scaled for 5th 
percentile female according the formulas specified by 
Irwin et al. (2002). 
ISO Technical Report 9790 includes a large set of 
dynamic biofidelity performance specifications for 
the head, neck, shoulder, thorax, abdomen and pelvis 
of a 50th percentile male side impact dummy in sled 
tests, drop tests and pendulum tests. This report 
includes a (weighted) biofidelity rating methodology 
that enables quantification of the ability of a certain 
dummy to meet the performance requirements. The 
target biofidelity rating for the WorldSID dummy 
family, including the small female, is to achieve  
“Good to Excellent Biofidelity”, i.e. B ≥ 6.5 out of 10. 
The Irwin study gives scaling formulae and scaled 
responses for all body segments in all test conditions 
of ISO TR9790 for all available anthropometric sizes 
between a large 95th percentile male down to new 
born child. The 5th percentile female biofidelity 
response requirements as published by Irwin were 
applied to the 5th percentile female WorldSID 
dummy.  
 
Instrumentation 
 
The instrumentation options of the WorldSID 5th 
female dummy are given in Table 1. A total of 125 
dynamic measurement parameters are available in the 
dummy, completed with static measurements for tilt 
angle and temperature in head, thorax and pelvis. 
 

Table 1. 
Instrumentation options WorldSID small female  

 
Segment Parameter Nr.  

Head Acceleration (ax,y,z) 3 

 Rotational acceleration (αx,y,z) 3 
Neck Upper loads (Fx,y,z, Mx,y,z) 6 

 Lower loads (Fx,y,z, Mx,y,z) 6 

Shoulder Loads (Fx,y,z) 2*3 
 Deflection (δy) 1 
 Acceleration (ax,y,z) 3 
Thorax T1 acceleration (ax,y,z) 3 
 T4 acceleration (ax,y,z) 3 
 T12 acceleration (ax,y,z) 3 
 Rib deflection (δy) 3 
 Rib acceleration (ax,y,z.) 3*3 
 Rotational acceleration (αx) 1 
Abdomen Deflection (δy) 2 
 Acceleration (ax,y,z) 2*3 
Lumbar  Loads (Fy,z, Mx,z) 4 
Pelvis Sacro-iliac loads (Fx,y,z,Mx,y,z) 2*6 
 Pubic loads (Fy) 1 
 Acceleration (ax,y,z) 3 
 Rotational acceleration (αx) 1 

Femur Femoral neck load (Fx,y,z) 2*3 

 Femur load (Fx,y,z Mx,y,z) 2*6 

 Knee load (Fy) 2*2 

Tibia Upper load (Fx,y,z Mx,y,z) 2*6 
 Lower load (Fx,y,z Mx,y,z) 2*6 
 
EVALUATION METHOD 
 
Anthropometry 
 
The objective of this study was to determine actual 
dummy anthropometric details, such as joint-, 
landmark- and center of gravity locations; mass of body 
segments and total dummy, and external shape of the 
flesh components. Based on measured dummy 
dimensions, a complete and accurate CAD model was 
reconstructed by measuring components with a caliper, 
a FARO ARM 3D measurement machine and by 
digitising the external shapes of dummy flesh 
components. The actual components were weighed and 
the mass was applied to the CAD model components. 
The actual dummy was set up in the UMTRI reference 
position, using the internal tilt sensors of the dummy at 
zero tilt read out. Anthropometric reference points of 
the actual dummy assembly were measured with a 
FARO ARM and used to set up the reconstructed CAD 
model in 3D space. Centre of gravity (CoG) locations 
of actual dummy assemblies were obtained on a scale 
according Figure 1 and Equation 1. 
 

 
Figure 1.  CoG location process. 
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The reconstructed dummy CAD model was then 
analysed to obtain the dummy anthropometric 
characteristics, such as location of the joints, 
instrumentation and CoG and mass. Also the CAD 
model enabled comparison of the external shape of 
components in 3D space with the UMTRI “Golden 
Shell”, the target outer surface of the small female 
anthropometry. The details obtained were compared 
to the UMTRI anthropometric targets and deviations 
between target and actual dummy anthropometric 
data were identified. 
 
Biomechanical response 
 

Test matrix - The test matrix for the 
biomechanical response evaluation of the small 
female WorldSID is given in Table 2. Note that the 
complete set of ISO TR9790 tests was not performed. 
In the ISO TR9790 rating system, test conditions and 
body segments are prioritised by weighting factors. 
The selection of test conditions for the Aprosys 
evaluation was based on the test condition weighting 
factors (Vij), test severity and available skill and 
equipment within the Aprosys consortium. Drop tests, 
low weighting factor tests and high risk tests (in 
terms of dummy damage) were omitted.  

 
Table 2. 

Prioritised test matrix Aprosys 
 

Body region Impact condition Vij 
Head     
Head test 1 200 mm rigid drop 8 
Frontal drop 376 mm rigid drop 0 
Neck     
Neck test 1 
shoulder test 2 7.2 g sled impact 7 
Neck test 2 6.7 G sled impact 6 
Shoulder     
Shoulder test 1 4.5 m/s pendulum 6 
Shoulder 4, Thorax 6, 
Abdomen 5, pelvis 13 8.9  m/s padded WSU 7 
Thorax    
Thorax test 1 lateral 4.3 m/s pendulum 9 
Thorax test 2 oblique 6.7 m/s pendulum 9 
Thorax test 5 
pelvis 7 

6.8 m/s Heidelberg rigid 
sled 7 

Abdomen     
Abdomen test 3 8.9 m/s WSU padded sled 3 
Pelvis     
Pelvis test 1 6.0 m/s impactor 8 
Pelvis test 2 10 m/s impactor 9 
Pelvis test 9  
thorax 6 

8.9 m/s Heidelberg padded 
sled 8 

Pelvis test 10 6.8 m/s WSU  rigid sled 3 
 

Sled velocity - The EEVC Heidelberg test 
procedure (Roberts et al., 1991) specifies the dummy 
to load cell wall impact velocity as 7.6 and 10.3 m.s-1, 

rather than the sled velocity of 6.8 and 8.9 m.s-1 used 
in the ISO TR9790 documentation. The difference is 
because the EEVC analysis used the relative speed of 
impact between the dummy and the load plates 
(which included the rebound velocity of the sled), 
and the ISO analysis used only the velocity of the 
sled at t0. Note that there is no difference in the actual 
loading condition between ISO and EEVC. Therefore 
the data obtained in these tests can be analysed 
applying EEVC as well as ISO corridors. However, 
when applying sled velocity as test parameter in a 
rebounding sled (e.g. Heidelberg), the dummy to load 
plate contact velocity is likely to be less accurately 
controlled as it will depend on the performance of the 
sled deceleration and stopping mechanism. 
 

Scaling of force plates - To achieve similar force 
plate interaction with the small female dummy as the 
original PMHS test set up, the force plates in both 
sled test conditions - Heidelberg and Wayne State 
University (WSU) - were scaled using the same 
method. The vertical scale factor was determined 
from the ratio between Occiptal Condyle joint to seat 
pan distance of small female and mid size male, 
resulting in scale factor of 0.895. Both the location of 
the beams and the height of the beams were scaled in 
a direction perpendicular to the seat pan. The scaled 
and original beam locations are illustrated in Figure 2 
for the WSU configuration. To calculate the location 
of the knee plate and the dimension of the pelvis 
beam a scale factor of 0.917 was applied. The scale 
factor is based on ratio of the UMTRI 5th and 50th 
femur lengths. 
 

 
Figure 2. WSU beam configurations and human 
body models. Left 5th % female, right 50th % male. 
 

Normalisation - The dummy responses were 
normalised according the procedures used for 
normalising PMHS raw data to obtain ISO TR9790 
and EEVC response corridors. The small female 
standard mass was determined using the ISO standard 
body segment mass (50th male) per test condition 
scaled by the ratio of UMTRI body segment mass 
5F/50M. No stiffness scaling was applied as ratios of 
characteristic lengths of the dummy equal 1 

.  
Pendulum tests - The effective mass in each test 

was calculated using Equation (2): 
 

0V

Fdt
M e

∫=
 (2) 



Been B.W. 4 

Where Me  = effective mass of the segment (kg); 
 F  = pendulum force (N); 
 V0 = pendulum velocity (m.s-1). 
The integration interval was taken to be from first 
positive pendulum force to the end of the impact.  
 
The shoulder and pelvis pendulum forces were 
normalised according to Equation (3): 
 

e

s
pN M

M
FF =

 (3) 

 
where FN = normalised pendulum force (N); 
 Fp = pendulum force (N); 
 Ms = standard segment mass (kg); 
 Me = effective segment mass (kg). 
 
The shoulder displacement was normalised according 
to the Equation (4): 
 

e

s
sN M

M
DD =

 (4) 
 
where DN = normalised deflection (mm); 
 Ds = measured shoulder deflection (mm). 
 
The thoracic pendulum responses were normalised 
using the two mass system methods as applied in ISO 
TR9790 according to Equation (5). Time factor 
scaling was applied to the HSRI and WSU/GML 
thoracic pendulum responses according Equation (6). 
The T1 acceleration responses in the 4.3 m/s HSRI 
thorax tests were normalised according Equation (7). 
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  (7) 
where tN = normalised time (s); 

aN = normalised T1 acceleration (G); 
 aT1 = T1 acceleration (G); 
 14 = the pendulum mass (kg). 
 

Shoulder - The APR lateral shoulder tests were 
normalised using a standard mass of 20.5 kg.  5th %-
ile UMTRI shoulder-thorax segment mass is 12.983 
kg, 50th %-ile UMTRI shoulder-thorax segment mass 
is 23.763 kg.  The 5th female standard shoulder mass 
Ms = 20.5*12.983/23.763 = 11.20 kg. The average 
effective mass Me in three tests was 12.663 kg. The 
shoulder normalisation factor applied was 0.940 for 
both pendulum force and deflection. 

 

Thorax - The HSRI lateral thorax tests were 
normalised using a standard mass of 20.8 kg for the 
thorax.  5th %-ile UMTRI shoulder-thorax segment 
mass is 12.983 kg and 50th %-ile UMTRI shoulder-
thorax segment mass is 23.763 kg.  The 5th female 
standard shoulder mass Ms = 20.8*12.983/23.763 = 
11.364 kg. The average effective mass Me in three 
4.3 m/s tests was 13.351 kg. The thorax 4.3 m/s 
normalisation factor applied was 0.958. The 
WSU/GMR lateral thorax tests were normalised 
using a standard mass of 15.2 kg for the thorax.  5th 
%-ile UMTRI shoulder-thorax segment mass is 
12.983 kg and 50th %-ile UMTRI shoulder-thorax 
segment mass is 23.763 kg.  The 5th female standard 
thorax mass Ms = 15.2*12.983/23.763 = 8.305 kg. 
The average effective mass Me in three 6.0 m/s tests 
was 12.988 kg. The thorax 6.0 m/s normalisation 
factor applied was 0.880. 
 

Pelvis - The pelvis pendulum tests were run with a 
14 kg mass and the linear guided impactor tests were 
performed with a 10.26 kg mass. The prescribed 
pendulum mass is 10.14 kg for small female pelvis 
impacts. The data were scaled applying scale factor 
according Equation (8): 
 

))4814.10(*/()48(*14.10(* ++= iiimpp MMFF

(8) 
 
where  Mi  = mass of impactor used in the test (kg); 
 Fimp = impactor force (N). 
 
As second step the data were normalised following 
the ONSER lateral pelvis tests according to Equation 
(2) and (3). A standard mass of 14.5 kg was applied 
for the pelvis.  5th %-ile UMTRI pelvis segment mass 
(including femur heads) is 8.5 kg and 50th %-ile 
UMTRI pelvis segment mass (including femur heads) 
is 14.5 kg.  The 5th female standard pelvis mass 
applied was Ms = 14.5*8.5/14.5 = 8.5 kg. 
 

Sled tests - In the Heidelberg tests the force plates 
were mounted on the sled. Therefore the readings 
were inertia compensated as follows: 
 

Fi = Fplate +(Mplate x Aplate)   (9) 
 
Where Fi = inertia compensated plate force (N); 
 Fplate = sum of plate load cell forces (N); 
 Mplate = mass of plate forward of the centre 

of the load cells (kg); 
Aplate  = acceleration of plate, where 

acceleration is positive in the 
direction of impact of the dummy 
(m.s-2). 

 
The WSU force plates were mounted statically and 
no inertia compensation was applied. The Heidelberg 
inertia compensated and WSU registered plate forces 
were normalised according to Equation (10). 
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where FN = normalised wall force (N); 
 Fi = inertia compensated force  
 
Dummy measurements were normalised according to 
the Equations (11), (12) and (13). 
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where xN = normalised displacement (m); 
 xi = displacement (m); 
 AN = normalised acceleration (m.s-2); 
 Ai = acceleration (m.s-2). 
 

Standard mass - For Heidelberg sled tests, EEVC 
normalisation applied a 37 kg segment mass for the 
thorax and 24 kg for the pelvis. The ISO 
normalisation used a 38 kg thorax segment and the 
whole dummy mass to normalise the pelvis responses. 
The ratio of the 5th to 50th %-ile total body masses 
was used to scale all segment masses to 23.5kg 
thorax mass and 15.2 kg pelvis mass for the EEVC 
and 24.1 kg thorax for ISO. A ratio of specified 5th 
%-ile mass to actual dummy mass was used in the 
ISO normalisation of the pelvis responses. In the 
Wayne State University sled tests small female 
standard masses were applied as follows: thorax 
15.2 kg, abdomen 6.7 kg and pelvis 10.8 kg. 
 
RESULTS 
 
Anthropometry 
 

Segment mass - The target body segment masses 
and those obtained for WorldSID 5th female are given 
in Table 3. Note that the WorldSID masses given are 
from (not necessarily functional-) sub-assemblies that 
match UMTRI segmentation planes as closely as 
possible. The CAD model and UMTRI segmentation 
planes are shown in Figure 3. The main deviations 
are in abdomen (-1.3 kg) and lower legs and feet 
(+1.2 kg). The other large deviation of 2.5 kg in the 
pelvis/upper leg is due to the mismatch between the 
UMTRI segmentation plane and dummy components. 
The dummy pelvis extends forward of the UMTRI 
segmentation plane and contains a large portion of 
the thigh. The overall dummy mass is well within the 
tolerance specification.  

Table 3. 
Target and dummy body segment mass [gram] 

 
Body segment UMTRI WorldSID 

5th 
Deviation 

Head  3697 3660 -37 

Neck 601 541 -60 

Thorax 
including only 
upper arms 

15231 15452 222 

Abdomen 1610 305 -1305 

Pelvis 6976 9475 2499 

Upper legs 11828 9160 -2668 

Lower legs 4720 5486 766 

Feet 1276 1724 448 

Total 45939 45804 -135 

 

 
Figure 3.  Reconstructed CAD model and UMTRI 
segmentation planes. 
 

Table 4. 
Target and dummy centre of gravity [mm] 

 
 UMTRI WorldSID 5th  

Body segment X Y Z X Y Z 

Head  -184 0 578 -177 -1 580 
Neck -172 0 460 -185 1 446 
Thorax -147 0 238 -170 -1 258 
Pelvis -76 0 25 -36 0 19 
Upper leg 147 ±104 -4 232 ±92 38 
Lower leg 444 ±82 -56 491 ±83 -81 
Feet 653 ±101 -178 654 ±93 -171 

Whole body 24 0.0 129 48 -0.5 136 
 

Centre of Gravity - The target and dummy centres 
of gravity are shown in Table 4 and Figure 4. The 
black balls represent target CoG’s and the green balls 
the CoG of the dummy segments. 
Main deviations are found in the thorax: +20 mm in 
vertical and horizontal direction. The whole body 
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CoG is too far forward and the dummy lower legs 
CoG are too far backward and too high up. The high 
thorax CoG is due to the low abdomen mass. The 
forward position of the whole body CoG is due to the 
high mass in the lower leg and feet. Redistribution of 
these masses would bring the whole body CoG and 
the thorax CoG closer to the targets. There is also a 
deviation in the pelvis and upper leg in the X 
direction. This deviation is due to the segmentation 
plane deviation between dummy and UMTRI. This is 
not a problem with the dummy.  
 

 
Figure 4.  Target (black) and dummy (grey) centre 
of gravity. 
 

Table 5. 
UMTRI targets and dummy joint locations [mm] 

 
 UMTRI WorldSID 
 X Y Z X Y Z 

OC -189 0 519 -187 -1 519 
T1 -183 0 429 -184 1 424 
Shoulder -174 ±146 354 -194 ±147 348 
T12/L5 joint -149 0 140 -86 0 67 
L5/S1 joint -80 0 46 -86 0 67 
H-point 0 0 0 0 0 0 
Hip  0 ±80 0 0 ±80 0 
Knee  363 ±75 71 362 ±75 71 
Ankle  593 ±86 -182 594 ±86 -182 

 
Joint locations - The UMTRI target and dummy 

joint locations are given in Table 5. The dummy was 
seated with 0º angle tilt sensor reading for this study. 
The table shows that there is a very good match 
between the dummy posture and the UMTRI 
reference posture. Deviations are found in the 
shoulder joint ( rearward 20mm). This is a deviation 
by design, as the dummy construction did not allow 
matching the shoulder joint target entirely. The 
downward (-6mm) position of the shoulder joint may 
have to do with slight sagging of the shoulder rib due 
to the arm weight and/or the compression of the 
lumbar spine. The latter is confirmed by slightly low 
T1 position. However the OC joint precisely matches 

the vertical target. The lumbar joint does not match 
the human targets by design. The dummy lumbar 
spine is much shorter than human because of design 
constraints. In the analyses the mid point of the 
lumbar component was assumed as the joint location, 
therefore the same numbers appear twice for dummy 
T12/L5 and L5/S1 joints in the table. 
 

Outer surfaces - A comparison of the outer 
surface of UMTRI and the reconstructed CAD model 
(Figure 5) shows a very good match between the two. 
However some deviations appear as well. First of all 
the abdomen ribs are wider than the UMTRI target. 
The thorax and abdomen ribs were designed to be the 
same width on purpose to avoid discontinuity, which 
was anticipated to give response or sensitivity 
problems. A further rationale is that the dummy 
should not only represent 5th percentile females, but 
also adolescent males (13 year old). Further 
deviations are found in T1, clavicle and the knee area. 
These are all known design compromises. Close 
study also reveals deviation at the foot surface, but 
this is considered a minor issue. Figure 6 shows a 
deviation between the dummy half arm and bone 
which are much shorter than their UMTRI targets. 
This deviation appears as a problem in the sled tests; 
see abdomen responses, page 11. 
 

  
Figure 5.  Reconstructed CAD model inside 
UMTRI 5th female “Golden Shell” surface model.  
 

 
Figure 6.  Dummy upper arm and humerus profile. 
 
Biomechanical response 
 
In the following chapters the results will be discussed 
per body segment rather than per test condition to 
allow making body segment conclusions based on 
multiple test conditions.  
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Head - The results of the head drop tests are given 
in Table 6. In the original PMHS tests the head 
impact accelerations were measured directly on the 
skull; on a point on the non-struck side of the head 
coincident with a lateral axis through the head CoG. 
To match the PMHS response, the dummy 
acceleration results at the non-struck side of the head 
were calculated from the linear and rotational 
accelerations measured at the head CoG. The 
equations are given in (Wang et al., 2007). Note that 
the frontal head response is just below the corridor 
and the lateral response is within the corridor. As the 
ISO TR9790 only applies a lateral performance 
requirement, the head biofidelity achieved a 10 rating. 

 
Table 6. 

Results head drop tests [G] 
 

Resultant 
acceleration [G] 

Condition CoG Side Corridor  Criteria 
Lateral 120.1 139.5 pass 
Lateral 118.9 135.9 

107-161 
pass 

Frontal 244.2 NA fail 
Frontal 235.7 NA 

250-300 
fail 

 
Neck - The WorldSID small female head-neck 

responses to NBDL and Patrick and Chou (P&C) 
conditions are presented in Figure 7 through Figure 
16. Four tests were performed with different belt 
configurations to optimise the dummy T1 
acceleration (Figure 15). The traces are differentiated 
by colours as follows: black tight 5-point belt with 
lateral torso belt; blue tight 5-point belt; magenta 
slack 5-point belt; green: slack 5-point belt and 30 
mm shoulder panel gap. The latter test is considered 
not valid, because in the original NBDL tests there 
was no gap. In the graphs ISO corridors appear in red; 
derived corridors from P&C appear red dotted. 

The internal neck loads of the NBDL tests were 
derived as explained in Philippens et al. (2004). 

The plots are arranged such that NBDL and P&C 
responses can easily be compared. The responses of 
the same parameters are plotted next to each other, 
NBDL on the left and P&C on the right. Note that the 
scales of the left-hand and right-hand plots are 
identical. Presenting the plots this way shows that the 
head responses to the two test conditions are 
strikingly similar. Although pulses are different in 
NBDL and P&C, it appears that the neck acts as a 
mechanical filter and head responses are very similar. 
A noticeable difference is the slower response in 
NBDL. Also differences appear in the T1 response, 
see Figure 15and Figure 16. Considering the striking 
similarity (for this dummy, but possibly others as 
well) between head responses, there appears to be an 
incompatibility between NBDL and Patrick and Chou 
head - neck response requirements. This is 
demonstrated by the good performance of the dummy 
in the NBDL condition and the poor result in the 
P&C condition, see Table 7.  
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Figure 7.  Head flexion angle NBLD (L), P&C. 
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Figure 8  Head y-displacement NBLD (L), P&C. 
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Figure 9. Head z-displacement NBLD (L), P&C. 
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Figure 10.  Head resultant acceln. NBLD(L), P&C.  
 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
−200

−100

0

100

200

300

400

500

600

700

Time [s]

U
pp

er
 n

ec
k 

la
te

ra
l f

or
ce

 [N
]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
−200

−100

0

100

200

300

400

500

600

700

Time [s]

U
pp

er
 n

ec
k 

la
te

ra
l f

or
ce

 [N
]

Figure 11.  Head y OC force NBLD (L), P&C. 
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Figure 12.  Head z OC force NBLD (L), P&C.  
 



Been B.W. 8 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
−20

−10

0

10

20

30

40

50

Time [s]

U
pp

er
 n

ec
k 

la
te

ra
l f

le
xi

on
 b

en
di

ng
 m

om
en

t [
N

m
]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
−20

−10

0

10

20

30

40

50

Time [s]

U
pp

er
 n

ec
k 

la
te

ra
l f

le
xi

on
 b

en
di

ng
 m

om
en

t [
N

m
]

Figure 13. OC-x moment NBLD (L), P&C.  
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Figure 14.  OC-z moment NBLD (L), P&C. 
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Figure 15.  T1 y-acceleration NBLD (L), P&C. 
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Figure 16. T1 y displacement NBDL (L), P&C. 
 
The head and neck NBDL and P&C response 
requirements were further analysed for compatibility. 
The head lateral flexion angle should lie between 56 - 
75º for NBDL and 51 - 64º for P&C. The overlapping 
corridor between NBDL and P&C is quite narrow 
(60º ± 6.6%). The NBDL resultant head acceleration 
can be calculated from NBDL ay and az corridors and 
the mean ax volunteer response reported in ISO 
TR9790 (6G). Doing so, the head resultant 
acceleration NBDL Head Ares 14 - 18G is not 
compatible with the P&C Head Ares 18 - 26G 
requirement. For free body motion such as a dummy 
head and neck, the neck loads and head acceleration 
have a direct correlation as long is there is no 
external force acting on the head. The neck loads can 
be derived from the product of head acceleration and 
head mass. Applying this simple equation allows 
comparison of NBDL vertical and lateral 
accelerations with P&C vertical and lateral neck 
loads. Using 3.7kg head mass, NBDL Fy 290 - 400N 

and P&C Fy 602 -682N. NBDL and P&C lateral head 
response requirements are completely incompatible. 
NBDL Fz 363 - 472N, P&C Fz 357 - 408N; vertical 
head response requirements are partly overlapping 
with a narrow corridor (385N ± 5.8%). The corridors 
for OC-x and OC-z moment are rather similar for 
NBDL and P&C, however NBDL are wider, as they 
are based on a larger data sample size (P&C is based 
on a single volunteer). 

Table 7. 
Neck ISOTR9790 biofidelity rating 

 
Impact 

condition Measurement
Aver
age Test

Body 
region

7.2 g sled Peak horizontal Acc T1 5.0
impact Peak hor. Displ. T1/sled 5.0
NBDL Peak hor. Displ. head cg/t1 5.0

Peak vert. Displ. Head CG/T1 5.0
Time of max head excursion 10
Peak lateral Acc head cg 10
Peak vertical Acc head cg 8
Peak flexion angle 10
Peak twist angle 0.0
Peak OC lateral bending moment 6.7
Peak OC torsion twist moment 5.0

6.6
6.7 G sled Peak flexion angle 5.0
impact Peak bending X-moment @ OC 5.0
Patrick & Peak bending Y-moment @ OC 0
Chou Peak twist Z-moment 0

Peak shear PA (FX) @ OC 0
Peak FY @ OC 0
Peak FZ tension @ OC 5.0
Peak res. Acc. Head CG 5.0

2.9
4.9  

 
Shoulder - The shoulder response was evaluated 

under three test conditions: the APR shoulder 
pendulum tests at 4.5 m/s, the NBDL 7.2 G sled 
impact and the WSU 8.9m/s padded sled impact on a 
load plate. The results are plotted in Figure 15 
through Figure 19. In the APR pendulum tests the 
responses were normalised. The pendulum force 
exceeds the corridor slightly and the deflections stay 
below the corridor. The shoulder ISO rating for this 
test is 5. In the NBDL 7.2 G sled impact responses 
one clear outlier is visible, which was obtained with 
shoulder panel gap. This test is not valid. In NBDL 
the volunteer and dummy responses were not 
normalised. The T1 acceleration and the deflection 
are below the corridor. ISO rating for this test is 5. 
 

WorldSID 5th female shoulder biofidelity 4.5 m/s 14 kg 
pendulum test
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Figure 17.  Pendulum force shoulder impact. 
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WorldSID 5th female shoulder biofidelity 4.5 m/s 14 kg pendulum test
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Figure 18.  Shoulder deflection pendulum test. 

 

 
Figure 19. WSU 8.9 m/s padded shoulder and 
thorax force. 
 
In the WSU 8.9 m/s padded sled impact the shoulder 
and thorax beam force is inside the upper corridor 
and the lower boundary is crossed. The response is 
very close to scoring 10 points in the ISO TR9790 
rating. The overall shoulder biofidelity is 5.0 
considering the three test conditions (out of four 
specified), see Table 8. 
 

Table 8. 
Shoulder ISOTR9790 biofidelity rating  

 
Impact 

condition Measurement
Aver
age Test

Body 
regio

4.5 m/s Pendulum force-time 5.0
APR Pendulum Force
pendulum Peak shoulder deflection 5.0

5.0
7.2 G sled Peak horizontal Acc T1 5.0
sled Peak hor. Displ. T1/sled 5.0
NBDL 5.0
8.9 G  shoulder + thoracic plate force 5.0
WSU sled
23 PSI padded 5.0

5.0  
 

Thorax - The thorax biofidelity was evaluated in 
two pendulum and two sled test conditions. The 
results are shown in Figure 19 through Figure 23. All 
graphs show the same trend: the force responses are 
(almost) entirely inside the corridors. In some cases 
the lower boundaries are crossed and the duration of 
the response is on the short side; however, this was 
not confirmed in the Heidelberg 6.8 m/s rigid thorax 

response. The responses are very close to scoring 10 
points in the ISO TR9790 rating. Slight lower 
corridor crossing was also visible in the PMHS 
original tests. The T1 acceleration is too high in the 
4.3 m/s pendulum tests. The lower spine 
displacement in the padded 8.9 m/s WSU sled 
condition was inside the corridor in all three repeat 
tests.  
 

WorldSID 5th female thorax biofidelity 4.3 m/s 14 kg
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Figure 20.  4.3m/s 14kg thorax pendulum force. 
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Figure 21.  4.3m/s 14kg thorax T1 acceleration. 

 
Thorax biofidelity 6 m/s 14 kg pendulum test
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Figure 22.  6.0m/s 14kg thorax pendulum force. 
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ISO Heidelberg 6.8m/s: Thorax Plate Force

0

2000

4000

6000

8000

10000

12000

14000

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Time (s)

Pl
at

e 
Fo

rc
e 

(N
)

31sd01

31sd02

31sd03

Upper (N)

Lower (N)

 
Figure 23. 6.8m/s Heidelberg thorax force ISO. 
 

EEVC Heidelberg 7.6m/s: Time Shifted Thorax Plate Force
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Figure 24: 6.8m/s Heidelberg thorax force EEVC. 
 
The acceleration responses in the Heidelberg test are 
given in Table 9. Note that dummy rib1 corresponds 
with human rib4. The T1 and T12 spine responses are 
below the ISO targets, while the rib accelerations are 
above the ISO targets. Such response suggests that 
there may be a mass distribution problem, with too 
little mass on the outer circumference of the dummy 
and too much mass in the spine. This hypothesis is 
further supported considering that this dummy does 
not have damping material on the ribs, that the ribs 
themselves are made from a relatively low density 
alloy, and there is not much more material outside the 
ribs than a foam pad and a dummy suit. However the 
T1 acceleration in the 4.3 m/s pendulum test 
contradicts this hypothesis. 

 
Table 9. 

Peak lateral accelerations 6.8 m/s rigid sled test 
 

Peak Lateral 
acceleration 

ISO 
target test1 test2 test3 

CV
% 

T1 100-149 54.5 50.3 54.2 5.1 
Rib 1 78-122 176 159 155 6.7 
T12 87-131 54.6 53 63.9 10.3 

 
The overall thorax responses are summarised in 
Table 10. The force-time responses of three tests are 
very close to scoring 10 points in the ISO TR9790 
rating. The good performance of the thorax body 
segment is not fully reflected in the body segment 
rating of 6.3 according ISO TR9790. Note that this 
score is based on sub set of four out of six specified 
test conditions.  
 

Table 10. 
Thorax ISOTR9790 biofidelity rating  

 
Impact 

condition Measurement
Aver
age Test

Body 
region

4.3 m/s Pendulum force 5.0
HSRI
pendulum Peak T4 Y acc. 5.0

5.0
6.0 m/s Pendulum force 5.0
WSU/GML
pendulum 5.0
6.8 m/s  Thorax plate force 10
Heidelberg  
rigid sled peak T1 Y acc. 3.3

peak T12 Y acc. 5.0
peak rib acc. 5.0

6.0
8.9 m/s shoulder + thoracic plate force 5
WSU
sled Peak lateral displacement of T12 10
23 PSI padded 6.8

5.6  
 
Abdomen - The abdomen biofidelity is evaluated in 
two Wayne State University sled test conditions at 
6.8 m/s rigid and 8.9 m/s padded. The responses are 
shown in Figure 25 and Figure 26, the biofidelity 
rating is given in Table 11. The abdomen force is 
almost entirely in the corridor for the 6.8 m/s test and 
fully within the envelope of the 8.9 m/s test. The 
abdomen response, rated 8.5 in these tests, is rather 
good; however, only two out of five test conditions 
are considered for the abdomen. 
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Figure 25.  Abdomen force 6.8 m/s rigid WSU. 
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Figure 26.  Abdomen force 8.9 m/s padded WSU. 
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Table 11. 
Abdomen ISOTR9790 biofidelity rating  

 
Impact 

condition Measurement
Aver
age Test

Body 
regio

6.8 m/s Abdominal plate force 5.0
WSU 
rigid sled 5.0
8.9 m/s Abdominal plate force 10
WSU sled 
23 PSI padded 10

8.5  
 

One particular outcome of the abdomen test was the 
poor repeatability of abdomen deflection in the sled 
tests (CV 23%) and the significant difference 
between upper and lower abdomen deflection, see 
Table 15. During the anthropometry evaluation it was 
found that the upper arm length did not meet the 
anthropometric target, see Figure 6. Figure 27 shows 
the position of the WorldSID small female on the 
sled and the relative position to the force beams. Note 
that the arm is in-between the torso and the load 
plates of the sled. The figure shows that lower end of 
the arm is coincident with the top of the lower 
abdomen and that the lower abdomen is not loaded 
through the arm. The unbalanced loading of the 
upper/lower abdomen in case the arm is in the load 
path, raises a concern of over-/under-assessment of 
injury. The other concern raised is that the interaction 
of the dummy with the load plate was different than 
the PMHS in the original tests. The poor repeatability 
of the lower abdomen is due to the small interaction 
with the load plate, resulting in small deflection and 
the relatively large influence of small variations. A 
second factor may be that, due to a small variation in 
arm position, there was more interaction with the arm 
in one test than in the other tests. 
 

 
Figure 27.  WorldSID small female position 
relative to WSU load plates. 
 

Pelvis - The biofidelity of the pelvis was evaluated 
in seven test conditions, five of which were rigid and 
padded sled tests and two were linear guided and 
pendulum impactor tests. The linear guided impactor 
tests were performed with a mass of 10.26kg and the 
pendulum impactor tests were performed with a 14kg 

pendulum. The responses of the impactor tests were 
scaled to 10.14kg, using Equation (8). 
The pelvis sled test responses are presented in Figure 
28 through Figure 30 and Table 12. The responses 
are shown relative to EEVC as well as ISO corridors. 
The pelvis performs particularly well in the high 
speed padded and rigid sled tests and the low speed 
impactor tests. In these tests the force responses are 
inside the corridors. The acceleration responses are 
close to the corridors; the rigid Heidelberg 
accelerations are too high (high and low speed), 
WSU and Heidelberg high speed padded and WSU 
rigid low speed accelerations are below the corridors.  
No trend can be found in the pelvis accelerations. 
 

ISO Heidelberg 6.8m/s: Pelvis Plate Force
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Figure 28.  Pelvis Heidelberg 6.8 m/s rigid ISO  
 

EEVC Heidelberg 7.6m/s: Pelvis Plate Force
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Figure 29.  Pelvis Heidelberg 7.6m/s rigid EEVC. 
 
The performance in the WSU 6.8 m/s rigid and the 
high speed impactor tests is reasonable. The 
performance is poor in the low speed rigid 
Heidelberg test in the ISO corridors and slightly 
better according EEVC corridors. No trend can be 
obtained from the pelvis force responses relative to 
impact velocity, as sled test and impactor tests show 
a contradicting trend. The different responses 
between tests may be explained by the different 
loading: in the impactor test the pelvis is loaded 
locally at the Greater Trochanter, in the Heidelberg 
tests all of the thigh and pelvis is loaded and in WSU 
only half of thigh is loaded and there is a knee impact 
plate. 
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Figure 30.  Pelvis WSU 8.9m/s padded  
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Figure 31.  Pelvis beam force WSU 6.8m/s rigid 
ISO corridors 
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Figure 32  Pelvis beam force WSU 6.8m/s rigid 
EEVC corridors 
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Figure 33.  Normalised pelvis impactor forces 
 

Table 12. 
Summary pelvis sled test results 

 
 Corridors test1 test2 test3 CV% 

force 4.6 5.6 9.3 11.3 10.9 10.1 

H
ei

d 
6.

8R
 

acc. 78 95 99.3 101 102 1.2 
force 16.2 19.1 16.8 17.8 17.3 2.9 

H
ei

d 
8.

9R
 

acc. 118 143 162 166 164 2.7 
force 8.4 9.8 9.3 9.6 9.6 1.8 

H
ei

d 
8.

9P
 

acc. 75 93 68.2 71.9 70.5 2.7 
force 4 5.4 6.0 6.1 6.3 3.7 

w
su

 
6.

8R
 

acc. 105 142 101 96.2 102 1.7 
force 2.2 5.1 4.9 4.8 4.9 1.2 

w
su

 
8.

9P
 

acc. 80 110 76.6 76.7 74.3 1.8 

 
Table 13. 

Pelvis ISOTR9790 biofidelity rating  
 

Impact 
condition Measurement

Aver
age Test

Body 
regio

4.5 m/s Pendulum force 10
10.14 kg impact 10
11.5 m/s Pendulum force 0
10.14 kg impact 0
6.8 m/s Peak pelvic force 0.0
Heidelberg Peak pelvic acc. 5.0
rigid sled 2.2
8.9 m/s Peak pelvic force 10
Heidelberg Peak pelvic acc. 5.0
rigid sled 7.7
8.9 m/s Peak pelvic force 10
Heidelberg Peak pelvic acc. 5.0
padded sled 7.6
6.8 m/s Peak pelvic force 5.0
WSU
rigid sled Peak pelvic Y acc. 5.0

5.0
8.9 m/s Peak pelvic force 10
WSU
23 PSI padde Peak pelvic Y acc. 5.0
sled 7.8

5.6  
 

The ISO TR9790 pelvis biofidelity rating per test 
condition and overall is summarised in Table 13. The 
table shows some very good and some poor results, 
but does not clearly indicate how to improve further 
the pelvis segment biomechanical response. The 
overall pelvis biofidelity rating is 5.6 and does not 
meet the body segment target of ‘good to excellent’ 
biofidelity. Note that this score is based on sub set of 
seven out of thirteen specified test conditions; 
however the highest weighting factor tests were 
included in this sub set.  
 
Biofidelity 
 
The body segment and full dummy biofidelity is 
summarised in Table 14. The result is based on a 
sub-set of test conditions with high weighting factors 
and is a good indication of the dummy’s biofidelity. 
The overall rating just exceeds the target of B > 6.5; 
however, not all body segments meet this target. 
Some of the responses, particularly for the thorax, are 
close to scoring 10 points rating. The overall result is 
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considered to be quite encouraging for a prototype 
dummy. 
 

Table 14. 
Summary ISOTR9790 Biofidelity Rating 

 
Overall rating WorldSID 5th %-ile 

Head 10 
Neck 4.9 
Shoulder 5.0 
Thorax 5.6 
Abdomen 8.5 
Pelvis 5.6 
Overall rating 6.7 
 
Repeatability 
 
The repeatability of the dummy was evaluated by 
repeating the same test condition at least three times. 
Some of the results are presented in Table 15.Table 
15. Table 17. In the Heidelberg sled test coefficients 
of variation were in the same order as in the WSU 
test.  

Table 15. 
WSU 6.8 m/s rigid sled internal measurement 

 
Dummy 
segment 

Magnitude Mean Sd CV 
(%) 

T1 Acc. y (g) 45.3 1.8 4.0% 
Thorax 

T12 Acc. y (g) 68.6 5.2 7.6% 
Shoulder  -59.1 0.25 0.4% 
Upper Thorax  44.5 2.1 4.6% 
Middle Thorax  47.3 0.7 1.5% 
Lower Thorax  44.7 1.5 3.4% 
Upper Abdomen  32.3 2.4 7.4% 

Ribs 
displacement 
[mm] 

Lower Abdomen 10.5 2.4 23% 
Acc. y (g) 78.9 1.3 1.7% 

Pelvis 
Pubic Fy (N) -1138 35 3.0% 

 
Table 16.  

WSU 6.8 m/s rigid sled external loads 
 
Barrier beam Mean  Sd CV (%) 
Shoulder Beam (N) 2772 98 3.5% 
Thorax Beam (N) 4211 514 12.2% 
Abdomen Beam (N) 2354 25 1.0% 
Pelvis Beam (N) 7742 285 3.7% 
Knee Beam (N) 10397 293 2.8% 

 
Table 17. 

14kg shoulder and thorax pendulum test 
 

Parameter Mean Sd. CV[%] 
Shoulder deflection [mm] 24.6 1.0 4.1 
Shoulder force [N] 2309 49 2.1 
4.3m/s Thorax Rib 1 [mm] 15.9 0.3 1.6 
4.3m/s Thorax Rib 2 [mm] 22.1 0.1 0.5 
4.3m/s Thorax Rib 3 [mm] 20.2 0.2 1.1 
4.3 m/s Pendulum force [N] 2678 25 0.9 
4.3m/s T1 acceleration [G] 21.8 0.3 1.5 
6.0m/s Thorax Rib 1 [mm] 26.9 1.2 4.5 
6.0m/s Thorax Rib 2 [mm] 35.9 1.5 4.2 
6.0m/s Thorax Rib 3 [mm] 34.0 1.2 3.6 
6.0m/s Pendulum force [N] 3231 39 1.2 

The WSU and Heidelberg padded test results were 
more repeatable then the rigid test results. Most 
results were well within the repeatability requirement 
of CV<7%. Some results do not meet the requirement. 
The CV of the thorax force beam in the WSU 6.8 m/s 
test was 12%. This result is attributed to differences 
in body segment contact orientation and timing due 
to differences in dummy sliding on the test bench. 
The high CV of the lower abdomen deflection was 
explained earlier in the paper. The pendulum tests are 
more repeatable then the sled tests. 
 
Sensitivity 
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Figure 34.  Temperature variation external 
measurements variability. 
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Figure 35.  Temperature variation internal 
measurements variability. 
 

Table 18 
Variability of load responses 

 
 Coefficient of variation (%) 

 Test 
24.8ºC 

Test 
22.8ºC 

Test 
19.8ºC 

All test 
6.0 m/s 

Shoulder Beam 4.02 1.55 4.72 4.70 
Thorax Beam 0.00 1.23 3.99 4.59 
Abdomen Beam 5.38 1.78 4.68 4.21 
Pelvis Beam 0.12 2.06 5.05 3.70 
Knee Beam 0.23 6.07 1.69 3.27 

 
6.0m/s WSU sled tests were conducted at 20ºC, 23ºC 
and 25ºC environment temperature to evaluate the 
temperature sensitivity of the dummy. The results are 
shown in Figure 34 and Figure 35. The test results 
revealed no trends in dummy responses due to 
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temperature variation. The variations due to 
temperature variation were below 5% and were 
similar to the test-to-test variability, see Table 18.  
 
Dummy prototype problems 
 
The main problems occurring during the Aprosys 
evaluation are given below. 
Tilt sensor problems were experienced due to loss of 
software after the PDA battery had fully drained.  
Dummy battery charging remained a problem, even 
after exchange of new batteries. No battery charge 
indicator is available to the user. Battery charge 
problems seem to be related to the long off time 
between charges as dummies were transported 
between labs. 
Wiring problems were experienced. All of them can 
be attributed to the smaller size of the dummy and 
reduced space in the sternum and particularly in the 
pelvis, where wires were crushed and a connector 
was damaged in the 10.3 m/s Heidelberg tests. The 
prototype dummy pelvis had a high wire content with 
one pubic, two femur, two femoral neck, and double 
sacro-iliac load cells and a tri-axial accelerometer 
adding up to 40 channels.  
Some signals registered by the in-dummy DAS 
system presented a high level of noise. It was found 
that the CAC settings were set to high for the 
expected data to be collected. 
During the Aprosys evaluation the rib permanent 
deformation was monitored between tests. The thorax 
ribs were settling 1-2 mm and then remained constant. 
The shoulder sustained permanent deformation 
continuously until the rib width came closer to the 
thorax ribs, unloading the shoulder rib. In the 10.3 
m/s rigid Heidelberg tests the thorax ribs also 
sustained permanent deformation, but no ribs were 
broken. Also the shoulder load cell connector 
sustained damage in this test. The shoulder rib stop 
appears not to be protecting the rib. The Heidelberg 
tests were run without IR traccs to avoid damage. In 
the WSU 6.8 rigid tests two IR traccs were damaged. 
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Figure 36. Rib permanent deformation record. 
 
The IR-traccs in the thorax registered flat tops in the 
thorax compression (Figure 37). Also flat tops in the 
rib deflection were registered with the WorldSID 
small female dummy outside the Aprosys consortium. 

The phenomena are believed to be related to forward 
deformation of the ribs relative to the spine and 
associated extension of the IR-traccs, (Hynd et.al. 
2004). Flat top responses generally raise the concern 
whether the actual peak of the measured parameter is 
registered. Further, the IR-traccs are close to 
maximum range, even in moderate speed biofidelity 
tests. 
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Figure 37. Upper rib deflection WSU 8.9 padded. 

 
Also the shoulder deflection trace showed flat tops in 
the WSU tests. The shoulder string potentiometer is 
not recording the peak deflection, as shoulder rib 
accelerations exceeding 250 G were registered. The 
potentiometer is rated 50G, beyond which the string 
becomes slack.  
Some problems were related to the half arm. The 
shoulder joint friction adjustment was difficult. The 
arm bone static bending stiffness of the dummy was 
compared analytically to human data based on 
Kemper et.al. (2005). The bending stiffness of the 
dummy humerus bone is much lower then the human 
target. 
 
CONCLUSIONS and RECOMMENDATIONS 
 
Conclusions 
 
Two WorldSID small female prototype side impact 
dummies were extensively evaluated and tested to 
verify compliance of the dummy to its requirements. 
Some issues were found with the anthropometry, but 
these can be corrected. The overall biomechanical 
responses of the prototype just meets the target of 
good biofidelity (B>6.5), but not all body segments 
meet the biofidelity rating target. This is considered 
to be quite encouraging for a prototype dummy. 
However, some of the results are contradictory and 
do not provide clear guidance for improving the 
performance of the dummy . The repeatability of the 
dummy was good with a coefficient of variation 
generally below 5%. The sensitivity of the dummy to 
temperature variation was evaluated. The tests results 
revealed no trends in dummy responses in the 
temperature domain of the tests (20ºC -25ºC). 
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Recommendations for dummy update 
 
Anthropometry - The abdomen and lower thorax 
mass shall be increased by 1.2kg. The lower leg 
should be redesigned to meet human anthropometry 
targets of mass, CoG location and target ratio of bone 
and flesh mass. The foot shall be redesigned to meet 
human anthropometry targets of mass and UMTRI 
surface shape and joint location. The half arm shall 
be redesigned to meet targets for total length, bone 
length and bone stiffness.  
 
Biofidelity - The head skin thickness shall be tuned 
to meet the frontal impact response. The biofidelity 
targets for head-neck response appear to be 
conflicting and should be reviewed. The prediction of 
head injury as well as test data sample size should be 
prioritised when selecting biomechanical head-neck 
impact response specifications. Adopting the NBDL 
internal neck load corridors derived by Philippens et 
al. (2004) shall be considered. 
 
Durability - Adequate fixation points for wires in the 
sternum and pelvis shall be provided. Wire lengths 
shall be optimised and wire gauge reduced if possible. 
Rib overload stops shall be designed for the shoulder 
and the thorax ribs. 
 
Handling - The battery charging system shall be 
redesigned including a charge status indicator. The 
hip joint to iliac wing assembly shall be improved. 
The shoulder joint friction adjustment shall be 
improved. 
 
Instrumentation - A rib deflection measurement 
system shall be developed to meet the following 
targets: 2d measurement of deflection in the rib plane; 
increased range of measurement exceeding 60mm; 
suitable for implementation in the shoulder, thorax 
and abdomen; suitable to act as rib overload protector. 
 
Procedures - Pubic load shall be well controlled, as 
it is an injury assessment parameter. The certification 
procedure shall be updated to include pubic load 
measurement.  
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ABSTRACT 
 
Brake systems for motorcycles are available in 
many different designs with different technical 
solutions. Beginning with a conventional brake 
system with two independent circuits, an ABS 
system can be added to improve safety and 
stability. A combined brake system can be created 
to enhance safety and comfort by establishing a 
hydraulic connection between the front brake 
control and the rear caliper or vice versa. 
The Motorcycle Integral Brake System MIB, which 
was introduced to the market in 2006, provides 
motorcycle manufacturers with the possibility to 
realize any combined integral functionality 
characteristic. In addition, the pressure in each 
brake circuit can be built up actively independently 
of any rider input, so that the system reacts 
appropriately in any riding situation. Integral brake 
functions can be adapted to the philosophy of the 
motorcycle manufacturer, and many additional 
functions which were impossible until now can be 
incorporated. 
This paper describes the Motorcycle Integral Brake 
system, its operating principles compared with 
other brake systems, and its various hydraulic and 
functional possibilities. 
 
INTRODUCTION 
 
Motorcycle brake systems are in a constant state of 
technical development. The driving force behind 
this development is the end consumer’s desire for 
continuous improvements in comfort, riding 
pleasure and safety.  
Increasing comfort means, on the one hand, 
development of brake systems in which slight 
corrections in speed can be achieved by applying 
minor forces to the hand brake lever. Here, the 
hand lever feeling should correspond with the 
feeling of deceleration and should reflect the 
deceleration performance. 
Moreover, comfort is also increased by additional 
functions that can be realized with the brake system 
or in connection with other motorcycle systems. 
These include, for example, brake systems that 
effectively prevent rolling-back when starting on 

inclines, or allow comfortable starting on inclines 
without the need for the rider to balance the 
motorcycle with the throttle and brake. 
Riding pleasure with regard to the basic brake 
system means direct response of the brake with a 
characteristic for the hand brake lever braking 
effect and deceleration that is adapted to the 
motorcycle characteristics. The rider expects a 
direct reaction of the motorcycle to his wish to 
brake. 
Besides this, additional functions can also increase 
riding pleasure. These include functions that 
increase comfort (see above), as well as functions 
that reduce the number of actuating elements 
required to achieve a braking effect corresponding 
to the riding situation. Generally, however, riding 
pleasure means evoking emotions when riding, 
emotions which make the overall riding experience 
enjoyable. 
The desire for safety is paramount with 
motorcycles, even more so than with cars, since the 
consequences can be much more grave if a critical 
riding situation arises and a fall results. Even if the 
(possibly even subconscious or repressed) 
willingness of motorcycle riders to take a risk is 
greater than that of car drivers, the number of 
traffic deaths is the subject of increasing public 
criticism. The percentage of motorcycle traffic 
deaths among the total number of traffic deaths is 
comparatively high when the number of miles 
driven is taken into consideration. As a result, the 
active and passive safety of motorcycle riders must 
be continuously improved in the future as well. 
Here, ABS will increase in significance, since this 
system is capable of maintaining the stability of the 
vehicle, thus preventing a fall and an uncontrolled 
collision of a motorcycle rider with an obstacle. 
Maintaining stability is, therefore, the primary goal. 
Even if a collision cannot be avoided, ABS reduces 
the energy of the impact and provides a more 
favorable position for a collision since the rider 
remains sitting upright.  
It is also important to achieve short braking 
distances, since reduction of the collision speed can 
also lessen the consequences of an accident, and 
this is also supported by such a system. 
The operating principles of brake systems and the 
functional possibilities of various design forms are 
described below in order to show the resultant 
requirements and possibilities from a technical 
point of view. 
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System Principles of Motorcycle ABS Brake 
Systems 
 
     Hydraulic Brake Systems - The system 
principles of motorcycle brake systems can also be 
understood as describing the evolution of these 
systems. Beginning with a 2-circuit brake system 
(Figure 1), in which the rider creates hydraulic 
pressure, for example by depressing a hand brake 
lever, which is transferred to the front wheel brake 
via hydraulic lines, and is then converted into 
braking force applied to the wheel. The same 
applies to actuation of the foot brake lever (or 
second hand brake lever). Nowadays, disk brakes 
are primarily used in brake systems. Such brake 
systems are technically sophisticated and are 
employed in a variety of ways, but without 
additional measures they do not live up to the 
requirements placed on modern brake systems for 
motorcycles with regard to the avoidance of wheel 
lockup. The rider must self modulate the pressure 
in the brake system in order to achieve a short 
braking distance. This means that build up of 
braking pressure at the front wheel must be as 
quickly as possible in accordance with the ideal 
braking force distribution, without causing the 
wheel to lock up. At the same time, braking 
pressure must also be built up as quickly as 
possible on the rear wheel, but must also be 
reduced again during braking due to the dynamic 
shift in the center of gravity. 
 
 

2-Circuit Hydraulic Brake System Single CBS

Pressure
Reduction

Valve

Single CBS

Pressure
Reduction

Valve

Dual CBSDual CBS

Figure 1.  Principles of Hydraulic Brake 
Systems. 
 
This is the only behavior that ensures a short 
braking distance while simultaneously maintaining 
the stability of the motorcycle. 
In general, however, a motorcycle rider is 
completely overtaxed by such a requirement, 
especially in emergency situations. This either 
leads to the vehicle not being decelerated ideally 
(the pressure build-up is either too weak, too late or 
too low), or the wheels are over-braked, i.e. they 
lock up, which by definition endangers the stability 
of the vehicle and usually leads to a fall. 
In order to ensure nearly ideal brake force 
distribution between the front and rear wheels, 

motorcycles are available on the market with so-
called CBS systems (Combined Brake Systems). 
These systems are available in 2 versions: 
• Single CBS, in which the hand control acts on the 
front wheel and the foot control (or the second 
hand control) acts on the front and rear wheels. 
This allows relatively high rates of deceleration to 
be achieved by actuating only one of the control 
elements. 
• Dual CBS, in which both wheels are braked by 
actuation of the hand and foot brake levers. 
The hydraulics of such systems are relatively 
complex, since a floating front caliper with an 
additionally connected actuating cylinder (so-called  
secondary cylinder) is required in both systems. 
This is responsible for pressure build-up on the rear 
wheel. However, this configuration also requires an 
additional hydraulic connection from the front 
wheel caliper to the rear wheel caliper. In addition, 
the front wheel caliper is divided hydraulically (e.g. 
5 pistons connected with the hand control, 1 piston 
connected with the foot brake), which also has a 
decisive influence on the cost of the overall system. 
Pressure limitation on the front and rear wheels in 
accordance with a desired brake force distribution 
is achieved by augmenting these brake systems by 
pressure limiters or brake force control valves. 
 
     Hydraulic ABS Brake Systems - Preventing 
wheel lockup and thus maintaining stability can be 
ensured only by a system that actively modulates 
the brake pressure, i.e. a system which reduces the 
braking pressure in certain situations, so that the 
wheel can be released to accelerate again if a 
lockup threatens, thereby maintaining lateral 
stability. Such anti-lock brake systems (ABS) have 
been available for passenger cars since their 
introduction in 1978. Since then, they are 
considered a key element in active safety, the 
mandatory ACEA self-commitment for new cars on 
the European market to have ABS has take an 
effect since 2004.  
The first motorcycle ABS system was introduced in 
1988 on a BMW K100LT, and it has been gaining 
recognition in the motorcycle segment since then. It 
is an undisputed fact that preventing lockup of the 
wheels ensures the stability of the vehicle, thus 
significantly reducing the consequences of 
accidents or preventing them in the first place. 
In a dual-circuit brake system (Figure 2), the ABS 
is positioned between the control and the wheel 
brake. It detects the motion of the wheels in each 
hydraulic circuit via wheel speed sensors. The 
system recognizes if the rotational speed drops 
disproportionately quickly during a braking 
operation, and the braking pressure is reduced 
again via valve outlet action. 
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Dual CBS ABS2 Circuit Hydraulic
ABS Brake System

Single CBS ABS
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Valve
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Valve

ABS ModulatorABS Modulator

ABS modulatedABS modulated

 
Figure 2. Principles of ABS Brake Systems. 
 
When the wheel has nearly reached the reference 
speed of the vehicle again, the braking pressure is 
increased once more in order to continue 
decelerating the vehicle. 
The principle is similar for a single CBS-ABS 
system, except that there is an additional modulator 
circuit on the front wheel due to the connection of 
the rear wheel control. Such systems require a total 
of 3 control channels which can be regulated 
independently of one another. 
Dual CBS-ABS is characterized by the fact that the 
dual CBS brake system mentioned above is 
supplemented by ABS modulators. Here, a total of 
4 control channels are needed, since one channel is 
required in each case for regulating the brake 
pressure from the hand lever to the front wheel, 
from the foot brake to the front wheel and to rear 
wheel, and from the secondary cylinder on the front 
wheel to the rear wheel. 
In addition, there are also systems on the market 
that have an integrated boost function for the CBS-
ABS function. These systems are designed to 
reduce the actuation force in order to increase 
comfort when braking. In this case, the hydraulic 
circuits of the operating elements are separated 
from the wheel brakes. A hydraulic pump is 
activated for each actuation, even in the case of 
partial braking, so that pressure can be built up in 
the wheel brake cylinder. 
 
     Electro hydraulic Integral Brake Systems - 
Pure ABS systems are operated passively, since 
they cannot build up braking pressure 
autonomously. However, systems are known from 
the automotive sector that are capable of building 
up pressure on the individual wheels actively.  
Such systems are used for Electronic Stability 
Control (ESC). This principle is utilized for 
motorcycles in developing electronic integral brake 
systems. Like single CBS systems, the devices can 
initially be systems that build up pressure on the 
front wheel brake when the rider actuates the foot 
control lever. This is a partial integral brake system 
which acts in forward direction. Analogously, a 
partial integral system acting to the rear can also be 
implemented, where pressure is applied to the rear 
wheel via an electrically controlled pump each time 
the hand brake lever is actuated. 

 

Partial Integral Brake System
Direction to the Front

Full Integral Brake SystemFull Integral Brake SystemPartial Integral Brake System
Direction to the Rear

ABS Modulator

Active Pressure
Buildup

ABS modulated

ABS ModulatorABS Modulator

Active Pressure
Buildup
Active Pressure
Buildup

ABS modulatedABS modulated

 
Figure 3. Principles of Electronic Integral Brake 
Systems. 
 
If the brakes are always applied to both wheels 
when a brake control is actuated, this is called a full 
integral brake system. The design principle of this 
system means that it is capable of actively building 
up pressure on both wheels. As a result, several 
additional functions can be realized for applying 
pressure to the brakes depending on the riding 
situation, as well as in conjunction with other 
control devices. 
The 2-channel ABS system, rear-acting partial 
integral brake system, and full integral brake 
systems are described in detail below. 
 
     Functional Potential of Different Brake 
Systems - The categorization mentioned in the 
introduction according to comfort, riding pleasure 
and safety can be used to outline the possibilities of 
the respective brake systems (Figure 4). This 
categorization is, however, heavily dependent on 
the vehicle or type of rider. A cruiser rider will 
most certainly evaluate comfort criteria differently 
than the rider of a sports machine. In addition, the 
details are also dependent on the philosophy of 
each individual motorcycle manufacturer. 
Nonetheless, an attempt will be made here to 
evaluate the above-mentioned systems generally 
with regard to riding comfort and pleasure and 
especially to safety. 
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Figure 4.  Potential of Different Brake Systems. 
 
Based on conventional hydraulics, increased riding 
safety initially means greater deceleration when 
both wheels are braked by operation of control, or a 
reduction in the tendency of a wheel to lock up for 
a given deceleration. The wheel lockup tendency is 
reduced by way of the predefined brake force 
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distribution. This was essentially achieved with the 
introduction of the CBS systems. 
Brake systems experienced a large increase in 
safety with the introduction of 2-channel ABS 
systems. These systems significantly improve the 
stability of the motorcycle during a braking 
operation and reduce the frequency of falls. As 
with the CBS systems without ABS, the safety 
potential is increased via the fixed, preset brake 
force distribution of the CBS systems. Electronic 
integral brake systems are able to shorten the 
braking distance once again thanks to the electric 
brake force distribution, which also means an 
increase in safety. 
Riding comfort can be improved, for example, 
through use of hydraulic integral brake systems 
such as CBS. High deceleration is achieved by 
actuation of a control and, depending on the 
system, pitching is reduced at the same time. If 
additional functions are counted towards riding 
comfort, electronic integral brake systems allow 
functions to be implemented that make operation 
easier for the rider. Several of these additional 
functions will be described below. 
Riding pleasure is the variable that is most difficult 
to define, and it is the one that is most dependent 
on the personal preferences of a motorcycle rider or 
the manufacturer’s philosophy. It is primarily 
associated with emotions that the motorcycle rider 
experiences. In terms of the basic brake, this 
corresponds to a brake that responds directly with a 
clearly reproducible pressure point on the hand 
brake lever and therefore reflects the deceleration 
characteristic. This was positively influenced by 
the introduction of CBS and CBS-ABS systems, 
since pitching of the motorcycle is reduced and 
relatively high deceleration can be achieved with 
pressure build-up at one control. 
With the aid of the electronic integral brake system, 
however, the functions can also be adapted to the 
specific requirements of motorcycle manufacturers 
and the end customer in much greater detail, thus 
also increasing riding pleasure. 
 
Functional Principles of Electro hydraulic 
Brake Systems with Valve Control 
 
     2-Channel ABS System - In this HECU 
(Hydraulic-Electronic Control Unit), two valves (an 
inlet valve and an outlet valve) per wheel circuit 
are responsible for modulation of the braking 
pressure at the wheel (Figure 5).  
If ABS is activated, the inlet valve ensures that the 
actuating cylinder is hydraulically separated from 
the wheel brake. The outlet valve is opened in order 
to allow the hydraulic volume in the wheel brake to 
escape into the low pressure accumulator, thus 
reducing the braking force and allowing the wheel 
to reaccelerate. Once the wheel has reached the 
reference speed of the vehicle again, the outlet 

valve is closed and the inlet valve is reopened, so 
that the rider can again build up brake pressure at 
the wheel.  
A hydraulic pump sucks the hydraulic volume out 
of the low pressure accumulator and feeds the 
actuating cylinder. The rider perceives the 
continuous build up and release of pressure as 
pulsation in the controls, informing him that ABS 
is active. The rider therefore is aware that he is at 
the brake-slip threshold.  
The inlet valve is designed in such a manner that it 
is open in de-energized state, i.e. the hydraulic 
pressure is directed towards the brake. The outlet 
valve is closed when de-energized. If the ECU 
fails, the hydraulic pressure of the brake cylinder is 
therefore routed directly to the wheel brake, and the 
rider is notified of this by a warning lamp in the 
cockpit display. 
 

 
Figure 5. Motorcycle Anti-lock Brake System 
(MAB) System Diagram. 
 
 
Rotation of the wheels is detected by wheel speed 
sensors on the front and rear wheels. In addition, 
the ECU is connected to the on-board 12 V supply, 
in order to provide the HECU with the required 
power. The ECU may also control cockpit warning 
lamps. Connection to the CAN network is possible 
in order to communicate the status of the ABS 
system, internal signals or other dynamic riding 
variables to other control devices. 
 
     MIB MK 1-3 Partial Integral Brake System -  
In addition to the functionality of a pure ABS 
system, an integral brake system can actively build 
up braking pressure on the wheels without the rider 
having to operate the corresponding controls 
(Figure 6). 
A special design variant is the partial integral brake 
system, in which the braking pressure is actively 
built up at the rear only. This means that an integral 
function is realized from the hand brake lever to the 
rear wheel with such a system. 
A partial integral brake system consists in total of 6 
hydraulic valves, two for the front wheel circuit, 
four for the rear wheel circuit, 3 pressure sensors, 
one low pressure accumulator and one hydraulic 
pump per wheel circuit and an ECU (Electronic 
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Control Unit). The two pumps of each wheel circuit 
are both driven by an electric motor. 
 

Electric Suction Valve
(EUV)

Cut Valve
(TV)

Inlet-
valveOutlet-

valve

 
Figure 6. Motorcycle Integral Brake System 
(MIB) Partial Integral Brake Function. 
 
If the rider actuates the hand brake lever, the 
pressure is hydraulically applied to the front wheel 
brake. At the same time, the pressure sensor 
measures the pressure increase and sends this 
information to the ECU. The pump motor is 
controlled in accordance with preset characteristics, 
operating modes or other characteristic variables. 
To actively build up pressure at the rear wheel, the 
cut valve (TV-HR) is closed and the suction valve 
(EUV-HR) is opened. Then the pump sucks brake 
fluid out of the reservoir and builds up pressure in 
the rear brake caliper. 
If the rider additionally activates the foot brake 
lever, the suction valve is closed once again the 
wheel braking pressure is attained, and the cut 
valve is reopened, so that the rider has direct 
intervention from the foot pedal to the rear wheel 
brake once more. 
The transitions represent a particular  challenge in 
this respect. The goal is to design the transitions in 
such a manner that the rider hardly perceives any 
feedback in the foot lever. This is possible with a 
balanced design of the hydraulics and the control 
software. 
The front wheel circuit is designed as an ABS 
circuit with regard to the valve configuration. Only 
the pressure of the front wheel is modulated if the 
front wheel threatens to lock up during a braking 
operation. 
Three solenoid valves (inlet valves on the front and 
rear wheels and block valve on the rear wheel) are 
designed as analog valves in order to achieve 
highly precise pressure modulation. This leads to 
exact adjustment of the pressure at the wheels and 
also to a reduction in the force feedback at the 
controls, thereby significantly improving comfort. 
 
     MIB MK 1-4 Full Integral Brake System - In 
addition to the functionality of the partial integral 
brake system (which acts to the rear), the full 
integral brake system also offers the possibility of 
actively building up pressure at the front wheel. 
This is realized by using two additional solenoid 

valves and a pressure sensor to complement the 
front wheel circuit (Figure 7). 
 

 
Figure 7. Motorcycle Integral Brake System 
(MIB) Full Integral Brake Function. 
 
The functionality is similar to that of the partial 
integral brake system, except that additionally the 
rider input is also measured at the rear wheel 
control. Braking pressure can also be built up at the 
front wheel corresponding to the riding conditions 
and desired function. 
The possibilities of realizing additional functions 
with such systems are described below. 
 
Overview of the Most Important Functions 
 
The functional basis of the motorcycle integral 
brake system is the anti-lock function of the ABS 
system (Figure 8). The goal of this safety function 
is to maximize utilization of the friction coefficient 
potential between the motorcycle tire and the road 
in order to prevent lockup. Especially with 
motorcycles, a front wheel lockup of more than 
several hundred milliseconds with the resultant loss 
of stability and a subsequent fall can have fatal 
consequences. 
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Figure 8. Motorcycle Integral Brake System 
(MIB) Function Overview. 
 
Rear Wheel Lift-Off Protection (RLP) is 
indispensable for most motorcycles as a functional 
supplement to ABS for the vertical dynamics of the 
motorcycle. Here, the goal is to ensure a stabilizing 
remaining load for the rear wheel in order to 
prevent a flip. The heart of the MIB system is the 
electronic integral braking function with Active 
Brake force Distribution (ABD) for distributing the 
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rider’s braking command to the basic brakes at the 
front and rear. In the case of the partial integral 
brake, active brake pressure generation can be 
functionally applied at the rear wheel due to the 
hand lever being actuated (ABD front to rear) or 
the brake pressure can be adjusted at the front 
wheel due to the foot lever being actuated (ABD 
rear to front). The full integral brake system 
incorporates both partial functions. Overall, ADB is 
variable depending on the load, vehicle speed, 
actuation characteristics and the two actuating 
controls.  
There is also the possibility of providing 
adjustment options for the individual rider. 
Assistant functionalities can be integrated thanks to 
the possibility of changing or generating brake 
pressure in an interaction with the motorcycle rider. 
Cruise control including brake intervention and hill 
start assist are only a few examples of such 
functions. 
  
     Rear Wheel Lift-Off Protection (RLP) - 
When the brakes are fully applied, there is a major 
dynamic wheel load displacement from the rear to 
the front wheel. Depending on the motorcycle 
design or the rider position, the rear wheel may lift 
off as a result (Figure 9). 
 

w/o RLP with RLP

 
Figure 9. Motorcycle Integral Brake System 
(MIB) Rear wheel Lift-off Protection. 
 
The loss of wheel contact force on the rear wheel 
not only results in an early lockup tendency, but 
also very imprecise handling of the motorcycle 
when braking. Experienced riders compensate for 
this by removing braking pressure from the front 
wheel or performing a “stoppie”. 
However, there is a high risk of a flip in the case of 
a rapidly executed panic stop with the associated 
high dynamic forces acting around the transversal 
axis. RLP prevents this, thus taking the fear of fully 
applying the brakes from the rider. 
RLP compares the wheel speed signals and the 
derived signals of both wheels during the braking 
operation. In addition, the pressure information of 
the individual control circuits is processed to 
determine a lift-off tendency. The pressure control 
algorithm of the front wheel reduces the braking 
pressure below the ABS limit in such a way that a 
minimum wheel contact force is maintained. This 
eliminates the risk of a flip while simultaneously 
maintaining ideal deceleration. 

  
     Active Brake force Distribution (ABD) - ADB 
is responsible for the appropriate distribution of the 
rider’s braking command to both wheels. This is 
carried out in interaction with the brake pressure 
directly applied by the rider hydraulically via the 
two actuating controls, whereby the individual 
distributions, from the hand lever to the rear wheel 
and from the foot lever to the front wheel are 
realized using software (Figure 10). 
The basic characteristic can be based on the ideal 
braking force distribution and then adapted to suit 
the situation. Here, input variables such as vehicle 
speed, as well as signals that describe the rider 
braking profile are used. This means, for example, 
that the influence of the rear wheel brake can be 
reduced at very low speeds in order to achieve ideal 
handling. 
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Figure 10. Motorcycle Integral Brake System 
(MIB), Active Brake force Distribution (ABD). 
 
Additional possibilities for influencing the brake 
force distribution are the detected load change and 
brake state changes such as fading. The rider is also 
provided with the possibility of customizing the 
motorcycle by switching between different modes 
using preset tuning options. 
  
     Hill Start Assist (HSA) - The rider is required 
to perform complex operations using a wide variety 
of operating controls particularly when stopping 
and starting on steep gradients or off-road. The 
stopping operation is made more difficult in 
situations where locking the front wheel with the 
hand lever is not sufficient to prevent the 
motorcycle from rolling/sliding away due to the 
incline. Here, the foot brake also needs to be used. 
With MIB it is possible to significantly relieve the 
rider’s workload for operation of motorcycle via 
the HSA function. The system assists the rider in 
stopping and starting, so he can concentrate on 
more important, higher priority tasks. 
If the rider brings the motorcycle to a stop on an 
uphill slope, the HSA function freezes the required 
brake pressure at the wheels (Figure 11). The 
hydraulic configurations of a partial integral brake 
suffice for this, while the full integral brake offers 
the most comprehensive set of options. 
The rider can now release the brake controls and 
observe the surrounding traffic, and MIB keeps the 
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motorcycle stationary on the incline. All that is 
needed to start is the application of the clutch and 
throttle. Enough residual pressure remains in the 
brakes to prevent roll-back as long as the engine 
power is insufficient for safe acceleration. 
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Figure 11. Motorcycle Integral Brake System 
(MIB) Hill Start Assist (HSA). 
 
CONCLUSION 
 
With MIB, the necessary basis has been created for 
integrating additional safety functions beyond the 
basic functions of ABS and RLP, and for 
improving the performance of the existing 
functionality. A variety of assistant functions will 
continue to relieve the rider, as in passenger cars, 
and increase riding safety in the future. First 
examples have already demonstrated this.  
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Figure 12. Motorcycle Integral Brake System 
(MIB) Outlook. 
 
Additionally, sensitive sensors that better describe 
the riding dynamics of motorcycles extend the 
possibilities for safe use of traction control systems 
(Figure 12). Here too, the first steps towards 
enhanced safety in cornering situations have 
recently been taken by integrating the information 
from roll angle sensors into the control systems. 
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ABSTRACT 
 
The Working Party on Passive Safety of the World 
Forum for Harmonization of Vehicle Regulations 
(WP.29) is developing a draft global technical 
regulation (GTR) for pedestrian safety.  In order to 
evaluate the potential effects of the draft GTR on the 
U.S. fleet, NHTSA’s Vehicle Research and Test 
Center (VRTC) conducted 88 pedestrian head impact 
tests on 11 vehicles selected to represent the U.S. 
fleet, with a focus on larger passenger vehicles.  The 
goal was to generate an overall picture of current U.S. 
vehicle performance with respect to specific 
structures and test zones in order to better understand 
the potential challenges and benefits of meeting the 
regulation. 
 
The peripheral areas of the head impact test zone 
defined in the draft GTR produced the most severe 
impacts, with the most challenging areas being in the 
rear of the test zone (in the area of the hinges, cowl, 
and wiper spindles) and the lateral edges of the test 
zone adjacent to the fenders.  A smaller number of 
vehicles produced high-severity impacts at the front 
edge of the test zone.  The challenging areas at the 
periphery of the test zone did not exceed the GTR 
requirements in every vehicle.  Deformable hood 
hinges with adequate crushable space between the 
hood panel and fender, coverage of the cowl by the 
back edge of the hood, and flanges under the fender 
edge all resulted in significant HIC reductions from 
those areas in vehicles without these countermeasures.  

 
The range of performance in the vehicles tested 
indicates that while there is room for improvement in 
current head impact protection in US vehicles, 
countermeasures exist to improve the worst areas of 
the test zone.  The presence of pedestrian-friendly 
components in heavier and high-front vehicles shows 
that design modifications are not limited to smaller 
vehicles.   
 
INTRODUCTION 
 
Nearly 1.2 million people die annually in road 
crashes around the world.  In a comprehensive review 

of epidemiological studies, the World Health 
Organization (WHO) estimates that between 41% 
and 75% of those deaths are pedestrians.  Pedestrian 
deaths are especially prevalent in low-income and 
middle-income countries because of the greater 
variety and intensity of traffic mix and lack of 
separation between pedestrian and vehicle [Peden, 
2004].  Although pedestrian injuries are less of an 
epidemic in the United States, they are still a 
significant problem with 4,841 pedestrians killed in 
2005 alone [NHTSA, 2006].  A recent study in one 
U.S. urban area showed that pedestrians made up 
nearly half of all traffic fatalities [Nicaj, 2006].  
While education, traffic design, and speed 
enforcement can all contribute to reducing the 
number of pedestrian collisions, incorporating 
pedestrian countermeasures into vehicle design can 
help to protect pedestrians from serious or fatal 
injuries in the event of a collision.  
 
The Working Party on Passive Safety (GRSP) of the 
World Forum for Harmonization of Vehicle 
Regulations (WP.29) is developing a draft global 
technical regulation (GTR) to address pedestrian 
safety through vehicle design [GRSP, 2006].  This 
regulation includes procedures developed by the 
Pedestrian Safety Working Group of the International 
Harmonization Research Activity (IHRA) to test 
vehicles with child- and adult-sized headforms as 
well as adult-sized upper and lower legforms 
[Mizuno, 2005].  Because of differences in vehicle 
fleet composition among GRSP countries, many 
countries are evaluating how the GTR would affect 
their fleet’s level of pedestrian protection.   

 
We assume for this paper that there are four main 
components for evaluating the potential safety 
benefits of a pedestrian GTR regulation: (a) 
population targeted by the regulation, (b) applicable 
test area included in the regulation, (c) baseline 
performance of the vehicle fleet, and (d) injury risk 
reduction expected due to compliance with the 
regulation’s performance criteria [NHTSA, 1997].  In 
the calculation of benefits for the pedestrian GTR, the 
target population is derived from accident data and 
vehicle statistics.  The allowable test area is described 
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in the GTR by a procedure for laying out the 
boundaries of the testable area.  The baseline 
performance is evaluated in this paper by testing a 
representative sample of the fleet with respect to the 
Head Injury Criterion (HIC) limits proposed as 
performance criteria in the GTR.   
 
To calculate the safety improvements afforded by the 
GTR, it is assumed that non-compliant HIC values 
from the baseline experimental data would become 
compliant if the vehicle were designed to meet the 
GTR, leading to a reduction in HIC and a 
corresponding reduction in injury risk.  When this 
potential reduction is summed for all non-compliant 
points, a reduced overall fatality or injury risk is 
estimated and this reduction, along with target 
population and testable area, is used to determine 
equivalent lives saved or injuries reduced [NHTSA, 
1997].   
 
The challenges and benefits of applying the GTR 
requirements to high-front vehicles are of particular 
interest because of the prevalence of larger vehicles 
in the U.S.  While it has been determined that 
improvement to smaller passenger vehicles is feasible 
and cost-effective [ACEA, 2005; Lawrence, 2002; 
NHTSA, 2005], manufacturers have argued that 
higher-front vehicles present different design 
challenges than do passenger cars [OICA, 2006b].  
The GRSP has debated the applicability of the GTR 
to these larger vehicles [European Commission, 
2006; JAMA, 2006; OICA, 2006c].  In particular, 
there is concern  about the feasibility of improving 
protection in the hood leading edge area [OICA, 
2006a].  To address these concerns, test data from 
points within this front zone are needed to evaluate 
the challenges of meeting the proposed GTR in this 
area of the vehicle. 
 
NHTSA’s Vehicle Research and Test Center (VRTC) 
has conducted 88 pedestrian head impact tests on 11 
vehicles selected to represent the U.S. fleet with a 
focus on high-front vehicles.  These tests include 84 
baseline tests to evaluate overall current fleet 
performance as well as additional testing on a vehicle 
known to have countermeasures designed specifically 
for pedestrian head impact safety.  The objectives of 
this study were to (1) determine the current baseline 
performance of a key subset of the U.S. vehicle fleet 
for the benefit assessment, (2) identify problem areas 
and existing countermeasures to improve them, and 
(3) evaluate the difficulty of meeting the GTR 
requirements by estimating likely relaxation zones 
for each vehicle.  Together, these factors were used to 
generate an overall picture of the current level of U.S. 

vehicle performance, with respect to specific 
structures and test zones.   

 
METHODS 
 
Vehicles Tested 
 
Head impact testing was performed on eleven 
vehicles chosen to cover a wide range of GVM 
(Gross Vehicle Mass) and BLE (Bonnet Leading 
Edge) heights (Table 1).  GVM is a manufacturer-
declared maximum mass for a fully-laden vehicle.  
The height of the leading edge is a wrap around 
distance (WAD) measured with a flexible tape in the 
vertical longitudinal plane of the vehicle.  Variations 
in the geometry of the vehicle front end result in 
differences in the BLE WAD across the width of the 
vehicle front.  Vehicles were selected to include 
multiple manufacturers, as well as vehicles known to 
have designed pedestrian countermeasures.  
Additional factors in the final selection of vehicles 
included availability of vehicles and the frequency of 
each model in the fleet.  Efforts were made to avoid 
duplicate testing on vehicles that were undergoing 
simultaneous testing by manufacturers. 
 

Table 1.   
Vehicles tested in the current study sorted by 

Gross Vehicle Mass (GVM) 
 

Test vehicles GVM 
(kg) 

Bonnet 
Leading Edge 
WAD (mm)* 

  (Min) (Max) 
2002 Jeep Wrangler 2019 916 1111 
2005 Honda CR-V 2020 880 1014 
2006 Volkswagen Passat 2020 840 880 
2006 Toyota Tacoma 2063 992 1026 
2003 Toyota 4Runner 2063 1030 1091 
1999 Dodge Dakota 2200 895 995 
2003 Ford Crown Victoria 2632 804 848 
2006 Dodge Durango 2903 1088 1240 
2003 Hummer H2 3901 1172 1196 
2003 Ford E350 4127 1162 1188 
2005 Chevrolet Silverado 4173 1210 1265 

 
Impact Point Locations 
 
The testable areas on the front structures of each 
vehicle were marked according to the requirements in 
the GTR [GRSP, 2006].  A number of GTR-defined 
reference lines, necessary for identification of the test 
zones, were drawn on each vehicle.  Reference lines 
were drawn at wrap-around distances (WAD) of 1000 
mm, 1700 mm, and 2100 mm.  A bonnet leading 
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edge (BLE) reference line was drawn across the 
width of the vehicle where a straight edge at 50 
degrees from the vertical, parallel to the centerline of 
the vehicle, contacted the front structures.  Side 
reference lines were marked along the sides of the 
vehicle where a straight edge at 45 degrees from the 
vertical, perpendicular to the vehicle centerline, 
contacted the front structures of the vehicle.  A 
bonnet rear reference line was drawn, according to 
GTR requirements, based on the contact location on 
the hood and front structures by a headform-sized 
sphere in contact with the windshield.  The child test 
zone was bordered at the front by the most rearward 
of the 1000 mm WAD line or 82.5 mm rearward of 
the BLE reference line; at the sides by lines 82.5 mm 
inboard of the side reference lines; and at the rear by 
the most forward of the WAD 1700 line or 82.5 mm 
forward of the bonnet rear reference line.  The adult 
zone was bordered at the front by the WAD 1700 
line, at the sides by lines 82.5 mm inboard of the side 
reference lines, and at the rear by the most forward of 
the WAD 2100 line or 82.5 mm forward of the 
bonnet rear reference line.   
 
For each vehicle, up to 8 baseline impact points were 
chosen, with up to 4 in the child zone and 4 in the 
adult zone (Figure 1).  The Passat had a very small 
adult test zone and was therefore subjected to only 
one test in the adult zone, along with four tests in the 
child impact zone.  A data failure in a child-zone 
impact in CR-V testing resulted in a total of 7 of the 
8 baseline impact tests, along with four additional 
tests run for design comparison only.  The remaining 
nine vehicles underwent eight tests each.   
 

 
Figure 1.  Test zones and eight impact points 
shown for the 2006 Toyota Tacoma. 
 
In each zone, two points were chosen to correspond 
to a “typical” impact location.  The WAD of these 
points was based on data from the Pedestrian Crash 
Data Study (PCDS), NHTSA’s database of pedestrian 
injury cases collected between 1994 and 1998.  The 

ratio of initial head impact WAD to pedestrian 
standing height was calculated for all PCDS cases 
where both measurements were known and impact 
speed was 40 km/h or less, which accounts for more 
than 75% of the pedestrian injured accidents 
according to the preamble of the draft GTR.  The 
median WAD/standing height ratio was then 
calculated for each vehicle type, and multiplied by 
the median standing heights for a 20 year-old and a 
six-year old to determine the “typical” WAD for an 
adult head impact and a child head impact for each 
vehicle type (Table 2).  The standing heights were 
1700 mm for the adult and 1150 mm for the child, 
based on averaged male and female data in Centers 
for Disease Control growth charts [NCHS, 2000].  In 
each zone, one of the “typical” impacts was 
performed on each side of the vehicle.  The lateral 
locations of these tests were at 1/6 and 4/6 across the 
total width of the testable area at that location.  In this 
way, two unbiased points were selected across the 
width of the vehicle in each zone.  They were located 
in objectively-measured locations and not selected 
based on the vehicle’s design.  They were biased 
toward the passenger-side of the vehicle because of 
the higher frequency of pedestrian head contacts on 
the passenger side in PCDS data.  In cases where the 
nominal impact location for the “typical” adult and 
child zones were not within the boundaries of the test 
zone, the point in the test zone closest to the target 
impact location was selected as the impact point. 

 
Table 2. 

Target WAD for “typical” head impacts (median 
adult and child WAD based on PCDS data and 
50th percentile height of adult and six year-old) 

 
 Median

WAD/ 
Height 
Ratio 

Estimated Median WAD 
multiplied by height of  

adult and child 

Minivan 1.04 1768 mm 1196 mm 
Pass Car 1.17 1989 mm 1346 mm 
Pickup 0.96 1632 mm 1104 mm 
SUV 0.94 1598 mm 1081 mm 
Van 0.86 1462 mm 989 mm 

Hard Adult Zone Hard 
Typical Typical 

Soft 
Child Zone 

Hard 
Typical Typical 

 
The additional four tests per vehicle were targeted at 
locations that were the hardest and softest portions of 
the test zone.  These tests were specific to each 
individual vehicle and were intended to provide 
points in both the best- and worst-case scenarios.  
The manufacturer of each vehicle was invited to 
contribute input on the worst-case and best-case 
points based on their test experience and knowledge 
of the design. 
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In addition to the baseline testing performed on all 
vehicles in this study, four additional tests were 
performed on the CR-V.  The CR-V front end had 
features that appeared to specifically address 
pedestrian head safety.  The four comparison-only 
impacts were performed as an evaluation of 
structures that had produced particularly severe head 
impacts in other vehicles.  These extra tests of the 
CR-V pedestrian countermeasures were not included 
in the summary data for the 84 baseline tests because 
they did not follow the same guidelines as test 
locations for the other vehicles, but are included in 
this paper to better understand the potential effects of 
pedestrian-specific design.   
 
Test Procedure 
 
Free-flight impacts were performed according to the 
procedure in the GTR (Figure 2).  Impacts in the 
child zone were performed with the 3.5 kg, 165 mm 
diameter headform defined in section 6.3.2.1 and 
impacts in the adult zone were performed with the 
4.5 kg, 165 mm diameter headform defined in section 
6.3.2.2 [GRSP, 2006].  The impact angle was 50 
degrees to the horizontal for the child headform and 
65 degrees to the horizontal for the adult headform.  
Impact speed was 9.7 ± 0.2 m/s [35 ± 0.72 km/h], for 
all tests except a comparison-only test (point CM-H) 
run on the CR-V at a speed of 9.92 m/s.  The 
locations of first head contact for all baseline 
evaluation impact points were within the defined test 
zones.  Of the four comparison-only tests performed 
on the CR-V, two were outside the test zone.   
 

 
Figure 2.  Test setup for adult headform impact 
on Toyota 4Runner. 
 
Table 3 describes all the points selected for testing, 
including the coordinates by WAD and by lateral 
distance from the vehicle centerline, where positive 
(+) numbers are toward the driver’s side of the 
vehicle. 
 
The tests on each vehicle were performed on two 
hoods unless a significant amount of deformation was 
present.  In cases where there was potential for 

damage overlap between adjacent points, the hood 
was replaced and the order of remaining impacts on 
that vehicle was adjusted if necessary.   

 
The headforms were instrumented with 3 uniaxial 
accelerometers (Endevco 7264) mounted at locations 
within GTR guidelines for proximity to the center of 
mass of the headform.  Acceleration data was 
sampled at 20 kHz, pre-filtered at 3 kHz, then zeroed 
and filtered using Channel Filter Class 1000 (1650 
Hz) before being used to calculate peak resultant 
acceleration and 15 millisecond Head Injury 
Criterion (HIC).   
 
Relaxation Zone Identification 
 
According to the proposed GTR, manufacturers may 
designate up to one third of the test zone, including 
up to half of the child zone, as a relaxation zone.  In 
this relaxation zone, head impacts must produce HIC 
measurements of less than 1700, where the remainder 
of test zone is limited to HIC of less than 1000.   
 
After completion of testing, relaxation zones were 
proposed for each of the 11 test vehicles, by 
estimating the areas likely to be in the stiffest third of 
the test zone.  These zones were selected based on 
proximity to supporting structures, under-hood 
clearance, and performance of different structures in 
testing.  Overhead photographs of the vehicle with 
the hood open and closed were overlaid to help 
identify stiff under-hood structures within the test 
area (Figure 3).  Zone definition involved identifying 
the most challenging portions of the test zone and 
measuring the remaining area relative to the whole 
test zone in overhead photographs.  This process was 
repeated iteratively, adjusting the boundaries of the 
relaxation zone until it represented one third of the 
total test area +/- approximately 0.01 m2. 

 

Figure 3.  Example of test zone an
zone boundaries in Toyota 4Runner. 
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Table 3.  
Test point coordinates and descriptions 

 
Vehicle Point Description Point 

Type 
WAD  
(mm) 

Lateral from CL 
(mm) Zone Area  Vehicle Point Description Point 

Type 
WAD 
(mm) 

Lateral from CL 
(mm) Zone Area 

4Runner  A Hood Leading Edge  T 1114 -471 Front Child H2 A Hood Leading Edge T 1270 -578 Front Child
4Runner B Hood Leading Edge T 1171 236 Front Child  H2 B Hood Leading Edge T 1275 289 Front Child 
4Runner C Open Area S 1472 -385 Middle Child  H2 C Open Area T 1705 -534 Front Adult 
4Runner               D Radiator Cap H 1280 -377 Middle Child H2 D Handle T 1727 267 Front Adult
4Runner E Open Area T 1710 -497 Front Adult  H2 E Hood Leading Edge H 1328 382 Front Child 
4Runner F Open Area T 1706 280 Front Adult  H2 F Hood Ridge H 1445 765 Middle Child 
4Runner G Fender Area H 1705 739 Rear Adult  H2 G Open Area S 1856 487 Middle Adult 
4Runner               H Hinge H 1908 -729 Rear Adult H2 H Latch H 2053 126 Rear Adult

CrownVic  A Hood Ridge  T 1335 -515 Middle Child Passat A Open Area T 1346 -480 Middle Child
CrownVic B Open Area T 1336 257 Middle Child  Passat B Open Area T 1346 240 Middle Child 
CrownVic C Battery H 1136 -650 Middle Child  Passat F Open Area S 1174 435 Middle Child 
CrownVic D Open Area S 1653 439 Rear Child         Passat G Hinge H 1501 -683 Rear Child
CrownVic E Open Area T 1975 -531 Middle Adult  Passat H Cowl Area T 1698 0 Middle Adult 

CrownVic     F Insulator Bkt T 1976 266 Middle Adult Silverado 1 Open Area T 1705 320 Front Adult
CrownVic       G Hinge H 1972 -775 Rear Adult Silverado 2 Open Area S 2030 -310 Rear Adult 
CrownVic  H Engine Cover H 1874 24 Middle Adult  Silverado 3 Hood Leading Edge T 1335 -580 Front Child 

CR-V  A Hood Leading Edge  T 1081 -456 Front Child Silverado 4 Fender Area H 1337 750 Front Child
CR-V B Hood Leading Edge T 1087 228 Front Child  Silverado 5 Fluid Cap T 1705 -632 Front Adult 
CR-V C Cowl Area T 1705 -470 Rear Adult  Silverado 6      Hinge H 2095 779 Rear Adult
CR-V D Cowl Area T 1705 237 Rear Adult  Silverado 7 Latch H 1340 0 Front Child 
CR-V E Fender Area H 1399 692 Middle Child  Silverado 8 Hood Leading Edge T 1342 291 Front Child 
CR-V  G Hinge   H 1704 -701 Rear Adult Tacoma A Hood Leading Edge T 1110 -487 Front Child
CR-V H Hinge H 1706 652 Rear Adult  Tacoma B Hood Leading Edge T 1100 243 Front Child 
Dakota  A Hood Leading Edge  T 1104 -519 Middle Child Tacoma C Open Area T 1710 -487 Front Adult
Dakota B Radiator Cap T 1104 260 Front Child  Tacoma D Open Area T 1710 243 Front Adult 
Dakota C Air Intake Box Area T 1705 -514 Front Adult  Tacoma E Hood Leading Edge H 1103 693 Front Child 
Dakota D Throttle Box T 1706 257 Front Adult  Tacoma F Open Area S 1462 275 Middle Child 
Dakota E Open Area S 1308 -284 Middle Child  Tacoma G Fender Area H 1706 -726 Middle Adult 
Dakota              F Latch H 1056 0 Front Child  Tacoma H Hinge H 1942 716 Rear Adult
Dakota  G Hinge   H 1960 -707 Rear Adult Wrangler A Hood Leading Edge T 1153 -501 Front Child
Dakota H Hinge H 1986 622 Rear Adult  Wrangler B Hood Leading Edge T 1168 250 Front Child 

Durango  A Hood Leading Edge  T 1194 -372 Front Child Wrangler C Hood Ridge T 1705 -389 Front Adult
Durango B Hood Leading Edge T 1197 186 Front Child  Wrangler D Open Area T 1705 195 Front Adult 
Durango       C Battery T 1704 -481 Front Adult Wrangler E Open Area S 1599 -246 Rear Child 
Durango D Open Area T 1707 230 Front Adult  Wrangler F Latch H 1072 603 Front Child 
Durango        E Battery H 1493 -590 Middle Child Wrangler H Cowl Area H 2014 534 Rear Adult 
Durango F Open Area S 1508 233 Middle Child  Wrangler I Hinge H 2071 350 Rear Adult 

Durango G Cowl Area H 1900 -120 Rear Adult
Durango H Cowl Area H 1858 699 Rear Adult CRV CM-L Latch Area CM 1072 3 Front Child

E350  A Hood Leading Edge  T 1264 -547 Front Child CR-V CM-W Wiper Base CM 1822 76 Outside Zone
E350 B Hood Leading Edge T 1274 276 Front Child  CR-V CM-H Headlight Area CM 1050 -634 Front Child 
E350 C Latch H 1278 0 Front Child  CR-V CM-C Cowl Area CM 1810 -292 Outside Zone 
E350 D Open Area S 1480 561 Middle Child       
E350 E Cowl Area T 1704 -568 Rear Adult  T Typical   
E350 F Cowl Area T 1706 282 Rear Adult  S Soft   
E350 G Cowl Area H 1808 609 Rear Adult  H Hard   
E350        H Hinge H 1792 856 Rear Adult CM Countermeasure comparison test   



 
RESULTS 
 
For the baseline 84 tests, Figures 4 through 14 show 
the location of impact points relative to the estimated 
relaxation zones that were identified after testing was 
complete, along with the 15-millisecond HIC result 
from each test.  The test zones are outlined in black, 
with the outer, lighter (yellow) zone representing the 
relaxation zone and the inner, darker (green) zone 
representing the remaining two thirds of the test zone.  
The child and adult zone boundary is a dashed line.  
The relaxation zones represent approximately one 
third of the total allowable test area.  The relaxation 
zones on each vehicle met the GTR requirement that 
the relaxation zone not exceed one half of the child 
zone.  Removing that requirement, however, would 
not have had any effect on the relaxation zones 
estimated for this set of vehicles.   
 
The results of an additional four tests performed on 
the CR-V for comparison purposes only are shown in 
Figure 15. 
 

 
Figure 4.  2002 Jeep Wrangler results. 
 

 
Figure 5.  2005 Honda CR-V results (baseline). 

 
Figure 6.  2006 Volkswagen Passat results. 
 

 
Figure 7.  2006 Toyota Tacoma results. 
 

 
Figure 8.  2003 Toyota 4Runner results. 
 

 
Figure 9.  1999 Dodge Dakota results. 
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Figure 10.  2003 Ford Crown Victoria results. 
 

 
Figure 11. 2006 Dodge Durango results. 
 

 
Figure 12.  2003 Hummer H2 results. 
 

 
Figure 13.  2003 Ford E350 results. 

 
Figure 14.  2005 Chevrolet Silverado results. 
 

 
Figure 15.  2005 Honda CR-V counter-measure 
impacts for comparison only. 
 
Table 4 summarizes statistics from the 84 baseline 
test results grouped by location within each test zone.  
The child and adult zones were each divided into a 
front, middle, and rear region, where the front and 
rear regions were within approximately one head 
radius (82.5 mm) from the front and rear boundaries 
of the test zone respectively.  The pass/fail status is 
indicated by the number of impacts with HIC below 
1000, which would pass at any location in the test 
zone and the number of impacts with HIC above 
1700, which would fail at any location in the test 
zone.  Also listed is the number of impacts between 
HIC 1000 and HIC 1700, which would pass only if 
located within a manufacturer-defined relaxation 
zone.  

 
Table 5 summarizes the baseline test data by vehicle.  
The Silverado, Passat, and CR-V had no “failing” 
impacts.  Although all three vehicles had impacts 
with HIC between 1000 and 1700, these points were 
all within the estimated relaxation zones for these 
vehicles.  The H2 and the E350 had failing impacts 
over 1700, as well as points between 1000 and 1700 
that were not in the estimated relaxation zone.  The 
remaining six vehicles had failing points over 1700, 
but all tested points between 1000 and 1700 fell in 
the estimated relaxation zone. 

 
Sixteen of the 17 points with HIC above 1700 were 
in the peripheral areas of the test zone.  Table 6 
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shows the relative severity of impacts near various 
structures in the test zone.  The five highest average 
HIC values by impacted structure were obtained for 

components along the front, rear, and side of the 
hood.  The only central structure having a HIC above 
1700 was the hood ridge of the H2. 

 
 

Table 4. 
Summary of HIC results by location within test zone 

 

Zone Avg 
HIC 

Std 
Dev Min Max N Pass 

(<1000) 

Pass only if in 
relaxation zone 

(1000-1700) 

Fail 
(>1700) 

Rear Adult 1943 1005 864 4302 21 3 7 11 
Middle Adult 989 348 536 1443 6 3 3 0 
Front Adult 698 220 415 1220 14 13 1 0 
Rear Child 721 506 379 1302 3 2 1 0 

Middle Child 779 519 309 2307 16 12 3 1 
Front Child 1846 1472 671 6773 24 6 13 5 

Adult 1378 942 415 4302 41 19 11 11 
Child 1205 1134 309 6773 43 20 17 6 
Total 1374 1110 309 6773 84 39 28 17 

 
 

Table 5. 
Summary of results by vehicle, in descending order by average HIC 

 

Vehicle Avg 
HIC 

Std 
Dev Min Max N Pass 

(<1000) 

Pass only if in 
relaxation zone 

(1000-1700) 

Fail 
(>1700) 

Hummer H2 2846 2125 909 6773 8 1 3 (none in estimated 
relax zone) 4 

Jeep Wrangler 1945 1505 379 4302 8 3 2 3 

Ford E350 1772 1001 868 3993 8 1 5 (3 in estimated 
 relax zone) 2 

Dodge Dakota 1303 600 448 2276 8 3 3 2 
Toyota 4Runner 1208 685 356 2288 8 4 1 3 

Ford Crown Victoria 1063 1052 481 3583 8 5 2 1 
Honda CR-V 1044 329 671 1660 7 3 4 0 

Dodge Durango 973 519 343 1766 8 5 2 1 
Chevrolet Silverado 964 176 740 1274 8 5 3 0 

Toyota Tacoma 964 544 309 1814 8 5 2 1 
Volkswagen Passat 763 348 378 1302 5 4 1 0 
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Table 6. 
Summary of results by impacted structure, in descending order by average HIC 

 
 

Impacted Structure Avg 
HIC 

Std 
Dev Min Max N Pass 

(<1000) 

Pass only if in 
relaxation zone 

(1000-1700) 

Fail 
(>1700) 

Hinge 2301 1140 1133 4302 11 0 4 7 
Hood Leading Edge 1892 1578 671 6773 19 5 10 4 

Latch 1815 1020 929 3574 5 1 3 1 
Cowl Area 1500 731 836 2902 9 3 3 3 

Peripheral 

Fender Area 1330 349 1048 1774 4 0 3 1 
Engine Cover 1186 NA 1186 1186 1 0 1 0 
Hood Ridge 1125 1024 514 2307 3 2 0 1 
Radiator Cap 1020 258 838 1203 2 1 1 0 

Handle 909 NA 909 909 1 1 0 0 
Air Intake Box Area 859 NA 859 859 1 1 0 0 

Battery 837 153 729 859 3 2 1 0 
Fluid Cap 833 NA 833 833 1 1 0 0 

Throttle Box 763 NA 763 763 1 1 0 0 
Open Area 603 260 309 1220 22 20 2 0 

Central 

Insulator Bracket 536 NA 536 536 1 1 0 0 

 
 
DISCUSSION 
 
The results of the GTR head testing on eleven US 
vehicles did not show a clear connection between 
vehicle size and performance in head testing.  
Although two of the three vehicles with the highest 
average HIC were among the heaviest and highest-
front vehicles (the H2 and the E350), the Jeep 
Wrangler also showed high average HIC, in spite of 
being one of the lighter vehicles with moderate front-
end height.  Conversely, the Silverado was the 

heaviest, highest-front vehicle in the test series, but 
had an average HIC below 1000 and had no failing 
impacts.  Location within the test zone and hood 
material selection appeared to have more effect on 
impact severity than did vehicle size.  Figure 16 
shows that HIC values measured centrally on the 
hood tended to be lower than those measured 
peripherally at the rear, sides, and front of the test 
area.   
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Figure 16.  Two-Dimensional Locations of Impacts.  
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The hood hinge location had the highest average HIC 
value of all impacted areas with a HIC value over 
1000 in every case.  The hood hinge was selected as a 
potential hard point on nine of the eleven test 
vehicles.  On two of those vehicles, two locations on 
the hinge were tested for a total of eleven hinge 
impacts. Hinge impacts that were particularly severe 
(over HIC 1700) tended to produce less damage and 
be shorter duration impacts while those that were 
under 1700 tended to produce more deformation and 
be longer in duration (Figure 17).   
 

 
Figure 17.  Resultant acceleration of most severe 
hinge impact (Wrangler, green solid) and least 
severe hinge impact (Silverado, blue dashed), 
showing difference in impact duration. 
 
The hinge is a difficult area to design for pedestrians 
because of the strength required to support the hood 
and the necessary lack of clearance due to its location.  
The two vehicles that did worst were the two with an 
exposed hinge with no hood covering (E350 and 
Wrangler) to dissipate energy before direct contact 
(Figure 18). 
 

 
 

 
Figure 18.  Wrangler (Top) & E350 Hinges. 

 
The more compliant hinge designs on the Passat, 
Silverado, and CR-V appeared to be a deformable 
hinge, combined with an overlaid layer of crushable 
hood space (Figure 19).   
 

   
Figure 19.  Passat hinge with low-profile 
deformable hinge and crush space over hinge. 

 
Even apart from the hinges, the entire area on or 
adjacent to the cowl, including over the wiper 
spindles, appeared to be challenging for pedestrian 
design.  The worst performers in the cowl area did 
not have hood overhang over the cowl, and in fact the 
E350 had an exposed cowl that allowed direct contact 
by the headform (Figure 20).  Vehicles that did best 
in the cowl area were those whose rear hood edge 
extended over the cowl, leaving a crush space 
between the hood and the structures below and 
preventing direct exposure of the head to the cowl 
(Figure 21).   
 

 
Figure 20.  Exposed Cowl on E350. 
 

 
Figure 21.  Hood Coverage of the Cowl (Durango). 
 
The test zone markup procedure at the rear hood 
appeared to be effective at keeping likely impact 
areas in the zone and unlikely impact areas out of the 
zone.  The test zone boundary at the rear of the hood 
was the most forward of the WAD 2100 line or 82.5 
mm forward of the bonnet rear reference line.  The 
bonnet rear reference line was located at the point of 
contact between a headform-sized sphere and the 
hood, cowl or other front structure when the sphere is 
traversed across the vehicle while maintaining 
contact with the vehicle.  Therefore, if the geometry 
of the windshield and rear edge of the hood prevented 
the headform from contacting the cowl, the cowl was 
not included in the test zone.  Since the headform 
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represents the size of a typical adult head, a cowl that 
was not in the test zone seemed unlikely to be 
contacted by a human pedestrian while a cowl that 
was in the test zone appeared that it could be 
contacted by a pedestrian head.   

 
The area of the test zone adjacent to the fender 
appears to be another difficult area for many vehicles.  
Although there was only one failure (HIC 1774 on 
4Runner), none of the four fender area impacts in the 
series had HIC under 1000.  The solutions that work 
at the rear (such as overhanging hood to allow crush 
space at the edge) simply would not work with a 
standard side hood edge, supported laterally by the 
fender.  The best performer in a fender-adjacent 
impact was the CR-V, which has deformable flanges 
under the fender-hood junction as well built-in crush 
space in adjacent areas of the hood reinforcement 
(Figure 22).  

 

 
 

 
Figure 22.  CR-V Countermeasures at Fender. 

 
In the hood leading edge and latch area, eight of 
eleven vehicles passed the HIC requirements, based 
on the assumption that this area would be in the 
relaxation zone.  Although the average HIC of the 
latch and hood leading edge areas were more severe 
than all other areas except for the hinge (Table  6),  
these high average values were a result of a small 
number of very severe impacts (HIC> 3000) on two 
vehicles.  Nineteen of 24 impacts in this area were 
below the relaxation zone limit of 1700 HIC, and six 
were below 1000.   
 
The vehicles that did best in hood leading edge 
impacts tended to have high, rounded front hood 

areas like those on the Silverado, Durango, and CR-V, 
allowing plenty of crush space to shield stiffer 
underlying components including the front structural 
support, latch components, and underhood 
components (Figure 23).  Those that failed the 
HIC<1700 requirement in this area tended to have 
specific design features that presented unique risks 
for pedestrians.  Three of those failures were in the 
H2, whose stiff composite hood was shaped into a 
very harsh corner at the front edge, resulting in HIC 
values of 4252, 4594, and 6773.  A fourth failure was 
at the external latch on the Jeep Wrangler, which 
produced a HIC of 3574.  These two designs are 
unlike any others tested; thus the countermeasures 
that worked well for the Silverado and Durango 
would not necessarily address these problems.  The 
Wrangler’s latch and the stiff front area of the H2 
both represent pedestrian design challenges that may 
require unique solutions.  A fifth failure in a 4Runner 
test adjacent to a headlamp may be a more typical 
issue for US large vehicles.  An impact performed 
adjacent to the CR-V’s headlamp for comparison, 
produced a HIC of 1197.  The CR-V showed more 
deformation to hood area adjacent to the headlamp 
than the 4Runner did, indicating more crush space 
available at the edge of the CR-V hood.   

 

 
 

 
Figure 23.  Sloped Hood at Leading Edge 
(Silverado and Durango shown here). 

 
As shown in Table 6 and Figure 16, HIC values 
measured in central hood impacts were low, 
compared to the peripheral areas of the test zones at 
the fender, cowl area, and hood leading edge.  Of 36 
central-area tests, only one test exceeded HIC 1700 
and only five others were above 1000.  It may be that 
the larger vehicles tested in this series had larger than 
average engine compartments, allowing sufficient 
clearance over stiff engine compartment components, 
and avoiding the engine compartment clearance 
issues faced by designers of small cars.  As a result of 
this large amount of clearance, dynamic deformation 
was very high in most central hood cases.  
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The relaxation zones approximated in the current 
study indicate that there is enough relaxation area 
available such that most failing vehicles would be 
able to pass the GTR requirements by focusing on 
redesign of the specific peripheral areas that 
produced greater than 1700 HIC.  Six of the eight 
vehicles with failing points had no points between 
1000 and 1700 outside the estimated relaxation zone.  
This pass rate suggests that most vehicles will require 
improvement to only the very stiffest structures to 
meet the requirements of the proposed GTR.  Only 
the H2 and the E350 had failing impacts (>1000 HIC) 
that were outside the relaxation zone.  These may 
represent vehicles in the fleet that will require more 
widespread design modifications.  These two vehicles 
were the only vehicles in the study that had hoods 
made of a composite material, rather than steel or 
aluminum.  Impacts to these hoods resulted in little 
damage or evidence of deformation, particularly in 
impacts around the periphery, suggesting that hood 
material changes may be required for these vehicles 
to meet the GTR in and out of the relaxation zone.   
 
Test results indicate that many areas around the 
periphery of the hood present design challenges for 
manufacturers.  Of the three vehicles that had no 
“failing” impacts (Table 5), the CR-V and the Passat 
appeared to have pedestrian countermeasures 
designed specifically to address these challenges as 
described earlier in this discussion.  In contrast, the 
third vehicle with no failing impacts (Silverado) did 
not appear to have design countermeasures such as 
those identified on the CR-V and the Passat, or other 
structures that appeared to be designed specifically 
for pedestrians.  The performance of these three 
vehicles shows that design problems introduced by 
the proposed requirements, though challenging, can 
be solved. 
 
A limitation of the current study is that a relatively 
small sample of vehicles and points were tested.  This 
study’s focus on larger vehicles in the US fleet also 
limits the conclusions that may be drawn regarding 
the benefit of the regulation for the entire US fleet. 

 
CONCLUSIONS 
 
The results of this series of head impact tests show 
that design improvements would be required in order 
for many vehicles in the US fleet to meet the 
proposed pedestrian GTR.  These improvements 
would be expected, in turn, to reduce pedestrian 
fatalities and injuries.  An estimate of the magnitude 
of these benefits will require additional test data and 
assessment. 
 

Based on the relaxation zones estimated for each test 
vehicle, three of the eleven vehicles in this test series 
had no failing test points.  Six of the eleven vehicles 
tested would likely require design improvements to 
specific structures around the periphery of the test 
zone to bring HIC in these areas below 1700.  Two of 
the vehicles are expected to require more widespread 
design changes to reduce HIC in the relaxation zone 
below 1700 and to reduce HIC outside the relaxation 
zone to below 1000.   
 
Head impact performance in pedestrian GTR testing 
does not appear to depend on vehicle size.  For 
example, the large Silverado was one of the best 
performers, while the small Wrangler was among the 
worst performers in this series of tests.   
 
For the vehicles tested, the hinges and impact 
locations adjacent to the cowl and fender appeared to 
be the most challenging areas of the GTR test zone.  
However, the ability of several vehicles to limit the 
impact severity in these areas to passing levels 
suggests that pedestrian-friendly design is possible in 
these areas, even for larger vehicles.   
 
A smaller number of vehicles showed high-severity 
impacts toward the front of the test zone, adjacent to 
the hood leading edge.  These results represented 
unique design features that were particularly 
aggressive toward pedestrians.  The majority of the 
vehicles in this test series were able to limit HIC in 
this area to less than 1700, in some cases without any 
obvious pedestrian-specific design countermeasures.   
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ABSTRACT 

The objective of this work was to create a scalable 
human occupant model that allows adaptation of hu-
man models with respect to size, weight and several 
mechanical parameters. Therefore, for the first time 
two scalable facet human models were developed in 
MADYMO. First, a scalable human male was created 
from an existing 50th percentile human occupant. But 
since the anthropometry between males and females 
differs too severely, a scalable human female was 
created as well to be able to obtain female models 
with different anthropometry. 
 
Using these models in the MADYMO / Scaler, a tar-
get model anthropometry could be created either by 
defining an anthropometry set of 35 values, by defin-
ing 16 fixed scale factors or by using the GEBOD 
anthropometry database (BAUGHMAN, 1986). Addi-
tional to the geometric properties, the following me-
chanical properties were also scaled using appropri-
ate scaling rules: mass, inertia, stiffness and contact 
characteristics. Several anthropometrically extreme 
models, ranging from small children to large adults, 
have been created using the 3 possible methods to 
provide the input. Direct definition of anthropometry 
values and definition of fixed scaling factors resulted 
in realistic scaled models, whereas using the GEBOD 
anthropometry database could lead to unrealistic 
ones, especially when scaling towards children. 
 
A frontal crash application has been developed, using 
the original 50th percentile human occupant as re-
leased with MADYMO and two scaled male models 
of 65 kg and 85 kg weight with equal height as the 
base model, to demonstrate the benefit of the scalable 
models. 

INTRODUCTION 

Computers are getting faster and faster nowadays and 
possibilities for numerical simulations are increasing. 
Due to that, numerical automotive (impact) simula-
tions are getting more and more important for the 

automotive industry, since they provide a cheap and 
effective way to help improving occupant safety on 
next generations of cars. In a crash, humans with dif-
ferent body sizes need to be protected rather than 
crash test dummies of only average sizes (HAPPEE 
ET AL., 1998, VAN HOOF ET AL., 2003). This re-
sults in the need for a scalable human occupant 
model, which should be easy to handle and can pro-
vide the possibility to adapt a models anthropometry 
due to the needs of the desired application, as was 
developed during this work. 

GENERAL SCALING PROCEDURE 

MADYMO / Scaler 

The MADYMO / Scaler has been created to scale 
occupant models in MADYMO (DE LANGE, 2005). 
It allows the user to scale a model in three different 
ways: 
 
- Specifying gender, mass and standing height for 

creating a model based on the GEBOD anthro-
pometry database (BAUGHMAN, 1986) 

- Specifying a data set of 35 anthropometry val-
ues according to Table 1  

- Specifying direct scaling factors λx, λy, λz and 
λxyz for each dimension of the 14 scalable body 
sections of Table 2. 

 
The definitions of the anthropometry values are given 
in the MADYMO Utilities Manual Release 6.3.1 
(2006). With respect to the dimensions, x is always 
referring to the depth of a body section (e.g. “chest 
depth” for body region “thoracic spine”), y to its lat-
eral width (e.g. “head breadth” for region “Head”) 
and z to its height (e.g. “Knee height seated” for re-
gion “lower leg”).  
 
To obtain the scaling factors λx, λy and λz (in case 
they are not specified directly) the target anthropome-
try values Xi (or the values retrieved out of the 
GEBOD database) were divided by the correspond-
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ing reference anthropometry values Xi,ref given in the 
parameterised model file. (Equation 1) 
 

refi

i
i X

X

,

=λ  i = x, y, z    (1). 

 
These factors were mainly used to scale the models 
geometry and geometry based parameters as mass 
and moment of inertia. Additional to that the follow-
ing parameters were scaled as well: 
 
- Joint characteristics (stiffness, friction, damping 

and hysteresis) 
- Contact characteristics 
- All other force models 
 
Therefore, the set of scaling parameters was extended 
with a scaling factor λxyz. This factor is calculated as 
third power root of λx, λy, λz (Equation 2)  
 

3
zyxxyz λλλλ =                      (2). 

 
The scaling rules that were applied are to a great ex-
tend similar to those used for normalization and scal-
ing (IRWIN AND MERTZ, 1997, VAN RATINGEN, 
1997, MERTZ ET AL., 1989), though no “response 
corridors” but model parameters were scaled. All 
material parameters were assumed to be invariant 
with subject size. 
 

Table 1. 
Anthropometry data set for scaling 

 
No Value 
1 Weight 
2 Standing height 
3 Shoulder height 
4 Armpit height 
5 Waist height 
6 Seated height 
7 Head length 
8 Head breadth 
9 Head to chin height 
10 Neck circumference 
11 Shoulder breadth 
12 Chest depth 
13 Chest breath 
14 Waist depth 
15 Waist breadth 
16 Buttock depth 
17 Hip breath, standing 
18 Shoulder to elbow length 
19 Forearm – hand length 

20 Biceps circumference 
21 Elbow circumference 
22 Forearm circumference 
23 Wrist circumference 
24 Knee height, seated 
25 Thigh circumference 
26 Upper leg circumference 
27 Knee circumference 
28 Calf circumference 
29 Ankle circumference 
30 Ankle height, outside 
31 Foot breath 
32 Foot length 
33 Hand breadth 
34 Hand length 
35 Hand depth 

 
Table 2. 

Body sections into which the model is divided 
 

No Body Region 
1 Pelvis 
2 Lumbar spine 
3 Abdomen 
4 Thoracic spine 
5 Ribcage 
6 Neck 
7 Head 
8 Clavicles 
9 Upper arm 
10 Lower arm 
11 Hand 
12 Upper leg 
13 Lower leg 
14 Feet 

 
Note, when using GEBOD, weight and height have to 
be specified in either kilograms (KG) and meters (M) 
or percentiles (%tile).For more detailed information 
on the scaling tool see MADYMO Utilities manual 
Release 6.3.1 (2006)  

Creation of the parameterized model files 

The parameterized files were created using the exist-
ing MADYMO 50th and 5th percentile human (DE 
LANGE ET AL., 2005). The models are put in upright 
standing position, with horizontal arms (parallel to 
the y – axis) to simplify the scaling process (see 
Figure 2). 
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In reference space, two planes in each direction lo-
cated at ± 1.50 m from the models H-point were im-
plemented. These planes were needed in order to con-
trol standing height, seated height and shoulder 
breadth. Five ellipsoids were implemented at the pel-
vis, at the top of the head, at the bottom of the heel 
and one at each side of the shoulder. By measuring 
the distance of these ellipsoids relative to the appro-
priate planes, standing and seated height as well as 
the shoulder breadth were calculated and controlled 
by the MADYMO / Scaler during the actual scaling 
process, which ran through an optimization routine.  
 
The MADYMO / Scaler utility already allowed scal-
ing various dummy models (HAPPEE ET AL., 1998) 
and a pedestrian human model (VAN HOOF ET AL., 
2003) based on ellipsoid geometry. Scaling an ellip-
soid model was relatively simple since every ellip-
soid could be scaled in each dimension by applying 
an appropriate scaling factor. No irregularities would 
occur with a skin mesh in the resultant model. The 
distance between two adjacent ellipsoids is always 
determined by a joint that connects the bodies, the 
ellipsoids are attached to. Therefore, also the overall 
geometry of an ellipsoid dummy model could be eas-
ily modified towards a scaled model by scaling the 
distances determined by those joints.  
 
For a facet model, in general scaling could be ap-
plied in a similar way. Scale factors for each body 
region of Table 2 were calculated according to Equa-
tion 1 and 2 and the scaling was performed as men-
tioned above. However, for a facet model the overall 
geometry is not determined by ellipsoids, but by an 
continuous FE mesh covering different body sections 
and consisting of rigid elements. This resulted in dif-
ferent parts of the mesh being scaled with different 
scale factors for each dimension. Therefore in a first 
approach problems occurred since the originally 
smooth mesh contained many rough edges wherever 
the scaling factors changed moving from one body 
region to another. As an example this is explained 
for the elbow region. Since the upper arm is likely to 
get a different scaling factor than the lower arm, the 
mesh in the elbow region will be badly shaped if not 
adapted (Figure 1).  
 
 

 
Figure 1. Scaled arm with (bottom) and without 
(top) mesh smoothing 
 
The transition nodes of the lower arm were then not 
congruent any more with the transition nodes of the 
upper arm. To avoid this unwished effect, linear 
mesh smoothing functions were applied in these in-
tersection areas.  

Creation of a scaled model 

In order to create a scaled human model, the three 
procedures mentioned before can be used: 
 
- GEBOD 
- User Defined (anthropometry data set) 
- Fixed Scale Factors 
 
In case most measures of the anthropometry of the 
target model are known, most reasonable results can 
be obtained using method two. If only weight and 
height of the target model are of interest, GEBOD 
can be used as well. Nevertheless, the anthropometry 
of models based on GEBOD should always be 
checked carefully since they often turned out to be 
unrealistic in some body parts like shoulder and up-
per leg. If so, the model could easily be corrected by 
a second scaling using the retrieved anthropometry 
data of the GEBOD model and correcting unrealistic 
scaling factors towards realistic ones.  
 
It is not only possible, to scale the parameterized 
models towards adults, but also towards child anthro-
pometry. As a base model, the male model can be 
scaled using a self defined anthropometry set. 
GEBOD is not suitable in this case, since it was often 
found to result in highly unsuitable models, espe-
cially when scaling towards very young children. 
This is exemplified in Figure 2 where both, a model 
of a three year old child created with GEBOD (left) 
and created with a self defined anthropometry data 
set based on the CANDAT database (right) (TWISK 
ET AL., 1993) is provided.  
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Figure 2. Child model resulting from GEBOD 
anthropometry (left) and from CANDAT anthro-
pometry  
 
In general, it is advised to use the female model only 
to scale towards adult females or teenage females that 
have reached puberty (app. age 13). The male model 
should only be used for male and child models. No 
appropriate outer geometry will be obtained other-
wise due to too significant differences between male 
and female body shape, the latter which is absent 
with young children. 

FRONTAL IMPACT SIMULATION 

So far no validation of the mechanical impact behav-
ior has been performed with the scaled models. To 
indicate the benefit of this work a frontal impact 
simulation was performed using two scaled models as 
well as the standard 50th percentile human occupant 
model. 
 

Simulation model set up 

 
Figure 3. Simulation model set-up including the 
original 50th percentile human occupant  

 
As simulation set up, the frontal impact application 
that is provided with MADYMO v6.3.1 was chosen. 
This model consists of a simple seat and a three point 
passenger belt system. The following human models 
were used within this application: 
 

1. 50th percentile human occupant of 1.74 m 
standing height and 75.86 kg weight  

2. Low mass model: Same size as 50th percen-
tile human occupant, but 10 kg lighter 

3. High mass model: Same size as 50th percen-
tile human occupant, but 10 kg heavier 

 
The models were created following the procedure 
described before. The scaling has been performed 
using the GEBOD anthropometry database and af-
terwards the models were corrected towards shoulder 
breath, upper leg length and circumference, neck cir-
cumference as well as chest depth. The simulation set 
up including the 50th percentile human occupant is 
shown in Figure 3, a side view of all 3 models in 
standing position is provided in Figure 4. For a better 
overview in all following pictures that contain all 
three models, the low mass model (pink) is shown on 
the left, the original 50th percentile human occupant  
model (green) in the middle and the high mass model 
(blue) on the right.  
 

 
Figure 4. Side view: low mass (left), original (mid-
dle) and high mass human model (right) of 1.74 m 
standing height 
 
All models are first settled into the seat and a sepa-
rate belt fit is performed as presimulation to the ac-
tual impact simulation. The crash pulse represents a 
zero degrees full frontal impact of a mid-sized pas-
senger car, as provided with the application. The ini-
tial position of the low mass and the high mass model 
in the seat with fitted belts is provided in Figure 5. 
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Figure 5. Initial position of the low mass (left) and 
high mass (right) human occupant model 

Results 

When looking at the kinetics, it can be seen, that dur-
ing the impact simulation the low mass model rotated 
more and the high mass model less around the z axis 
than the original 50th percentile human occupant. 
Pictures of all three models at the end of the impact 
from different views are provided in Figure 6 to 
Figure 8. 
 

 
Figure 6. Isometric view of all three models at the 
end of the impact simulation (low mass model at 
the left, original model in the middle and high 
mass model at the right) 
 

 
Figure 7. Frontal view of all three models at the 
end of the impact simulation (low mass model at 
the left, original model in the middle and high 
mass model at the right) 
 
 

 
Figure 8. Top view of all three models at the end 
of the impact simulation (low mass model at the 
top, original model in the middle and high mass 
model at the bottom) 
 
This is behavior is considered logic, since a low mass 
model has more space to move and less contact area 
with the belt than a high mass model because its less 
wide in lateral direction. As can be seen in Figure 8 
the pelvis belt is also able to pull the low mass model 
most and the high mass model least back into the seat 
due to their masses. This also leads to more rotation 
of the model itself for a light human model. 
 
Differences can as well be found when looking at the 
time history signals. In Figure 9 and Figure 10 an 
overview on some of the corresponding results is 
provided. 
 

 
Figure 9. Pelvis x- and z- acceleration 
 

 
Figure 10. Head CG x- and z- acceleration 
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It can be stated, that in general the progression of the 
curves are comparable. The peak values are in the 
same range, but differ as expected according to the 
models mass. 
 
Note, that the chosen application is very general and 
only a first indication on the usefulness of the scale-
able models. The created models are not based on 
actual anthropometry data but out of GEBOD models 
that were corrected towards values that seamed feasi-
ble.  

DISCUSSION 

Recapitulating it can be stated that the created scal-
able models are suitable to obtain models that are not 
representing the available standard human occupants 
(5th percentile female, 50th and 95th percentile male). 
In a basic frontal impact application differences could 
be found in the response of the scaled models and the 
original 50th percentile human occupant. This indi-
cates that scaled models are able to predict the re-
sponse of occupants different from the standard mod-
els available in a better way. The main difference 
with respect to previous scalable models lies in the 
fact that now also models based on facet geometry 
can be obtained with scaling. Before, scaling was 
only possible for ellipsoid based models. 
 
The main limitation of the models is that no age 
based material dependency is taken into account dur-
ing the scaling. As a result, for example the response 
of created child models will not be completely biofi-
delic. Furthermore, the impact behavior of all models 
(injuries, range of motion, etc.) is not yet validated 
but only investigated briefly with 2 scaled models. In 
order to investigate whether scalable models are able 
to predict the behavior of an actual occupant more 
precisely than the standard models, two options could 
be taken into account: 
 
- Comparison to PMHS sled tests 
- Real accident reconstruction with known an-

thropometry data of the actual occupant  
 
In order to investigate the influence of different pa-
rameters as neck circumference, neck to chin height 
or mass on the injury outcome, it might also be useful 
to perform model studies. Therefore, models could be 
created that only differ in certain parameters, investi-
gated under one specific loading condition and their 
behaviors could be compared to the outcome of ac-
tual performed tests that can be found in literature.  
 

However, it is assumed that future work with scalable 
human models will prove the benefit of this work for 
protection of non average sized occupants.  
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ABSTRACT 
 
In the real world, the accident ratio of rear impact is 
high. The injury scheme in those accident scenarios is 
mainly caused by whiplash. The intrusion of the rear 
end of the vehicle during impact combined with 
movement by occupants seated on rear seats plays a 
significant roll. This paper discusses an airbag which 
deploys from the roof header along the rear window. 
By means of numerical simulations and tests, the 
mitigation of biomechanical injuries of passengers 
seated on rear seats during rear impact was observed. 
Significant occupant protection was assessed under 
high-speed rear-impact conditions. 
 
Keywords: Airbag, Rear impact 
 
 
INTRODUCTION / ACCIDENT RESEARCH 
 
When evaluating NASS/CDS (National Automotive 
Sampling System / Crashworthiness Data System) 
data, according to rear-impact injuries covering the 
years 1996 to 2005, it can be observed that in 47 % of 
all AIS1+ injuries, 40 described accidents in which 
passengers seated on rear seats sustained head 
injuries and 53 % concerned neck injuries. A 
significant increase in this injury ratio is observed 
when evaluating the data from NASS/CDS according 
to the AIS2+ injury scale for the head and neck 
region (5 accidents described). Injuries to the head 

account for 80 % of all injuries to this body region in 
rear impacts. Figure 1 depicts the ratio of head and 
neck injuries in vehicle rear impact for AIS1+ and 
AIS2+.  
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Figure 1. Injury ratio of head and neck 
(NASS/CDS, AIS1+: 40 cases, AIS2+: 5 cases) 
 
The NASS/CDS data base also permits derivation 
and evaluation of the sources of these injuries. The 
sources for AIS1+ injuries are varied. During a rear-
impact accident, the passenger’s head can come into 
contact with various vehicle body parts such as the C-
pillar, rear window, seat-back, rear header, head rest 
and roof. The distribution of these injury sources 
affecting AIS1+ head injuries is depicted in Figure 2. 
Contact is most frequent with the C-pillar (23 %), 
rear window (18 %) and the seat back (17 %). 
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Figure 2. Injury sources for head injuries in rear-
end collisions (NASS/CDS, AIS1+: 20 cases) 
 
The injury sources causing head injuries according to 
the Abbreviated Injury Scale AIS2+ are limited. The 
accident data analysis shows three main contact 
points that lead to severe head injuries. Besides C-
pillar and roof contact, each of which accounts for 
about 20 %, contact of the head with the rear header 
is most frequent. The ratio of the injury scenario is 
40 % of all injury sources. Figure 3 depicts the 
breakdown of injury sources producing AIS2+ head 
injuries. 
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Figure 3. Injury sources for head injuries in rear-
end collisions (NASS/CDS, AIS2+: 5 cases) 
 
Rear passengers in which vehicle group are exposed 
to the most danger? This can also be derived from the 
NASS/CDS data base. The data indicates that 45 % 
of all head injuries occur in small cars. It suggests 
that the smaller the vehicle, the more likely a head 
injury will occur in an vehicle rear-end accident. 
Figure 4 illustrates that the ratio of mini cars is 25 % 
and those of compact cars is 20 %. The percentage 
attributable to intermediate cars is also 20 %. 
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Figure 4. Ratio of car classes relating to head 
injuries (NASS/CDS, AIS1+: 20 cases) 
 
The impact velocities delta v (km/h) of rear impact in 
real-life accidents can also be derived from the 
NASS/CDS data base. When evaluating the impact 
scenarios, it is remarkable that the impact velocity 
affecting this head injury of AIS1+ level is between 
16 and 35 km/h. Rear-end collision velocities higher 
than 40 km/h cause injuries to the rear passengers of 
AIS2+. Figure 5 illustrates the various rear-impact 
velocities for AIS1 and ASI2+. 
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Figure 5. Rear-impact velocities relating to the 
injury scale (NASS/CDS) 
 
When evaluating the same accident data based on 
rear occupant weights, no significant difference can 
be observed. The following Figure 6 presents the 
occupant weights sustaining head injuries AIS1+. 
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Figure 6. Weight of rear passengers in rear-end 
collisions (NASS/CDS) 
 
Accident research has shown that occupants seated in 
rear seats can sustain severe head injuries in rear-
impact accidents. The risk of passengers being 
injured in small vehicles is significant. Independent 
of weight respective to height, the occupants have 
hardly any contact to vehicle body parts such as the 
rear header, C-pillar and roof. 
 
 
OCCUPANT PROTECTION CONCEPT IN 
HIGH-SPEED REAR IMPACT 
 
Based on rear-impact research, a procedure has been 
designed to evaluate the risk of head and neck 
injuries in rear-end collisions. In this low-speed rear-
impact test procedure, the equivalent of a stationary 
vehicle being struck by a vehicle of the same weight 
at a velocity of 32 km/h is applied. A BioRID 2 
dummy is placed on the front seat measuring the 
loads during the rear-impact crash. Application of 
this test procedure will evaluate introduction of safety 
features mostly integrated into the seat back or head 
rest of frontal seats. These technical solutions are 
introduced to enhance the protection of front seat 
occupants in low-speed rear-impact crashes. 
 
Front-seated vehicle occupants can be protected by 
headrest systems, which lower the gap between the 
head and the headrest. By means of crash-absorbing 
seat structures and a rocker system which uses the 
occupant’s seat intrusion to displace the headrest or 
pyrotechnical actuators, the kinematics of the 
occupant head can be optimised. The protection 
concepts introduced are mainly designed for 
protecting front-seated passengers.  
 

For rear-seated passengers, an airbag concept 
covering the area of rear header, roof and C-pillar 
could be the key to the technical solution. The 
technology is similar to curtain airbag technology for 
vehicle side protection. The airbag covers both the 
rear header and window area to provide space for 
absorbing the energy of the occupant’s head during 
impact. The principle layout of this airbag technology 
is illustrated in Figure 7. 

 

 
Figure 7. Principle layout of back seat head airbag 
concept for rear-end collisions 
 
A gas inflator and a folded airbag are placed in the 
roof of the car. In the case of a rear impact, the 
hybrid gas inflator with a 220 kPa tank pressure 
characteristic starts to inflate the gas into the 20-litre 
silicon-coated rear row airbag. The upper part of the 
airbag deploys to cover the rear header of the car and 
the lower part turns into a rear deployment portion 
which is presented below in Figure 8. 

 
Figure 8. Rear row head airbag design 
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Based on this initial design, the airbag concept has 
been set up as a prototype. Deployment tests were 
performed to check the proper deployment behaviour 
in a real vehicle environment. The following Figure 9 
depicts a video sequence of the rear row head airbag 
deploying in a compact car.  
 

 
Figure 9. Video sequence of a static deployment 
test with the rear row head airbag concept 
 
In addition to static deployment tests, impactor tests 
were performed to generate deceleration data for 
validating the numerical simulation airbag model. 
 
 
INVESTIGATION OF THE PROTECTION 
CONCEPT BY NUMERICAL SIMULATION 
 
On the basis of a mass production vehicle, a 
numerical simulation mock-up was set up. The rear 
end geometry of the mock-up corresponds to a 
compact class vehicle. Hybrid III dummies sized 
AF05 and AM50 were used in the simulations. A 
detailed seat model was introduced representing 
dummy-seat interactions. The dummies were not 
belted. According to the results of the evaluated 
NASS/CDS data, a rear-impact crash pulse was used 
in the simulation representing a 50 km/h rear-impact 
to a compact car. 
 
Evaluation of protection performance - The 
validated rear row head airbag model was 
incorporated into the vehicle simulation mock-up. 
The two different scenarios AM50 and AF05 were 
simulated with the validated airbag concept. Figures 
10 and 11 depict the simulation mock-up modelled 
using Madymo simulation software [1].  

 

 
 
Figure 10. Video sequence of rear impact where 
v = 50 km/h, an AM50 dummy (top) and with 
rear row head airbag (bottom) 

 

 

 
Figure 11. Video sequence of rear impact where 
v = 50 km/h, an AF05 dummy (top) and with rear 
row head airbag (bottom) 

Hoffmann 4 



When evaluating the results derived from the 
50 km/h rear-impact crash simulation, the contact 
between the dummy head and rear header was 
observed. In this case, the biomechanical loads 
AM50 and AF05 in the head and neck area are well 
above acceptable limits. The impact of the collision 
causes the dummy seated on rear seats to slip slightly 
upwards. At about 25 ms, the head hits the rear 
header. The hard contact ends up in a load peak. The 
rear airbag concept prevents the occupant’s head 
from making such hard contact with the car. Head 
acceleration and neck forces are thereby reduced. The 
following Figures 12 to 15 show the results of the 
simulation. 
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Figure 12. Comparison of HIC15 results with and 
without airbag for AM50 dummy 
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Figure 13. Comparison of Nij results with and 
without airbag for AM50 dummy 
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Figure 14. Comparison of HIC15 results with and 
without airbag for AF05 dummy 
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Figure 15. Comparison of Nij results with and 
without airbag for AF05 dummy 
 
 
CONCLUSIONS 
 
The numerical simulation discussed in this paper 
illustrate the importance of protecting rear row-seated 
occupants from hard contact with the vehicle rear 
header, in order to avoid significant loads on the head 
and the neck. 
 
This computer-simulated investigation into rear-
impact protection demonstrated that an airbag 
concept covering a vehicle’s rear header area is very 
effective in preventing the rear passenger’s head from 
sustaining severe injuries during high velocity rear 
impact.  
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ASTRACT 
 
A large-scale accident study of injuries in Phases 
four, five and six of the UK CCIS accident 
database showed that upper extremity injuries were 
increasing in frequency in frontal impacts, 
particularly when an airbag deployed. However, it 
was difficult to identify injury mechanisms and 
costs from the information in the database. 
Therefore, an in-depth case-by-case study of upper 
extremity injuries has been undertaken to 
determine the mechanisms, costs and long-term 
consequences (disability or impairment) of the 
injuries, in order to set priorities for injury 
prevention. The study has been undertaken in three 
phases: 
• A retrospective study of medical notes 

(74 cases), giving more detail on the specific 
upper extremity injuries and the mechanisms 
that could have caused them. 

• A prospective study of patients recruited at an 
Emergency Department (25 cases), with a 
follow-up of up to six months to assess longer-
term consequences of the injury. 

• A review of physiotherapy treatment case 
notes (288 cases), looking at cases that may 
not have been assessed at a hospital 
Emergency Department. 

 
Four hospitals and three physiotherapy practices 
were recruited to this study. Evaluations of short 
and long-term costs and residual impairment 
resulting from these injuries have been made. The 
long-term costs were assessed through surgical 
costs, cost of other treatment and time off work, 
whilst impairment was assessed qualitatively by 
range of motion, pain and functional impairments 
and quantitatively using the American Medical 
Association Guides. 
 
This study offers a unique insight into the 
mechanisms causing and long-term consequences 
arising from specific upper extremity injuries. 
From this, priorities for injury prevention are 
presented. A potential limitation of the study is the 
extent to which the three samples are representative 
of the UK population. 
 

INTRODUCTION 
 
An initial analysis of accident data (from Phases 
four, five and six of the Cooperative Crash Injury 
Study, CCIS (Mackay, 1985)) considered injury 
patterns for a variety of crash scenarios (e.g. 
frontal, side and rear impacts) and occupants, 
identifying priorities for further research. This 
stage of the research used the Abbreviated Injury 
Scale (AIS; AAAM, 1990) to assess injury 
severity, which is based on the threat to life. No 
consideration was given to the long-term outcomes 
or the disabling effects of the injuries seen. The top 
priorities were identified as MAIS 3+ (MAIS ≥ 3) 
thoracic injuries sustained by front occupants in 
frontal impacts and AIS 2+ upper extremity injuries 
sustained by drivers in frontal impacts where an 
airbag deployed. Upper extremity injuries were not 
identified as a priority in frontal impacts without 
airbag deployment. It was not clear from the 
accident analysis if airbags were contributing, in 
some way, to upper extremity injury risk. One 
alternative is that the relative importance of upper 
extremity injuries in frontal impacts with airbag 
deployment increases over impacts with no 
deployment as the airbag is effective at reducing 
the incidence of injuries to other body regions. 
Also, airbag equipped vehicles are effective at 
reducing the risk of fatal head injuries, so it may be 
that casualties who would have been fatally injured 
are now surviving accidents and their arm injuries 
may therefore be more likely to be recorded. 
 
Following this initial analysis, a case study was 
conducted, which looked at these two priority areas 
in greater depth and showed that both needed 
further research. The upper extremity injuries were 
shown in many cases not to be a direct result of the 
airbag’s deployment and had many locations (on 
the arm) and many different possible mechanisms.  
 
To determine if similar findings had been found in 
other studies and to provide direction for further 
research in this area, accident analyses in the 
published literature were reviewed. From this 
review of the published material it seemed that 
there was general agreement that airbag 
deployment did not reduce upper extremity injury 
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risk (Cuereden et al., 2001, Huere et al., 2001; 
Morris et al., 2001; Lenard and Welsh, 2001; 
Siegel et al., 2001; Kirk et al., 2002; Jernigan and 
Duma, 2003 and Kent et al., 2005). However, this 
review of previous and current research also 
identified several limitations of the investigations 
conducted prior to this study: 
• Only hard tissue upper extremity injuries have 

been considered, not soft tissue injuries with 
low AIS scores. To overcome this deficiency, 
there is a need to investigate the frequency and 
effects of such injuries in terms of treatment 
and impairment rather than threat to life 

• Only drivers’ injuries have been investigated, 
in-depth, within the previous research.  

• The CCIS samples accidents where a vehicle, 
which is less than seven years old, was 
towed-away. Therefore, the CCIS is biased 
towards more severe accidents. By 
investigating all injuries prospectively this bias 
can be avoided. 

• The previous case study indicated that there 
was often no information about the specific 
types of injury sustained or their cause or 
mechanism. 

 
The initial objective of this study was to address 
the limitations of the research conducted to date. 
Studies were proposed to investigate hard and soft 
tissue upper extremity injuries, sustained by drivers 
and passengers of cars or car-derived motor 
vehicles, using data from the CCIS and other 
sources. Particular attention was given to trying to 
identify mechanisms of injury and specific injury 
information, such as associated costs and 
impairments. Based on this information, the final 
objective was then to determine priorities for future 
injury prevention. If appropriate, the injuries 
identified could then be investigated further 
potentially using PMHS tests and possibly 
volunteer tests to improve biofidelity requirements 
for crash test dummies and develop injury criteria 
for use in regulatory approval tests. The ultimate 
aim of this work was to encourage effective 
countermeasures to be designed so as to reduce the 
incidence of upper limb injury in the future. 
 
The study was conducted in three parts: a 
retrospective hospital study, a prospective hospital 
study and a physiotherapy study. 
 
For these studies the upper extremity was defined 
as the arm and shoulder (where shoulder included 
the clavicle). 
 
Retrospective Study 
 
From a review of the literature related to vehicle 
safety, it was observed that little is known about 
the nature of upper extremity injuries sustained in 

frontal crashes in terms of associated impairment or 
difficulty of treatment and hence as yet, no 
particular injury has been identified as a priority. It 
was therefore necessary to select all cases where an 
upper extremity injury was sustained in a frontal 
impact. 
 
The in-depth retrospective study required very 
specific knowledge of: the characteristics of the 
casualty, the nature and severity of the accident, 
any contact evidence within the car that could be 
correlated with the upper extremity injury 
mechanism, the seating position and seat-belt status 
of the injured individual and, whether any 
additional or supplementary restraint devices, such 
as an airbag, deployed. 
 
The CCIS database was considered as an ideal 
source of accident information. However, 
additional information was required concerning the 
upper limb injuries. Therefore, CCIS cases were 
revisited and the judgement of medical personnel 
(mainly registrars and consultants) was sought. 
 
Prospective Study 
 
The prospective study was to provide similar 
information to the retrospective study but would 
review casualty information at the time of 
presentation at the hospital with the potential for a 
follow-up meeting. This offered the potential to get 
more specific injury information and a more 
accurate evaluation of the resulting impairment 
than from the retrospective study, where 
impairment was estimated from a review of the 
patient notes only. Through recruiting patients 
directly from Accident and Emergency Wards, the 
prospective study would avoid the stratification 
bias in the CCIS. However, it was not possible to 
link cases with the detailed accident and vehicle 
information, as would be available with CCIS 
cases. Instead a first-person accident description 
was obtained from the participant. This offered the 
additional opportunity to gain information on 
occupants’ perceptions of their accident directly 
from interviews with the patients. 
 
Physiotherapy Study 
 
It was thought that there may be, proportionally, 
very few soft tissue injuries to the upper 
extremities evident in the CCIS data due to the case 
selection criteria used. It was also of concern that 
hospital records may indicate the length of stay in 
hospital associated with a particular injury but may 
not give any indication of the long-term effects and 
treatment associated with that injury. This would 
risk giving an underestimate of the potential whole 
cost of the injury. Therefore, another source was 
considered to be necessary to complete the 
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information on the disabling nature and societal 
costs associated with upper extremity injuries. For 
this reason, this third study was set-up to identify: 
• Upper extremity injuries sustained as a result 

of a road traffic accident that resulted (directly 
or indirectly) in the patient requiring 
physiotherapy treatment; 

• The priorities for prevention amongst those 
injuries based on: frequency, final level of 
impairment, duration of temporary impairment 
and the cost to society in terms of length and 
intensity of treatment required 

 
METHOD 
 
Retrospective Study 
 
The retrospective study used existing accident 
information for individual casualties who were 
known to have sustained a specific upper limb 
injury and enhanced this with additional 
information on their injury and, where possible, on 
the injury mechanism. The study involved a 
retrospective examination of casualties admitted to 
selected hospitals during the period from 1998 to 
2005. This retrospective investigation included: a 
review of medical notes and imaging (X-ray) 
results, and determination of the costs, the 
functional impairment resulting from the injury and 
the mechanism necessary to produce that injury. 
 
The additional detailed information on the injuries 
to the selected casualties was provided by medical 
researchers, primarily an Emergency Medicine 
Consultant, Orthopaedic Surgeon and Trauma 
Surgeon, sub-contracted from the hospitals local to 
the cases selected. The injury information from the 
medical researchers was complemented with input 
from the accident investigation researchers at TRL 
on the specific accident details. The assessments 
and conclusions are therefore those made by a 
collaboration of medical, accident investigation and 
biomechanics researchers. 
 
The hospitals that contributed to the study were the 
City Hospital in Nottingham and the Heartlands, 
Solihull, and Selly Oak Hospitals, located in the 
Birmingham area. The Loughborough and 
Birmingham University based accident 
investigation teams (Ergonomics and Safety 
Research Institute, ESRI and the Birmingham 
Automotive Safety Centre, BASC, respectively) 
also contributed to the study. 
 
To assure that the confidentiality of personal 
information is retained, use of information, such as 
names and addresses, is regulated on a legal and 
ethical level in the UK. This presented a challenge 
for the retrospective study. To be able to link 
detailed crash data back to the notes for that patient 

at a hospital (to give the detailed injury 
information), with retention of patient anonymity, 
two existing crash injury databases had to be used, 
firstly the Co-operative Crash Injury Study (CCIS) 
and secondly the STATS19. The STATS19 
Database is a source of data concerning national 
(UK) road accidents (STATS19 ref).  
 
The procedure for linking the upper extremity 
injury case to the patient’s notes was as follows and 
is shown by the flowchart in Figure 1: After cases 
of interest were identified from the CCIS database, 
those cases were linked to the STATS19 record for 
the accident, based on crash date, time and region. 
The accident location (which is quite imprecise), 
date and time were then used to identify hospitals 
that the injured person was likely to have attended. 
The hospital records for all road traffic accidents 
(RTAs) around the date and time of the STATS19 
record were extracted and those with appropriate 
age, gender and arm and shoulder injuries (there 
may have been more than one case) were selected. 
The injuries for these occupants were AIS coded by 
the ESRI or BASC accident investigation teams, in 
the same way as for the CCIS case. This injury 
coding was used to confirm that the patient notes 
were for the same person as was listed in the CCIS 
database. Although there was no guarantee that the 
two people were the same using this method, it was 
chosen because it was expected that the number of 
false matches would be very low and the 
anonymity of the patient was assured. To comply 
with the Data Protection Act and ethical 
requirements, TRL only received anonymous 
injury information from the hospitals and has only 
anonymous accident data in the CCIS database.  
 

 
Figure 1.  Schematic of the process to identify 
casualties and investigate their upper extremity 
injury 
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Ethical approval in line with the requirements of 
the UK Department for Health, Central Office for 
Research Ethics Committees (COREC), was 
granted at the study and site-specific level. 
 
Front and side impacts were selected for further 
review. The selection criteria for these groups 
were: 
 
Frontal impacts; 
• Met the injury criteria, one impact only (or the 

most severe impact with some minor other 
impacts), no rollover, seat-belted, occupant at 
least 16 years old, front seat occupant (driver 
or front seat passenger) 

 
Side impacts; 
• Met the injury criteria, one impact (or the most 

severe impact with some minor other impacts), 
occupant seated on the struck side, no rollover, 
occupant at least 16 years old. 

 
These two groups were principally different in that 
confirmed seat-belt use was not a selection 
criterion for side impacts. It was thought that 
confirming the use of a seat-belt in side impacts 
would be more difficult and less reliable than in 
frontal impacts and that arm and shoulder injuries 
would not be influenced by seat-belt use for 
occupants seated on the struck side. 
 
Based on the inclusion criteria a group of the 
casualties from Phases five, six and seven of the 
CCIS were selected that had an upper extremity 
injury. However, at this stage, it was not known 
which of these selected casualties would have 
attended one of the contracted hospitals. To be a 
‘requested case’, those CCIS cases, that met the 
study inclusion criteria, also had to have occurred 
in the police regions covered by either the 
Loughborough (ESRI) or Birmingham (BASC) 
accident investigation teams. In particular, cases 
were sought from the police regions that contained 
the hospitals which had agreed to participate in the 
study (Nottingham and Birmingham). The accident 
investigation teams involved in the study then had 
the responsibility of going to the participating 
hospitals and trying to identify the selected 
casualties who had attended there (from the 
requested cases). Overall, 65 cases were identified 
from the 227 that were requested (29 %). 
 
It was expected that the main reason why cases 
were not found was that the casualty attended a 
hospital that was not participating in the study. In 
order to try and include more cases, some of the 
Phase seven CCIS cases were requested from the 
police region neighbouring the Nottingham 
hospitals (Leicestershire). This proved to be 

successful with nine additional cases being 
returned. In total 74 cases were analysed. 
 
In order to relate the findings of the retrospective 
study to implications for UK car occupants, it is 
important to understand the connection between the 
cases selected for the retrospective study, the 
in-depth data available from the CCIS and the 
national traffic injury statistics. A simple schematic 
of the relationship between the three sources of 
retrospective car occupant injury information used 
in this study is illustrated by Figure 2. It is 
important to note that there is not a simple 
one-to-one relationship between the data sources. 
For matching and scaling purposes detailed 
consideration has to be given to the sampling 
strategies and therefore injury severity rates (fatal, 
serious or slight), types of impact and other factors. 
However, it is useful to picture the three data 
sources as detailed in Figure 2, with CCIS being a 
sample of STATS19 and the retrospective study 
group being a sample of CCIS. 

 

 

 

 

 

 

Figure 2.  Schematic of the relationship between 
the available databases. 

 
Prospective Study 
 
The prospective study consisted of information 
gathered from the casualty on admission to 
Hospital, the nursing staff in the Accident and 
Emergency Ward (A&E) and the opinion of the 
A&E Consultant with respect to the upper 
extremity injuries. The prospective study was 
devised to give complementary information to that 
obtained from the retrospective and physiotherapy 
studies, thus giving a more complete understanding 
of upper extremity injury in frontal impacts. In 
particular the prospective study offered the 
opportunity to gain more accurate impairment 
information than from the retrospective study. 
 
The prospective study was undertaken in 
collaboration with the Queen’s Medical Centre 
(QMC) in Nottingham. The Emergency 
Department at the QMC is reported as being the 
busiest in the country, with approximately 120,000 
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patients attending the department for treatment 
each year. 
 
The protocol for the prospective study included 
direct contact with the patient by Hospital staff. 
This was necessary to obtain accurate, physical 
assessments of impairment (not estimates) and 
first-person patient accounts of the accident. The 
additional contact to gain the information necessary 
for the study required informed consent to be 
obtained from the patient, for which a patient 
information sheet and consent form were 
developed. Ethical approval in line with the 
requirements of the UK Department for Health, 
Central Office for Research Ethics Committees 
(COREC), was granted at the study and 
site-specific level. 
 
Each casualty was approached by a member of the 
A&E staff to gain their permission and willingness 
to participate in the study. Then basic 
characteristics of the casualty were taken (such as 
age, gender, height, weight, etc.), as well as a basic 
description of the crash circumstances (completed 
with information supplied by the participant). 
Detailed information relating to the upper 
extremity injury, such as severity, estimate of the 
mechanism of injury and likely outcome was 
provided by the consultant at the hospital. 
 
Between two and six months after sustaining the 
injury the participants were contacted, by 
telephone. This was to find out if they had any 
on-going impairment, in terms of their ability to 
work and perform activities associated with daily 
living, and whether they had received any 
treatment, since their discharge from hospital. 
Those subjects with continuing impairment were 
asked to attend the Hospital for a follow-up 
assessment by an appropriate clinician. 
 
Participant recruitment and data collection began at 
the QMC at the end of May 2005. Patients were 
recruited until the end of 2005, with follow-up 
appointments (for the assessment of any continuing 
impairment) being available until the end of 
February 2006. 
 
The impairment resulting from the upper extremity 
injuries in the retrospective and prospective studies 
has been coded using the American Medical 
Association Guides to the evaluation of permanent 
impairment (Cocchiarella and Andersson, 2001). 
This impairment rating system is used widely in the 
US medico-legal system. 
 
Physiotherapy Study 
 
From the retrospective study it is evident that there 
are relatively few soft tissue injuries to the upper 

extremity in the CCIS database, compared with 
more severe injuries, due to the selection criteria 
used in the CCIS. It is also apparent that data in the 
CCIS taken from hospital records may indicate the 
length of stay in hospital associated with a 
particular injury, but in many cases will not give a 
detailed indication of the long-term effects and 
treatment associated with that injury. Therefore 
another source of information regarding the 
sequelae associated with soft tissue upper extremity 
injuries from RTAs was required. 
 
This section of the project made use of anonymous 
information concerning upper extremity injuries 
supplied by physiotherapists working in connection 
with hospital outpatients, GP (General Practioner) 
doctor’s surgeries and private patients. The 
information from the physiotherapists provided 
details on the frequency, final level of impairment, 
duration of temporary impairment and the cost to 
society (in terms of length and intensity of 
treatment required) associated with upper extremity 
injuries from RTAs. 
 
Eight physiotherapy practices across England 
contributed anonymous injury and impairment 
information to the study.  
 
As with the retrospective and prospective studies, 
ethical approval in line with the requirements of the 
UK Department for Health, Central Office for 
Research Ethics Committees (COREC), was 
granted at the study and site-specific level.  
 
RESULTS 
 
Retrospective Study Results 
 
     Sample Context: In order to place the 
retrospective study in context, its sample was 
compared with the CCIS database. The CCIS 
database (Phases six and seven) was used for the 
analysis. This included all completed crashes 
investigated from June 1998 and released in 
December 2005 (CCIS Release P7k). This yielded 
some 6,689 crashes. 
 
Analysis of the Co-operative Crash Injury Study 
showed that following road traffic collisions, 
moderate and serious upper extremity injuries are 
commonly suffered by car occupants. CCIS 
accidents are investigated according to a stratified 
sampling procedure which favours cars containing 
fatal or seriously injured occupants, according to 
the British Government definitions of fatal, serious 
and slight. Approximately 34 % and 23 % of the 
CCIS killed and seriously injured car occupants 
sustained an upper extremity injury respectively. 
Only 4 % of the CCIS casualties described by the 
police as slightly injured sustained an upper 
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extremity injury that met the criteria of this project. 
In 2004, there were 1,671 fatal, 14,473 serious and 
167,714 slightly injured car occupants in Great 
Britain. Therefore, it can be estimated that over ten 
thousand car occupant crash survivors suffered a 
moderate or serious upper extremity injury in Great 
Britain in 2004. This estimate highlights the 
significant magnitude of the upper limb trauma 
experienced. 
 
Within the CCIS, cases for the retrospective study 
were selected based on whether an upper extremity 
injury had been sustained. From these cases, a 
further selection was requested from regions 
around the hospitals that had agreed to participate 
in the study. Finally, the study itself used a 
selection of these cases that were returned with the 
available hospital injury and impairment data. 
Figure 3 and Figure 4 compare the proportions of 
fatal, serious and slight occupant injury cases as 
defined by the Police for each of the samples.  
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Figure 3.  Occupant distribution by police 
defined injury severity level within each frontal 
impact sample. 
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Figure 4.  Occupant distribution by police 
defined injury severity level within each 
struck-side impact sample. 

These figures illustrate that the selection of upper 
extremity injury cases altered the distribution of 
fatal, serious and slight injury cases in the sample 
but that once this initial selection was made, the 
other samples had similar proportions of serious 
and slight. The selection process reduced the 
proportion of fatal cases and effectively removed 

all the uninjured cases and a large proportion of the 
slight injury cases. 
 
     Frequency: The sample of in-depth 
retrospective cases for struck-side impacts was too 
small to be able to predict confidently the relative 
importance of the different injuries. This was 
because some frequently occurring injuries seen in 
the CCIS were not included in the cases returned to 
TRL within the retrospective study. However, cost 
and impairment ranking has been performed with 
the limited data available to give some priority for 
the injuries found. 
 
The front impact sample was larger than the side 
impact sample and the front impact retrospective 
cases can be said to be generally representative of 
the upper extremity injury cases in the CCIS 
population (Figure 3). Therefore it is thought that 
the relative injury priorities derived from the 
retrospective study front impact cases are likely to 
reflect the priorities for front impact cases in the 
CCIS population. 
 
The largest injury groups in both the sample of the 
CCIS casualties with an upper extremity injury 
(meeting the inclusion criteria) and the 
retrospective study sample are shown in Figure 5. 
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Figure 5.  Frequency of the most common 
injuries in the CCIS sample (non-fatals) and the 
retrospective study sample. 

 
From this it is clear that the injury priorities, in 
frequency terms, are: 
 
Frontal impact 
• Radius and/or ulna fracture 
• Clavicle fracture 
• Hand fracture 
• Wrist joint injury 
• Humerus fracture 
• Shoulder joint injury 
 
Side impact 
• Clavicle fracture 
• Radius and ulna fracture 
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• Humerus fracture 
• Hand fracture and shoulder joint injury 
• Wrist joint injury 
 
     Costs from the retrospective study cover 
treatment only. This includes outpatient time and 
the associated staff time. The costs do not take into 
account physiotherapy or Accident and Emergency 
costs. Neither do they account for cost of living or 
impact on earning potential. 
 
Difficulties in calculating the costs of injuries have 
been encountered. It was reported by the 
participating hospitals that it is particularly hard to 
calculate some staff costs as not all staff time is 
likely to be funded by the Hospital. For instance 
Junior Doctors, who do a large part of the work, are 
not paid by hospitals directly, since their funding 
would come out of training budgets. In general, the 
costs quoted in the retrospective study come from 
hospital managers and are typical costs for 
treatment types. It is suspected that these are 
underestimates, but they are the figures provided 
by the hospital. Whilst there may be underestimates 
and inaccuracies in the absolute values quoted for 
costs in this study, it is considered that the relative 
costs (whole body compared with arm injuries) 
should be accurate. 
 
In some retrospective cases, the casualty received 
one upper extremity injury and the cost for this was 
provided. In other cases, more than one upper 
extremity injury was sustained and in these cases 
the medical reviewer did not always separate the 
injuries to provide individual injury costs. In these 
cases, the total upper extremity cost was distributed 
to each individual injury based on the relative mean 
single injury costs from other cases.  
 
The mean cost of each of the main injury groups 
identified according to the frequency with which 
that injury occurs compared with the average cost 
of all injuries to the same occupants are shown in 
Figure 6 for frontal impact cases and Figure 7 for 
struck-side impact cases. 
 
The mean cost for the upper extremity injuries in 
the retrospective study was £ 2,154, with a median 
value of £ 835. The minimum cost was £ 0. This 
was reported in two cases. In one of these cases, 
the patient had a thumb dislocation which required 
no treatment. In the other case the three injuries 
were a left forearm haematoma, a left wrist sprain 
and a neck strain. It was the opinion of the medical 
expert that these injuries should be assigned no 
monetary cost, in terms of primary care at the 
hospital attended, when considered in the context 
of the total accident cost. 
 

The most expensive cost for the upper extremity 
injuries from one patient was £ 9,951. This cost 
was derived from the treatment for two injuries: a 
displaced fracture of the left humerus and an open 
complex Monteggia fracture of the right forearm. A 
Monteggia fracture is a fracture of the proximal 
ulna associated with anterior dislocation of the 
radius (radial head) at the elbow. Despite this large 
cost from the upper extremity injuries, they still 
only contributed 19 % of the total injury cost, with 
a further cost of £ 43,326 arising from other 
injuries sustained. 
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Figure 6.  Mean (max and min) cost of upper 
extremity injury and total injury costs for 
retrospective study frontal impact cases. 
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Figure 7.  Mean (max and min) cost of upper 
extremity injury and total injury costs for 
retrospective study side impact cases. 

 
On average, the costs associated with a single 
upper extremity injury represent about 20 % of the 
total injury costs. This is lower than the typical 
value for lower limb injuries as typical clavicle and 
wrist fractures do not involve a stay in hospital 
(which is the largest cost in treatment). 
 
To provide an indication of the injury priority 
based on cost, the mean cost per injury in each of 
the main groups was multiplied by the frequency of 
injury in the whole CCIS upper extremity injury 
sample (excluding fatals). It should be noted that 
the retrospective study contains more complex 
fractures than the selected upper extremity injuries 
from the CCIS. Therefore, the mean individual 
injury cost values for the humerus and radius 
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and/or ulna groups may be slightly too high for the 
group on which the frequency is based. However, 
this slight inaccuracy due to a sample bias is not 
considered large enough to alter the priorities that 
have been derived. The priorities for injury groups 
based on the mean cost multiplied by the frequency 
of injury in the CCIS database are: 
 
Frontal impact 
• Radius and/or ulna fracture 
• Clavicle fracture 
• Humerus fracture 
• Hand fracture 
• Wrist joint injury 
• Shoulder joint injury 
 
Struck-side impact 
• Radius and ulna fracture 
• Humerus fracture 
• Clavicle fracture 
• Shoulder joint injury 
• Hand fracture 
• Wrist joint injury 
 
     Impairment: The American Medical 
Association Guides to the evaluation of permanent 
impairment (Cocchiarella and Andersson, 2001) 
define impairment as “a loss, loss of use, or 
derangement of any body part, organ or system, or 
organ function.” As examples of upper extremity 
impairment, the guide rates amputation of the arm 
through the humerus (at the top of the arm) as 
100 % upper extremity impairment, this is 
equivalent to 60 % impairment of the whole 
person. Whereas, an inability to flex the finger at 
the proximal inter-phalangeal joint, for the little 
finger, corresponds to 60 % finger impairment, 
which is 5 % impairment of the upper extremity. 
 
The mean residual impairment for the six most 
frequent injury groups in frontal impact is shown in 
Figure 8 for frontal impacts and Figure 9 for side 
impacts. It should be noted that the number of 
cases with reported long-term impairment was 
relatively low, so these figures are likely to have 
wide error bands. 
 
The mean impairment from an injury in the 
retrospective study was a 5 % impairment to the 
upper extremity, which corresponds to about a 3 % 
whole person impairment. 
 
The maximum impairment at the time of 
presenting, or on first examination in hospital, was 
56 % impairment of the upper extremity and 34 % 
of the whole person. This impairment was caused 
by a Monteggia fracture of the right arm. On 
presentation at the Hospital, the patient reported 
that they could not move their fingers and had no 

flexion, extension, supination or pronation of their 
elbow. On leaving tertiary care, one year later, this 
impairment had dropped to 8 % upper extremity 
and 5 % whole person. At this time, they had 
decreased forearm rotation and elbow flexion and 
decreased finger flexion and grip strength. The 
patient still could not return to their job. 
 
The maximum impairment, on leaving tertiary care, 
was 23 % of the upper extremity, which was 14 % 
of the whole person. This patient received several 
upper extremity injuries including three finger 
fractures of the left hand, one of which was open 
and comminuted, as well as a fracture of the right 
humerus in a supra-condylar position. This 
impairment level was the combined result of the 
three left hand fractures. Despite the reduced 
function of their upper extremities, the patient 
could return to work as a teacher and was assessed 
as being able to do other office work and maybe 
light manual work. 
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Figure 8.  Mean (max and min) residual 
impairment from upper extremity injury for 
retrospective study frontal impact cases. 
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Figure 9.  Mean (max and min) residual 
impairment from upper extremity injury for 
retrospective study side impact cases. 

 
Humerus fractures accounted for the highest mean 
functional impairment in both frontal and struck 
side impacts. In frontal impacts, there were nine 
humerus fracture injuries. Of these, only two 
injuries were constrained to the shaft of the 
humerus. In the other humerus fracture cases, there 
was some involvement of a joint and this is likely 
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to have exacerbated the functional impairment 
caused by the fracture. 
The mean impairments were multiplied by the 
frequency of upper extremity injuries to non-fatal 
cases in the CCIS sample in order to determine an 
injury prevention priority ranking based on 
impairment. The final impairment was not 
explicitly reported for all cases. In the cases where 
it was not reported, it was assumed that there was 
no final impairment. 
 
As discussed in relation to the costs derived above, 
the retrospective study contains more complex 
fractures than the selected upper extremity injuries 
from the CCIS. Therefore, the mean individual 
injury impairment values for the humerus, and 
radius and/or ulna groups may be slightly too high 
for the group on which the frequency is based. This 
slight inaccuracy due to the sample bias will not 
have altered the priorities that have been derived. 
 
The priorities for injury groups based on the 
impairment multiplied by the frequency of injury to 
non fatal occupants in the CCIS database are: 
 
Frontal impact 
• Radius and/or ulna fracture 
• Hand fracture 
• Humerus fracture 
• Clavicle fracture 
 
Struck-side impact 
• Humerus fracture 
• Radius and ulna fracture 
 
The retrospective study cases were generally 
representative of the CCIS database and are used to 
prioritise the specific injuries in terms of 
frequency, cost and impairment, for the given 
impact types. However, the potential bias and error 
margins associated with developing a model to 
scale the retrospective study findings to a national 
level were judged to be too large for this to be 
useful. 
 
Based on the frequency of the main injury groups, 
the average cost of treatment and the average 
impairment for each group, an overall priority for 
injury prevention was determined. For this, equal 
weighting was given to the cost and impairment 
priorities. The priorities for upper extremity injury 
prevention in frontal and side impacts, based on 
retrospective case data, are: 
 
Frontal impact 
• Radius and/or ulna fracture 
• Hand, humerus and clavicle fractures 
 
Struck-side impact 
• Humerus fracture 

• Radius and ulna fracture 
• Clavicle fracture 
 
     Injury Mechanism: One of the objectives of 
the retrospective study was to re-examine accident 
cases in order to get more detailed information on 
the mechanism of the upper extremity injuries. For 
fractures, the medical team were able to examine 
the x-rays and other injury information and from 
this to estimate the type of loading that would have 
led to each fracture. For instance, many fracture 
types are associated with a particular type of 
loading - spiral fractures from torsional loading, 
distal fractures of the articular surface of the radius 
at the wrist due to direct load with the hand fully 
extended. 
 
For soft-tissue injuries, similar additional 
information was recorded. For instance, the CCIS 
case file may note a shoulder sprain, but the 
detailed medical records enable the clinicians to 
determine specifically what part of the shoulder 
was strained and thereby whether the joint was 
loaded in flexion or extension, etc. This 
information is useful, in combination with the 
vehicle information, for determining whether the 
injury was from bracing (forced extension of the 
joint) or inertial loading from the arm moving 
forwards once the shoulder had been restrained by 
the diagonal seat-belt (flexion of the joint).  
 
Based on an interpretation of the accident 
information and discussion with the medical staff, 
where necessary, a mechanism was proposed as the 
cause for the 106 individual upper extremity 
injuries from the retrospective study cases. This 
mechanism consisted of a loading strategy 
responsible for the injury, as was suggested by the 
medical personnel, together with potential contacts 
around the vehicle. 
 
The injury mechanisms for the priority injury 
groups were investigated in more detail, based on 
the detailed injury information provided by the 
medical review, combined with the CCIS accident 
information. 
 
For upper extremity injuries in general, it was 
found that there was no one injury mechanism that 
stood out as a priority for prevention. Instead it 
appears that the upper extremity injuries 
investigated in the retrospective study were caused 
by several different mechanisms and injurious 
contacts. The wide variety of specific injuries, 
contact locations and accident configurations in the 
retrospective study cases make it difficult to 
suggest a strategy for mitigating these injuries or 
for replicating them in the laboratory. Where 
substantial patterns could be determined for a 
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particular injury group, then they are discussed 
below. 
 
Frontal Impact - Radius and Ulna Fractures 
• Just over half of the 30 radius and ulna 

fractures were due to direct impact loading 
with a wide range of contact points (A-pillar, 
facia top, facia panel, steering wheel, own side 
door, windscreen and other vehicle). 

• Nine of the radius and ulna fracture cases 
involved extension or hyperextension of the 
wrist combined with direct contact. This may 
imply that the hand was in a bracing position 
or simply holding the steering wheel. All but 
one of these involved contact with either the 
facia, facia top or the steering wheel. The 
contacts and the nature of the injuries imply 
that reducing the stiffness of the facia and 
steering wheel may reduce the risk of these 
injuries, although it may not be practicable to 
alter the stiffness of the steering wheel in 
vehicles equipped with a steering wheel 
airbag, because the steering wheel is a support 
plane for the deploying airbag. 

• Two injuries were probably caused indirectly 
by the steering wheel airbag. The forearm had 
probably been parallel to the steering wheel at 
impact and the airbag had deployed over the 
forearm, trapping it against the rim and/or 
spokes of the steering wheel. When the airbag 
was then loaded by the head and thorax, this 
load was transferred to the forearm causing it 
to be fractured at each contact point with the 
steering wheel. In one case the ulna had been 
fractured in three places, apparently at the 
upper rim, spoke and lower rim of the steering 
wheel (Figure 10). It should be possible to 
reproduce this injury mechanism in the 
laboratory, although it may be difficult to get 
good repeatability with the complex loading 
environment. 

    
Figure 10.  Ulna fracture pattern. 

• In two cases involving front seat passengers, 
one injury was directly attributable to the 
passenger front airbag or airbag cover and one 

possibly involved loading from the airbag or 
airbag cover. In the first case, the palm had 
burn marks from the airbag (and a fractured 
thumb), so direct loading from the airbag or 
airbag cover seemed most likely. In the second 
case, the most likely contact was the airbag - 
the CCIS case recorded this as the contact and 
on review there was no evidence to suggest 
any other contact. This loading mechanism is 
quite well defined and it would be possible to 
replicate in a laboratory. It may well be 
important that the arm is straight in order to 
generate the loads required for the more 
serious injuries seen in these cases and some 
replication of the extension moment in bracing 
may be required. 

 
Frontal Impact - Clavicle Fractures 
• 17 out of 18 clavicle fractures were caused by 

the seat-belt webbing. Additional inertial 
loading from the arm was considered by the 
medical review to have been important in 12 of 
these fractures. 

• If this loading was to be recreated in a 
laboratory, then a whole body dummy or 
PMHS would be necessary. Given that the 
inertial loading from the arm was considered 
to be important in the majority of the clavicle 
fracture cases, this should be reproduced. The 
bending moment on the clavicle should be 
monitored as the parameter most likely to 
reflect injury risk for the occupant accurately. 
Alternatively the relationship between belt 
load and clavicle fracture injury risk should be 
investigated and established. 

 
Struck Side Impact - Humerus Fractures 
• There were two cases of humerus fracture 

caused in struck side impacts that were linked 
with an injury mechanism in the retrospective 
study. Both had high treatment costs and 
associated impairment. Both injuries were 
caused by direct loading from the door of the 
vehicle or perhaps the B-pillar. 

Struck Side Impact - Clavicle Fractures 
• There were six clavicle fractures in struck side 

impacts, all due to contact with some part of 
the vehicle side structure. 

• The mechanism of injury was thought to be 
lateral compression for five of these six cases. 
PMHS tests to develop an injury criterion and 
injury risk function for these injuries were 
recently completed by INRETS as part of the 
SIBER EC project (Compigne et al., 2003). 
The WorldSID crash test dummy is 
instrumented to measure lateral shoulder 
forces and compression. 

 

Lower rim 

Spoke 

Upper rim 
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For the specific injury priorities identified in this 
study, only two cases were identified where the 
airbag was the most likely cause of the injury to a 
driver. This does not seem to support a hypothesis 
that airbag deployment increases upper extremity 
injury risk for drivers in frontal impacts. However, 
it is possible that this result could be an anomaly 
due to sampling: it is possible that the previous 
observations could be due to an increase in the 
stiffness of steering wheels, necessary to give 
adequate support to the airbag - many of the 
priority injuries from this study had the steering 
wheel as a potential injury causing contact. 
 
A further two cases were identified where the 
airbag was the most likely cause of the injury to a 
front seat passenger, one of which involved serious 
wrist and distal forearm injuries. This is a cause for 
concern and should be investigated further. 
 
As the incidence of seat-belt caused clavicle 
fractures was higher than had been expected, the 
potential for technology to reduce the number of 
clavicle fractures was investigated. From the seat-
belt label information in the CCIS database, it was 
often possible to determine whether the vehicle had 
a load-limiter or pre-tensioner fitted in the seating 
position in which the upper extremity injury 
occurred. Table 1 shows that the presence of a seat-
belt load limiter did not significantly affect the rate 
of right shoulder AIS2+ injury induced through 
seat-belt webbing loading suffered by drivers. The 
CCIS database only started to code load limiter 
presence accurately and routinely in 2002 and this 
accounts for the large number of ‘not known’ 
entries in Table 1. 
 

Table 1.  Load limiter presence versus driver 
AIS 2+ right shoulder injury 

Load limiter present Right 
shoulder 
AIS2+ 
injury 

No Yes Not 
known 

Total 

760 516 1620 2896 No 

26.2% 17.8% 55.9% 100.0% 

24 21 58 103 Yes 

23.3% 20.4% 56.3% 100.0% 

784 537 1678 2999 Total 

26.1% 17.9% 56.0% 100.0% 

 
For the cases in the retrospective study, no 
significant difference was found in the probability 
of clavicle fractures when either a load-limiter or 
pre-tensioner was fitted in that seating position, 
compared with the probability of clavicle fracture 

without that device. However, it was not known 
what load limit was used with the load limiters in 
these cases and this may be significant in 
determining the likelihood of injury for a particular 
occupant. 
 
Prospective Study Results 
 
In the Emergency Department (ED) at the QMC, 
they received 851 drivers or front seat passengers 
during the period of this study. However, only 75 
of these were involved in a (self-reported) front or 
side impact and had an upper extremity injury. Of 
the 75 patients who were initially recorded as being 
eligible, only 25 were recruited and followed 
through the data collection process. The main 
reason that eligible patients were not recruited was 
that they could not be recruited during the time 
when they received their treatment in the ED, due 
to medical work pressures on the ED staff. This 
problem was anticipated when planning the study. 
Therefore, the protocol and ethical approval for the 
study included a provision for the study researcher 
at QMC to follow cases up either later in the day or 
during the following day, based on ‘consent to 
participate’ and contact details taken in the ED. 
Unfortunately, the pressures on the ED staff meant 
that in many cases no contact details or unreliable 
contact details had been taken at the initial contact 
with the patient. 
 
It was the intention for the prospective study to 
compliment the retrospective study adding more 
accurate injury and impairment information 
through the direct contact with the casualties. 
However, the unexpected low rate of eligible 
patients seen in the ED, together with the 
unexpectedly low recruitment and follow-up rate of 
only 33% (25 out of 75 eligible cases), meant that 
the number of complete cases in the prospective 
study is insufficient to be able to make useful 
generalisations about the frequency and 
mechanisms of specific upper extremity injuries. 
Despite this, the following key results are thought 
to be of interest. 
 
One of the objectives of the study was to inform 
future work and it is clear that this type of study 
would require recruitment over a much longer 
period of time, or at a larger number of hospitals, to 
yield significant case numbers. The complexity of, 
and time required for, the ethical approvals process 
would suggest that a small increase in the number 
of participating hospitals (to three or four) 
combined with an increase in recruitment period (to 
12 to 18 months) would provide the most efficient 
approach for a future study. 
 
One of the anticipated benefits of the prospective 
study was the opportunity to interview the injured 
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person in order to understand better the loading 
conditions that led to their injury. This meant that 
‘informed’ consent to participate was required from 
each patient as part of the ethical approval for the 
study. However, it should be noted that the 
relatively high rate of non-recruitment, because not 
all eligible patients could, or would, consent to 
participate in the study, will have introduced an 
uncontrolled bias in the sample.  
 
In addition to the interviews and follow-up 
assessment, recruited patients were asked to give 
permission for photographs to be taken of the 
vehicle. It was not considered ethical for the 
participant to take the photographs, therefore if the 
vehicle was at a garage or breakers yard, a 
disposable camera was provided. Photographs were 
taken by the garage or breakers yard staff. For the 
eight sets of photographs that were returned, care 
had clearly been taken to follow the template that 
had been given and the photographs were of good 
quality.  
 
Of the 25 completed cases, 13 occupants (52 %) 
were male and 12 occupants (48 %) were female. 
The mean and median ages of the sample were 43 
and 34.5 years, respectively, and the distribution of 
age amongst the male and female participants was 
similar. Comparison of the height and weight of the 
prospective study participants with average 
national (UK) figures showed that the participants 
were, on average, of relatively normal height and 
weight. The level of fitness of the participants was 
described by the QMC staff to be good in 13 cases, 
average in 10 cases and poor in one case only. 
Osteoporosis was evident in three of the 25 
patients, as a ‘pre-existing condition.’ 
 
The principal impact angles for each accident were 
self reported by the participant relating the impact 
angle to the hours of a clock. In addition to the 
impact direction, rollover occurred in six out of the 
25 cases (24 %). This is much higher than the 
national average, with 12 % of car crashes 
incorporating rollover (average figure for 1999-
2003 from STATS19). This is a clear bias in the 
data set, although the upper extremity injuries in 
these cases were remarkably slight with only 
contusions, slight lacerations and abrasions being 
reported. 
 
The approximate impact velocity for the accident is 
shown in Figure 11. Both the impact angle and 
velocity are estimates based on the report of the 
participant. The approximate nature of these 
estimates is particularly important for the impact 
velocity where accurate relative velocities cannot 
always be established. Indeed the distribution of 
impact velocities seems highly improbable for the 
range of injuries seen in this study. 

In the few cases, where it was possible to compare 
the reported impact speed and angle with 
photographs of the vehicle, it was expected that the 
reported vehicle speeds would have resulted in 
greater damage to the vehicle than was evident 
from the photographs. This supports the 
observation that the impact velocities, inferred 
from the reporting of the patient, were higher than 
would be expected for the injuries recorded in the 
study. 
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Figure 11.  Approximate impact velocity for 
impacts in the prospective study. 

Once the patient had given consent to participate 
and at a convenient time for the ED staff, the 
participant was asked for further information on 
their recollection of the accident. In particular, 13 
(54 %) of participants reported that they were 
aware of the forthcoming impact before it 
happened. Of the 25 participants, 22 (88 %) said 
they were wearing a seat-belt. This is similar to the 
seat-belt wearing rate in a recent national study at 
32 different sites around the country, which was 
determined to be 93 % for car drivers (TRL, 2005). 
 
When asked whether they were braking before the 
impact, 41 % of the participants reported that they 
were, and 39 % were bracing in some manner when 
the impact occurred. 71 % of the participants 
reported that they made contact with some part of 
the interior of the vehicle during the impact. 
Whilst, 13 % said that they were hit by another 
object (either another object in the vehicle or by an 
intruding vehicle in a side impact). Two 
participants reported that they had no recollection 
of the accident. One of these had a blackout at the 
wheel. 44 % reported activation of an airbag. In 
every case, the activated airbag was a frontal 
airbag. 
 
     Frequency: The injury sustained by the 
occupant was reported to be a fracture in nine of 
the 25 cases. In three cases, the fracture was 
comminuted, which would be associated with a 
score of AIS 3 and in one case the fracture was 
open and comminuted. The total distribution of 
injuries is given in Figure 12. These classifications 
were not exclusive and often the participant would 
have more than one of these types of injuries. Nine 
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occupants in the prospective sample had one or 
more fractures. 
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Figure 12.  Distribution of reported injury 
classifications. 

     Costs were not reported for all injuries but, 
where reported, the fractures tended to have the 
highest treatment cost, with an average cost of 
nearly £2,000. This compares well with the mean 
cost from the retrospective study for fracture 
treatment, which was about £1,900. The average 
cost of the three intra-articular and open fractures 
from the prospective study was just over £3,500. 
Of the soft tissue injuries, the mean reported cost 
was just under £400, with a maximum of £947 for a 
thumb sprain. These soft tissue treatment values are 
higher than those from the retrospective study, 
from which the corresponding costs were £93 and 
£358. 
 
     Impairment: A limitation of the retrospective 
study was that the value reported for the 
impairment, which may have been caused by an 
injury, was the estimation of the medical researcher 
based on the patient notes. The accuracy of this 
assessment depends on the experience of the 
researcher with assessments of recovery following 
similar injuries. One anticipated benefit of the 
prospective study was that, by including a 
follow-up consultation, the longer-term 
implications of injuries could be determined much 
more accurately than from retrospective data. The 
participant would either report no further 
impairment or their impairment would be assessed 
directly by the medical team. As a result, it is 
probably true that the prospective impairment 
information, as assessed by the medical team, is 
more accurate than the information gathered in the 
retrospective study. However, the small number of 
cases means that only limited conclusions about 
impairment can be drawn. 
 
Most of the upper extremity injuries from the 
prospective study resulted in two to three weeks of 
pain for the patient. The mean time recorded was 
between three and four weeks. The expected 
duration of pain for the patients in the study is 
shown in Figure 13. In two cases, not shown in 

Figure 13, pain was expected to continue for three 
months. 
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Figure 13.  Expected duration of pain for 
prospective study participants. 

 
At follow-up, (between two and six months after 
initial presentation), the participants were contacted 
and asked whether they had any impairment 
remaining due to their injury. They were also asked 
about the level of impairment that they had 
experienced following discharge from the 
Emergency Department. 
 
From the 25 prospective study cases, only one was 
lost to follow-up. Six of these patients have also 
attended a follow-up session with the Emergency 
Department Consultant. 
 
Of the 24 study participants for whom the 
follow-up was successful, 13 reported full function 
from the time of discharge from the hospital. 
 
Whilst some impairment was generally reported 
following initial discharge from the hospital, six 
participants reported continuing impairment at the 
time of follow-up. Two of these participants had 
received soft tissue injuries to the shoulder. The 
other four had bone fracture injuries. 
 
     Injury Mechanism: In each case, for the 
prospective study, the medical researcher at the 
Queen’s Medical Centre was asked to comment on 
the likely mechanism responsible for causing the 
upper extremity injury. 
 
Steering wheel interaction during the accident was 
responsible for two of the injuries, although both of 
these injuries were minor. 
 
An airbag was cited as the cause of two of the 
injuries. Both of these were airbag friction burns 
and were expected to have healed within two to 
three weeks. However, airbag involvement was 
also suggested to have been potentially significant 
in a further three cases with more serious injuries 
(one finger fracture and two wrist fractures). 
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When developing the protocol for this study it was 
hypothesised that one benefit of a prospective study 
would be the opportunity to interview the patient 
and therefore determine more precisely the contact 
point within the vehicle and the nature of the 
loading that caused the injury. The contact was 
clearly identified for many of the soft tissue 
injuries for which contact and loading information 
would be difficult to determine from a retrospective 
case study. However, for many of the fractures 
several possible contact sites (such as dashboard, 
airbag or door) were given. Assuming that the 
fractures generally occurred in higher severity 
impacts (which is not clear from the self-reported 
impact speeds), it is inferred that the patients were 
not able to recall accurately what had happened 
during the impact. This implies that in any future 
studies, it would be most likely that interviews with 
patients would only be of benefit in determining 
injury mechanism and contact points in 
low-severity impacts. The exception to this is 
bracing, which was reported by nine out of the 25 
participants and was unknown for only two 
participants. If bracing was suspected as being 
important to an injury mechanism under 
investigation, a prospective study would clearly be 
of benefit. 
 
Physiotherapy Study Results 
 
The physiotherapy study is based on retrospective 
information from physiotherapists on patients who 
had sustained an upper extremity injury from a 
road traffic accident. From the three participating 
physiotherapy practices, TRL received 288 
completed case report forms, containing 
anonymous information on injuries and 
impairment. 
 
It was intended that the physiotherapy study would 
compliment the retrospective and prospective study 
by providing information on injuries that are less 
threatening to life but that may have longer-term 
consequences (costs and impairment) associated 
with them. Unlike the retrospective and prospective 
studies, the physiotherapy study did not have an 
exclusion criterion to rule out patients involved in a 
rear impact. The impact configurations, as 
determined from the response of the 
physiotherapists, responsible for causing the injury 
to the patients are shown in Figure 14. From this 
figure, it can be observed that the majority of the 
injuries reported by the physiotherapists were a 
result of rear impacts.  
 
In the CCIS Phase six and seven sample, rear 
impacts were responsible for 7.6 % of the injuries 
to car occupants and 2.7 % of the occupants who 
received an upper extremity injury, that met the 
inclusion criteria for the retrospective study, These 

percentages are far smaller than the corresponding 
percentage for the accidents reported in the 
physiotherapy study, where rear impacts accounted 
for 60 % of the patients. This suggests that the 
injuries treated by a physiotherapist (from a 
practice of the type used in the physiotherapy 
study) are not well represented in the CCIS and that 
the CCIS rear impact and low severity sample may 
well be under reported. 
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Figure 14.  Distribution of impact direction 
within the physiotherapy study sample cases. 

It appears that the cohort of patients treated in the 
physiotherapy study is not the same as that of the 
retrospective or prospective studies. The result of 
the physiotherapy study being based on a different 
sample of accidents from the retrospective and 
prospective study is that the results may not be 
directly comparable. However, the key results are 
presented below. 
 
Of the physiotherapy study cases returned to TRL, 
17 had no age or gender information. Of the 
remaining 271 out of the 288 patients comprising 
the physiotherapy study cases, the 31 to 40 year old 
group is the mean and median age group. This is 
also the mean and median group for the male and 
female subsets, although there were proportionally 
more young adult females than young adult males. 
 
The majority of the vehicle occupants in the sample 
were drivers (88 %). In the CCIS database, 64 % of 
occupants were reported as drivers at the time of 
the accident. This shows that drivers were more 
prevalent in the physiotherapy study than in CCIS. 
 
As reported by the physiotherapists 95 % of the 
patients were reported as wearing a seat-belt at the 
time of the accident. This compares well with the 
belt wearing rate for car drivers in 2005 of 93 % 
(TRL, 2005).  
 
Four types of injury were suggested in the 
questionnaire for the physiotherapists to code their 
diagnosis of the injury of the patient. The results of 
the diagnoses are shown in Figure 15. It is clear to 
see that a joint sprain was the most common injury 
type, in the sample. A muscle strain or a joint 
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sprain with associated muscle strain were the next 
most frequently occurring injuries. 
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Figure 15.  Diagnosis of the physiotherapist, 
from the four available options. 

An injury mechanism was proposed for each case 
report. This was the opinion of the reporting 
physiotherapist. Injury trends were difficult to 
determine for the frontal and side impact scenarios 
with mechanisms being particular to individual 
cases. 
 
In rear impacts, it was found that ‘whiplash’ was 
the most common form of injury mechanism for all 
of the physiotherapists. 
 
The physiotherapists reported on three impairment 
criteria (level of function, pain, and range of 
motion) at three different times in their treatment of 
the injury (at the time of the accident, at the initial 
assessment by the physiotherapist, and a final 
assessment after the course of physiotherapy). The 
assessments to determine the initial and final levels 
of impairment were made by the physiotherapist. 
The ‘time of accident’ impairment level was based 
on what the patient relayed to the physiotherapist. 
 
The level of function was rated using six levels 
from ‘full’ function to ‘unable to perform Activities 
associated with Daily Living (ADLs)’. The ten-
item version of the ADLs is reproduced in the 
AMA Guides to the evaluation of permanent 
impairment (Cocchiarella and Andersson, 2001). 
 
The results from the level of function assessments 
are shown in Figure 16. From this figure it can be 
seen that at the time of the accident, there are more 
patients with full function than at the initial 
assessment. It is expected that this relates to 
injuries where the functional impairment comes on 
after the accident. For example, a muscle strain that 
stiffens the following day with increased 
inflammation or irritation. 
 
Comparing the functional impairment at the initial 
assessment, with that of the final assessment, it can 
be seen that the majority of patients appear to have 
returned to having full function at the time of the 

final assessment – their last physiotherapy 
appointment. 
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Figure 16.  Level of function as assessed by the 
physiotherapists. 

The level of pain for the patient was rated on a 
scale from 0 to 10. On this scale, 0 corresponded to 
no pain and 10 to the most pain conceivable. This 
information was reported by the physiotherapist 
based on what the patient told them. The pain 
impairment, as reported by the physiotherapists, is 
shown in Figure 17. 
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Figure 17.  Level of pain reported by the 
physiotherapists. 

 
At the time of the accident, there are a large 
number of injuries that had either no pain 
associated or the level of pain was not recorded. 
This may be a result of the patient not remembering 
accurately their pain level at that time or not 
passing this on to the physiotherapist, or, as with 
the level of function, the pain could have increased 
with time after the accident. 
 
The modal levels of pain, as reported by the patient 
at the time of the initial assessment and at the final 
assessment by the physiotherapist indicate that the 
treatment by the physiotherapists was effective in 
reducing the level of pain impairment for the 
patient. However, for 243 of the 348 injuries the 
reported level of pain, at the final assessment by 
the physiotherapist, was not equal to zero. 
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As with the functional and pain impairments, the 
Range Of Motion (ROM) for the patient was 
assessed at the same times. The reported levels for 
range of motion are shown in Figure 18. As with 
both the function and pain, the ROM impairment 
increased between the time of the accident and the 
time of the initial assessment by the 
physiotherapist. Whilst the physiotherapy treatment 
generally reduces the ROM impairment, two 
persons were left with significant loss in their 
ROM at the end of the physiotherapy treatment 
(final assessment).  
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Figure 18.  Patient range of motion as assessed 
by the physiotherapists. 

In 43 out of the 288 cases, the physiotherapists 
were able to report on the time off work that the 
patient had incurred as a result of the injury, from 
what the patient had told them. The results of the 
time spent off work, due to the injuries, are shown 
in Figure 19. In addition to those cases shown in 
Figure 19, there was one case where the patient 
was off work for three months and another two 
cases where the injury resulted in 18 months off 
work for the patient. 
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Figure 19.  Time the patient spent away from 
work due to their injuries, as reported by the 
physiotherapist. 

As a time off work figure was reported for such a 
small proportion of the cases, it is difficult to draw 
conclusions form this data. However, applying the 
cost of taking a day off work due to sickness as 
produced by the Chartered Institute of Personnel 
and Development (CIPD, 2005) to the mean five 
weeks off work caused by the injuries in the 
physiotherapy study sample, then the mean cost 
due to the injuries is £ 1,810. The median figure of 

one week off work would result in a cost of £ 358. 
This is assuming a five day working week and that 
the figures from the CIPD are appropriate for the 
physiotherapy study sample. 
These calculations have not included a value for 
the blank responses from the other 245 
questionnaires. It is possible that the 
physiotherapists were less likely to report time off 
work if it was ‘no time off work’. Therefore, the 
results may overestimate the mean time resulting 
from the injuries reviewed by the physiotherapists. 
The duration of the treatment and the cost for the 
treatment were also recorded by the 
physiotherapist. Average values for these data are 
shown in Table 2, together with the expected 
duration of the impairment. 
 
From Table 2, it can be seen that the average 
duration for the physiotherapy treatment was about 
two months. The maximum treatment duration was 
14 months. The modal cost associated with the 
physiotherapy treatment was £ 100. This relates to 
four sessions or two hours with the physiotherapist. 
The maximum cost was £ 1,000. 
 

Table 2.  Duration of treatment, treatment cost, 
and duration of impairment 

 Duration 
of 

treatment 
(weeks) 

Cost Duration of 
impairment 

(weeks) 

Mean 9 £ 184 23 

Median 6 £ 150 13 

Mode 8 £ 100 8 

 
CONCLUSIONS 
 
Approximately 19 % of all AIS injuries in Phase 
six and seven of the CCIS database were sustained 
to the upper extremity. Injuries to the upper 
extremity comprise 21 % of all AIS 1 injuries and 
23 % of all AIS 2 injuries. The analysis of the Co-
operative Crash Injury Study showed that, 
following road traffic collisions, moderate and 
serious upper extremity injuries are commonly 
suffered by car occupants. It was estimated that 
over ten thousand car occupant crash survivors 
suffered a moderate or serious upper extremity 
injury in Great Britain in 2004. For 21 % of 
casualties with known MAIS of 2 to 6, their upper 
extremity injury was the most severe or equal to the 
highest AIS code. 
 
It was not possible to develop a robust and accurate 
cost model to reflect the monetary and impairment 
implications of the upper limb trauma identified at 



Hynd 17 

a national level. However, the retrospective study 
cases were generally representative of the CCIS 
database and were used to prioritise the specific 
injuries in terms of frequency, cost and impairment, 
for the given impact types. 
Based on the frequency of similar injuries in the 
CCIS database and the cost and impairment 
information from the 74 medical and accident 
review cases in the retrospective study, the 
priorities for future upper extremity injury 
prevention are: 
 
In frontal impacts: 
• Radius and/or ulna fracture 
• Hand, humerus and clavicle fractures 
 
In struck-side impacts: 
• Humerus fracture 
• Radius and/or ulna fracture 
• Clavicle fracture 
 
Soft tissue injury groups were not found to be 
priorities based on the criteria used in the 
retrospective study. The prospective and 
physiotherapy studies did not suggest that soft 
tissue injuries should be a higher priority than 
indicated by the retrospective case data. 
 
The injury mechanisms for the priority injury 
groups were investigated in more detail, based on 
the detailed injury information provided by the 
retrospective medical review combined with the 
CCIS accident information. In many cases, the 
in-depth medical review was able to provide 
additional information on the injury that helped to 
determine the specific mechanism of injury. 
 
For the specific injury priorities identified in this 
study, only two cases were identified where the 
airbag was the most likely cause of the injury to a 
driver. This apparent anomaly could be due to 
sampling: airbag equipped vehicles are effective at 
reducing the risk of fatal head injuries, so it may be 
that casualties who would have been fatally injured 
are now surviving accidents and their arm injuries 
may therefore be more likely to be recorded. It 
could also be due to an increase in the stiffness of 
steering wheels, necessary to give adequate support 
to the airbag - many of the priority injuries had the 
steering wheel as a potential injury causing contact. 
 
A further two cases were identified where the 
airbag was the most likely cause of the injury to a 
front seat passenger, one of which involved serious 
wrist and distal forearm injuries. This is a cause for 
concern and should be investigated further. 
Many of the retrospective study injuries, from 
frontal impacts, for which a medical review was 
conducted, were caused through some direct 
loading with the structures in front of the occupant 

(e.g. facia, A pillar or steering wheel). The 
effective stiffness of the parts of the vehicle interior 
in front of the front seat occupants is regulated 
according to the Interior Fittings Regulation (ECE, 
1993, as amended). This regulation includes a 
dynamic test simulating contact between the head 
of an occupant and that part of the interior of the 
vehicle. It may be possible for this regulation to be 
upgraded or amended to make contacts between the 
upper extremities of occupants and the vehicle 
interior less likely to cause injury. 
 
A large proportion (~90 %) of the drivers or front 
seat passengers seen at the QMC Emergency 
Department in the prospective study sustained their 
injuries as a result of a rear impact or multiple 
impacts. A ‘whiplash’ injury mechanism was 
reported as being responsible for many of the 
injuries reviewed in the physiotherapy study. As 
whiplash is often associated with rear impact or 
multiple impact shunts, it is suggested that rear and 
multiple impacts are considered a priority for future 
investigation. 
 
The confidence with which the cost, impairment 
and injury mechanism conclusions from the 
retrospective study can be related to the national 
situation was limited by the number of cases 
reviewed and how representative those cases were 
of the national accident statistics. A study in which 
a larger number of cases was reviewed would allow 
greater confidence. However, this greater 
confidence is not expected to change the order of 
the injury priorities for future prevention. Based on 
the logistics of setting-up a larger study of this 
type, it is recommended that this is currently not 
worthwhile for upper extremity injury. 
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ASTRACT 
 
Frontal impacts are the most frequent crash type 
and account for the majority of Killed and 
Seriously Injured (KSI) car occupant casualties in 
Europe.  This study reviews the performance of 
modern cars (registered in 1996 or later) in frontal 
impacts, which are most associated with KSI 
casualties.  Comparison is made with the 40% 
offset legislative (UNECE R94) and consumer 
(EuroNCAP) tests.  The aim of the study is to 
evaluate how well the 40% offset configuration and 
the associated vehicle loading and intrusion factors 
represents the real life injury experience sustained 
in frontal impacts. 
 
Co-operative Crash Injury Study (CCIS) data 
collected from June 1998 has been used.  There 
were 806 KSI seat belted casualties who 
experienced frontal impacts and were occupants of 
cars registered in 1996 or later.  The majority of 
these victims were drivers.  The study then 
analyses 435 drivers who had impacts that involved 
direct contact to the front right corner of the car.  
The nature of the vehicle loading in terms of 
structural features is considered and compared with 
the injury outcome and the associated mechanisms. 
Car to car impacts are the most common, although 
larger goods and passenger vehicles are prominent 
among crash partners in fatal crashes. About 80% 
of the fatalities are encompassed by the EuroNCAP 
frontal test speed rising to 95% of the seriously 
injured survivors. 
 
More than half of the KSI car occupants sustain 
their injuries in impacts with more than 40% 
overlap and a significant proportion of these 
crashes involve direct loading to both longitudinals.  
Thoracic injuries caused by seat belt loading and 
lower extremity injuries caused by facia and 
footwell contact are the main body regions injured.  
Approximately 80% of the MAIS=2 and 50% of 
the MAIS 3+ injury is sustained by survivors with 
little or no intrusion to the compartment (<10cm). 
 
 
 
 

INTRODUCTION 
 
Over the past ten years frontal impact 
crashworthiness has significantly improved with 
the advancement of car structures and restraint 
systems. The European frontal impact directive 
(UNECE R94) and EuroNCAP tests continue to 
promote the enhancement of crash energy 
management structures, aimed at reducing the 
amount of loading occupants experience. 
 
The EuroNCAP frontal impact test is based on the 
European legislation, but is conducted at a higher 
impact speed. The car strikes a 40% offset 
deformable barrier head-on at 64kph. The 40% 
offset is a percentage measure of the car’s width. 
The test requirements have resulted in an increase 
in compartment strength and, as a consequence, 
intrusion is less common in real-life frontal impacts 
(Edwards, 2007). Over the same period, 
developments in airbag and seat belt restraint 
system technologies have reduced the likelihood of 
head contacts with the interior of the vehicle during 
a frontal impact (Cuerden, 2001). Correctly 
restrained occupants’ head and facial injuries have 
been significantly mitigated. However, frontal 
impacts are still the most frequent crash type and 
account for the majority of Killed and Seriously 
Injured (KSI) car occupant casualties in Europe.   
 
This paper outlines the characteristics of relatively 
modern cars (registered in 1996 or later) in frontal 
impacts, which are most associated with KSI 
casualties. Comparison is made with the 40% offset 
legislative and consumer tests. 
 
The data source is the UK’s Co-operative Crash 
Injury Study (CCIS), which is one of Europe’s 
largest car occupant injury causation studies 
(www.ukccis.org).  The programme of research 
started in 1983 and continues to investigate real-life 
car accidents. Multi-disciplinary teams examine 
crashed vehicles and correlate their findings with 
the injuries the victims suffered to determine how 
car occupants are injured. The objective of the 
study is to improve car crash performance by 
continuing to develop a scientific knowledge base, 
which is used to identify the future priorities for 
vehicle safety design as changes take place. 
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The study carefully selects accidents to be 
representative of injury car crashes that occur in the 
UK and is a good data source to undertake an in-
depth review of the characteristics of frontal 
crashes that result in KSI car occupant casualties. 
 
METHOD 
 
Co-operative Crash Injury Study 
 
The Co-operative Crash Injury Study investigates 
and interprets real-world car occupant injury 
crashes retrospectively.  Police reported injury road 
traffic crashes from defined geographical areas of 
England are reviewed to establish if they meet the 
CCIS sample criteria.  The basic selection criteria 
used for the accidents presented in this analysis 
were: 
 

• The accident must have occurred within 
the investigating teams geographical area 

• The vehicle must be a car or car derivative 
• The vehicle must have been less than 7 

years old at the time of the accident 
• The vehicle must have at least one 

occupant who is injured (according to the 
police) 

• The vehicle must have been towed from 
the scene of the accident. 

 
The CCIS case or accident injury severity is based 
on the most severe injury to an occupant of a car 
less than 7 years old and therefore may be lower 
than the police reported accident severity.  
Accidents were investigated according to a 
stratified sampling procedure, which favoured cars 
that met the age criteria and contained a fatal or 
seriously injured occupant as defined by the British 
Government definitions of fatal, serious and slight.  
Where possible all crashes that met the criteria and 
involved a CCIS classified fatal or seriously injured 
occupant were investigated.  Random selections of 
accidents involving slight injury were also 
investigated, up to a target maximum. 
 
Vehicle examinations were undertaken at recovery 
garages several days after the collision.  An 
extensive investigation of the cars’ residual damage 
and structural loading along with detailed 
descriptions of the restraint system characteristics 
and any occupant contact evidence was recorded 
using the CCIS data collection protocols.  This 
process allows the nature and severity of the 
impact(s) and/ or rollover damage to be precisely 
documented so different crash types can be 
compared. 
 
Car occupant injury information was collected 
from hospital records, coroners’ reports and 

questionnaires sent to survivors.  The casualties’ 
injuries were coded using the Abbreviated Injury 
Scale (AIS, AAAM 1990 Revision).  AIS is a 
threat-to-life scale and every injury is assigned a 
score, ranging from 1 (minor, e.g. bruise) to 6 
(currently untreatable).  The Maximum AIS injury 
a casualty sustains is termed MAIS.  The scale is 
not linear; for example, an AIS 4 is much more 
severe than two AIS scores of 2. 
 

Table 1. 
AIS Score Categories 

 
AIS Score Description 

0 No Injury 
1 Minor 
2 Moderate 
3 Serious 
4 Severe 
5 Critical 
6 Maximum 
9 Unknown 

 
The casualties’ characteristics (age, gender, seat 
belt use) and injury information were correlated 
with the vehicle investigation evidence.  This 
methodology allows the causes and mechanisms of 
the injuries to be documented. 
 
The crash severity parameter used for this study is 
the car’s change of velocity (Delta-V). 
 
Accidents investigated between June 1998 and 
March 2006 are included in the analysis (CCIS 
Phases 6, 7 and 8 – to data release 8a). 
 
Car Occupant Casualties in Great Britain 
 
In the UK, STATS19 accident forms are completed 
for all injury road traffic crashes.  The information 
recorded captures the details of all road users, but 
compared to in-depth studies such as CCIS, 
provides only an overview of the event.  However, 
the first point of contact on the vehicle is identified 
by the investigating police officer.  This may not be 
the principal or most severe impact, but it is a good 
estimate as to the nature and respective importance 
of the different crash types. 
 
Five years of STATS19 data were analysed (1999 
to 2003) and car occupant casualties selected.  On 
average in this period there were 1,723 fatalities 
and 19,106 KSI car occupant casualties per year.  
The front was described as the first point of impact 
on the car for 50% (853 occupants) of the killed 
and 58% (11,041) of the KSI casualties, 
emphasising the relative importance of this crash 
type. 
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In Great Britain in 2004 (RCGB 2004) there were 
11,885 under 16 year olds and 167,797 people aged 
16 years or older reported as injured car occupant 
casualties.  Proportionally, there are far more under 
16 year olds seated in the rear of the car (Figure 1).  
Rear passengers represent a little over 10% of all 
car occupant casualties. 
 

 
Figure 1.  Car Occupant Casualties by Seating 
Position (RCGB 2004) 
 
The casualties’ seat belt use is not recorded in 
STATS19 and so CCIS was analysed to estimate 
the relative usage rates by seating position and 
gender.  Figure 2 shows that drivers are most likely 
to be belted, followed by Front and Rear Seat 
Passengers (FSP and RSP).  Females in all seating 
positions used their seat belts more frequently.  
Seat belt use decreased with increasing occupant 
injury severity.  Figure 2 shows that 29% of the 
male and 16% of the female drivers were unbelted 
and fatally injured.  Approximately 70% of the 
male and 56% of the female RSPs were unbelted 
and fatally injured.  Occupant age is also a 
significant factor when seat belt use is investigated. 
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Figure 2.  Seat belt use rate by Injury Severity, 
Gender and Seating Position 
 
Car seat belts are very effective safety devices, 
reducing the risk of serious and fatal injury.  It is 
often assumed that seat belt performance in crashes 
is the same for all seating positions, and yet there 
are good and obvious reasons why that is not the 

case.  The surrounding physical environment and 
the seat belt and airbag technologies differ between 
the seating positions.  The driver, front and rear 
seat passenger populations are very different with 
respect to gender and age.  These different 
occupant characteristics and seat belt use rates are 
observed by road-side surveys and recorded 
casualties (Figure 2).  Only seat belted occupants 
were considered for this analysis and so a large 
percentage of rear seat passengers were excluded.  
Similarly, a significant number of male serious 
casualties and a proportion of the fatalities were 
excluded due to the seat belt criteria. 
 
The CCIS database is far better at describing crash 
types with respect both to the chronological order 
of the impacts and to the extent of the measured 
damage compared with STATS19.  Further, 
occupant characteristics such as seat belt use are 
routinely recorded unlike in STATS19.  Finally, the 
use of AIS as a descriptor ensures a more precise 
definition of the injury severity compared with 
‘serious’, which covers most injury outcome from 
minor fractures to death more than 30 days after the 
crash.  However, the CCIS database is not fully 
representative of the national car occupant crash 
population and there are some limitations to this 
study. 
 
CCIS Occupant Selection 
 
There were 1,652 MAIS 2+ seat belted casualties 
who were occupants of cars registered in 1996 or 
later.  The injury severity classifications used for 
this paper are grouped as: 
 

• MAIS = 2, Moderate 
• MAIS 3+, Serious, Survivors 
• Killed 

 
Approximately half of the selected casualties 
sustained MAIS 2 injury.  All ages were included; 
some 12 children were secured on or by child 
restraints.  To explore the relative importance of 
frontal impacts, occupants were differentiated by 
their crash type. 
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Figure 1 shows the relative importance of frontal 
impacts compared with the other main crash types 
and identifies the level of injury suffered 
respectively.  The crash types were classified by 
the principal impact location on the car.  If there 
were two or more significant impacts to different 
sides of the vehicle, each causing more than 10cm 
of crush, these vehicles are grouped as 
‘Multi/other’ crash type.  Any car that rolled over, 
with or without an impact, either before, after or 
during the roll, are classified as ‘Rollover’ crash 
type. 
 
For all MAIS 2+ casualties frontal impacts 
represent nearly half of the crash types.  As the 
injury severity increases other crash types become 
proportionally more common, but frontal crashes 
are still the most frequent.  Eight hundred and six 
casualties who had experienced frontal impacts 
with no rollover or other significant impacts were 
selected. 
 
Casualties with a MAIS 2 or greater were selected 
for this study to represent police reported KSI 
casualties.  It is recognised that this is not an exact 
match.  Approximately 38% of the CCIS casualties 
described by the police as serious were classified as 
MAIS 0 or 1.  Approximately 9% of the CCIS 
casualties described by the police as slight were 
classified as MAIS 2+.  Therefore in general the 
selection criteria bias the analysis to occupants who 
sustained specific and more severe injury than that 
suffered by the average ‘serious’ car occupant 
casualty population in Great Britain.  Nonetheless, 
for the ease of analysis, the MAIS 2+ category 
provides a useful estimate.  Some serious injury is 
not directly related to impact trauma, such as 
shock, and this research excludes non-injury based 
outcomes and concentrates on the identification of 
specific and severe injuries that are sustained by 
car occupants in modern vehicles as a result of 
frontal impacts. 
 
RESULTS 
 
Table 2 shows the injury severity by seating 
positions for the 806 selected casualties who 
experienced a frontal impact.  Approximately 70% 
of the occupants were drivers.  Males accounted for 
roughly 62%, 25% and 35% of the drivers, FSPs 
and RSPs respectively.  Tables 3 to 5 indicate that 
the distribution of casualty age is different with 
respect to seating position; generally FSPs were 
older and RSPs younger than the drivers.  When 
the crash severity (Delta-V) is known, drivers are 
typically found to experience higher values for the 
same injury level compared with passengers. 
 
 
 

Table 2. 
Occupants by Position and Injury Group 

 
Injury Group Seating 

Position MAIS=2 MAIS 3+ Killed 
Total 

Driver 310 183 74 567 
FSP 126 42 25 193 
RSP 22 18 6 46 
Total 458 243 105 806 
 
 

Table 3. 
Summary of Driver Characteristics 

 
 MAIS = 2 

(n=310) 
MAIS 3+ 
(n=183) 

Killed 
(n=74) 

25%ile 31 years 26 years 31 years 
Age 50%ile 45 years 42 years 49 years 

75%ile 57 years 56 years 65 years 
% Male 59.4% 63.9% 68.9% 
With known 
DV N= 

156 114 36 

25%ile 29 kph 37 kph 47 kph 
DV  50%ile 37 kph 45 kph 54 kph 

75%ile 44 kph 53 kph 65 kph 
% hit a car 68.6 % 60.1 % 47.3 % 
% hit larger 
vehicle 

19.1% 27.3% 40.5% 

 
Table 4. 

Summary of Front Passenger Characteristics 
 

 MAIS = 2 
(n=126) 

MAIS 3+ 
(n=42) 

Killed 
(n=25) 

25%ile 30 years 20 years 29 years 
Age 50%ile 44 years 52 years 56 years 

75%ile 63 years 65 years 74 years 
% Male 22.2 % 28.6 % 36.0 % 
With known 
DV N= 

65 23 16 

25%ile 24 kph 30 kph 30 kph 
DV  50%ile 33 kph 39 kph 37 kph 

75%ile 44 kph 48 kph 49 kph 
% hit a car 71.8 % 66.7 % 48.0 % 
% hit larger 
vehicle 

12.9 % 26.2 % 36.0 % 

 
With respect to the object hit there is some 
variation, but it was most commonly found to be 
another car or a larger vehicle.  The small RSP 
sample is due both to the low occupancy rates for 
this seating position and the low seat belt use rates. 
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Table 5. 
Summary of Rear Passenger Characteristics 

 
 MAIS = 2 

(n=22) 
MAIS 3+ 

(n=18) 
Killed 
(n=6) 

25%ile 11 years 13 years - 
Age 50%ile 17 years 17 years 31 years 

75%ile 53 years 23 years - 
% Male 27.3 % 38.9 % 50.0 % 
With known 
DV N= 

14 12 3 

25%ile 24 kph 30 kph - 
DV  50%ile 31 kph 42 kph 58 kph 

75%ile 48 kph 49 kph  
% hit a car 59.1 % 61.1 % 50.0 % 
% hit larger 
vehicle 

9.1 % 11.1 % 50.0 % 

 
The 806 casualties’ frontal impacts are summarised 
in Figures 4 to 8 with respect to the loading and 
severity of damage to the car’s structure.  Although 
each crash is individual, the following 
representation of the data attempts to group and 
compare the similarities found in each scenario.  
Figure 4 shows that the majority of frontal impact 
MAIS 2+ casualties were in collisions with other 
cars.  Crashes with heavier vehicles (HGVs - 
including large passenger service vehicles) were far 
less common, but accounted for some 30% of the 
fatalities.  It is worth noting the small number of 
crashes that occurred with roadside objects (narrow 
and wide). 
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Figure 4.  Object Hit by Car Occupant Injury 
Severity 
 
The crash severity parameter used for this study is 
Delta-V (DV) or the Change of Velocity measured 
in kph.  This is calculated based on the amount of 
residual crush the impact partners experienced.  It 
is not always possible to determine a Delta-V for a 
variety of reasons associated with the manner in 
which the vehicle was loaded and the 
characteristics of the impact partner.  However, of 
the 806 MAIS 2+ occupants, 438 (54%) had a 
Delta-V and are shown in Figure 5.  Differentiating 
between the different injury severity groups and 

considering the 80th percentile, we find that the 
Delta-Vs for MAIS=2, MAIS 3+ (Survived) and 
Killed were 47kph, 54kph and 64kph respectively. 
Note that, when Delta-V is known there is a bias 
towards more survivable crashes with other cars; it 
is often not possible to calculate a crash severity 
measure for massive impacts and/or impacts with 
larger vehicles where the stiff structures have been 
over-run. 
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Figure 5.  Distribution of Delta-V by Injury 
Severity 
 
Figures 6 and 7 describe the frontal impact 
characteristics in more detail.  CCIS uses the 
Collision Deformation Classification (CDC) to 
describe the damage cars sustain.  Two variables 
within the code are used in this study, the Principal 
Direction of Force (PDF) of the impact and the 
specific location of the direct contact damage on 
the car (Figure 7 details the key for the coding 
letters). 
 
Approximately 75% of the occupants experienced a 
PDF that was head-on (0°±15°) (Figure 6).  
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Figure 6.  PDF by Car Occupant Injury Severity 
 
Figure 8 is based on all PDFs. The most common 
loading location for MAIS 2+ casualties involved 
more than 66% direct contact (code D - 66-100% 
of car’s width). However, it is not possible to 
compare this directly with the 40% offset 
configuration used in legislative and consumer 
tests, as not all the impacts will have involved 
loading to a front corner of the vehicle. In addition, 
the position and percentage overlap of the direct 
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loading with respect to the side the occupant is 
seated can be an important factor, in terms of the 
amount of intrusion and/or rotational accelerations 
experienced. In Figures 4 to 8 all seating positions 
have been considered and consequently there is a 
bias towards drivers. 
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Figure 7.  CDC Part Code, Direct Damage 
Location 
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Figure 8.  Direct Damage Location by Car 
Occupant Injury Severity 
 
Body Regions Injured 
 
The occupants were divided by seating position and 
the relative rate of injury to their different body 
regions by severity is given in Figures 9 to 11, for 
drivers, front and rear seat passengers.  The 
percentage plotted for each body region is 
calculated as the proportion of occupants with an 
injury to a body region of the same AIS level as 
their injury grouping.  For example, there were 310 
drivers classified as MAIS = 2, some 115 of these 
drivers had an AIS 2 thorax injury or 37% 
(115/310).  The AIS 3, 4, 5 and 6 injuries are all 
grouped as AIS 3+. 
 
The relative frequency of injury to the body regions 
varies with respect to the seating position; this is 
related both to the different occupant 
characteristics in terms of age and gender 
associated with each seating position; and the 
different protection afforded to each seating 
position in terms of seat belt and airbag 
technologies.  It is often assumed that seat belt 
performance in crashes is the same for all seating 
positions, and yet there are good and obvious 
reasons why that is not the case.  In the front of a 
car, the instrument panel or facia is contacted by 
the knees in most front impacts where the velocity 
change exceeds 30kph.  Airbags are now standard 

features for front impact protection and supplement 
the seat belt performance. This means that in higher 
energy front crashes a substantial proportion of an 
occupant’s energy is transferred through these knee 
and airbag contacts, reducing seat belt loads.  The 
kinematics of the restrained rear seat occupant are 
different as there are no equivalent limiting knee or 
airbag contacts.  The backs of the front seats are 
much more compliant and deformable; hence the 
rear seat belts have to manage proportionally more 
of the crash energy.  It is therefore a more 
challenging condition from the point of view of 
rear seat restraint design.  A particular concern is 
the potential for rear seat occupants to submarine 
under the lap portion of the seat belt webbing, 
causing the abdomen to be loaded. 
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Figure 9. Injury Regions for Drivers 
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Figure 10. Injury Regions for Front Seat 
Passengers 
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Figure 11. Injury Regions for All Rear Seat 
Passengers 
 
For MAIS = 2 and MAIS 3+ survivors, abdomen 
injury was relatively uncommon for drivers and 
front passengers.  However, 28% of the MAIS 3+ 
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rear passengers sustained an AIS 3 or greater 
abdomen injury.  The sample size is small and 
more detailed investigation is required to fully 
understand the mechanism that resulted in these 
injuries and to determine if more modern seat belt 
designs would have mitigated them or reduced their 
severity. 
 
For MAIS = 2 casualties, the most commonly 
injured body regions at AIS = 2, for drivers were 
the thorax (37%), lower (35%) and upper (34%) 
extremities.  For FSPs the order changed and the 
rate of injury observed was different with injuries 
to the thorax (44%), upper (43%) and lower (15%) 
extremities.  The largest difference was observed 
for the RSP, with the upper extremities (59%), the 
head (23%) and the thorax (18%) being most 
commonly injured. 
 
For MAIS 3+ survivor casualties, the most 
commonly AIS 3+ injured body regions, for drivers 
were the lower extremities (60%), the thorax (37%) 
and the upper extremities (23%).  For FSPs the 
order changed and the rate of injury observed was 
different with injuries to the thorax (45%), upper 
(29%) and lower (24%) extremities.  The largest 
difference was observed for the RSPs, with the 
thorax (28%), the abdomen (28%), the lower 
extremity (22%) and the head (17%) being most 
commonly injured. 
 
For those casualties who were killed, the most 
common body regions injured at AIS 3+ were the 
thorax and head for the drivers and FSPs and the 
thorax and abdomen for RSPs. 
 
For those drivers and front passengers who 
sustained a thorax injury, the nature of the injury is 
further outlined in Table 6.  Specifically, injuries 
were evaluated as to be either, Skeletal, Internal or 
a combination of the two. The most common injury 
type was skeletal only (28%), followed by skeletal 
and internal (14%) and internal only (4%). 
 

Table 6. 
Nature of Drivers’ and Front Seat Passengers’ 

Thorax Injuries 
 

Thorax Injury MAIS = 2 MAIS 3+ Killed Total 
AIS 0 145 83 11 239 
AIS 1 116 45 4 165 
Skeletal only 175 27 11 213 
Internal only 0 22 12 34 
Skeletal and 
Internal 0 48 61 109 
Total 436 225 99 760 

 
 
 
 

Detailed Evaluation of the Cars’ Front Loading 
and Overlap for Drivers 
 
The direct impact loading to the front structural 
components of the cars was evaluated with respect 
to the drivers’ injury outcome.  Each car’s front 
structure was simplified to comprise an offside 
(right or UK driver’s side) longitudinal, a nearside 
longitudinal and an engine.  The CCIS vehicle 
investigators record if these components were 
directly loaded in the crash and outline the extent 
of the crush and/or bending.  For this paper, a 
simple matrix has been established to outline which 
combinations of structural loading most commonly 
occur for the injured drivers (MAIS 2+). 

 

 
 
Figure 12.  View of offside (right) longitudinal 
and engine compartment. 
 

Table 7. 
Directly loaded longitudinals and/or engine 

related to occupant injury severity 
 

 
MAIS = 2 
(n=310) 

MAIS 3+ 
(n=183) 

Killed 
(n=74) 

Total 
(n=567) 

None loaded 10.32% 7.65% 5.41% 8.82% 
Offside only 8.71% 6.01% 8.11% 7.76% 
Nearside 
only 4.19% 1.09% 0.00% 2.65% 
Offside and 
Nearside 5.48% 3.28% 2.70% 4.41% 
Engine only 8.39% 5.46% 9.46% 7.58% 
Offside and 
Engine 26.45% 37.16% 40.54% 31.75% 
Nearside and 
Engine 11.29% 8.20% 2.70% 9.17% 
All 24.52% 31.15% 29.73% 27.34% 
One or more 
unknown 0.65% 0.00% 1.35% 0.53% 
Total 100% 100% 100% 100% 

 
Table 7 highlights that the offside longitudinal and 
the engine are the areas which are directly loaded 
together most commonly.  The second most 
common configuration involves the offside and 
nearside longitudinals and the engine (All) being 
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directly loaded.  Some 31% of the drivers 
experienced loading to the offside and nearside 
longitudinals only or to ‘All’ three components. It 
is interesting to note that for the more seriously 
injured or killed drivers, the relative frequency of 
loading to the offside and engine or all three 
components increases. 
 
To establish a more direct comparison with the 
current frontal impact legislation, cars were 
selected which had experienced direct contact to 
the front right corner or experienced 80% offset 
loading or greater.  This yielded a sub-sample of 
435 drivers, or 77% of all the drivers who met the 
original sample selection criteria.  The selected 
drivers are summarised in Table 8.  The broad 
characteristics of the sub-sample of 435 drivers 
were found to be very similar to those of the 567 
drivers included in the early findings. 
 
As with the original selection of drivers (567), 
significant differences were observed between the 
three injury groups; the sub-sample of drivers ages 
and Delta-Vs were found to increase (p<0.05) with 
the increasing injury severity. 
 

Table 8. 
Summary of Driver Characteristics with Right 

Front Corner Direct Contact Damage 
 

 MAIS = 2 
(n=225) 

MAIS 3+ 
(n=146) 

Killed 
(n=64) 

25%ile 31 years 27 years 32 years 
Age 50%ile 44 years 42 years 50 years 

75%ile 57 years 56 years 68 years 
% Male 60.9% 64.4% 70.3% 
With known 
DV N= 

119 94 33 

25%ile 30 kph 38 kph 47 kph 
DV  50%ile 40 kph 46 kph 55 kph 

75%ile 45 kph 53 kph 66 kph 
% hit a car 76% 65.8% 51.6% 
% hit larger 
vehicle 

17.8% 26.7% 40.6% 
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Figure 13.  Percent Overlap by Driver Injury 
Severity 

Figure 13 shows the distribution of injury severity 
by the percentage overlap; the injury severity is 
reasonably consistent within each of the offset 
groups, with similar proportions of MAIS =2 and 
MAIS 3+.  Only about 36% of the killed and 40% 
of the MAIS 3+ survivors had an impact that was 
less than 60% offset. 
 
The accuracy of the percentage overlap measured 
in the field is important to consider.  Experienced 
examiners record the damage they find as 
accurately as practical, but it is possible for some 
small measurement errors to occur. A greater 
concern is the potential for retrospective studies to 
overestimate the amount of direct contact damage 
for cars that have rotated during the impact due to 
their angular momentum. When a car collides an 
extra degree of deformation may take place 
compared to the initial contact area due to rotation. 
This additional damage is sometimes difficult to 
differentiate from that caused at the initial point of 
contact. 
 
This potential overestimation may affect the results 
of the degree of overlap shown in Figure 11 and 
underestimate the number of cars that are involved 
in impacts below 60% overlap. However, it is still 
believed that the most frequent type of impact has a 
greater overlap than the 40% used in either of the 
tests. 
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Figure 14.  Facia Intrusion by Driver Injury 
Severity 
 
Figure 14 shows the amount of intrusion rearwards 
into the compartment space at the driver’s facia 
knee height level.  Intrusion of the facia top and 
foot well were also considered and similar results 
to those shown in Figure 14 were observed.  The 
percentage of MAIS 3+ survivors who experienced 
less than 10cm of intrusion at the facia top, facia 
knee height and foot well were 48%, 50% and 46% 
respectively. The percentage of killed drivers who 
experienced less than 10cm of intrusion at the facia 
top, facia knee height and foot well were 27%, 31% 
and 22% respectively. Significant intrusion is 
therefore much more common for killed drivers 
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than for MAIS 3+ survivors, approximately half of 
whom experienced less than 10cm. 
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Figure 15.  Rate of Driver Body Region Injury 
 
Figure 15 shows the distribution of AIS=2 injuries 
by body region for the MAIS=2 group and the 
distribution of AIS 3+ injuries for the other two 
groups.  One MAIS=2 driver who died was 
excluded from Figure 13; no Delta-V was known 
for this victim. AIS 3+ head and thoracic injuries 
are sustained much more frequently by the MAIS 
3+ killed compared to the survivors.  Thigh and leg 
injuries (lower extremities) are the most frequent 
AIS 3+ scores for the MAIS 3+ survivors.  For the 
MAIS=2 drivers only, the rate of AIS 2 right 
shoulder injury was noted, with 16% of the 
casualties sustaining clavicle fractures or 
dislocations from seat belt webbing loading. 
 
 
 
CONCLUSIONS 
 
Significant numbers of fatal and rear seat 
passengers are excluded from this analysis due to 
low seat belt use rates. 
 
The different occupant characteristics with respect 
to seating position are emphasised, and indicate 
that different dummies may potentially be required 
in each seat to best represent the real-world frontal 
impact injury population in future tests. 
 
Frontal impacts remain the most significant crash 
type accounting for the majority of MAIS 2+ and 
MAIS 3+ car occupant casualties.  Car to car 
impacts are the most common, although larger 
goods and passenger vehicles are prominent crash 
partners in fatal collisions. 
 
About 80% of the fatalities (drivers and 
passengers) are encompassed at the EuroNCAP 
frontal test speed (64 kph) rising to 95% of MAIS 
3+ seriously injured survivors. 
 
Drivers, FSPs and RSPs were found to sustain 
injury to similar body regions, but the relative rates 
were different.  Thorax, lower and upper extremity 

injuries were identified as frequently injured body 
regions for front occupants. 
 
A detailed evaluation of the cars’ front structural 
loading found that for all 567 MAIS 2+ drivers, the 
offside and nearside longitudinals were both 
directly contacted in approximately one third of 
cases (31%); and the engine was also loaded in the 
most of these crashes (27%).  A further third of the 
MAIS 2+ drivers were in cars with direct contact to 
the offside longitudinal and engine (32%). 
 
Evaluating the amount of car frontal direct contact 
damage by the percentage overlap recorded by the 
crash investigators, found similar results to those 
reported from the investigation of the structural 
component loading.  More than half of the MAIS 
2+ car drivers sustain their injuries in frontal 
impacts with more than 40% overlap.  However, 
further analysis of the data would be required to 
determine the specific nature of these crashes in 
order to understand their significance with respect 
to current test configurations. 
 
Compartment intrusion of > 10cm is common for 
frontal crashes resulting in driver death, but over 
80% of moderate injury (MAIS =2) and 
approximately 50% of serious injury (MAIS 3+) is 
sustained with little or no intrusion to the 
compartment (<10cm).  Approximately a third of 
driver fatalities also occur in the absence of major 
intrusion. 
 
For drivers, the head, thorax, abdomen and lower 
extremities are the main body regions injured in 
fatal crashes. This reduces to the lower extremities 
and thorax for survivors of very serious (MAIS 3+) 
crashes with the upper extremity particularly 
noteworthy among moderately injured (MAIS =2) 
survivors of less serious crashes.  A significant 
proportion of the upper extremity injury was 
fractures or dislocations of the right clavicle from 
seat belt loading 
 
Larger vehicles form a greater proportion of the 
collision partners for the killed compared to the 
survivors and are likely to be directly associated 
with the higher injury rates for the head, thorax and 
abdomen body regions 
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ABSTRACT 
 
In accordance with National Highway Traffic Safety 
Administration (NHTSA) regulations and, in 
particular the Federal Motor Vehicle Safety Standard 
(FMVSS) 208 for the protection of vehicle occupants 
from a deploying airbag, the development of frontal 
restraint systems is driven by new technologies and 
technical solutions to cover the challenging out-of-
position (OoP) load case. Considering the subject of 
the driver airbags, traditional module technology 
addressed only the energy absorption capability to 
protect the driver occupant while in-position for a 
severe frontal crash load case. The early unfolding 
characteristics of the deploying airbag and its 
physical effects on the environment did not therefore 
form part of the engineering focus at that time. This 
paper will discuss an advanced driver airbag (DAB) 
module devised to deploy in an initially less 
aggressive mode, thereby exposing occupants seated 
OoP and close to the airbag’s effective working area 
to less risk. The airbag inflation is divided into a 
primary and a secondary deployment phase by 
chambering the cushion with internal gas deflection 
fabric walls. After reaching an internal threshold 
pressure, these walls fail at a predetermined 
enervated split line. This leads to full bag deployment 
to ensure full energy absorption potential for the 
occupant seated in-position during the crash loading. 
This sophisticated deployment characteristic is 
simulated using a numerical approach to represent the 
actual fluid flow within the airbag to reproduc the 
airbag’s initial unfolding process. Initial simulations 

recreate a simple physical (pendulum) laboratory test 
scenario. Further consideration of the OoP 
performance of the advanced airbag module is 
provided by replacing the simple pendulum with the 
more complex digital female frontal dummy 
positioned in accordance with the FMVSS 208 
standard. Finally, the results obtained using the 
advanced airbag occupant simulation methodology 
are compared with the results of OoP occupant tests. 
 

Keywords: Airbag, OoP, MADYMO, CFD, Gasflow 

INTRODUCTION 
 
Studies indicate that airbags have reduced deaths in 
frontal crashes by about 26 per cent for belted drivers 
and by about 32 per cent for unbelted drivers [1]. 
Fatalities in frontal crashes have also been further 
reduced by 14 per cent for belted and by 23 per cent 
for unbelted passengers [2]. The National Highway 
Safety Administration (NHTSA) estimates that as of 
May 1998, airbags had saved nearly 3 000 lives in the 
United States [3]. Thus, airbags are effective in 
reducing the risk of death and injury associated with 
many severe frontal car crashes. 

Despite overall effectiveness, real-world experience 
has shown that some unbelted (OoP) occupants are 
being injured and even killed by deploying airbags. 
As of May 1998, NHTSA attributed 99 deaths in 
low-severity crashes to airbag inflation energy. These 
deaths include 38 adult drivers, 4 adult passengers (a 
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belted 98-year-old female and an unbelted 88-year-
old female, an unbelted 57-year-old male and an 
unbelted 66-year-old female, 44 children aged 1-11 
and 13 infants (10 restrained in rear-facing infant 
seats and 3 seated on adult passenger laps). In 
response to these side-effects of an airbag in low- and 
moderate-severity crashes, FMVSS 208 issued by 
NHTSA in May 2000, proposed that static OoP tests 
should be a mandatory requirement starting in 2003 
[4]. These tests include performance requirements to 
ensure that airbags developed in the future do not 
pose an unreasonable risk of serious injury to OoP 
occupants. For the driver side, there are two static 
OoP test positions using a 5th percentile female 
dummy as illustrated in the following Figure 1. 

  
Figure 1. Dummy posture for driver-side OoP test 
according to FMVSS 208 

To achieve occupant protection during a crash using 
a fully-deployed airbag to dissipate the frontal crash 
forces experienced by the driver over a larger body 
area and gradually decelerate the occupant’s head and 
torso to prevent contact with other interior surfaces, 
the airbag itself must deploy rapidly in less than 50 
milliseconds. Consequently, an occupant positioned 
extremely close to the airbag module at the time the 
airbag begins to inflate is exposed to highly localised 
forces [5]. Two phases of airbag deployment have 
been associated with high, injury-causing localised 
forces: the punch-out phase and the membrane-
loading phase [6]. The punch-out phase occurs before 
or immediately after an airbag escapes from the 
module. If this escape is blocked by an unconscious 
driver slumped over the steering wheel, the resulting 
high force is concentrated on that part of the driver 
blocking the airbag’s deployment path. The 
membrane-loading phase occurs after the airbag is 
out of the module. The injury-causing forces during 
this phase result from a combination of the airbag’s 
internal pressure and the tension forces arising from 
the inflating airbag wrapping around the occupant. 
 
To address the low risk deployment requirement of 
the FMVSS208 standard, the following parameters, 
which influence the functional design process of 
restraint systems, should be considered: 

- Inflator (dual-stage, mass flow 
characteristic, diffusors, gas outlets, power) 
[7], 

- Cushion geometry (chambered, vents, 
straps, mounting) [8], 

- Folding pattern [9],  
- Airbag door opening (tear seam geometry, 

material) [10]. 

To cover the FMVSS208 occupant OoP load case on 
the driver’s side, Toyoda Gosei has developed an 
advanced airbag design that features a cushion 
geometry which is initially separated into two 
chambers by internal tethers. Targeting a less 
aggressive primary deployment (punch-out phase) as 
well as a less aggressive radial secondary deployment 
(membrane-loading phase), the following Figure 2 
explains the deployment characteristics of the 
advanced cushion compared to a conventional 
cushion. 
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at the same time maintaining acceptable crash 
protection performance. 

The only plausible solution to master this challenge 
makes use of CAE simulation processes which help 
to find an optimised compromise between risk and 
protection as discussed in [11]. For frontal restraint 
systems, occupant protection CAE methods based on 
Finite Element Modeling (FEM) and Multi-Body-
System (MBS) have evolved into powerful tools with 
a high degree of maturity. Unlike protection 
situations where interaction between the airbag and 
the occupant does not occur until the airbag is fully 
deployed, in risk situations, the occupant interacts 
with the airbag at an early stage of deployment. 
Typical characteristics of an OoP airbag simulation 
model, which covers the early inflation of a folded 
airbag, are listed in accordance with [12] as follows: 

- highly unsteady phenomenon, 
- wide range of gas flow speeds (supersonic to 

transonic), 
- coupled moving boundaries of the airbag 

interact with gas flow and deform in space 
and time, 

- unfolding of a folded airbag (contact 
characteristics). 

Safety system engineers studied the inflation process 
of fully folded airbags based on uniform pressure 
(UP) distribution within the airbag volume [13] at 
quite an early stage. The implementation of real gas 
flow computer fluid dynamics (CFD) approaches, 
combined with improved contact algorithms in the 
safety system simulation tools Ls-Dyna, Pam-Crash 
and Madymo, that are commonly used in the 
industry, was mainly driven by the FMVSS 208 
standard issued by NHTSA in 2000 (please refer to 
[14], [15], [16], [17] and [18]). 

As a world-wide standard in restraint system 
simulation, the study accompanying CFD advanced 
airbag simulations has been performed with Madymo 
6.3.1 release [19]. The underlying numerical airbag 
model setup has been activated by the state-of-the-art 
capabilities of the Madymo integrated CFD Gasflow 
(GF) Module at the start of the presented study 
(please refer to [20], [21] and [22]). The effectiveness 
of the advanced airbag technology is investigated 
with the help of the advanced airbag CAE simulation 
methodology derived throughout the study and 
recorded also in [23], [24], [25].  

The current paper documents the DAB module model 
setup and validation, and describes the findings 
applying the advanced simulation method to the OoP 

occupant load case. Using the GF simulation method, 
the predicted dummy injury values are objectively 
compared to the ones observed in a real laboratory 
test. Questioning the quality of prediction, the 
potential of the CFD advanced airbag simulation 
method in terms of the development of new future 
technologies is discussed finally.  

 
DAB MODEL 
 
Analog to the main functional design parameters for 
finding an optimum solution for low-risk airbag 
deployment, the implementation of the most 
important physical properties of an OoP airbag model 
(inflator characteristics, cushion, folding, airbag 
door) are explained briefly within this chapter. The 
deployment characteristics of the advanced initially 
chambered DAB are discussed based on GF analysis 
and the model validation to dynamic pendulum 
deployment tests is explained in the final paragraph. 

Inflator  

The input to the airbag models is stated in terms of 
inflator exit gas temperature and mass flow rate. This 
input was generated using the MADYMO Tank test 
Analysis (MTA) programme which was used to 
convert experimental data for the ignition of the 
inflator in a closed tank to mass flow rate and 
temperature input (the empirical thermodynamic 
approach is explained in [26]). This data was 
validated by carrying out a 3-D tank test simulation 
(GF and uniform pressure (UP)) which was then 
compared to the experimental tank test records as 
shown in Figure 3. Please note that the pressure and 
time have been normalised to provide dimensionless 
units on the axis.  

 

Figure 3. Tank pressure validation (GF and UP) 

The above tank validation example shows the GF and 
UP pressure simulation time history versus the 
experimental pressure response of a single-stage 

Hoffmann 3 
 



inflator output. Dual-stage output was applied for 
OoP application. 

Cushion geometry and material 

The fabric of the airbag was constructed using a FEM 
representation comprising the real geometry of the 
cushion. The whole airbag was split into two main 
chambers (2) and (3) during the modeling process 
(the additional chamber (1) was a dedicated chamber 
for the inflator). The inner chamber (2) represents the 
jet control in the early phase of deployment and the 
chamber (3) represents the remaining ring volume 
(please also refer to Figure 4 below).   

 

Figure 4. Initially chambered model before (left) 
and after (right) the rupture of the sacrificial 
tether 

The initial two-chambered airbag evolves into a 
single-chambered airbag after the rupture of the 
sacrificial tether structure. Figure 5 shows the flat 
numerical model compared to the physical airbag.  

  

Figure 5. Physical flat airbag cushion (left) and 
the corresponding CAE model (right) 

To cover the warp and weft fabric direction in the 
FEM model, the orthotropic fabric material model 
was implemented for the cushion as originally 
developed within [27]. Elastic fabric tensile material 
properties of the warp and weft direction were 
obtained from relevant tensile tests (possible test 
scenarios can be found in [28], [29]). 

  

Figure 6. Warp and weft directions in woven 
fabric construction 

Test matrix - The following material tests have been 
conducted (please refer to Table 1 below). 

Table 1. Fabric material test matrix 

Test  Static Dynamic Remarks 
Tensile X X Warp and weft  
Bias X - Picture frame 

 

Bias tests were performed to identify the typical 
shear deformation mechanism that occurs in a plain-
woven fabric as shown in Figure 7.  

 

Figure 7. Shear deformation of woven fabrics [30] 

The warp and weft yarns typically displace in a 
trellis-like manner under shear loading with little 
resistance until the yarn compaction or “lockup” 
angle has been reached which corresponds to an 
initial soft response of the fabric. The lockup angle is 
dependent on the yarn spacing and the geometry of 
the weave pattern. 

Picture frame testing validation - To load the fabric 
specimen in shear direction, the following test setup 
with a picture frame was applied (see Figure 8). 
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Figure 8. Picture frame test setup 

The warp and weft thread properties incorporated 
from the tensile tests, together with the theoretically 
derived bias curve, lead to the following simulation 
of kinematics time history.   

  

Figure 9. Picture frame simulation time history 
kinematics – non-deformed (left), deformed 
(right) 

As observed in the test, the wrinkling of the fabric 
specimen also occurs in the simulated deformed 
frame. The diagram below shows the force-
displacement response measured in the test versus the 
simulation time history curve. 

 

Figure 10. Picture frame force displacement 

Although the MBS structure of the frame model was 
restricted to a determined shear movement, the 
simulation time history is closely validated to the test 
response. 

Folding pattern 

Folding is one of the most difficult tasks in an OoP 
simulation using CFD techniques. The flat 2-D 
cushion, which contains the main panels, internal 
chamber walls and conventional tethers leads to a 
stack of multiple fabric layers after folding. The 

folded package cut view in Figure 11 gives an 
indication of the challenging folding task to be 
performed with the Madymo folder software [31]. 

 

Figure 11. Folded cushion package cut view with 
inflator gas opening locations (arrows) 

The inflator is modeled with multiple radial jets at the 
gas opening locations. The bag retainer (turning 
vane) also deflects gas and is therefore included in 
the simulation model. It is omitted only initially to 
implement the inflator jets in a vertical direction, as 
was previously examined in [32]. To cover the folded 
package dimensions of the real folded cushion fabric 
and to increase the surface ratio (initial mesh to 
reference mesh), a pre-simulation must be performed 
as described in the next paragraph. Handling folded 
FEM airbag cushions with the initial metric method 
(IMM) is further explained in [33]. 

Folded package pre-simulation - To implement the 
folded cushion into the bag holder, the dynamic 
relaxation shown in Figure 12 below is applied as a 
type of pre-simulation. 

  

Figure 12. Cushion after folding (left) and the 
piston method mesh relaxation with boundary 
surfaces (right) 

The dimensions of the folded package are restricted 
by a quadratic cube, the bag holder and the piston-
like moving airbag door structure. The final relaxed 
mesh state of the pre-simulation leads to the folded 
cushion, which is finally implemented into the DAB 
module model. 

Assembled DAB module - Figure 13 shows the 
folded cushion integrated in the bag holder and 
inflator model, as the assembled DAB module 
compared to the real hardware. 
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Figure 13. DAB model (left) and the hardware 
folded cushion package (right) 

 

Airbag door 

It is evident that the strength of the airbag door tear 
seam can have an impact on the punch-out phase of 
airbag deployment and therefore has a great influence 
on OoP load generation. Within the virtual state-of-
the-art instrument panel development by structural 
FEM analysis, the airbag door characteristics also 
play a significant role. Therefore derivation of the 
elastic-plastic material properties is possible in 
accordance with the procedures described in [34]. 
Implicit structural FEM analysis (stress-strain 
analysis) as explained in [35] is also commonly 
applied within IP development. This approach was 
not applied within this study, but derivation of the 
material parameters with the help of physical tests 
helped to define practical experiments.  

Test matrix - Table 2 provides an overview of the 
tests conducted.  

Table 2. Airbag door material test matrix 

Test  Static Dynamic Remarks 
Tensile X X Injected specimen 
Tensile X X Cut specimen 
Impact - X Full airbag door 

 

The tensile test response of the injected specimen 
was used to implement the elastic-plastic properties. 
The test with the specimen cut from the airbag door 
identified the properties of the tear line. The airbag 
door-opening characteristic was then studied when a 
rigid impactor (simple airbag substitute) opened the 
tear line dynamically from the back. 

Tensile testing validation - injected specimen - As 
an abstract of the tensile tests, Figure 14 through 16 
below illustrate the injected plastic specimen and the 
static and dynamic test response versus the 
simulation force-displacement time history.  

 

Figure 14. Injected plastic tensile specimen 

 

Figure 15. Static tensile force-displacement 

 

Figure 16. Dynamic tensile force-displacement 

The derived plastic material model was then 
implemented into the full-size FEM model of the 
airbag door, which was validated in a dynamic 
impactor scenario as already mentioned above. 

Full airbag door impactor testing validation - The 
dynamic test was conducted at high and low impactor 
velocities. In Figure 17, the simulation time history 
(left) and the test response (right) are shown for high 
velocity at 30 and 40 ms. 
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Figure 17. Airbag door-opening model at high 
impactor velocity; upper plot: at 30 ms; lower 
plot: at 40 ms 

Door-opening kinematics are covered at both time 
points. To assess the accuracy of the simulation 
model, the impactor acceleration test response 
(during the opening process) was compared with the 
simulation acceleration time history (see Figure 18 
below). 

 

Figure 18. Impactor acceleration – at high velocity 

The acceleration peak level at the moment of the tear 
line rupture – corresponding to the punch-out phase 
explained earlier – is also covered by the simulation. 
The further decrease in loading can also be seen, 
whereas friction between the impactor and the airbag 
door leads to some differences in test response and 
simulation time history.   

The same scenario was also verified for a lower level 
impactor velocity. First the simulation time history 
(left), and then the test response (right), are pictured 
in Figure 19 at 60 and 70 ms. 

 

 

 

 

 

Figure 19. Airbag door-opening model at low 
impactor velocity; upper plot: at 60 ms; lower 
plot: at 70 ms 

The tear line opening mode and acceleration peak for 
the lower impactor velocity are again reproduced by 
the simulation. 

 

Figure 20. Impactor acceleration – at low velocity 

Further, the acceleration peak level at the moment of 
the tear line rupture is covered by the simulation at 
the low impactor velocity. The further decrease in 
loading can be seen again, whereas friction between 
the impactor and the airbag door leads to some 
differences in test response and simulation time 
history.   

DAB Simulation validation 

Before discussing validation of the advanced DAB 
module in a simple physical pendulum environment, 
deployment of the flat airbag will be explained to 
analyse the real gas flow from the inflator to the 
initially chambered internal airbag volume. To 
dynamically validate the simulation model against a 
physical test, the airbag was made to hit a head form 
pendulum during the initial inflation (punch-out) 
phase. The acceleration test response was compared 
to the simulation time history obtained.  

Gas flow control - To obtain an idea of the real gas 
flow within the chambered airbag volume, the non-
folded flat airbag was statically deployed with single-
stage inflator output.  
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Figure 22. Comparison between the flat 
conventional (left) and flat advanced airbag 
(right) deployment kinematics in the first 25 
milliseconds – CFD velocity vector plots 

During the first 15 ms –indicated here as the punch-
out phase - the vector plot clearly illustrates the 
difference between both airbag designs. Whereas the 
airbag’s inner chamber is filled first and the inflator 
gas starts to flow to the outer tether at approx. 10 ms, 
the gas flow is not re-directed in the conventional 
cushion. If 15 ms to 25 ms could be indicated as the 
membrane-loading phase, the above plot shows the 
significant difference of the airbag expansion 
distance at the centre of both bags.  

A brief analysis of the academic example suggests 
the GF CFD airbag simulation potential to provide 
detailed evaluation of the real gas flow within, here 
the chambered airbag volume. This advanced 
simulation method constitues a powerful tool to 
evaluate, features such as orifice geometry and 
location to further optimise the low risk airbag 
deployment functionality. 

DAB model validation - Dynamic head form 
pendulum tests were performed to validate the DAB 
module model with the equipped airbag door. At a 
defined close distance, the airbag hits the head form 
during the initial deployment phase. Figure 23 shows 
the simulation animation (left) versus the test (right). 
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Figure 23. Head form simulation (left) versus test 
(right) – initial deployment – 0ms to 10 ms in 2ms 
steps 

The simulation supplies a realistic airbag door-
opening mode together with reasonable cushion 
deployment kinematics. The pendulum acceleration 
time history and the test response are compared in the 
following diagram (Figure 24). 

 

Figure 24. Head form acceleration test response 
versus simulation time history 

The punch-out acceleration peak is covered by the 
simulation model. The validated DAB module model 
was applied in the OoP occupant simulation as 
discussed in the next paragraph. The resulting 
dummy injury values are expected to provide an 
indication of the airbag membrane-loading phase 
explained above. 

 

OOP OCCUPANT TEST  

To verify protection in an OoP situation, three 
different options can be considered in development 
according to FMVSS 208, whereby the major OoP 

option applied by automobile manufacturers is the so-
called “low risk deployment”. In the following Table 
3, which contains the FMVSS 208 OoP injury value 
limits, this is referred to as “static”. 

Table 3. FMVSS 208 OoP injury value limits 

AF05 injury  
criteria limits 

Crash Static 

Head HIC15 [-] 700 700 
Nij [-] 1.0 1.0 
Tension [N] 4287 3880 
Compression [N] 3880 3880 
Flexion [Nm] 155 155 
Extension [Nm] 67 67 
Max tens. [N] 2620 2070 

Neck 

Max comp. [N] 2520 2520 
Accel. 3 ms [g] 60 60 Chest 
Deflection [mm] 52 52 

Femur Force [N] 6.8 6.8 
 

The static option is verified with static deployment 
tests where the dummy is positioned close to the 
airbag module. The OoP test scenario was set up 
within this study in a generic laboratory environment 
according to the FMVSS 208-regulated AF05 female 
dummy positions: 

- Position 1: Chin on module 
- Position 2: Chin on rim 

 

The following Figure 25 and 26 show the OoP 
occupant test setup for both positions: 

  

Figure 25. Position 1 – side and front view of test 
setup 
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Figure 26. Position 2 – side and front view of test 
setup 

In real vehicle environments, the windshield 
sometimes affects the dummy position 2. Correcting 
the steering-wheel angle is therefore a permissible 
procedure in order to avoid contact between the 
dummy head and the windshild. In the laboratory 
test, the steering-wheel angle could be kept constant 
for both dummy postures. To reproduce the exact 
dummy position later in the simulation approach, 
dummy target points were determined using a 3-D 
measurement device.  

 

OCCUPANT OOP SIMULATION  

The validated DAB module, including the airbag 
door, was inserted into the detailed steering-wheel 
model as indicated in Figure 27. 

  

Figure 27. Detailed FEM steering-wheel model – 
front view and side view 

The rim and the back cover were implemented as 
non-deformable rigid contact surfaces. The following 
Figures 28 and 29 depict the OoP occupant models 
for both positions.  

 

 

 

Figure 28. Position 1 – simulation model side and 
front view 

 

Figure 29. Position 2 – simulation model side and 
front view 

Madymo’s AF05 facet data base dummy posture 
corresponds to the 3-D target points reported during 
testing. 

Occupant position 1 results 

Figure 30 shows the initial airbag deployment 
kinematics (simulation: left; test: right) at 10, 20 and 
30 ms from the side view. 

 

 

 

Figure 30. NHTSA position 1, test (right) versus 
simulation (left) for 10, 20 and 30 ms – side view 

In simulation, friction between the airbag and the 
dummy influences airbag deployment towards the 
femurs and therefore a slight difference in kinematics 
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occurs in comparison to the test response. Table 4 
lists the injury peak values reached in the test versus 
the simulation time history.  

Table 4. Test and simulation OoP injury values – 
OoP position 1 

AF05 injury criteria 
OoP position 1 

Test 
average Simulation 

Head HIC15 [-] 26 11 
Nij [-] 0.24 0.24 
Tension [N] 580 890 
Compression [N] 20 70 
Flexion [Nm] 18 22 

Neck 

Extension [Nm] 5 1 
Accel. 3 ms [g] 11.0 8.2 Chest 
Deflection [mm] 9 7 

 

Because the femur forces play a minor role within the 
laboratory test (no contact to an instrument panel was 
possible), they are not discussed further here. 
Whereas the neck values are overestimated by 
simulation, the simulated chest values are slightly 
lower than the test response. To evaluate the punch-
out and the membrane-loading phases and their 
dummy injury cause in more detail, a closer look is 
taken at the injury curve characteristics below. As for 
dummy position 1, in which the chin is positioned 
closely in front of the airbag module, the punch-out 
phase greatly influences the head and neck dummy 
body area. Figures 31 to 33 plot the head and neck 
injuries obtained by the simulation model versus the 
test response for dummy position 1. 

 

Figure 31. NHTSA position 1, injuries test versus 
simulation – head X-acceleration 

The initial peak can not be correctly covered by the 
simulation for head acceleration, but is well 
reproduced for the upper neck force (punch-out 
effect). 

 

Figure 32. NHTSA position 1, injuries test versus 
simulation – upper neck Z-force 

The membrane-loading phase (here approx. 10 ms to 
40 ms) can be seen in the simulation. The released 
energy is relatively well transferred to the dummy in 
the simulation. 

 

Figure 33. NHTSA position 1, injuries test versus 
simulation – upper neck Y-moment 

Overestimating the neck moment timing, the injury 
value tendency of the head and neck can be predicted 
by the GF simulation. Figure 34 indicates the dummy 
test response versus the simulation time history of the 
dummy chest acceleration and chest deflection. 
 

 
 

 
Figure 34. NHTSA position 1, injuries test versus 
simulation – chest X-acceleration and deflection 
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With respect to the dummy’s measurement tolerance, 
the chest injury values are predicted by the GF 
simulation. The curve characteristics of the test 
response for the chest mark the membrane-loading 
phase (load increase to 40 ms). A good trend can be 
obtained by the advanced simulation method.  

Occupant position 2 results 

Figure 35 indicates the initial airbag deployment 
kinematics (simulation left versus test right) at 10, 20 
and 30 ms from a side view for dummy position 2. 

 

 

 

Figure 35. NHTSA position 2, test (right) versus 
simulation (left) for 10, 20 and 30 ms – side view 

In simulation, the airbag mainly deploys below the 
upper rim of the steering-wheel. The friction between 
the airbag and the dummy could cause the differences 
compared to the test. Before the curve characteristics 
of the injury values are discussed in brief, Table 5 
below lists the injury peak values – test versus 
simulation. 

Table 5.  Test and simulation OoP injury values – 
OoP position 2 

AF05 injury criteria 
OoP position 2 

Test 
average Simulation 

Head HIC15 [-] 7 8 
Nij [-] 0.18 0.33 
Tension [N] 430 570 
Compression [N] 25 30 
Flexion [Nm] 5 7 

Neck 

Extension [Nm] 10 20 
Accel. 3 ms [g] 11.7 10.7 

Chest 
Deflection [mm] 20 23 

The simulation slightly overestimates all the injury 
values. Figure 36 to Figure 38 plot the dummy head 
and neck injures obtained by simulation versus the 
test response for dummy position 2. 

 

Figure 36. NHTSA position 2, injuries test versus 
simulation – head X-acceleration 

The curve characteristic is followed well by the 
simulation. 

 

 

Figure 37. NHTSA position 2, injuries test versus 
simulation – upper neck Z-force 

As already mentioned above, simulation 
overestimates the upper neck force. The increase of 
force during full deployment (membrane-loading 
phase) is covered by tendency. 

 

Figure 38. NHTSA position 2, injuries test versus 
simulation – upper neck Y-moment 

The head acceleration and the neck force can be 
predicted by simulation, whereas differences within 
the neck moment are obtained. Figure 39 indicates 
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the dummy chest simulation time history versus the 
test response. 

 

 

Figure 39. NHTSA position 2, injuries test versus 
simulation – chest X-accelerations and deflection 

For position 2 (chest on module), the airbag punch-
out effect affects the dummy chest body area more, 
whereas the head and neck injury values provide an 
indication of the membrane-loading phase. The 
punch-out phase in chest acceleration is covered by 
tendency but can not match the test response peak 
value. The load transfer during full airbag 
deployment (membrane-loading) is reproduced well 
by the advanced simulation.  

 

DISCUSSION 

Identification of the essential parameters by means of 
the appropriate experiments and CAE methods to 
model the folded airbag module leads to reasonable 
airbag validation within the simple one degree of 
freedom pendulum scenario (punch-out effect). 
Further replacement of the pendulum by the dummy 
model with its sophisticated contact surfaces such as 
head, neck, chest, arms and shoulders increases the 
numerical complexity. The thermodynamic energy 
released by the chambered airbag module presented 
is transferred to the dummy via the CFD gas transport 
algorithm (fluid-structure interaction) and finally by 
means of the numerical contact mechanics between 
the cushion and the dummy surfaces during the early 
stage of airbag deployment. The different loads 
measured in the dummy indicate the energy 
transmission in more detail. The airbag punch-out 

and membrane-loading phase tendency observed in 
the laboratory tests are covered by the OoP 
simulation as a result of the investigation of the low-
risk effectiveness of the initially chambered DAB 
design. Generally speaking, the FMVSS 208 relevant 
dummy load levels can be predicted by the advanced 
GF airbag simulation method using Madymo’s facet 
data base dummy model. Whereas the CFD results 
are close to experimental response, there are still 
some differences, e.g. in the dummy neck injuries as 
also reported in [36] and in deployment kinematics, 
which need to be analysed further. With the 
application of the FEM AF05 dummy designed for 
the OoP load case, a further improvement in result 
quality is expected. The FEM dummy is equipped 
with more detailed upper body description (head, 
neck and chest contact surfaces) and improved soft 
tissue compliances (material model). 

In the automotive industry’s product development 
process, analysis and physical prototyping have co-
existed for years. Being the key to a higher level of 
competitiveness in terms of faster-to-market and cost 
reduction for OEMs and suppliers, a big push in the 
direction of 100% virtual prototyping is going to take 
place in the near future in the area of CAx data 
management and processes as presented in [37] and 
[38]. What does this and the above summarised 
results of the OoP simulation with the advanced 
chambered airbag mean for the future development 
and design of new airbag technologies? 

Based on the current study experience, it is the 
author’s opinion that 100% virtual airbag prototyping 
and validation will be difficult to reach in the near 
future, not only because of the challenges in 
simulating long-term durability or aging, but also due 
to the following major hurdles in design disciplines 
which need to be overcome: 

1. Inflator characteristics applied in the study are 
based on over-simplified assumptions (MTA). 
Intensive research work and collaboration with 
inflator suppliers is still required to identify 
correct inflator gas initial conditions and 
characteristics for CFD integrated airbag models. 

2. Although the folder software and contact 
algorithm can handle the presented complex 2-D 
DAB cushion from folding over folded mesh 
relaxation, it is still a time-consuming process 
within the industrial design procedure. Further 
folding process optimisations are necessary 
which also take into consideration the complex 
folding of 3-D passenger airbags with internal 
gas deflection to improve the effective 
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application of the presented advanced airbag 
simulation methodology. 

3. The accuracy and robustness of constitutive 
material models for engineering plastics and 
polymeric foams under high strain rate and large 
deformations for airbag door modelling as well 
as for robust response of local airbag dummy 
interactions (improvement of dummy model 
robustness). 

4. In order to investigate the effects of design 
parameter variations, a vast amount of 
computing resources are needed. 

 

CONCLUSION 

The presented advanced initially chambered driver 
airbag performs in reality and virtually far below the 
injury value limits required by FMVSS 208. The 
advanced CFD airbag simulation methodology allows 
a deep insight into better understanding the physical 
problems. Therefore it is a helpful and powerful tool 
for pushing the future development of new airbag 
technologies. For instance by changing the cushion 
geometry – here the inner control volume of the 
presented chambered airbag – the effect on risk 
performance can be studied with numerical 
simulation. In mathematical terms, an approximation 
of the inner control volume size to the airbag volume 
itself leads to a conventional airbag. But shrinking 
with parallel application of new materials (to avoid 
burning) could lead to the next generation of 
advanced airbags designed for the low risk 
deployment target. Further, the CFD integrated 
simulation allows investigation into the effectiveness 
of different folding patterns in order to evaluate the 
consequences for the gas jet path and for the ensuing 
dummy injury values. The challenge of solving the 
airbag risk and protection compromise tells its own 
tale that further investment into the advanced airbag 
simulation methodology, as presented in this paper, 
will be a technically profitable task for the future. 
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ABSTRACT 

The overall protection of the growing child in 
the car is a question of designing child safety 
systems specifically for the needs of the child, 
such as age, stature and weight. Safety benefits 
are seen if children use booster cushions up to 
the ages of 10 to 12 years. The aim of this study 
is to present and to evaluate the safety potential 
of a new rear seat design for the growing child, 
including 2-stage booster cushions together with 
progressive load-limiters.  

The 2-stage booster cushion is an evolution 
of the first generation integrated booster 
cushions which were launched in 1990. The 2-
stage booster cushion was designed to help 
provide an even better fit for an even broader 
range of sizes of forward facing children. In its 
high position, the seat belt fit for the smaller 
children is in focus. In its low position it offers a 
more adapted thigh support (reducing likelihood 
of slouching) for the larger children, as 
compared to when using the adult seat position. 
The progressive load-limiter is adapted to the 
child. 

Referring to accident experiences of children 
in rear seats of prior Volvo cars and published 
data on booster usage, misuse, performance and 
functionality, the safety potential is estimated 
and discussed. 

This study presents a new rear seat safety 
concept for enhanced overall protection for 
children aged approximately 4 to 12 years old. 
The 2-stage booster cushion and the progressive 
load limiter working as a system has potential 
for increased safety by attracting increased usage 
by a larger span of child occupant sizes together 
with a more adapted crash performance.  

 
 
 
 
 
 
 
 
 
 

INTRODUCTION 

The development of child restraint systems 
for cars began in the early 1960's. During the 
past 40 years, different child restraint systems 
have been developed to improve protection for 
children of different sizes and ages. Isaksson-
Hellman et al. (1997) and Jakobsson et al. (2005) 
showed a clear upward trend of steadily 
increased safety for children in cars during this 
time period in Sweden. This was due to the 
increased frequency in the use of restraints, and 
the development of effective child restraint 
systems.  

Belt-positioning boosters 

Belt-positioning booster cushions were 
introduced in the late 1970's (Norin et al. 1979). 
Today, there are three main belt-positioning 
boosters; booster cushions, booster seats 
(including seat backs) and integrated (built-in) 
booster cushions. The systems are used with the 
adult seat belt which restrains both the child and 
the booster. The integrated boosters were 
developed in order to simplify usage and to 
minimize misuse (Lundell et al. 1991). They can 
be found in the rear seats of Volvo cars from 
1991 onwards, in the mid-seat or outboard 
position (depending on car model) and always 
with 3-point seat belts.  

A 4-year-old child has specific car safety 
needs. The iliac spines of the pelvis, which are 
important for good lap belt positioning and to 
reduce the risk of belt load into the abdomen, are 
not well developed until a child is about 10 years 
old (Burdi et al. 1968). The development of iliac 
spines, in conjunction with the fact that the 
upper part of the pelvis of the seated child is 
lower than that of an adult, are realities that must 
be taken into consideration in the booster design. 

The booster allows the geometry of the adult 
seat belt to function in a better way with respect 
to the child occupant. The booster raises the 
child, so that the lap part of the adult seat belt 
can be positioned over the thighs, which reduces 
the risk of the abdomen interacting with the belt. 
An important feature regarding booster cushions 
is the belt-positioning device (guiding horns); 
keeping the belt in position during a crash by 
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restraining the booster. This feature is not 
necessary for integrated boosters. The booster 
also sets the child in a more upright position and 
more adaptive thigh support, so he/she will not 
scoot forward in the seat to find a more 
comfortable leg position when seated. Slouching 
may result in sub-optimal belt geometry 
(DeSantis Klinich et al. 1994). Other advantages 
of belt-positioning boosters are, by sitting higher 
the shoulder part of the seat-belt will be more 
comfortably positioned over the shoulder of the 
child and thus, the child will also have a better 
view.  

Rear seat safety development 

Safety standards for passenger cars have 
been steadily improving for several decades, 
even in the rear seat. Three-point belts in the 
outer seating positions in the rear seat were 
introduced in the late 1960's. Three-point 
retractor belts were introduced on some markets 
in 1972 and in 1975 became standard for Volvo 
cars in all markets. A further improvement to the 
rear seat was the anti-submarining floor ridge 
introduced in 1982 in the Volvo 760 model 
(Lundell et al. 1981). In the rear centre seat the 
lap-belt was the only belt available for several 
years. However, improvements to the rear centre 
belt began in 1986, with the introduction of a 
three-point belt and head restraint for the centre 
seat as an accessory on the Volvo 700 saloon 
model (Karlbring and Mellander 1987). This 
became standard equipment for the rear centre 
seat starting with the Volvo 900 saloon in 1990 
(Lundell et al. 1991) and estates in 1992 
(Lundell et al. 1994). All new Volvo models are 
fitted with them still. Height-adjustable head 
restraints were introduced with the three-point 
belts in the rear centre seat. These were 
necessary prerequisites for the integrated booster 
cushions offered as an optional feature (Lundell 
et al. 1991 and 1994). The present study takes us 
to the next generation of rear seats for children, 
enhancing protection further. 

The aim of this study is to present and 
evaluate the safety potential of a new rear seat 
design, including 2-stage booster cushions 
together with progressive load-limiters.  

OUTLINE 

A new rear seat safety design for the growing 
child, including 2-stage integrated booster 
cushions with progressive load-limiters will be 
presented. Referring to accident experiences of 
rear seated children in prior Volvo cars and 
published data on booster usage, misuse, 
performance and functionality, the safety 
potential is estimated and discussed. 

FIELD DATA 

Subset 

A dataset of children in Volvo Cars' 
statistical accident database is analyzed. Crashes 
involving Volvo cars in Sweden where the repair 
costs exceed a specified level (currently SEK 45 
000) are identified by the insurance company 
Volvia (If  P&C Insurance). Photos and technical 
details of the cars (e.g. damage) are sent to 
Volvo Cars' traffic accident research team. The 
owner of the car completes a questionnaire 
(shortly after the crash) to provide detailed 
information about the crash and the occupants. 
Injury data is gathered from medical records and 
analyzed by a physician within Volvo Cars' 
traffic accident research team. Injuries are coded 
according to the Abbreviated Injury Scale (AIS, 
AAAM 1985). This forms the basis of the 
database.  

Rear seat child occupants aged 3 to 12 years 
old, who have been involved in a crash occurring 
within the years of 1987 and 2006 have been 
selected for this study; a total of 2179 occupants, 
48% girls and 52% boys. The distribution of 
restraint type is shown in Table 1. Among the 
874 children using boosters, 47 were restrained 
in integrated boosters, the majority in mid-rear 
seat position. The somewhat low proportion of 
integrated boosters available is due to the 
dataset, covering also car models prior to the 
availability of integrated boosters. 

Table 1. 
Number of forward facing child occupants 3-
12 years old in the rear seat with respect to 

restraint type. 
 

Restraint type Total 
unknown 49 

unrestrained 85 
rearward facing seats 30 

seat belt 1141 
boosters 874 

Total 2179 
 

Boosters are belt-positioning booster seats or 
booster cushions, of accessory as well as 
integrated types. In all of these, the child 
together with the booster is restrained by the 
adult seat belt. Unfortunately, information 
regarding how the seatbelt is placed (potential 
misuse) is not available in the material. 
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Restraint type versus age 

The distribution of restraint type in the rear 
seat versus age is shown in Figure 1.  
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Figure 1.  Distribution of restraint type for 
children aged 3-12 in rear seat.  
 

As can be seen in Figure 1, the overall 
restraint use is high, less than 10% of the 
children are unrestrained. In the data, over half 
of the children use seat belts only with a rather 
linear increase from 14% at the age of 3 to more 
than 90% use at the age of 12. Only 
approximately 40% of the rear seat child 
occupants at the age of 7 use boosters, and 
approximately 15% of the children above 7 years 
old and above use boosters. 

Integrated boosters are used across the whole 
age span. Compared to accessory boosters a 
trend of higher usage rate with increased age is 
seen for the integrated boosters, Figure 2. 
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Figure 2.  Distribution of booster type over 
age. 

 

For the sample of occupants selected, the 
overall injury reducing effect (MAIS 2+) for 
boosters is 75% (with the confidence limits 42% 
and 89%) as compared to unrestrained children. 
The injury reducing effect of boosters as 
compared to belted-only children is calculated as 
31%, however not statistical significant. The 
method for calculating the injury reducing effect 
was presented in Isaksson-Hellman et al. 1997. 

Abdominal injuries in frontal impacts 

The distribution of abdominal injuries can be 
seen in Figures 3a and 3b for children in frontal 
impacts, belted-only and in boosters, 
respectively. The 23 (out of 28) occupants with 
integrated boosters in a frontal impact with 
known impact severity are indicated in Figure 
3b.  
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Figure 3a.  Distribution of abdominal injury 
AIS for children in a rear seat restrained by 
belt only in frontal impacts, Equivalent 
Barrier Speed (EBS) versus age. 
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Figure 3b.  Distribution of abdominal injury 
AIS for children in a rear seat restrained by 
boosters in frontal impacts, EBS versus age. 
23 cases of integrated boosters (IBC) are 
indicated. 

 

The abdominal AIS 2+ injury rate is less for 
children restrained in boosters (0.8%) as 
compared to belt-only restrained (1.5%). Only 
one injury to the abdomen (level AIS 1) was 
seen for the occupants using integrated boosters. 
Among the children using booster, only two 
children sustained AIS 2+ abdominal injuries. 
The two injured four-year-olds were both seated 
on booster seats (of accessory type) with very 
poor guidance of the lap belt. During the crash, 
the pelvis slid under the belt and the loads were 
transferred into the soft tissues in the abdomen, 
resulting in fatal abdominal injuries for one of 
them and internal abdominal injuries, AIS 2, for 
the other.  

NEW 2-STAGE INTEGRATED BOOSTER 
CUSHION WITH PROGRESSIVE LOAD 
LIMITERS 

The 2-stage booster cushion, Figure 4, has 
evolved from the first generation integrated 
booster cushions as introduced in 1990. The 2-
stage booster cushion was designed to provide 
an even better fit for an even broader range of 
sizes of forward facing children. In its high 
position, the seat belt fit, ride comfort and visual 
aspects are taken into consideration. In its low 
position it offers a more adapted thigh support 
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(reducing likelihood of slouching) for the larger 
children, as compared to when using the adult 
seat position. Recommended use of the cushions 
is for children aged from 4 years to 10-12 years 
old. 

 
Figure 4.  The new 2-stage integrated booster 
cushion, low and high position, respectively  

 

Technical description of booster 

Figures 5a and 5b show sketches of the 
integrated booster in its low and high position, 
respectively.  

 

 
 

Figure 5a.  Sketch of the integrated booster at 
its low position.  
 

 
 

Figure 5b.  Sketch of the integrated booster at 
its high position.  
 

The booster cushion is attached to the rear 
seat wire frame by a screw-fixed base plate (1). 
The trim and foam, on which the occupants sit, 
are attached to the seat plate (2) via foam and 
trim carrier. The base plate and the seat plate are 
attached to each other by dual link arms. There 
are two sets of link arms, one for the lower first 

stage (3) and one for the higher second stage (4). 
Between the two sets of link arms there is a sub 
frame (5). Most of the locking mechanism, 
including the handle (6) is attached to the sub 
frame. During a frontal impact, the deformation 
element (7) helps enables enhanced crash 
performance by deforming.  

The locking mechanism allows the booster 
cushion to be fixed in its three positions; folded 
down adult seat position, first stage low position 
and second stage high position. A number of 
springs in the system ensures that the booster is 
self-presented when released from a lower to a 
higher position. 

Functionality and handling of booster 

In its low position, the integrated booster is 
designed for larger children, fitting children 115-
140 cm / 22-36 kg. In its high position, the 
booster fits children 95-120 cm / 15-25 kg. 

Figure 6 illustrates the belt fit for two 
children of different sizes using their most 
adaptable stage of sitting. 

 
Figure 6.  Photo of two children using the 2-
stage integrated boosters. 

 

At both stages, the child will perceive stable 
seating, due to the dual link arms. This is 
especially important in the second stage, where 
the child has a high seating position.  

Figures 7a and 7b illustrate the 2-stage up-
folding functions. When adjusting from the 
folded down adult seat position to first stage low 
position, handling is similar to that of the first  
generation integrated booster cushions (Lundell 
et al. 1991), i.e. pulling the handle outwards. The 
booster is then locked in position by pushing the 
booster backwards. Adjustment from first stage 
low position to second stage high position is 
facilitated by pushing the button above the 
handle inwards. As in the low position, the 
booster is then locked by pushing the booster 
backwards.  

(1) 

(2) 

(3) 

(4) 
(5) 

(6) 

(7) 
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Figure 7a.  Folding function from folded 
down adult seat position to low position. 
 

 
Figure 7b.  Folding function from low to high 
position. 

 

The booster is folded down from either the 
first stage or the second stage by pulling the 
handle outwards and pushing the booster 
downwards. It is not possible to operate the 
booster from its second stage to its first stage 
without first folding  it down into the adult seat 
cushion. 

The thickness of the foam has been chosen to 
give adults sitting on the booster in its folded 
down adult position as good comfort as possible. 
Adults, being heavier than children, require 
thicker foam to be comfortably seated. A lot of 

care has been taken not to jeopardize adult 
comfort. Therefore, the booster cushion has been 
designed to the lowest possible height so that the 
comfort foam can be as thick as possible and that 
the step between the rear seat foam and the 
booster foam is not perceived. The packaging 
size of the 2-stage booster is equal to the first 
generation of booster, providing an equal level 
of adult comfort. 

An attitude and handling focus group session 
was performed using 17 children aged 7 years 
old and their parents testing both accessory and 
integrated boosters (Bohman et al. 2007). The 
integrated booster was rated good with respect to 
ease of use, fast to buckle up, the user feeling 
secure when handling, no lap-belt misuse and 
stability when entering/leaving the car. The new 
2-stage integrated booster offers these benefits 
and adds further benefits for adapting the seat to 
both smaller and older children. 

One of the main functionalities of the booster 
is to offer the child a more adapted thigh 
support. Anthropometry data of children's thigh 
length (from the buttock to the inside of the 
knee) is shown in Figure 8. As can be seen, 
almost no children aged 12 years or under have a 
thigh length that allows them to sit comfortably 
in the adult seat. Thus, slouching is a very 
probable effect of attaining comfort for many 
children if using an adult seat. The booster, 
which is shorter than the adult seat, will allow 
the child's knees to bend comfortably at the edge 
of the booster and encourage a more upright and 
safe sitting posture. 
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Figure 8.  Buttock to inside knee length for 
children and young adults (ref Pheasant 
1986). Upper horizontal line is the adult seat 
cushion depth. The lower horizontal line is the 
booster cushion length.  

 

Another functionality is the raising effect of 
the booster and this aspect in side impacts. The 
average eye heights for children of different ages 
when seated are plotted in Figure 9, showing the 
three different positions; adult seat, stage 1 and 
stage 2 respectively. In this Figure, the lower 
coverage level of the inflatable curtain (IC) is 
indicated. Due to initial seating posture and 
kinematics during a crash, this level is 
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approximate and serves only as an indication. As 
can be seen, the gain in height using the booster 
as compared to the height of the adult seat will 
offer children better adaptability of the safety 
systems of the car. 
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Figure 9.  Eye height for children when seated 
(50%-ile boys, ref Pheasant 1986). Horizontal 
line is the approximate level of the Inflatable 
Curtain (IC).  

 

There are also well-being advantages with 
using boosters such as in the higher positioned 
boosters even the younger children can look out 
through the side window and thereby enjoy the 
ride more. It not only calms the child but can 
induce feelings of harmony and happiness. As a 
result they are less likely to 'distract' the driver. 
In a large questionnaire based survey conducted 
in Australia, 71% of the children traveling in 
boosters reported that they liked being elevated 
so they could look out of the window better 
(Charlton et al. 2006).  

Progressive load limiter 

Together with the 2-stage integrated booster, 
the seat belt is equipped with a pretensioner and 
load limiter to further enhance the crash 
performance. 

The pretensioner is pyrotechnical with 
increased pretensioning effect compared to the 
existing V70 introduced 1999. Increased 
pretensioning effect is introduced to further 
remove initial slack in the belt system at the 
early phase of the crash. 

 The load limiter is progressive in two stages 
by a torsion bar, as seen in Figure 10. 

 
Figure 10.  Torsion bar of the seat belt load 
limiter.  
 

The first stage with low load limiting (narrow 
diameter) is initially active when the seat belt is 

loaded during impact. After a certain turning 
angle of the seat belt's bobbin, the first stage is 
locked by a mechanical sleeve and the higher 
load limiting level (thicker diameter) is active for 
the rest of the impact. 

Progressive load limiting allows the occupant 
to experience improved crash performance 
depending on weight of the occupant and crash 
severity. 

Performance 

The setting of the progressive load limiter 
and the design of the integrated booster cushion 
is based on extensive frontal impact testing using 
different dummy sizes and impact severities. The 
aim was to achieve a robust performance for the 
variety of occupant sizes and severities, 
especially focusing on children, who represent 
almost 50% of all rear seat occupants. Although 
designed for children aged approximately 4 to 
12, the child dummy sizes used in the testing are 
the existing 3, 6 and 10--year-old child 
dummies. 

Extensive testing confirms the ambition of 
robustness by comparable results for different 
occupant sizes in same impact situation. The 
difference in injury values for a 3-year-old and a 
10-year-old in a 35 mph impact is less than 20% 
for relevant dummy readings. The introduction 
of the load limiter enabled the possibility to 
enhance performance of the smaller occupants 
due to the progressive two step load limiter 
characteristics.  

SAFETY POTENTIAL PREDICTION 

The importance of a belt-positioning booster 
for forward-facing children, to avoid abdominal 
injuries caused by the abdomen slipping under 
the belt, has been shown in several studies 
(DeSantis Klinich et al. 1994, Isaksson-Hellman 
et al. 1997, Hummel et al. 1997, Warren Bidez 
and Syson 2001, Durbin et al. 2003). The field 
data presented in this study supports these 
findings and emphasizes the importance of 
boosters, and that the booster is designed to hold 
the belt firmly against the pelvis or thighs during 
a frontal impact. The overall effectiveness 
(MAIS 2+) of boosters is estimated as 31% as 
compared to using seat belt only and as high as 
75% as compared to no restraint at all. Getting 
all children of appropriate age and size to use 
boosters offers a potentially significant safety 
benefit. 

Booster usage varies greatly for different 
countries. Less than half of the children aged 4 
to 12 in Volvo cars in Sweden use boosters as 
indicated in Figure 1. For those above 7 only 
15% use a booster. In a questionnaire based 
survey in Australia (Charlton et al. 2006), which 
covered 700 parents with children 4 to 11 years 
old, 42% of the children included in the survey 
were appropriately restrained based on the height 
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criteria (<140cm should use boosters). Data from 
the US shows a significant increase in booster 
usage in the 4 to 8 year age group from 4% in 
1999 increasing to 27% in 2004 (Arbogast and 
Winston 2006). Although the trend is positive, 
the overall booster use rate in the US is low and 
the booster seat use of children above 8 years of 
age also needs to be addressed (as illustrated in 
Figure 8). In a study conducted in Spain only 9% 
of children aged 6 to 12 used child restraints 
(unspecified type) (Tejera 2006). 

Even though small sample size, Figure 2 
indicates that the acceptance of integrated 
boosters seems to be higher for older children as 
compared to accessory boosters. It can then be 
speculated that by offering an integrated booster, 
usage will increase along with the overall 
potential safety benefit. 

For the children using boosters, different 
types of misuse affects the performance. The 
frequency of misuse varies depending on which 
study is analyzed, but the share is significant. 
According to a study carried out in the US by 
NHTSA (2004), 39.5% of the 664 children 
inspected in belt-positioning boosters were 
considered as critical misuse. The most 
commonly occurring cases of misuse were 
improper fit of shoulder belt followed by loose 
belt, improper fit of lap belt and inappropriate 
age/fit. Morris et al. (2000) studied 164 children 
in belt-positioning boosters in the US and 
identified misuse in 20% of the cases. The most 
common misuse was incorrect positioning of 
shoulder belt, followed by child inappropriate in 
size, inappropriate seat belt for booster and seat 
belt routed incorrectly. In Germany, the misuse 
rate for booster cushions was reported to be 
46.8% according to a study by Fastenmeier and 
Lehnig (2006). A Spanish study carried out as a 
part of the EU-project CHILD, identified that 
nearly 50% of the children, aged 6 to 12 
restrained with a child restraint (unspecified 
type), had some type of misuse (Tejera 2006). 
The most common misuse was having the seat 
belt placed behind the back of the child. Data 
from France in the same study indicates figures 
of booster misuse as approximately 65%. The 
most commonly occurring cases of misuses were 
lap belt over belt guiding, twisted seat belt and 
seat belt behind the back.  

In an attitude and handling focus group 
study, all children questioned (7 years old) 
managed to handle the seat belt correctly in the 
integrated booster, while 5 out of 7 had 
incorrectly handled (misused) the belt with the 
accessory boosters (Bohman et al. 2007). Using 
a Hybrid III 6-year-old dummy with incorrect 
belt routing over the guiding horn of the 
accessory booster in a frontal impact test, it was 
shown that when the lap belt was above both 
guiding horns, the dummy slid off the booster 
causing the dummy to submarine with potential 

abdominal injuries as a result (Bohman et al. 
2006). Integrated boosters have an advantage 
with respect to this type of misuse, since no such 
guiding horns are needed. With regard to 
incorrect belt routing of the shoulder belt 
because of discomfort, the integrated booster has 
been designed in conjunction with the seat belt 
geometry which could potentially reduce this 
type of misuse. A 2-stage booster increases this 
potential by further adapting the seat belt 
geometry to different sizes of children, as 
illustrated in Figure 6. 

A questionnaire based study on 4 to 11-year-
old children in Australia (Charlton et al. 2006) 
reported that one of the reasons for moving the 
child from booster to adult seat belt only (69%) 
was  primarily that the child was too big for the 
booster. Other major reasons were that the child 
disliked sitting in a booster, the child had 
reached the upper weight limit recommended, 
the child would be more comfortable using a seat 
belt only and that the child thought they were too 
'grown-up' for a booster. The study concludes 
that the design of boosters should have the 
capacity to seat bigger children as well as being 
more appealing to children. Children do not 
grow in distinct steps and they naturally strive to 
be seen as 'grown-up'. This is important and not 
always in line with using the same child safety 
system from the ages of 4 to 10-12. By offering 
a two-stage concept, integrated in the car, it is 
believed that the level of acceptance will 
increase and thus enhance overall protection.  

One reason for abdominal injuries for 
children using a seat belt only is the phenomena 
of slouching (DeSantis Klinich et al. 1994). If 
thigh length is shorter than the seat cushion, 
slouching is natural to increase comfort. As 
shown in Figure 8, not many of the children 
below 12 will sit upright with knees bent 
comfortably when using the adult seat only. The 
low stage of the new booster is for children 6 
years and above. It is designed to be comfortable 
for this group and should reduce the likelihood 
of slouching, thus increasing safety. 

The performance of belt pretensioners and 
load limiters for child protection was illustrated 
by Bohman et al. 2006 and van Rooij et al. 
(2003). Using a Madymo HybridIII 6-year-old 
dummy, van Rooij et al. showed that the 
combination of a belt pretensioner (to tie the 
child to the vehicle deceleration at an earlier 
phase) and a force limiter (to limit peak chest 
loading) was very beneficial. Head, neck and 
chest values were significantly reduced when 
compared to the reference; a reduction of 15% to 
70%. Bohman et al. (2006) used a Hybrid III 6-
year-old dummy and four different types of 
boosters (one integrated), comparing the effect 
of a pretensioner and a load limiter. Adding a 
pretensioner to the standard retractor reduced the 
chest acceleration from 16-25%, HIC15 42-47%, 
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NIJ 0-24% and neck tension 10-17%, having a 
limited effect on the chest deflection. Adding a 
load limiter to the pretensioner, the chest 
acceleration and neck loadings were further 
reduced. Additionally the effect of load limiting 
reduced the chest deflection by 23% and 27% 
compared to a standard retractor for the 
accessory boosters and the integrated booster, 
respectively. The HIII 6-year-old dummy was 
best protected using an integrated booster and 
seat belt with pretensioner and load limiter 
(reductions from 21 to 50% compared to worst 
condition). The 2-stage integrated booster with 
the progressive load limiter will, as a system, 
enhance performance across a wide range of 
occupant sizes and impact severity, thus 
increasing overall protection. 

When introducing the world's first integrated 
booster (Lundell et al. 1991) tests were presented 
showing the differences in performance between 
integrated boosters and accessory boosters. 
Bohman et al. (2006) found that when 
comparing an integrated booster and an 
accessory booster, the integrated booster offers a 
more direct coupling to the seat belt system, 
without slack introduced by a loose cushion. In 
addition, the lap belt force with an integrated 
booster was lower than the lap belt force with an 
accessory booster. Most types of boosters offer 
good protection if used correctly. But knowing 
that correct usage is not always the case, the 
robustness for misuse is an important aspect of 
the safety of a booster.  

Jakobsson et al. (2005) showed that head 
injuries were the most frequent injuries to 
children in side impacts and the head injuries 
sustained by children were of similar types and 
mechanisms as for adults. Using the integrated 
booster, children will gain height (Figure 9) and 
thereby enhance adaption to the safety systems 
in the car in a side impact as compared to sitting 
on the adult seat. Integrated systems designed to 
perform with the rest of the car safety systems 
will increase overall protection. 

The total safety prediction of the new 2-stage 
integrated booster with progressive load limiter 
cannot be calculated in absolute numbers at 
present. However, overall protection is expected 
to increase as usage increases, by increased 
acceptance and comfort, together with the safety 
performance of a robust and adapted system. 

DISCUSSIONS 

The protection of the growing child in the car 
is a question of designing child-restraint systems 
specifically for the needs of the child. A child's 
age, size, and even feelings are important aspects 
with regard to the specific needs. For the 
children in the age group of 4 to 10-12, restraints 
need to compensate for the development and size 
of the pelvis to accommodate belt geometry for 
good protection during a crash. This study 

presents an appealing way of pleasing the needs 
of the growing child.  

In order to avoid abdominal injuries by the 
abdomen slipping under the belt during a frontal 
impact it is advisable for children up to the age 
of around 10 to 12 years old to use belt-
positioning boosters. Data from different places 
in the world shows that, at present not many 
children above 7 use boosters, even though thigh 
length and pelvis size and development is not 
compatible with an adult seat. Safety potential is 
significant if booster usage is increased 
worldwide and by offering an integrated 2-stage 
booster in the car, the availability, functionality 
and acceptance is anticipated to result in an 
increase, although it is difficult to state this in 
absolute numbers. 

For those using boosters, the misuse factor is 
significant. Worldwide, the most common 
booster misuse factor  is incorrect routing of the 
seat belt. Studies have shown that integrated 
boosters are found to be easier to use for lap belt 
positioning. The 2-stage system is believed to 
further adapt to the different sizes of children for 
shoulder belt comfort and placement. 

This study presents a 2-stage integrated 
booster with progressive load limiter. This is a 
result of many years research in child safety and 
safety of the rear seat occupants and a natural 
step in rear seat safety development at Volvo 
Cars. In a study in 1997 (Isaksson-Hellman et 
al.), it was concluded that the safety systems 
available offered good protection and that the 
areas of concern were; not using the restraints or 
not using the appropriate restraint for the child's 
age and size. The importance of adapting the 
child safety system to the growing child, when 
considering both acceptance and performance, is 
anticipated to make a positive impact on better 
overall safety. 

CONCLUSIONS 

The study presents a new rear seat safety 
concept for enhanced overall protection for 
children aged 4 to 10-12. The 2-stage booster 
and the progressive load limiter working as a 
system has the potential to increase safety by 
encouraging increased usage by a large cross-
section of child occupant sizes together with a 
more adapted crash performance for the children. 
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ABSTRACT: 

The passenger car manufacturers within VDA 
(German Association of the Automotive Industry) 
provide a position statement that has the potential 
to combine research by the American Alliance of 
Automobile Manufacturers with that of IIHS as 
well as the efforts of EEVC to constitute a feasible 
and realistic step for a worldwide compatibility 
evaluation. This paper provides the technical 
background of the suggestion. It discusses the 
relationship between self and partner protection in 
the current European accident scene and discusses 
benefits and drawbacks of alternatives currently 
being discussed in the various groups involved in 
compatibility research. 

Compatibility offers the opportunity to increase 
safety in a limited manner. However, if it reduces 
the self-protection of passenger cars, there is the 
risk that it significantly compromises the currently 
very positive development of the national road 
safety figures in Europe. 

INTRODUCTION 

The main goal of this paper is to provide a first and 
feasible step towards better compatibility between 

passenger cars. There are also a couple of draw-
backs to be taken into account. But the main 
message is a positive one: There is a possibility for 
a feasible first step, and before we create new 
problems by attempting to solve everything, we 
should take feasible steps. The first section 
provides the common position in the VDA, the 
German Association of the Automotive Industry. In 
the sections following that, background information 
is provided. 

THE VDA-POSITION ON COMPATIBILITY 

• Increased self protection of passenger cars 
is the main reason for the continuous trend 
of reduced number of fatalities. 

• Potential compatibility improvements 
must not compromise self protection. 
Current self protection level shall not be 
reduced. 

• Geometrical alignment provides additional 
potential to further increase safety in car-
to-car collisions, creating load paths 
between the colliding vehicles. This shall 
be the primary step for assessing 
compatibility. 

• The geometrical alignment requirement 
may be based on geometrical 
measurement as long as no final 
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applicable dynamic evaluation method is 
defined. The evaluation of geometrical 
alignment shall assure that structural 
engagement and sufficient support is 
created in the common interaction zone as 
specified in sections below. 

• A dynamic evaluation method may be 
based on full-width restraint test with load 
cells assessing forces and/or deformations. 
The applicable evaluation criteria shall 
have a strong correlation with improved 
partner protection without degrading self-
protection. 

- The interaction area should be the 
common zone for structural 
interaction as specified below. 

- The evaluation should assure that 
sufficient support is created. 

- In case of force measurement, an 
upper limitation of force should 
be avoided due to the draw backs 
in self protection. 

• However, for individual secondary 
structures (e.g. blocker beams, sub 
frames), which may not be identified by 
the full-width restraint test, an optional 
test or assessment method may be applied. 

• If, in the future, new test or assessment 
procedures are provided, they shall be 
considered under the objectives of this 
statement, especially regarding self and 
partner protection. 

 
Common Zone for Structural Interaction: 

1) The presence of structures within a 
common zone for structural interaction 
(between 330 and 580 mm of ground 
clearance) needs to be confirmed for all 
vehicles including trucks, SUVs/LTVs, 
Sports Cars and Sedans). 

2) Structures above the zone should not be 
penalised, providing sufficient support is 
present within the interaction zone.  

3) Structures below the zone should be 
credited, providing sufficient support is 
present within the interaction zone. 

Assessment methods should be defined in 
accordance to points 1, 2, 3. 

This is the original wording of the VDA-position 
on compatibility. 

THE DEVELOPMENT OF VEHICLE SAFETY IN 

GERMANY AND EUROPE 

The comment made in the VDA-Position above – 
that there is a positive trend in German accident 
figures – can be easily proven using the data of the 
German Statistics Office.  

Figure 1 shows a clear trend, which has remained 
fundamentally stable since 1970. Following the oil 
crises it was initially very pronounced and then, 
after an increase, it remained relatively stable until 
re-unification. With the exception of the increase 
caused by German re-unification, the number of 
people killed in traffic accidents has decreased by 
an average of 370 persons every year since 1983. 
This is a very encouraging development and may 
result in Germany achieving its goal of reducing 
the number of traffic fatalities by one half between 
the years 2000 and 2010. 

Road Traffic Fatalities
in Germany
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Figure 1. Time history of the number of 
fatalities in Germany since 1970. The 2006-
figure was estimated by BASt in November 
2006. (Source IRTAD) 

Figure 2 shows that this positive trend affects all 
road users. Figure 3 presents the same data with a 
reference year of 1980. This makes the reduction 
achieved in the individual groups of road users 
more visible. 

Traffic Participation of Fatally Injured Road Users in Germany
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Figure 2. Time history of the number of 
fatalities in Germany since 1970 for individual 
groups of road users. (Source IRTAD) 

In Figure 3, the results for mopeds and motor-
assisted bicycles are especially positive. Due to the 
unknown total travel distances of mopeds and 
motor-assisted bicycles, it cannot be directly 
concluded that there has been an increase in the 
safety of these vehicles. Nevertheless, the 
enforcement of helmet use and the low speeds of 
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these vehicles have a special significance. In 2005, 
fatalities of moped and motor-assisted bicycle 
riders had dropped to only 10.1% of the 1980 
figure.  

The pedestrian category also shows a considerable 
reduction to 18.4% of the 1980 figure. This trend 
has continued uninterrupted since 1970. 

Traffic Participation of Fatally Injured Road Users in Germany
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Figure 3. Time history of the number of 
fatalities in Germany since 1970 for individual 
groups of road users. 1980 was used as the  
reference year to enable comparison between 
the groups. (Source IRTAD) 

Passenger car occupants follow as the third group, 
with a reduction to 41% of the value from 1980. 
Here, it must be taken into account that the number 
of fatally injured car occupants in 1991, 
immediately following re-unification, rose to equal 
the value from 1980. A very low level had been 
achieved in 1987. Thus, a more relevant 
observation is that the car occupant group has in 
fact achieved a 59% reduction in the period from 
1991 until the present. 

Bicycles and motorcycles show a less pronounced 
reduction during the last 15 years. 

Nevertheless, it can be summarised that a marked 
increase in the level of traffic safety, which affects 
all road users, can be observed in Germany. 

Looking at the other EU member states shown in 
Figure 4, a similar trend may be observed. It would 
be too complicated to discuss each member country 
individually, but it is readily apparent that many 
member countries display a similarly positive 
trend. The exceptions are Greece and the new 
European member states. 

The effects of the trend can be better observed 
looking at the reduction expected between the years 
2000 and 2010. Figure 5 shows a linear regression 
of the last 10 years for each country until the year 
2010. The expected reduction in traffic deaths 
compared to the year 2000 is indicated. Only 
Germany can expect a reduction of more than 50%. 

Some countries – namely Portugal, Austria and 
Hungary – are expected to reach over 40%. In total, 
the 18 EU members for whom IRTAD 
(International Road Traffic Accident Database) 
provides data should achieve a reduction of 23%. 
This is an encouraging number, even if the 
ambitious goals set by the EU are unlikely to be 
achieved. 
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Figure 4. European trend with regard to the 
number of fatalities in 18 member states of the 
EU. 1980 was used as the reference year in order 
to achieve comparable data. 
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Figure 5. Current change and expected trend 
seen in 18 major member states of the EU. 

Overall, these numbers show that considerable 
progress has been made in Europe. Steady progress 
in almost all the member states is especially visible 
in the last ten years.  

This means that caution must be exercised with 
regard to the modification of safety-relevant 
regulations. We should do whatever possible to 
ensure that the positive trend continues.  

THE SIGNIFICANCE OF THE COLLISION TYPES FOR 

BELTED PASSENGER VEHICLE OCCUPANTS 

Figure 6 provides an overview of how the collision 
types are distributed for the various injury classes. 
The categories are divided as follows: 

MAIS 0+ includes all injured and uninjured car 
occupants involved in GIDAS accidents, and 
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demonstrates the distribution of collision modes in 
accidents with injured persons,  

MAIS 1+ includes all injured car occupants, 

MAIS 2+ to MAIS 4+ include injured car 
occupants with progressively increasing 
seriousness of injury, 

MAIS 5+ includes car occupants with critical 
injuries and a low chance of survival, 

and finally MAIS 6 includes only the maximally 
injured car occupants with very little chance of 
surviving. 
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Figure 6. Collision mode distribution for belted 
occupants of passenger cars, according to 
GIDAS database. The distribution is shown for 
all injury severity classes. The relative number 
of occupants of a particular injury severity is 
shown in percentage terms for each of the 
collision modes. 

Figure 6 shows that the percentage of frontal 
collisions, regardless of the severity of injury, is 
always approximately 55%. Only belted occupants 
are taken into account. Side collisions follow with 
30% and a slightly rising trend. Rear collisions are 
down to 7 to 8%. Rollovers have also stayed in the 
same range of about 7 to 8%. They are somewhat 
under-represented for MAIS 0+ occupants, but no 
special relevance for rollovers can be deduced from 
this data. 

The effects of previous safety measures cannot be 
seen in Figure 6, so in the following two figures, 
the collision mode and injury distributions are 
considered for older and newer passenger vehicles. 

If the MAIS 0+ percentages in Figure 7 and Figure 
8 are compared, it can be seen that side collisions 
have always been less frequent than frontal 
collisions. However, in vehicles built before 1980, 
42% of the MAIS 6 injuries to car occupants 
resulted from frontal collisions, and 42% resulted 
from side collisions. This was because the 

significance of side collisions increased with 
increasing injury severity. Frontal and side 
collisions were thus equally represented among the 
most serious injuries. 

0%

10%

20%

30%

40%

50%

60%

70%

Front Side Rear Roll-Over

Collision mode

S
h

ar
e 

o
f 

al
l c

o
lli

si
o

n
 m

o
d

es
 

fo
r 

ca
rs

 b
u

ilt
 b

ef
o

re
 1

98
0

MAIS 0+

MAIS 1+

MAIS 2+

MAIS 3+

MAIS 4+

MAIS 5+

MAIS 6

 

Figure 7. Collision mode distribution for 
passenger cars built before 1980, according to 
GIDAS database. The distribution is shown for 
all injury severity classes. The relative number 
of occupants of a particular injury severity is 
shown in percentage terms for each of the 
collision modes. 
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Figure 8. Collision mode distribution for 
passenger cars built after 2000, according to 
GIDAS database. The distribution is shown for 
all injury severity classes. The relative number 
of occupants of a particular injury severity is 
shown in percentage terms for each of the 
collision modes. 

For vehicles built after 2000 (Figure 8), the 
opposite effect is apparent. Today a frontal 
collision represents a greater danger than a side 
collision. At higher levels of injury severity, a 
greater proportion of occupants are involved in 
frontal collisions. 

This illustrates that the measures which were 
adopted for side protection were more effective 
than the measures used to address frontal collisions. 
The distribution of collision types shows that the 
incidence of severe side collisions has been 
reduced more than that of frontal collisions. Frontal 
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collisions must therefore be given a higher priority 
than they were in the past. The previous section 
clearly illustrated that the total number of fatal 
injuries has gone down.  

In addition it should be considered that high speed 
side collisions against narrow objects (e.g. trees or 
utility poles) with the correspondingly higher injury 
risk have been significantly reduced due to the 
introduction of ESC (Electronic Stability Control). 
This further reduces the number of serious side 
collisions and points to the fact that it makes sense 
to prioritise frontal collisions. 

THE RELEVANCE OF SELF-PROTECTION AND 

PARTNER PROTECTION 

Europe has a tradition of paying special attention to 
car-to-car collisions. The high speed frontal offset 
test described in ECE Regulation R94 (Uniform 
provisions concerning the approval of vehicles with 
regard to the protection of the occupants in the 
event of a frontal collision) was originally 
developed to mimic car-to-car collisions with a 
partial overlapping of the fronts of the vehicles. As 
the above analysis of the European statistics shows, 
the test has been effective. Considering the current 
emphasis being placed on developing a regulation 
to improve compatibility, it could be presumed that 
car-to-car collisions represent the greatest risk to 
car occupants. This is not the case, as studies from 
many different countries demonstrate. Good 
examples are the situation in Germany, Italy and 
France, shown in Figures 9 to 11. For Italy the data 
for seriously injured persons is lacking, so only two 
categories can be taken into account.  

The message is clear, single vehicle accidents 
account for a considerable share of injuries and 
become dominant with regard to fatalities.  
Therefore self protection is the major key to save 
lives and protect occupants, while the combination 
of self and partner protection only decides the 
outcome of car-to-car accidents. 

 

Figure 9. Relevance of self- and partner 
protection in Germany for different injury 
severity classes. 

 

Figure 10. Relevance of self- and partner 
protection in Italy for different injury severity 
classes. 

 

Figure 11. Relevance of self- and partner 
protection in France for different injury severity 
classes. 

THE DEVELOPMENT OF SELF-PROTECTION AND 

PARTNER PROTECTION IN GERMANY 

Many accident researchers expected that the 
significant increase in self-protection would have a 
negative effect on partner protection. This was 
supported by a spectacular crash test performed by 
a German test institution, in which a very old 
vehicle was crashed against a new version of the 
same vehicle. However, it can easily be seen that, 
statistically speaking, such an extreme combination 
is relatively rare. Older vehicles are rapidly 
disappearing from the vehicle fleet and being 
replaced by modern cars. It also makes no sense to 
avoid safety improvements for the future by 
looking at outdated vehicles that are about to be 
phased out of the vehicle fleet. 

Therefore, the GIDAS database was examined to 
see how deformation behaviour and the severity of 
injuries have developed with respect to vehicle 
build year. During this process, it was consciously 
taken into account that a new vehicle involved in a 
collision in 2005 collides with a different fleet to a 
vehicle built in 1985 involved in a collision in 
1990. In other words, the vehicles built in different 
years were analysed with regard to vehicles that 
they actually crashed into. A car occupant is only 
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interested in the level of risk he is subjecting 
himself to when he buys a car and drives in current 
traffic conditions. The results are as clear as those 
shown in the IRTAD data for all of Europe and 
Germany in particular. 

Figure 12 shows that modern vehicles undergo 
large deformations much more seldom than older 
vehicles. Assuming that impact speed has not 
decreased for current vehicles compared to older 
vehicles, the stiffness of the vehicle fleet must have 
increased. 

Front-end deformation (VDI6) vs. Build year
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Figure 12. Front end deformation in frontal 
accidents described by Vehicle Deformation 
Index VDI6 versus build year. This implicitly 
describes the effect of structural measures that 
have been implemented into the vehicle fleet in 
recent decades. 

Figure 13 examines the injuries that people in these 
vehicles have suffered and it is evident that injuries 
have been reduced to a similar extent. Figure 14 
includes only the upper 20% from Figure 13 to 
more clearly show that the number of seriously 
injured occupants has been reduced by half. 
Especially impressive are the improvements for 
occupants who suffered MAIS 2 or higher. In 
vehicles built before 1975 their share was over 
20%. In contrast to this, for vehicles built in the 
current decade it is only 6%. The same also applies 
to critically injured car occupants. 
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Figure 13. Decrease of injury severity versus 
build year for belted occupants in frontal 
collisions. 
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Figure 14. Same graph as Figure 13, but with y-
axis limited to 80..100% to show the effect on 
the most severely injured occupants. 

Only belted occupants were taken into account 
throughout the study, so the higher belt-wearing 
rate in recent years has no influence on the result. 

So far these results are not surprising and fit into 
the overall pattern which was developed from 
observing European countries using the IRTAD 
database. 

The following figures evaluate the crash events 
from the partner protection prospective by looking 
at the collision partner. This way, it can be 
investigated how a vehicle of a particular build year 
affects other vehicles in a collision.  

Figure 15 shows the crush depth in the opposing 
(target) vehicle over the build years of the 
impacting (bullet) vehicle. This demonstrates that, 
on average, the depth of intrusions in the collision 
partner of a newer car is less than those caused by 
an older bullet vehicle. Or in other words, partner 
protection with regard to structural deformation has 
improved. Keeping in mind that the average front 
end stiffness of the vehicle fleet has increased, the 
reduction of crush depth in the opponent vehicles 
can be attributed to the fact that the share of 
modern cars in the vehicle fleet has over-
compensated for the increase of front end stiffness. 
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Figure 15. Like Figure 12: Front end 
deformation in frontal accidents described by 
Vehicle Deformation Index VDI6 versus build 
year. But now the deformation of the opponent 
of the car under consideration is analysed. 
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Figure 16 and Figure 17 look at the injuries caused 
in the opponent vehicle with respect to the build 
year of the impacting vehicle. Here the same 
pattern is apparent. The injuries in the opponent 
vehicle have not increased; modern vehicles cause 
fewer and lesser injuries in the vehicles that they 
collide with. If the vehicles from 1995 to 1999 are 
compared with the vehicles from 2000 to 2004 in 
Figure 16, a slight increase can be seen. Due to the 
low number of cases, this should not be given too 
much significance. Therefore, in Figure 17 these 
two groups are combined. A clear improvement can 
be seen for the enlarged group. The slight deviation 
from this trend visible in Figure 16 will be the 
object of further investigation in the future. 
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Figure 16. Decrease of injury severity versus 
build year in frontal accidents for belted 
occupants of opponent car. This is the partner 
protection view point, analysing the degree of 
compatibility in vehicle fleet versus time. 
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Figure 17. Same graph as Figure 16, but with y-
axis limited to 80..100% to show the effect on 
the most severely injured occupants. To achieve 
sufficient sample sizes, the latest cars were put 
in one group. 

Overall, it is clear that vehicle development in the 
past decade has gone in the right direction with 
regard to both self-protection and partner 
protection.  So far the current regulations have had 
a positive effect on both self and partner protection. 

However, the path of self-protection cannot be 
stretched out indefinitely by continually increasing 
test speeds. In this way the results for vehicles from 
2000 to 2004 can also be understood as a warning 
signal. At present, the authors are not in a position 

to prove the plausibility and statistical tenability of 
the results for vehicles from 2000 to 2004 using the 
available numbers. 

In any case, it may be concluded that proposals for 
new test procedures or even for the replacement of 
Regulation ECE R94 must first demonstrate that 
the modified procedures will continue the positive 
trend which have been achieved under the 
conditions of ECE R94. 

FRONTAL COLLISIONS: A BRIEF REVIEW OF THE 

DEVELOPMENT OF TEST BARRIERS 

Test barriers can be considered to come in three 
relatively discreet forms: rigid barriers, barriers 
with limited deformation and barriers with 
unlimited deformation.  Naturally, no barrier can be 
truly unlimited, but if enough depth is provided to 
prevent bottoming out, the barrier can be 
considered from the car’s point of view to be 
unlimited. This section will consider the 
development of these barriers for European offset 
crash tests. 

EEVC developed a limited deformation barrier in 
the 1980s, which consisted of a relatively small 
deformation element in front of a rigid wall (Figure 
18).  This barrier, with a 40 % offset and 56 km/h 
collision velocity, was a compromise solution 
representing partly a rigid object collision and 
partly a 50 km/h, 50 % offset car-to-car collision. 
Although not completely representative of either 
collision type, this barrier creates a realistic 
acceleration pulse and deformation pattern, and 
ensures significant deformation of the vehicle 
structures through bottoming out. It entered into 
regulation in the mid 1990s and is also used in 
EuroNCAP testing. 

 

Figure 18. ECE-R94-barrier. 

During this time, auto motor und sport, an auto 
magazine based in Stuttgart, performed tests with a 
rigid offset barrier.  Although these tests 
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mercilessly revealed the deformation potential of 
the vehicle front end, the pulse was 
unrepresentative of many collisions and all vehicle 
front-end components were equally deformed. 

At the beginning of the 1990s, Dr. Klanner from 
ADAC developed a barrier which was deep enough 
to provide effectively unlimited deformation 
(Figure 19). In a collision with the ADAC barrier, 
the reaction forces exerted on the car structures are 
controlled by the stiffness of the barrier, and the 
high forces of a rigid object collision are never 
reached. Furthermore, the deformation potential of 
the barrier is very large, meaning that rather than 
forcing deformation of the vehicle structure, as is 
the case in a collision with a rigid object, the 
barrier itself absorbs a large part of the kinetic 
energy. EEVC considered this barrier and rejected 
it, choosing to adopt the limited deformation barrier 
described above. 

 

Figure 19. ADAC-barrier. 

 

Figure 20. Progressive Deformable Barrier 
(PDB). 

French Industry saw merit in Klanner’s idea, and 
further developed it into an alternative barrier with 
effectively unlimited deformation, the PDB (Figure 
20).  Like the ADAC barrier, the forces exerted on 
the vehicle structure are limited by the barrier 
stiffness, and the barrier itself is able to absorb a 
large amount of energy. 

The fact remains that discussion of further 
developments in frontal crash testing is currently 
very difficult. For Europe, two main alternatives 
are under consideration: a combination of the PDB 
with a rigid full width test, and a continuation of 
the existing R94 with an additional full width test 
with a deformable element and load cell wall. 

In considering such barriers for the assessment of 
vehicle safety and compatibility, it is essential that 
the specific test procedures and analyses are 
assessed according to strict scientific criteria 
which, together with relevant accident analysis, 
answer the following questions: 

What are the advantages of the proposed 
compatibility test procedures and assessments for 
real world safety? 

What are the disadvantages or foreseeable draw-
backs of the proposed test procedures and 
assessments? 

What is the potential of the proposed test 
procedures and assessments regarding world-wide 
harmonisation? 

The following attempts to discuss some of the 
possibilities which accident research and FEM 
simulation offer us to predict developments through 
modified test conditions. 

FRONTAL COLLISIONS: OPPORTUNITIES AND 

RISKS OF A BARRIER WHICH PREVENTS 

BOTTOMING OUT 

Klanner's idea, when he defined the ADAC barrier, 
was to prevent bottoming out of the barrier. A 
longitudinal member should not impact with a rigid 
and ideally smooth wall but, as in real life, should 
interact with an obstacle with a defined stiffness. 
This is closer to the reality of a car-to-car accident. 
The aluminium honeycomb structure punishes 
penetrating skewers, such as longitudinal members 
which are not supported by a stable cross member. 
It offers only limited resistance to these elements. 
The aluminium honeycomb creates pressure and 
the level of force is determined by the surface 
pressure. A small surface means the longitudinal 
member receives only a small amount of support 
force in the barrier, and is thus not deformed. 
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Sometimes effects such as these are seen in car-to-
car collisions. The goal of structural interaction is 
to provide sufficient support between two colliding 
vehicles so that deformation of the front ends of the 
vehicles will dissipate as much energy as possible; 
thereby ensuring that the survival space in both cars 
remains intact. 

However, other vehicles are not the only opponents 
in car crashes. For example, the opponent could 
also be a tree. Let us assume that a manufacturer 
has built a vehicle with a longitudinal member that 
is too rigid and is now testing the vehicle with a 
PDB. The longitudinal member will penetrate deep 
into the barrier, but with only moderate force. The 
manufacturer would therefore only find a moderate 
deceleration in the vehicle during the test and 
would consider the vehicle to be safe. But if this 
vehicle crashes into a tree, the tree will exert 
resistance against the longitudinal member. The 
longitudinal member will be deformed, not the tree, 
but now at a high level of force and with high 
decelerations. The seemingly safe vehicle with the 
moderate compartment deceleration suddenly 
shows itself to be highly dangerous. Possible 
results are increased intrusions into the 
compartment and/or occupant decelerations for 
which the restraint system is not designed. 

This situation was simulated in FEM. In Figure 21 
to Figure 23, the effect of a "normally" designed 
longitudinal member is compared with that of a 
very rigid longitudinal member.  

Figure 21 shows that the ECE-R94 test at 56 km/h 
identifies the differences; increased deformations 
can be seen in the compartment of the rigid vehicle. 
This effect becomes even more apparent when the 
vehicle impacts the ECE-R94 barrier at 64 km/h 
(Figure 22). The behaviour of the vehicle in both 
tests is very similar to the expected result. Since the 
rigid longitudinal member creates a bridge of force 
from the front of the vehicle to the compartment 
and thus prevents most parts of the front of the car 
from being deformed, less deformation work is 
done in the front of the car. But since kinetic 
energy must be absorbed, the deformation takes 
place in the passenger compartment. This is similar 
to what would occur in a collision with a tree. In a 
vehicle-vehicle accident, the vehicle would still 
have the chance to receive the lacking deformation 
energy from the other vehicle. This is not desirable, 
however. At a sufficient speed it would only shift 
the intrusion to the compartment of the opposing 
vehicle. 

Stiff 
structure

Normal 
structure

Stiff 
structure

Normal 
structure

 

Figure 21. ECE-R94-test of a normal car and a 
car with a very stiff longitudinal. The increased 
stiffness can be detected by the higher level of 
intrusion into the compartment. 

Stiff 
structure

Normal 
structure

Stiff 
structure

Normal 
structure

 

Figure 22. ECE-R94-barrier-test with impact 
velocity of 64km/h (EuroNCAP) of a normal car 
and a car with a very stiff longitudinal (same as 
Figure 21). The increased stiffness can be even 
better detected by the higher level of intrusion 
into the compartment. 

Stiff 
structure

Normal 
structure

Stiff 
structure

Normal 
structure

 

Figure 23. PDB-test of a normal car and a car 
with a very stiff longitudinal (same as Figure 
21). The increased stiffness is compensated by 
greater deformation of the barrier and 
identified as a positive measure providing more 
safety, because intrusion into the compartment 
is significantly reduced. 

The PDB conceals this effect (Figure 23). If the 
compartment deformation of the vehicle with the 
rigid longitudinal member is examined, it can be 
seen that the intrusions are reduced in comparison 
to the vehicle with the normal longitudinal 
member. This is very problematic. In this example, 
the designer would be tempted to adopt a measure 
which would actually decrease the safety level of 
the vehicle. He or she would be faced with the 
moral conflict of whether to objectively improve 
the vehicle or to develop it in such a way that it 
would perform well in the test. Such a situation 
should not arise. 
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A further aspect is the large amount of deformation 
energy which the PDB provides. This is illustrated 
for the individual elements of the barrier in Figure 
24. The total available deformation energy is 
302 kJ, and with 700 mm of impact area 212 kJ are 
still available. The volume of deformation energy 
in the barrier is critical because it conceals how 
much energy a vehicle itself has to dissipate during 
the impact. 212 kJ is the amount of kinetic energy a 
1524 kg vehicle possesses when travelling 60 km/h. 
Therefore, such a vehicle does not need to 
contribute any of its own deformation energy in a 
test against the PDB. As such, there are broadly 
different structural designs, with broadly different 
degrees of available deformation energy, which 
could be used in a small vehicle to pass a test 
against the PDB. Details about this were published 
at the ESV conference (Zobel, 2005 [6]). However, 
since the volume of deformation energy which is 
built into the deformable structures in the front of 
the car is responsible for a vehicle's self-protection 
level, this means that the PDB test can be passed 
even if the level of self-protection is low.  

60 kJ
43 kJ

137 kJ

16 kJ

47 kJ

• Total deformation energy 
provided by PDB: 302 kJ

• In case of  700mm overlap 
212 kJ are still available

• A car of 1524 kg has a 
kinetic energy of 212 kJ at 
60 km/h

 

Figure 24. Deformation energy, provided by the 
different segments of PDB. 

The German Federal Highway Research Institute 
(BASt) tried in one publication (Pastor, 2005 [7]) 
to determine the influence of the available 
deformation energy on the accident. This can only 
be done very roughly, but is representative with 
regard to the scale. If 28% more deformation 
energy were available, according to the calculations 
of the BASt, we would have 8% fewer fatalities. 
Even if the absolute accuracy of these numbers is 
disputed, the tendency they show is correct. This 
implies, conversely, that reducing the deformation 
by 28% would increase the number of fatalities 
accordingly. The introduction of a barrier such as 
the PDB would therefore have the potential to 
increase the number of fatalities, since it is possible 
to reduce the available deformation energy in the 
vehicle and thereby lower the level of self-
protection. 

FRONTAL COLLISIONS: OUTLINE OF A 

CONTRIBUTION TOWARD THE IMPROVEMENT OF 

STRUCTURAL INTERACTION 

Influenced by these ideas, the German 
manufacturers represented in the VDA have jointly 
investigated ways in which compatibility in Europe 
could be improved. It is clear from the accident 
research that the dynamic which forms the basis of 
the positive European trend should be treated with 
caution. Therefore, radical changes have been 
deemed undesirable. The ECE-R94, which had 
obviously proven effective, was not questioned. 
Instead, methods were found by which to improve 
the structural interaction of vehicles, in order to 
make better use of the deformation energy 
available in car-to-car collisions. It is undisputed 
that the central goal of vehicle safety is that 
vehicles need deformation energy (for self-
protection) and that their structures must be 
designed in such a way that the kinetic energy 
present in car-to-car crashes is dissipated in the 
crumple zone.  It is for this reason that structural 
interaction is important. At the beginning of the 
compatibility debate it was observed that two 
vehicles which both have sufficient deformation 
energy for a collision with the wall at speed x, also 
have sufficient deformation energy in a car-to-car 
accident for a collision at the closing speed 2x. This 
applies regardless of the weight ratio (Zobel, 1997 
[8]) and (Zobel, 1998 [9]). The significance of 
structural interaction is very well described by IIHS 
with reference to the problems posed by Sport 
Utility Vehicles (SUV) in America. (Farmer, Lund, 
2006 [10]). The German manufacturers are 
following this accident-oriented path. They see a 
geometrical alignment of the structures as their first 
priority.  

The VDA-position on compatibility promotes steps 
for a regulation, oriented towards compatibility, 
based on accident statistics. The position is open 
for new scientific enhancements, as long as these 
will have additional positive effect in real world 
accidents. We see this as a basis which can be used 
to bring diverging interests together. Measures 
which offer the most help to the affected persons 
should be taken into consideration. They should 
take into account injury mitigation as well as 
accident prevention measures, which have proven 
to be even more effective than injury mitigation 
today. 
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SUMMARY AND OUTLOOK 

The following provides a generally positive 
outlook: 

Europe has made significant progress in the area of 
vehicle safety. Germany has taken a leading role in 
this transformation. 

Europe is unlikely to achieve its ambitious goal of 
reducing the number of persons killed in traffic 
accidents by half in the first decade of the new 
millennium. Nevertheless, with a reduction of 
approximately 25%, considerable progress will 
have been made. 

Infrastructure measures could raise the EU-wide 
improvement up to 35%. This would happen if, in 
all EU-member-states, 50% of rural traffic was on 
motorways.  

Germany is expected to be one of the few countries 
to achieve the EU goal. This shows that the traffic 
safety concepts developed in Germany are very 
effective. The German automotive industry 
demonstrably has an important stake in this. 

Frontal collisions make up a greater percentage of 
severe accidents than they did in the past. This 
indicates that the safety level in the area of side 
collisions has improved disproportionately. 

Self-protection is a primary factor in vehicle safety 
and should therefore be given top priority in the 
future. 

Vehicle compartments have become more stable. 
This has led to an increase in the protection of 
vehicle occupants. 

Nevertheless, partner protection has also improved 
in the European fleet. 

When developing a barrier, care must be taken not 
to stop or reverse the extremely positive trends 
described above. 

A further improvement in vehicle safety is possible 
with careful steps within the limitations of the 
existing regulations. German manufacturers are 
prepared to support such an approach and have 
outlined it in a position statement (see first section). 

The foreseeable future developments for accidents 
should also to be taken into consideration in the 
further development of the side impact barrier. 

Fundamentally, a greater integration of accident 
research into the development of vehicle safety 
regulations is absolutely necessary. It is not enough 

to identify the target population of a measure, but 
before a proposed measure is put forward for 
regulation, research should be conducted to 
establish the benefit of this specific proposal in a 
future fleet. 

No positive trend is so stable that it cannot be 
significantly damaged or even reversed. 
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ABSTRACT 

Frontal compatibility assessment, including self and 
partner protection, is a major topic in crash safety 
testing today. Currently none of the regulatory and 
consumer test procedures is able to assess the vehicle 
on vehicle frontal compatibility on the three main 
aspects; structural interaction, frontal stiffness and 
compartment strength. It is hypothesized that a test 
procedure using a Mobile Deformable Barrier (MDB) 
could be able to assess compatibility on the aspects 
mentioned above. This paper presents the 
development of a MDB test trolley for frontal offset 
testing and its full scale test results. 
First, a load sensing trolley was developed. The 
specifications of the trolley, mass, CoG and inertia 
properties are based on EU and US vehicle geometry 
databases. The trolley mass was made adjustable 
between 1300 kg and 1800 kg, with tunable inertia 
properties. The trolley was designed to be equipped 
with the progressive deformable barrier (PDB) as 
deformable element. The PDB was chosen based on 
the available test-data and for its stability and its 
ability to allow a barrier face deformation 
measurement to evaluate partner protection.  
Based on the current PDB test protocol, a test 
protocol has been developed for the MDB, called 
MPDB test procedure. A number of vehicles, ranging 
from small to large, were tested according the MPDB 
protocol. The closing speed was selected such that 
comparable initial kinetic energy is involved as in a 
static PDB test for a mid sized car with mass of 1500 
kg. The test results with the full scale MPDB tests 
were analyzed and compared to test results of static 
PDB tests with the same vehicle. It was concluded 
that for small vehicles the severity of the MPDB tests 
is relatively higher than for larger vehicles.  
The MPDB test procedure was shown to be feasible 
and repeatable. Further investigations into test 
parameters like trolley mass and test velocity are 
recommended. 

INTRODUCTION 

Frontal compatibility assessment is a major topic in 
crash safety research world-wide. With the changing 

fleet composition, the differences between cars are 
increasing in terms of mass, front end stiffness and 
geometry. Research in the field of compatibility is 
ongoing world-wide and a general objective of the 
compatibility research is to ensure that future vehicle 
developments are more balanced in terms of occupant 
protection of both striking and struck vehicle, in case 
of a vehicle-to-vehicle collision.  
Methods to assess frontal compatibility should take 
into account three aspects: 
- Structural interaction to ensure an optimal force 

transfer between the colliding vehicles 
- Compartment strength to prevent compartment 

collapse 
- Frontal stiffness to match deformation force 

levels between the colliding vehicles 
Moreover, the occupant’s self-protection should not 
be compromised by increasing the level of partner 
protection. 
Currently none of the regulatory and consumer test 
procedures is able to assess vehicle to vehicle 
compatibility on these main aspects. The current 
procedures are for self-protection assessment and 
restraint system optimization only, which is not 
necessarily beneficial for partner protection. 
Furthermore there is a lack of world-wide 
harmonization in the current protocols. 
 

 
Figure 1. Future outlook for compatibility 
assessment. AHOD: average height of 
deformation. ADOD: average depth of 
deformation. AHOF: average height of fore 
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A short, mid, and long term view on compatibility 
assessment, taking also into account the desire for 
world-wide harmonization acknowledging fleet 
differences across the world, are presented in Figure 
1. For the short term assessment of compatibility two 
test procedures are under development within EEVC 
WG15; the FWDB and PDB approaches.  
For the long term, a mobile deformable barrier test 
procedure for compatibility testing is generally seen 
as the best achievable compromise by both Europe 
and US, and therefore opens the possibility for 
harmonization. To support the foreseen long term 
direction of compatibility assessment, TNO 
Automotive decided to develop the required load 
sensing MDB for frontal offset testing. A clear 
demand has emerged for advanced assessment of car 
compatibility, based on a more innovative approach. 
By combining smart measurement technology, in-
depth knowledge on compatibility and crash test 
experience, this projects aims to develop an advanced 
compatibility test method for assessing frontal 
compatibility. Partners in this project are TNO, 
initiator and project-management, UTAC, GME, 
PSA, Renault, AFL and FTSS. 

OBJECTIVES 

The goal of this project is to develop a future step in 
compatibility testing for the long term. This step 
should take self as well as partner protection into 
account. The partner protection assessment will be 
based on the barrier deformation as well as on 
loadcell wall recordings.  
The first objective to achieve this goal is to design 
and develop a trolley equipped with a high resolution 
loadcell wall. Second the feasibility and merits of a 
Moving Deformable Barrier (MDB) in a frontal 
offset test procedure are assessed. 

APPROACH 

The initial step in the project was to develop a trolley 
equipped with a High Resolution Loadcell Wall (HR-
LCW) and with mass and inertia properties that are 
representative for an average European car. The long 
term approach of a mobile test procedure is based on 
the hypothesis that the striking vehicle is an average 
car. Therefore, the trolley with deformable barrier 
should be representative for a vehicle class in Europe 
or US. The main specifications of the trolley, such as 
mass, CoG location and inertia properties are based 
on European and US vehicle geometry databases [1, 
2] and current regulations also using a trolley. 
Secondly, the developed trolley is calibrated and the 
LCW is evaluated by performing MDB-to-wall tests. 

As final step in this project a series of MPDB-to-car 
tests are performed with vehicles of different mass as 
shown in Table 1.  

Table 1. 
Details of the vehicles used in the MPDB-to-car 

tests 
Vehicle 
brand and 
model 

Vehicle 
test mass 

MPDB 
mass 

Mass ratio 
vehicle/trolley 

Opel Astra 1403 1486 0.94 
Opel Astra 1406 1486 0.95 
Citroen C2 1250 1486 0.84 
Renault Clio 1313 1486 0.88 

Renault 
Laguna 

1853 1486 1.25 

 
The first two tests are performed with identical 
vehicles to check the test repeatability. The MPDB-
to-car results are compared with the results of static 
PDB tests to study the effect of mobilizing the 
barrier. 

TROLLEY DEVELOPMENT 

The trolley dimensions are based on specifications of 
European vehicles which are presented in Table 2. 
The inertia properties of the trolley are based on the 
values given in the NHTSA database for a large 
range of vehicles [1]. The default mass of the trolley 
was selected to be 1500±25 kg and the trolley mass 
was made adjustable between 1300 and 1800 kg for 
research purposes. All other main dimensions of the 
trolley were selected to fit in the range found for an 
average European passenger car.  
In addition the MDB trolley mass is in line with the 
trolley-mass of proposed test procedures for side 
impact, AE MDB in Europe and the IIHS in the US.  
 

Table 2. 
MPDB design specifications (default conditions) 

Description Average EU 
vehicle [2] 

MDB 

Total mass [kg] 1200-1700 1500 
CG location from front, w.r.t. 
length [m] 

0.43 – 0.47 0.45 

Vehicle front to front axle 
distance H [m] 

0.720 – 0.980 0.900 

Vehicle front to CG distance I [m] 1.700 – 2.100 1.900 
Vehicle front to rear axle distance 
J [m] 

3.200 – 3.700 3.500 

Overall length K [m] 3.800 – 4.700 4.250 
CG height L [m] 0.560 – 0.640 0.600 
Axle height M [m] 0.270 – 0.290 0.280 
Wheel base [m] 2.450 – 2.750 2.600 
Mass front axle [kg] 710 – 990 900 
Mass rear axle [kg] 465 -735 600 
 



Schram 3

 
Deformable barrier 
The trolley was designed to be equipped with a 
deformable element. In this study the progressive 
deformable barrier (PDB) was used as a deformable 
element for its stability and its ability to allow a 
barrier face deformation measurement in order to 
evaluate the potential aggressiveness of cars.  
 
Force measurement 
For advanced assessment criteria the feasibility and 
potential of additional force measurements in MDB 
tests is evaluated in this project. The trolley is 
equipped with a light weight high resolution strain 
gauge loadcell wall (HR-LCW) behind the 
deformable element. In total 48 strain gauge loadcells 
of 125x125 mm are mounted in 6 rows and 8 
columns to the front of the trolley. The HR-LCW, 
developed by FTSS, is equipped with a built-in data-
acquisition system so that the trolley is a stand alone 
system. In addition it is possible to mount the HR-
LCW to the right or left hand side of the trolley to be 
able to test LHD and RHD vehicles. The final trolley 
design with HR-LCW and PDB barrier is shown in 
Figure 2. 
 

 
Figure 2.  Final design of the MPDB with HR-
LCW and PDB barrier 
 

CALIBRATION TESTS 

After the development of the trolley a calibration test 
was performed with the PDB as deformable element 
mounted to the trolley face. The trolley was driven 
into a rigid wall at a velocity of 45 km/h at 
perpendicular impact angle shown in Figure 3.  

 
Figure 3.  MPDB calibration test result 
 
As a first evaluation of the HR-LCW the total 
recorded force, the summation of the 48 loadcells, 
and the trolley mass times acceleration are compared 
and presented in Figure 4. The trolley acceleration 
was measured in the trolley CoG.  
In general, the curves of the acceleration and force 
measurements show a good correlation. The 
summation of the load cell wall force results in a 
lower total force with a maximum difference smaller 
than ~8%. The slight difference is most probably 
caused by yaw and pitch of the trolley during impact, 
but most important the trolley sustained the test 
without any problems. 

 
Figure 4.  Force vs time of the calibration test 
 
Secondly the LCW of the trolley was further 
evaluated by running the trolley into a rigid wall 
twice at 35 km/h. At one of the two tests a rigid block 
of 250x250x100 mm was mounted on the rigid wall 
and aligned with the 4 middle loadcells, see Figure 5.  
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Figure 5.  Rigid wall with a square block mounted 
on it 
 
In these tests the trolley mass was set to 1500 kg and 
the trolley was equipped with a barrier face of 
1000x700x400 mm honeycomb with a constant 
stiffness between 0.34 and 0.40 MPa. Again the total 
recorded force by the loadcell wall is compared with 
the trolley mass times trolley acceleration for both 
tests, shown in Figure 6 and Figure 7.  
The acceleration times mass and the total recorded 
force again show a good correlation. Although the 
deformable face was made from material with a 
constant stiffness, the total force is increasing after 
reaching the theoretical plateau force between 5 and 
10 ms. Air trapped in the barrier causes an increase in 
stiffness when the barrier deforms. It is noted that air 
locking or air inclusion is strongly related to the 
selected test conditions (full overlap, rigid wall). 
 

 
Figure 6.  Trolley into the flat rigid wall 
 

 
Figure 7.  Trolley into flat wall with the rigid 
block 
 
The force versus time measurements for each 
individual loadcell for the two tests is given in Figure 
8. The rigid block mounted on the wall was aligned 
with loadcells D3, D4, E3 and E4. These loadcells 
clearly show a different recording when compared to 
the surrounding loadcells were for the test with the 
block the force build up was post-poned. Because of 
a slight misalignment and some spread of loads due 
to the back plate at the back of the honeycomb 
material, the loadcells in the column next to the block 
also observe some loading at the start of the 
measurement (e.g. see column F, row 3 and 4). The 
lowest row of loadcells was not fully covered with 
deformable material and hence equivalent lower 
loads are recorded by row 1. 

 
Figure 8.  Forces (kN) in time for all loadcells, 
frame indicates the rigid block at the rigid wall 
 

MPDB-TO-CAR TESTS 

Following the good results of the calibration tests the 
project continued by performing MPDB-to-car tests. 
The test specifications for the MPDB-to-car tests are 
chosen in such a way that an equal amount of initial  
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kinetic energy is put into the test compared to a static  
PDB test for a car of mass ratio 1, using a 1500 kg 
trolley. This results in a closing speed of 90 km/h 
(both car and MPDB traveling at 45 km/h). The 
offset and ground clearance are chosen equally to the 
static PDB test at respectively 50% and 150mm. 
Other test specifications like seat position, dummy 
positioning are according to the PDB protocol as 
well. 
 
Repeatability 
Two MPDB-to-car tests were performed with an 
Opel Astra to investigate the practicality and 
repeatability of the draft test procedure.  
The HR-LCW recordings show a good correlation 
between the two MPDB-to-Astra tests on individual 
load cell level as can be seen in Figure 9. 
Furthermore the barrier deformation, also shown in 
Figure 9, shows a very good resemblance between 
the two tests.  
Based on these results it is concluded that the test 
method is shown to be feasible and repeatable. 

 
MPDB-to-vehicle test  
In addition to the repeatability tests vehicles with 
different mass ratios compared to the trolley mass of 
1500 kg were tested, see Table 1. The effect of mass 
and car design of the vehicles in terms of acceleration 
levels is examined.  
The vehicle accelerations in Figure 10, show that the 
test severity was higher for the smaller vehicles 
compared to the larger vehicle based on the 
acceleration levels. 

Figure 10. Vehicle accelerations for all tested 
vehicles  
 
The trolley acceleration profiles in Figure 11 show 
that all vehicles deform the barrier in a different 
manner. For instance the Citroen C2 penetrates the 
barrier at a small contact area in the beginning of the 
crash resulting in a lower acceleration level at the 
beginning of the pulse. On the other hand the Renault 
Laguna and Clio have a homogeneous front end 
shown as a constantly increasing acceleration signal 
right from the start of the crash. 

 

 

 

 Test 1 Test 2 
ADOD (X) 242.2 mm 231.8 mm 
AHOD (Z) 492 mm 493 mm 

Figure 9.  Load cell wall recordings and barrier deformations of both Astra-to-MPDB tests 
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Figure 11.  Trolley acceleration for all tested 
vehicles 
 
When two vehicles collide with a mass ratio other 
than one there will be a post-crash velocity. This 
effect is also seen in the post crash velocity of the 
trolley. For a mass ratio of 1 the post crash velocity 
will be equal with the rebound vehicle velocity in 
case of a static PDB tests. Figure 12 shows the 
velocity profile of the trolley for all tested vehicles. 
The heaviest vehicle, being the Renault Laguna, 
forces the trolley in a negative post-crash trolley 
velocity due to the higher mass of the Laguna 
compared to the trolley mass. In other words, the 
higher the mass the larger the delta V of the trolley. 
In addition the delta V increases for vehicles lighter 
than 1500 kg. 
This implies that a moving barrier test is a far more 
realistic representation of a car-to-car crash than a 
fixed barrier test. 
 

 
Figure 12.  Trolley velocity for all tested vehicles 
 
Moving PDB versus fixed PDB 
To get a full understanding of the effect of mobilizing 
the barrier the energy levels of the MPDB are 

compared with fixed PDB tests. As mentioned 
before, the test velocities of the MPDB tests were 
chosen in such a way that the level of kinetic energy 
was equal for both MPDB and PDB tests for the Opel 
Astra with mass ratio 1. The kinetic energy that is put 
into each test is illustrated in Figure 13. For the C2 
and Clio with a mass ratio smaller than 1 more 
energy is involved in the MPDB test compared to the 
PDB test. For the Laguna with a mass ratio over 1 
less energy is involved. 
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Figure 13. Kinetic energy comparison for all 
tested vehicles 
 
For both PDB and MPDB the kinetic energy vs. mass 
is shown in Figure 14. The difference in the slope of 
the energy-mass curve for the MPDB and the PDB is 
a result of a partly fixed amount of the initial kinetic 
energy is by the constant trolley mass and velocity. In 
other words the severity of the crash in terms of EES 
is more inline over the mass range than for a fixed 
barrier test. However, more research is needed to find 
the most appropriate trolley mass and test velocity so 
that the test procedure will improve partner 
protection without decreasing the self-protection, in 
particular for heavy vehicles. 
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Figure 14. Kinetic energy vs mass for both PDB 
and MPDB 
 
Finally for all vehicles the barrier average 
deformations for both MPDB and PDB tests are 
compared. Again the same effect regarding 



Schram 7

mobilization of the barrier is demonstrated inline 
with the differences in initial kinetic energy and in 
delta V. 
For the Citroen C2 and Renault Clio the deformations 
are higher in the MPDB tests due to the higher 
severity and energy level.  
 
Table 3 – Barrier deformations of both the MPDB 

and PDB tests for the different vehicles 
  PDB MPDB 

ADOD (X) [mm] 204 232 Citroen C2 
AHOD (Z) [mm] 458 466 
ADOD (X) [mm] 147 195 Renault Clio 
AHOD (Z) [mm] 417 438 
ADOD (X) [mm] 228 232 Opel Astra 
AHOD (Z) [mm] 480 493 
ADOD (X) [mm] 294 273 Renault Laguna 
AHOD (Z) [mm] 492 510 

 

CONCLUSIONS 

Within the project a HR-LCW trolley was 
successfully developed to be used for frontal offset 
testing. The trolley mass and inertia properties can be 
altered to find the optimal set-up for improving 
partner and self-protection without decreasing the 
current level of self protection. 
The test results show that the severity for small cars 
is increased due to a higher initial kinetic energy 
level. This resulted in higher acceleration levels and 
larger barrier deformations. For the Opel Astra with 
mass ratio ~1 it was shown that the severity was in-
line with the fixed PDB procedure. The heavier 
Renault Laguna showed a decrease in acceleration 
level and barrier deformation which means that the 
severity of the crash is less for vehicles with mass 
ratio > 1. 
The MPDB test protocol has shown to be feasible and 
a far better representation of a car-to-car collision 
than static barrier tests. More-over the MPDB 
protocol has the potential of assessing all 
compatibility issues without decreasing the current 
level of self-protection. 

RECOMMENDATIONS 

As a final step in this initial project a MPDB and 
PDB test using a vehicle with a mass ratio >> 1 is 
scheduled.  
Further work is ongoing to develop an advanced 
assessment protocol using HR-LCW measurement, 
barrier deformations and trolley accelerations. 
The final test specifications of a MPDB protocol, 
such as trolley mass and closing speed, must be 
defined on accidentology studies and the prediction 
of trends in vehicle design and masses. 
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ABSTRACT 
Pedestrian-vehicle impact experiments using 
cadavers have shown that factors such as vehicle 
shape and pedestrian anthropometry can influence 
pedestrian kinematics and injury mechanisms.  While 
a parametric study examining these factors could 
elucidate the complex relationships that govern 
pedestrian kinematics, it would be impractical with 
cadaver tests due to the relative expense involved in 
performing numerous experiments on subjects with 
varying anthropometry.  On the other hand, finite 
element (FE) modeling represents a more feasible 
approach since numerous experiments can be 
conducted for a fraction of the expense.  The current 
study examined the relationship between pedestrian 
anthropometry and front shape of a mid-size sedan 
using a PAM-CRASH model of the 50th percentile 
male (50th) Polar-II pedestrian dummy extensively 
validated against experimental data.  In order to 
evaluate the influence of pedestrian anthropometry 
on response kinematics, scaled dummy models were 
developed based on the weight and height of the 5th 
percentile female (5th F) and 95th percentile male 
(95th M).  Simulations of the 5th F, 50th F, 50th M, and 
95th Polar-II FE models struck at 40 km/h by a mid-
size sedan were used to generate trajectories of the 
head, upper thorax, mid-thorax, and pelvis.  In an 
effort to assess the validity of scaling techniques 
when interpreting trajectory data from vehicle-
pedestrian crashes, the trajectories of the 5th F, 50th F 
and 95th M model were scaled to the 50th M and 
compared to those generated with the 50th model.  
The results demonstrated nonlinear behavior of 
dummy kinematics that could not be accounted for 
with traditional linear scaling techniques.  

INTRODUCTION 

The pedestrian is one of the most vulnerable 
road users and comprise about 65 percent of the 1.17 
million annual traffic related fatalities in the world 
(World Bank, 2007).  The probability for a pedestrian 
to be injured or killed is much higher than that for a 
vehicle occupant.  In 2005, 8.7% of vehicle-
pedestrian impacts in the US were fatal, whereas the 
corresponding fatality rate for occupants in crashes 
only was 1.3% (NHTSA, 2007).   

Protection of pedestrians in car-to-pedestrian 
collisions (CPC) has recently generated increased 
attention with regulations implemented or proposed 
in Europe (EEVC, 2002), Korea (Youn et al., 2005), 
and Japan. While subsystem experiments are 
currently being used as the basis of evaluations for 
these regulations, car-to-pedestrian dummy impact 
tests or car-to-human/dummy impact simulations 
provide complimentary data that better describe the 
complete vehicle-pedestrian interaction.  

An advanced pedestrian dummy, called 
Polar-II, has been developed and continuously 
improved by Honda R&D, GESAC, and the Japan 
Automobile Research Institute (JARI) (Akiyama et 
al., 1999, 2001; Okamoto et al., 2001, Takahashi et 
al., 2005, Crandall et al., 2005).  While the dummy 
incorporates advanced instrumentation in the head, 
neck, chest, pelvis, and lower limbs (Akiyama et al. 
2001), the primary purpose of the Polar-II dummy 
was reproducing pedestrian kinematics in a collision 
with a vehicle. Kerrigan et al. (2005a, b) performed 
vehicle impact tests on the Polar-II and post mortem 
human surrogates (PMHS) in identical conditions and 
showed that the Polar-II dummy generally replicates 
the complex kinematics of the PMHS.  However, the 
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Polar-II dummy has the general characteristics of the 
50th percentile male and can therefore not predict 
kinematics for all statures of pedestrians.  

A FE model of the Polar-II dummy has been 
developed, validated in component tests (Shin et al. 
2006), and verified at the full scale level against 
kinematic data (Shin et al. 2006, 2007) recorded 
during the vehicle-dummy impact experiments 
performed by Kerrigan et al. (2005).  The Polar-II FE 
model was developed using Hypermesh (Altair 
Engineering) and Generis (ESI) as pre-processors and 
PAM-CRASH/PAM-SAFE FE solver (version 2001, 
ESI) was used for impact simulations.  The model 
contains 27,880 elements that represent the head, 
neck, thorax, abdomen, pelvis, upper arms, forearms, 
hands, thighs, knees, legs, and feet and has a total 
mass and height close to that of the 50th percentile 
male.  

It is believed that pedestrian kinematics is 
highly influenced by vehicle geometry and pedestrian 
anthropometry (Mizuno, 2005).  While the 
dependence of pedestrian kinematics on vehicle 
geometry has been previously shown (Kerrigan et al 
2005 a, b), there have been few studies presenting the 
influence of the pedestrian adult anthropometry (Shin 
et al 2007).  Thus vehicle-pedestrian simulations 
were performed with a mid-size sedan vehicle model 
and a family of dummies corresponding to peaks and 
extremes of the adult population (Figures 1 and 2), 
and the trajectories of several upper body locations 
were calculated.  Additionally, a traditional height 
scaling technique of PMHS trajectories to those 
corresponding to the 50th percentile male has been 
evaluated using the kinematic response of scaled 
dummies.  

METHODOLOGY 

Pedestrian Anthropometric Data 

The development of pedestrian dummies 
requires the anthropometric data of subjects in 
standing posture.  Most anthropometric data have 
been gathered for subjects in a typical semi-reclined 
seated posture for design of occupant dummies (e.g. 
Schneider et al. 1985, Seidl 1997).  A few studies 
(e.g. Gordon et al. 1998, Anthropometric Source 
Book 1978) also considered anthropometric 
characteristics of the standing posture.  The 
Anthropometric Survey  (ANSUR) of U.S. Army 
Personnel conducted during the two-year period from 
1987 to 1988 (Gordon et al. 1989) includes over 132 
anthropometric measurements collected for 9,000 
subjects in standing and sitting postures.  This 
database showed symmetric distributions of height 
and mass around average values, those considered to 

correspond to the 50th percentile of anthropometric 
subjects (Figures 1 and 2).  To study the influence of 
anthropometry on pedestrian kinematics in lateral 
car-to-pedestrian impacts, four dummy models were 
created: 
-a 50th M and a 50th F which represent the adult 
population peaks 
- a 5th F and a 95th M which represent extreme 
subjects of the adult population 

 
 

 
 
The Polar-II FE model (Shin et al 2006) was used to 
represent the 50th percentile male because it closely 
approximated the anthropometric characteristics 
(Figures 1 and 2).  The other three models were 
derived by scaling this model according to the 
methodology presented in the next section. 
 
Scaling of the Polar-II FE Model 

Scaling of Dummy Geometry 
A preliminary study of the ANSUR 

anthropometric data revealed non-proportional 
variations in all anatomical directions of body 
measurements for all anthropometric subjects under 
study (5th F, 50th F, 50th M, and 95th M) which make 
scaling a challenging task.  For the purpose of the 

Figure 2:  Weight Distribution 
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current study, we selected mass and height as the 
most important anthropometric characteristics to 
match with the corresponding data of ANSUR 
subjects.  Therefore, the scaling of each model was 
performed in two steps: 

- scaling in vertical direction (z-axis) – to 
match the stature(height) 

IIPolar

subject
subjectz H

H

−

=,λ    (1) 

- scaling in the transverse plane (x-y plane) – 
to match the total mass 

subjectzIIPolar

subject
subjectysubjectx m

m

,
,, λ

λλ
−

==    (2) 

To verify the scaled dummy models obtained 
according to this methodology: 5th percentile female 
(5F-S), 50th percentile female (50F-S), and 95th 
percentile male (95M-S), several specific 
anthropometric dimensions of the scaled models and 
the Polar-II model were compared with the 
corresponding data of the ANSUR subjects.  These 
specific dimensions in all anatomical directions 
(Figure 3) are: cervical height (1), iliocristale height 
(2), vertical thumbtip reach down (3), knee height (4), 
menton-top of head (5), head breadth (6), bideltoid 
breadth (7), waist breadth (8), chest depth (9), and 
buttock depth (10).   

 
Scaling of Inertial Properties 

The components of the Polar-II model can 
be classified as either deformable or rigid parts.  
Using the mass densities of each component, that was 
assumed constant between the Polar-II FE model and 
scaled dummy models, the inertial properties (mass 
and the components of the inertia tensor) of the 
deformable parts were calculated from their meshes.  
The inertial properties of rigid bodies, which usually 
have simplified meshes, were defined in the input file 
of the model based on measurement data.  As a 
consequence, an algorithm for obtaining the mass and 
components of the inertia tensor relative to new 
centers of gravity of scaled rigid models was 
developed (see Appendix) and applied for all scaled 
dummy models.  The same factors used to scale the 
dummy geometry were also used to scale inertia 
properties of rigid parts.   
 
Scaling of Joint Properties 

Several components of the dummy are 
connected by defined joint models for which the joint 
stiffness is characterized by a moment-angle curve.  
Based on the principles of dimensional analysis 
(Langhaar, 1951), the moment of a scaled entity can 

be expressed as a function of the length scale factors 
(Ivarsson et al. 2004): 

IIPolarzyxscaled MM −= λλλ                (3) 

As a result, all moment-angle curves of the scaled 
dummy models were scaled using this equation.  
 

 
Vehicle-Pedestrian Simulations 

Four full-scale pedestrian impact 
simulations were performed using the Polar-II 
dummy model and scaled dummy models. The 
methodology used to perform these simulations was 
similar to that used in previous verification studies 
presented by Shin et al. (2006, 2007). The Polar-II 
dummy model was positioned laterally at the vehicle-
centerline in a mid-stance gait with the left lower 
extremity in the leading position and the right lower 
extremity closest to the vehicle (a mid-size sedan). 
To promote repeatability and reduce test-to-test 
variability, the upper extremities were bound at the 
wrist with the left wrist closer to the abdomen. A 
plane simulating the ground level was specified and a 
pre-impact preload was applied just before impact 
through an initial feet-ground penetration 
corresponding to the dummy weight. The front-end 
of the vehicle model included all exterior structures 
that could contact the dummy as well as the stiff 
underlying structures (e.g., engine components) that 
could be loaded by the exterior vehicle structures 
during the impact. The mass of the simplified vehicle 
model was adjusted to the mass of the vehicle sled 
buck by adding the mass differential to the vehicle 
CG. A 40 km/h initial velocity in the impact direction 
(towards the pedestrian) was applied to the vehicle 
model at the beginning of the simulations. Kinematic 
trajectories of the head center of gravity (CG), T1 

Figure 3: Anthropometric dimensions used to 
compare scaled dummy models with 
corresponding ANSUR data (Gordon et al. 
1989) 
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(i.e., top of thoracic spine), T8 (i.e., mid-thoracic 
spine) and pelvis CG (locations of the photo targets 
used in the full scale PMHS tests by Kerrigan et al., 
2005 a, b) were calculated to allow for comparison 
with body segment trajectories of four different 
dummy models (Figure 4).  Additionally, the wrap 
around distance (WAD) to head contact was 
calculated in all simulations. 

To provide a basis for validation of the 
pedestrian dummy against the PMHS data, the PMHS 
kinematic response was linearly scaled to the 50th 
percentile male’s response using a length scale factor.  
Thus, the original PMHS trajectories for x(t) and z(t) 
together with time were scaled using the height ratio 
of the PHMS relative to the 50th percentile male 
(Kerrigan et al. 2005 a, b).  In order to verify the 
validity of this method, all trajectories of the dummy 
models (5F-S, 50F-S, and 95M-S) were scaled to 
Polar-II (50th percentile male model) data using the 
same methodology.  The percentage error between 
scaled trajectories and the corresponding Polar-II 
trajectories were calculated according to (4). 

 

( )
IIPolardummyscaled xxIIPolar

IIPolardummyscaled

z

zz

−=−

− ∗−
=

100
ε (4) 

 

RESULTS 

Polar-II Scaled Dummy Models 

Three new dummy FE models -5F-S, 50F-S, 
and 95M-S (Figure 5)- were obtained by scaling the 
Polar-II model with the factors calculated using 
equations 1 and 2  and listed in Table 1.  While the 
scaling of 5th and 50th percentile female dummy 
models involved almost uniform scaling (under 1 % 

variation between λz and λx=λy scaling factors), a 
substantial variation (3.4 %) was observed between 
scaling factors in the x-y plane and the z-direction of 
the 95th percentile male model.  

The specific body measurements (Figure 3) 
of each dummy model exhibit good agreement with 
the corresponding data of the ANSUR subjects.  
Polar-II dimensions are similar (± 2%) in all 
directions with the corresponding dimensions of the 
ANSUR 50th percentile male.  While specific 
dimensions of the scaled dummy models in the z-
direction (Figure 6) are close to corresponding values 
of the ANSUR subjects (± 2%), several variations (± 
6%) in the x-y plane were recorded (Figure 7). All 
scaled dummy models have the same height and mass 
as their corresponding ANSUR subjects (5th female, 
50th female and 95th male). 

 
 

 
 

 

Scale Factors 
Dummy Model 

λz λx= λy 

5th percentile female 0.873 0.871 

50th percentile female 0.93 0.938 

95th percentile male 1.069 1.107 

Table 1. The factors used to obtain dummy FE 
models by scaling the Polar-II FE model (50th 
percentile male) Figure 4: Node set of the pedestrian dummy model 

used in the kinematics analysis. 

T8 

Pelvis CG

T1 
x 

z 

Vehicle FEM 

Ground 

Head CG 

a) b) c) Polar II 
Figure 5: Polar II FE model and its scaled
models: 5th female (5F-S) (a), 50th female (50F-
S) (b), and 95th male (95M-S) (c). 



Untaroiu 5 

 
 

 
 
Vehicle-Dummy Lateral Impact Simulations 

Dummy posture relative to the vehicle at the 
time of head impact for the original Polar-II (50th 
male) dummy and the scaled dummy models are 
illustrated in Figure 8.  In all cases, the car-pedestrian 
dummy head impacts occurred in the windshield 
region, except for the 5th female dummy model for 
which the vehicle-head impact took place in the cowl 
region.  The Polar-II 50th male WAD to head contact 
obtained from the simulation (1959 mm) was within 
the range of Polar-II experimental test data (1947 ±21 
mm) suggesting good kinematic predictability of the 
FE dummy model (Figure 9).  A linear variation of 
WAD to head contact with respect to dummy height 
was observed in both simulations using FE dummy 
models (R2=0.996) and PMHS tests (R2=0.899) 

(Kerrigan et al. 2005a). However, the dummy WAD 
obtained from simulations and Polar-II test data 
(Kerrigan et al., 2005) were lower than that of the 
corresponding value of the PMHS data (Figure 9). 

 
Kinematic trajectories of the head CG, T1, 

T8 and pelvis CG together with their trajectory 
corridor (area bordered by the extreme trajectories) 
are illustrated in Figures 10, 11, 12, and 13.  All 
trajectory curves were calculated until head strike in 
a system fixed with respect to the vehicle’s motion, 
which was called the Vehicle Coordinate System 
(VCS).  The origin of the VCS system is defined by 
the intersection of the vertical line (z-axis) passing 
through the initial position of the dummy head CG 
and the horizontal line (x-axis) of the ground level 
(Kerrigan et al. 2005). A linear variation of upper 
body trajectories are observed between the time the 
bumper strikes the legs and the time the dummy 
pelvis flesh starts to interact with the leading edge of 

Figure 7:  Specific dimensions (transversal 
plane) normalized to corresponding dimensions 
of the 50th percentile ANSUR male (Gordon et 
al. 1989).  Comparison between Polar-II scaled 
models and ANSUR data 
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the hood.  However, after that point, a strong non-
linearity was observed in all pelvis CG trajectories.  
Kerrigan et al. (2007) have indicated that this may be 
a function of the pelvis  sliding over, penetrating into, 
or bouncing off the hood depending on the extent of 
pelvic interaction with the leading edge of the vehicle.  
The largest pelvis bounce was observed in the 5F-S 
dummy model for which some of the upper body 
trajectories (pelvis CG, T1, and T8) were closer or 
even slightly higher than the corresponding 
trajectories of a taller dummy model – 50 F-S dummy.   

 
 

 

 
 

 

 
 

Upper body trajectories of the 5 F-S, 50 F-S 
and 95 M-S scaled to the corresponding data of 

Figure 13:  Pelvis CG trajectory corridor and 
comparisons between the Polar-II and scaled 
dummy models 
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Figure 11:  T1 trajectory corridor and 
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dummy models 
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Figure 12:  T8 trajectory corridor and 
comparisons between the Polar-II and scaled 
dummy models 
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Polar-II (50th percentile male) are illustrated in 
Figures 14 and 15.  These scaled curves have two 
portions delimited by specific events: 1) after 
bumper-leg contact but before pelvis flesh-leading 
edge contact and 2) after pelvis flesh-leading edge 
contact but before head strike.  As expected, in the 
first part, scaled trajectories matched very well the 
corresponding trajectories of the Polar-II (50th 
percentile male).  However, significant differences 
between scaled trajectories and corresponding 50th 
percentile trajectories appear in the second region, 
especially close to the time of head strike.  The 
maximum error between these trajectories calculated 
as the percentage difference between vertical 
displacements at the same horizontal level are 
illustrated in Figure 16.  As can be observed, the 
scaled trajectories of the 5F – S dummy overestimate 
the corresponding Polar-II trajectories for all 
recorded upper body segments, with the error 
decreasing from pelvis to head region.  A similar 
trend is also observed for scaled trajectories of the 
other dummy that is smaller than the Polar-II (50F-S).  
However, while the pelvis CG/T8 scaled trajectories 
overestimate the corresponding Polar-II (50th male) 
trajectories, T1/head CG scaled trajectories 
underestimate the corresponding Polar-II trajectories.  
In case of the largest dummy- 95M-S, the maximum 
error of upper body scaled trajectories shows an 
opposite trend.  While the pelvis CG, T8, and T1 
underestimate the corresponding 50th male 
trajectories, an overestimation is recorded in scaled 
trajectory of the head CG.  Overall, the maximum 
error of all scaled trajectories varies from -12 % (50th 
female head CG) to +11.6% (5th female pelvis CG). 

 
 

 
 

 
 
DISCUSSION  
 Three new FE pedestrian dummy models 
were obtained using the validated FE Polar-II dummy 
model as reference (Shin et al. 2006, 2007).  Uniform 
scaling in the vertical direction and transverse plane 
was used to obtain FE dummy models corresponding 
to three representative ANSUR subjects (5th female, 
50th female, and 95th male).  While several 
differences between specific dimensions of scaled 
models and anthropometric data (maximum 7% in 
transversal plane) were observed, global dummy 
characteristics (height and mass), which may have a 
major role in pedestrian kinematics during a vehicle 
impact, were matched by this scaling technique.  In 
addition, specific vertical dimensions of scaled 
dummies, which may have a significant influence on 
the vehicle-pedestrian interaction due to joint 
positions, showed minor differences (under 2%) 

Figure 16. The maximum error (%) of the scaled 
pedestrian trajectories  
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comparisons between the Polar-II and scaled 
dummy models 
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relative to anthropometric data.  The scaling method 
used in the current study to obtain new dummy 
models with different anthropometry from a 
reference model shows easy implementation and 
relatively good results.  While differences between 
all specific dimensions of dummy and 
anthropometric data may be reduced by using more 
complex scaling techniques (c.f., Kriging method 
used for scaling a pelvis FE model by Besnault et al., 
1998) with specific scaling factors for each body 
segments, the effort to connect scaled body parts into 
the whole dummy scaled model will increase 
considerably.  Due to lack of test data between joint 
properties and anthropometry, joint stiffness 
properties of the new dummy models were obtained 
by scaling Polar-II stiffness curves (Langhaar, 1951) .  
Therefore, when this data will be available in 
literature, an update of joint stiffness curves for all 
scaled models is recommended.  

A complex variation of pedestrian upper 
body trajectories was observed in simulations of 
vehicle-pedestrian lateral impacts with different sized 
dummies and the same vehicle model having a 
40km/h initial velocity.  Dummy trajectory corridors, 
defined as the surface which covers all dummy 
trajectories, are uniform during the initial phase of 
impact but demonstrate different behavior after 
pelvic interaction with the hood leading edge and 
before head strike.  While the pelvis CG corridor 
narrows after the pelvis flesh starts to interact with 
leading edge, a significant extension of the head CG 
corridor is recorded for the same period.  Trajectory 
corridors with almost constant widths are recorded 
for T1 and T8 trajectory corridors before head strike 
event  

In dummy simulations as in PMHS tests 
(Kerrigan et al. 2005) linear relationships were 
observed between WAD and pedestrian height.   
However, the dummy models predict lower WADs 
than the PMHS tests.  A potential cause of these 
kinematic differences between dummies and PMHSs 
could be the musculature effects in the neck, spine 
and chest which have been incorporated in the 
dummy models (Crandall et al., 2005).   

Linear scaling of dummy upper body 
trajectories to the corresponding responses of the 50th 
male with respect to dummy height showed important 
limitations.  A consistent error pattern in terms of 
vertical displacement for a certain horizontal 
displacement was identified between the scaled 
dummy trajectories based on dummy size and the 
location of recorded targets.  The scaled trajectories 
of smaller dummies tended to overestimate the 
corresponding response of the 50th male model in 
regions close to pelvis and to underestimate (or in the 
case of the 5th female, to overestimate) the regions 

close to the head.  The opposite pattern was observed 
for the taller dummy model (95th male).  While the 
current study is limited to only one vehicle type, one 
vehicle speed, and one pedestrian orientation, these 
observations suggest that the linear scaling of upper 
body trajectories must be used cautiously with an 
awareness of the inherent assumptions and 
limitations.  Ultimately, the results suggest that an 
advanced non-linear approach must be developed to 
predict the correct kinematics.  Alternatively, a 
complete family of physical and/or computational 
dummy models will be required to describe the 
complexity of the pedestrian-vehicle interaction as a 
function of their relative geometry.   

CONCLUSIONS 

 Three finite element dummy models of 
different anthropometry were obtained by scaling the 
Polar-II dummy – a pedestrian dummy previously 
validated in pedestrian impact conditions.  All 
dummy models, which were intended to represent the 
anthropometric breadth of the general adult 
population, have similar mass and height 
characteristics as equivalent subjects obtained from 
an anthropometric database.  In addition to stature 
and mass, several specific body measurements also 
showed agreement with the corresponding 
anthropometric data.  The dummy models were used 
to study the influence of pedestrian anthropometry on 
kinematic responses in vehicle-pedestrian impact 
simulations.  While the WAD to head contact 
demonstrated a linear relationship with the dummy 
height, upper body trajectories appeared to be 
influenced by the target location and dummy size.  
Thus linear scaling of PMHS trajectories to the 
corresponding 50th percentile male trajectories has 
potentially significant limitations in terms of 
reproducing the correct kinematics.   
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APPENDIX 

Scaling of Rigid Parts 

A rigid part is usually defined in a FE model by its 
mass m and the components of the mass moment of 
inertia tensor I with respect to a local coordinate 
system with the origin at the rigid body center of 
gravity (CG).  To find a relationship between the 
inertial properties of a rigid body obtained by scaling 
and its initial inertial properties (in original 
configuration) the following theorem will be used. 
Theorem 
Assume a rigid body with the mass m and the mass 
moment of inertia tensor I with respect to a local 
coordinate system oxyz (the direction of the local 
axes parallel to the global axes), and o(x,y,z) – the 
center of gravity (Figure A1). 
 

(A.1) 
 
 
 

 
 
Assume a linear transformation (scaling) with respect 
to the global coordinate system O1x1y1z1 with scale 
factors λx, λy, λz and a constant mass density between 
models. Thus,  the mass of the scaled model will  be: 

 
(A.2) 

 

and the components of the inertia tensor with respect 
to the new local coordinate system O(λx xo, λy yo λz,zo) 
will be:  

 
 

(A.3) 
 
 
 
 

 
(A.4) 

 
 

 
where 
 

 
 

(A.5) 
 
 
 

Proof 
Linear scaling (transformation) with respect to the 
global system O1x1y1z1 will move each point P of the 
original body(Ω) which has a coordinate (x,y,z) with 
respect to the system oxyz and coordinate (x1,y1,z1) 
with respect to the system O1x1y1z1 into the point 
into P’ of scaled body (Ω’) which has coordinate 
(X,Y,Z) with respect to the system OXYZ and 
coordinate (X1,Y1,Z1) with respect to the system 
O1x1y1z1 (Figure A1). 
 
X1= λx x1= λx x + λx xo1 = λx x + xO 
Thus,   X= λx x   
Similarly it can be shown that  
Y= λy y  Z= λz z   
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Figure A1: Rigid body in initial and scaled 
configurations; A particular case - the axes of 
local system are parallel to those of the global 
system. 



Untaroiu 11 

Thus, the scaled diagonal components of inertia 
tensor will be: 

 
Similar it can be shown that  

 
 
 
 

The scaled off-diagonal components of inertia tensor 
will be 
 

 
 
 
 
 

Similarly it can be shown that 
 
 
 

 
When the axes of the local coordinate system are not 
parallel to corresponding axes of the global system 
(Figure A2), the components of mass inertia tensor in 
the new local system of a scaled rigid body OXYZ 
can be determined by according to the following 
procedure: 

1. Obtain the inertia tensor i’ with respect to a 
system ox’y’z’ with axes parallel to the 
global coordinate system O1x1y1z1 from the 
mass inertia tensor i from the initial 
coordinate system oxyz. 

The inertia tensor i’ will be: 

i’=Q i QT                       (A.6) 
where Q is the transformation matrix (orthogonal 
matrix) between oxyz and ox’y’z’. 
 

2. Obtain the inertia tensor I’ of the scaled 
rigid body with respect to a system 
OX’Y’Z’ (with the axes parallel to the 
global system axes) using [A.3 – A.4] 
equations. 

3. Obtain the inertia tensor I’ with respect to a 
system OXYZ with axes parallel to the 
initial local coordinate system oxyz  

Thus, the inertia tensor I will be: 
I=QT I’ Q                    (A.7) 
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ABSTRACT: 

In the past, the overall safety of passenger vehicles 
was dominated by secondary safety features, the 
ability of vehicles to reduce the consequences of 
accidents by mitigating  injuries. In the last ten 
years, crash avoidance devices  which can reduce 
the likelihood of accidents were introduced into 
cars. These devices support the braking of drivers, 
such as brake assists, or they reduce the likelihood 
of skidding, such as ESC, others will follow. 
Accident research clearly and  increasingly shows 
the effectiveness of such devices under European 
road conditions. Although road conditions in the 
U.S. are different, there are positive indications as 
well.  

In Europe, for belted occupants, ESC-effectiveness 
is estimated to be higher than airbag effectiveness. 
The accident data, indicating this, has been 
consistent for a couple of years. This paper 
provides accident data predicting the amount of 
safety benefit to be attributed to the different safety 
features in terms of risk reduction. This might help 
to overcome the problem that current 4 and 5 star 
cars are said to be in fact better than cars with 
fewer stars, while there is no significant difference 
between 4 and 5 star cars in real world accidents. It 
is the goal of the paper to quantify the degree of the 
total safety, reflected by a crash test based rating, 
like the current rating in Europe. 

 

INTRODUCTION 

Most of the European EU-member states see a long 
and steady decrease of fatalities. Volkswagen 
accident research has to increase its area of 
investigation, because in the area, where in the past 
a lot of severe accidents happened, the number of 
severe accidents dropped significantly. This is very 
positive news. When positive things happen, 
everybody is willing to take credit. The highway 

engineers, the colleagues, introducing more or less 
feasible and beneficial regulation on cars, the 
police, managing the traffic etc. This paper will 
deal with the effect of a car design tool, which is 
very likely to become the number three with regard 
to life saving potential: ESC. In the list of life 
saving features which was: Belt, structure, and 
airbag, we have now a very effective newcomer. 
The list now is: Belt, structure, ESC, and airbag as 
the number 4. The data presented here will 
underline these findings from the past year. They 
will show important implications for future 
accident research and for car rating attempts, 
because ESC not only reduces the number of 
fatalities, which is easily detected by accident 
researchers. It clearly shows its potential of crash 
avoidance. And accidents that do not happen are 
very difficult to detect in accident data bases. 

GIDAS ACCIDENT DATA 

The analyses in this paper are based on data 
supplied by GIDAS (German In Depth Accident 
Study). The advantages of this database are two-
fold: (1) the number of cases is high enough to 
provide statistically significant results, and (2) each 
case is documented in great detail, permitting in-
depth-analyses where required. 

GIDAS is a unique project involving the German 
government and the motor vehicle industry. The 
cornerstone of the GIDAS-project was laid in 1973 
and based on the recognition that official statistics 
were not sufficient to answer important questions 
that arise during accident research. For this reason, 
the German Federal Highway Research Institute 
(“Bundesanstalt für Straßenwesen”, BASt) initiated 
a project, in which interdisciplinary teams analysed 
highway accidents from a scientific perspective – 
independent of the objectives and needs of law 
enforcement.  The project underwent an important 
change in 1985, when the choice of the accidents 
for detailed analysis began to follow a random 
sampling plan. 
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A second major improvement took place in 1999  
when  GIDAS was expanded to include cooperation 
with BASt and the German Association for 
Automotive Technology Research (“Forschungs-
vereinigung Automobiltechnik e.V.”, FAT). For 
this purpose, a second team was established at the 
Technical University of Dresden. Currently, the 
sampling criteria are as follows: 

• road accident 

• accident site in Hanover City and 
County or Dresden City and County 

• accident occurs when a team is on duty 

• at least one person in accident injured, 
regardless of severity 

The data collected is entered in a hierarchical 
database. Depending on the type of accident, each 
case is described by a total of 500 to 3,000 
variables, e. g accident type and environmental 
conditions (record Umwelt), vehicle-type, mass, 
drive train and the type of road it was on (record 
Fzg), the age, size, hours on the road and injury 
data for all persons involved (record Persdat and 
Verlueb). Each accident is reconstructed in detail 
including  the  pre-collision-phase. Available 
information includes  initial vehicle and impact 
speed, deceleration as well as the collision 
sequence. 

This database is representative of German national 
accident statistics, whereby severe cases are 
slightly over-represented.  

SINGLE CASE ANALYSIS AT VW-GROUP-
ACCIDENT-RESEARCH 

With upcoming primary safety systems, VW 
implemented three brand research teams. The group 
accident research is located at Wolfsburg and 
performs on-scene accident research in an appr. 
100 km radius of Wolfsburg. In addition to this  at 
AUDI in Ingolstadt and at SVW in Shanghai, 
China, there exist local teams, providing on-scene 
accident investigation. The task for these teams is 
to increase the safety standard of all VW-Group 
products through detailed accident analysis of 

accidents with recent models of group-cars 
involved. 

 

US Databases
FARS, NASS etc.

Group Accident Research
Wolfsburg

Volkswagen Accident Research
in China (Shanghai, Jiading-District)AUDI Accident Research

Ingolstadt

IRTAD Database
Aggregated Data of OECD-members

EU-members

  

These teams consist of engineers, physicians and 
psychologists to gain a comprehensive 
understanding of the accident. These accident 
investigations include also technical analysis of the 
vehicle structure and suspension but also a 
complete reconstruction of the course of events of 
an accident, the medical analysis of injuries and the 
injury causing factors and last but not least a 
detailed view on accident causation by 
psychological analysis of the accident scene and 
interviews with the involved persons. The depth of 
the accident analysis depends on the willingness of 
the involved persons to co-operate. About 50% of 
the involved persons are willing to support us, even 
by answering the questions of our psychologists. 

PROGRESS OF SECONDARY OR PASSIVE SAFETY 

Significant progress was achieved by secondary or 
passive safety measures. The above mentioned 
GIDAS-database provides sufficient data, to 
investigate and quantify the progress.   

 

Scenario Belted 
Occu-
pant 

Vehicle 
manu-
factured 
1995 or 
later 

Airbag 
avail-
able 

Number of cases 
in GIDAS 

1 No No No Ca.1 000 

2 Yes No No Ca.13 500 

3 Yes Yes No Ca. 630 

4 Yes Yes Yes Ca. 1 800 

Figure 3. Scenarios and available data, 
describing the injury risk of passenger car 
occupants in accidents. 

 

 

Figure 1. GIDAS Research Areas in Dresden 
and Hannover. 

Figure 2. Main data sources of Volkswagen 
accident research 
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Figure 3 provides the scenarios which enable 
detection of the differences between driver 
populations. Comparing scenario 1 and 2, the 
difference should describe the benefit of using the 
belt. Scenario 2 and 3 describe the benefit of 
structural enhancements, achieved by implementing 
ECE R94 in Europe as a mandatory test for all 
passenger cars. And scenario 3 and 4 describe the 
additional benefit, achieved by front airbags. 
Looking into the data, regarding age and gender of 
the involved people, regarding collision mode and 
impact velocity, there is not much difference 
between the samples, so that the comparison is 
possible. 

Belt No Yes Yes Yes 

Manufactured ..1994 ..1994 1995.. 1995.. 

Airbag No No No Yes 

Risk of  

MAIS 0..6 100% 100% 100% 100% 

MAIS 1..6 78% 44% 38% 36% 

MAIS 2..6 36% 12% 8,1% 7,0% 

MAIS 3..6 16% 4,1% 2,1% 1,6% 

MAIS 4..6 8,9% 1,8% 0,8% 0,5% 

MAIS 5..6 6,5% 1,1% 0,6% 0,3% 

Figure 4. Risk of MAIS-categories within the 
scenarios. 

The conclusion of Figure 4 is that measures of 
passive safety were very beneficial in the past. This 
does not only hold for restraint systems, but also 
for the vehicle structure. The risk of high 
deformations and intrusions into the compartment 
decreased significantly. This topic was discussed in 
depth in former presentations.  

THE DECREASE OF FATALITIES IN EUROPE 

The effect of the findings of Figure 4 can be seen 
by the global data of most of the European member 
states. There is a positive trend in nearly all 
member states. Europe will reach a significant 
decrease of fatalities in the time period 2000..2010 
of appr. 25%. 

To make data from different countries comparable, 
in Figure 5 the year 1980 was chosen as 100% for 
all countries. Greece has its own development. 
There is also an unexplained increase in Spain 
between 1985 and 1990. With the exception of the 

period of reunification, Germany showed the 
highest decrease in the observed time period. This 
can also easily be seen, when the estimated 
progress for the time period 2000 and 2010 is 
estimated. This progress is relevant, because EU 
declared the goal of reducing fatalities in this 
period by 50%. This goal will be achieved only by 
Germany, if the current trend follows. On average, 
EU will achieve 25%. This is already a great 
success for European road safety. 

 

Figure 5. The positive trend of fatalities in 
Europe. 

 

Figure 6. The expected decrease of fatalities in 
Europe in the time frame 2000..2010 and the 
additional progress that could be achieved, if 
infrastructure was enhanced so that 50% of 
rural traffic were on autobahns. 

 

 

 

 

 

 

 

 

Figure 7. Number of fatalities in the U.S.A. 

The main purpose of showing Figure 6 was to 
underline that European car fleet increased safety 
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significantly in the past. This is not a trivial world 
wide effect, as the figures of U.S.A. (Figure 7) 
show. In the U.S., the absolute number of fatalities 
is not significantly changing. So the safety concepts 
in Europe are successful, including European car 
design. 

It is difficult and probably not possible, to identify 
the reasons of these different developments. Europe 
has a very high belt usage rate, the U.S. has a high 
portion of SUVs, the increasing number is reflected 
by the blue bar of Figure 7. Europe is still 
dominated by European built cars. There is ECE 
R94 applied in Europe, FMVSS 208 in the U.S. etc. 

THE MARKET PENETRATION OF ESC 

In the past, Volkswagen and AUDI published a 
couple of papers, regarding ESC-effectiveness 
(Figure 8). The high effectiveness of ESC now has 
world-wide acceptance. Today we can add 
additional figures that show that ESC has potential 
to reduce property-damage accidents as well. A 
study, conducted by Volkswagen, together with the 
Volkswagen insurance (Volkswagen Financial 
Services), clearly showed a reduction of property 
damage volume by 9%.  

 

 

Figure 8. Estimated reductions of fatalities and 
injuries, if current findings for Volkswagen and 
AUDI ESC would hold for the complete German 
fleet. 

 

 

Figure 9. ESC-share in new car registrations. 
(Data kindly provided by Robert-Bosch-AG) 

Another approach, which shows the crash 
avoidance potential of ESC, can be derived from 
GIDAS data. The share of ESC-equipped vehicles 
is published by Robert-Bosch-AG as shown in  

Figure 9. Together with the vehicle age distribution 
of Figure 10, we can compute the number of ESC-
vehicles in German car fleet. We can compare this 
to the share of ESC-vehicles in GIDAS. This 
provides the chance to identify “lost accidents.” 
These are accidents that did not happen, because 
ESC prevented them from happening. 
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Figure 10. Vehicle age distribution in Germany. 
(Data kindly provided by Dr.Schepers, BASt) 

To do so, we use the following formula: 
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This formula permits estimates of the effectiveness 
of a system to be calculated, when an observed 
frequency in exposure data and in accident data is 
available. As GIDAS reflects all accidents with 
injuries, this estimation explains, how many 
accidents with injuries are no longer accidents with 

Effectiveness
VW and AUDI 2002 Reduction 2002 Sum

ESP Involved by ESP with VW and AUDI ESP
Minor injuries 16,5% 247.618 40.932 206.686
Hospitalization 24,9% 44.176 11.001 33.175
Fatalities 35,2% 4.004 1.411 2.593

Germany 2002
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injuries and thus disappear from GIDAS due to the 
effectiveness of ESC. So this research goes beyond 
the knowledge, derived from the observation that 
80% of the skidding accidents will no longer occur. 
This proves the capability of ESC to avoid injury 
accidents. 

Figure 11 provides for the years 2000 to 2004 the 
observed frequency of ESC-cars in GIDAS data 
base. The comparison to fleet data together with the 
formula, derived above, shows an effectiveness of 
ESC to avoid accidents of about 40%. This value is 
rather stable. 

Taking into account that every year, the share of 
ESC-cars increases by 5 to 8%, we can expect that 
the positive trend in Germany will continue for a 
couple of years. And there are additional measures 
under development that will make this trend 
continue, when ESC has reached its 100% in the 
market. 
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Figure 11. Effectiveness of ESC in avoiding 
accidents with injuries, derived from GIDAS 
data base and German fleet data.  

These findings include a warning for all accident 
researchers, when studying their results. Due to 
lack of data, normally a risk is described as the 
ratio between the number of persons injured at a 
certain severity level, divided by the number of 
persons in the data base. This is frequently done, 
e.g. to compare the risk of young drivers and the 
risk of elderly drivers, or male vs. female drivers 
etc. When we know that injury accidents disappear 
from our data base, this means that in such 
computations, both, numerator and denominator are 
changed. The result is unpredictable. So after the 
introduction of ESC, there is even more careful 
data analysis necessary, before we can come to 
conclusions. When preparing this paper, the authors 
lost a lot of time, due to this effect in GIDAS data 
base. The effect has to be studied more in depth. 
Methodology has to be provided to analyze data, 
taking into account these effects of “disappearing 
accidents.” It is not only ESC responsible for this 
effect, it is also the airbag. The likelihood that an 
accident is completely without injured persons, 

increased significantly due to the on-going 
enhancement of the restraint systems. This is a very 
positive effect, but for the accident researcher, 
things became more complicated: With current 
knowledge, we would not rely on a comparison on 
the basis of accident data before 2000 compared to 
data of accidents after 2000. 

ACCIDENT AVOIDANCE CAPABILITY OF ESC FOR 

DIFFERENT DEGREES OF SEVERITY 

The results of the preceding chapter can be applied 
to the different MAIS-classes to compute the injury 
mitigation capability of ESC. This was done by the 
same calculation. Instead of all involved persons, 
we look for persons with an injury of MAIS X+. 
Relevant for all these results is Figure 10. The 
results depend on these estimations. The higher the 
market share of ESC in the GIDAS area, the higher 
the effectiveness of  ESC and vice versa. According 
to the increased market share of Volkswagen and 
AUDI cars in the Hannover area, we would expect 
an ESC above average in this area. In the Dresden 
area, there might be less so that for GIDAS, the 
combination of both areas, the German average 
might be a good estimation.  

 
Cases without ESC from GIDAS Share of
Year MAIS 0+ MAIS 1+ MAIS 2+ MAIS 3+ MAIS 4+ MAIS 5+ MAIS 6 Non-ESC
2000 3489 1501 351 118 59 46 44 96,1%
2001 3185 1355 276 97 59 51 46 93,5%
2002 2553 1055 262 100 64 46 41 90,3%
2003 2725 1130 246 87 56 41 36 86,4%
2004 2799 1107 229 71 48 29 25 81,6%

Cases with ESC from GIDAS Share of
Year MAIS 0+ MAIS 1+ MAIS 2+ MAIS 3+ MAIS 4+ MAIS 5+ MAIS 6 ESC
2000 47 19 2 0 0 0 0 3,9%
2001 125 48 9 1 0 0 0 6,5%
2002 125 47 7 2 1 1 0 9,7%
2003 213 77 9 5 2 1 1 13,6%
2004 266 96 16 4 3 2 2 18,4%

Expected cases with ESC, due to its market share, if there were no ESC-effectiveness
Year MAIS 0+ MAIS 1+ MAIS 2+ MAIS 3+ MAIS 4+ MAIS 5+ MAIS 6
2000 143 61 14 5 2 2 2
2001 222 94 19 7 4 4 3
2002 275 114 28 11 7 5 4
2003 430 178 39 14 9 6 6
2004 630 249 52 16 11 7 6

Resulting effectiveness of ESC
Year MAIS 0+ MAIS 1+ MAIS 2+ MAIS 3+ MAIS 4+ MAIS 5+ MAIS 6
2000 67,1% 69,1% 86,1% 100,0% 100,0% 100,0% 100,0%
2001 43,7% 49,2% 53,2% 85,2% 100,0% 100,0% 100,0%
2002 54,6% 58,6% 75,2% 81,4% 85,5% 79,8% 100,0%
2003 50,4% 56,8% 76,8% 63,6% 77,4% 84,5% 82,4%
2004 57,8% 61,5% 69,0% 75,0% 72,2% 69,4% 64,5%

Wheighted effectiveness of ESC. Every year wheighted with ist ESC-share.
MAIS 0+ MAIS 1+ MAIS 2+ MAIS 3+ MAIS 4+ MAIS 5+ MAIS 6
53,5% 58,2% 69,1% 72,2% 76,2% 75,8% 70,4%  

Figure 12. Computation of ESC effectiveness for 
every injury severity class. 

Figure 12 is computed from GIDAS data together 
with the ESC-share in German car fleet. So 
accident data and fleet data are combined. Possible 
different mileages between ESC and non-ESC-cars 
are neglected. But it is assumed that the mileage 
exposure of ESC-cars, which tend to be the larger 
cars, is higher than the mileage exposure of non-
ESC-cars. The expected cases with ESC, due to its 
market share, if there were no effectiveness of 
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ESC, are computed by the following formula, 
which also allows to derive the effectiveness of 
ESC. You get the identical result, when you use the 
formula, mentioned in chapter “The market 
penetration of ESC.” 

The overall effectiveness was computed as a 
weighted average of the yearly effectivenesses. The 
alternative was to make one large class, adding the 
respective data of 2000..2004 and computing an 
effectiveness from this data. This provides an even 
higher effectiveness, so that we think, this approach 
is more conservative and as an average of four 
estimations statistically more reliable. 
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From Figure 12 it can clearly be seen, what was 
estimated from former effectiveness estimations 
based of the observed ESC-effectiveness of 
Volkswagen and AUDI ESP. Volkswagen and 
AUDI accident research found in their field studies 
an 80% reduction of skidding accidents by ESC. 
From this research, we predicted a fatality 
reduction as provided in Figure 8. This research 
was often blamed to over-estimate the benefit of 
ESC. We heard these arguments with a certain 
degree of satisfaction, because it is not our 
problem, when the observed Volkswagen and 
AUDI ESP effectiveness is higher than the overall 
effectiveness of ESC in general. But the figures 
provided show that there is a significant benefit of 
ESC which has to be taken into account in future 
analysis. 

MAIS 0 MAIS 1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 MAIS 6
2000 57,0% 33,0% 6,7% 1,7% 0,4% 0,1% 1,3%
2001 57,5% 33,9% 5,6% 1,2% 0,3% 0,2% 1,4%
2002 58,7% 31,1% 6,3% 1,4% 0,7% 0,2% 1,6%
2003 58,5% 32,4% 5,8% 1,1% 0,6% 0,2% 1,3%
2004 60,5% 31,4% 5,6% 0,8% 0,7% 0,1% 0,9%  

Figure 13. Distribution of the AIS-Classes for 
different accident years and belted non-ESC 
passenger car occupants. 

Figure 13 provides for the years from 2000 to 2004 
the  MAIS-distributions for belted occupants in 
non-ESC cars. This shows that there are also 
increases in passive safety in this time-frame. This 
distribution can be used to compute the ESC-
effectiveness for the police-recorded data.  

injured injured injured Share of Reduction
uninjured no hospital hospital fatally no-ESC-pc by ESC

MAIS 0 99,7% 0,0% 0,2% 0,0% 60,5% 50,5%
MAIS 1 0,0% 82,3% 17,3% 0,3% 31,4% 55,4%
MAIS 2 0,0% 39,4% 60,0% 0,6% 5,6% 67,8%
MAIS 3 0,0% 29,1% 68,2% 2,8% 0,8% 63,8%
MAIS 4 0,0% 27,0% 55,1% 17,9% 0,7% 76,7%
MAIS 5 0,0% 11,5% 23,0% 65,5% 0,1% 100,0%
MAIS 6 0,0% 0,0% 0,0% 100,0% 0,9% 70,4%

Distribution Sum
Without ESC 60,3% 28,5% 9,9% 1,3% 100,0%
With ESC 29,8% 12,4% 3,9% 0,4% 46,5%

Average
Reduction 50,5% 56,6% 61,0% 71,9% 53,5%  

Figure 14. Computation of ESC-effectiveness 
(i.e. risk reduction) for injury categories of 
police data.  

Figure 14 provides the relative probabilities 
describing the relationship between MAIS and 
police-recorded severity classes. Note that the 
reduction by ESC is not directly taken from Figure 
12, because Figure 12 describes the effectiveness 
for MAIS 3+ and not MAIS 3. But the 
effectiveness used in Figure 14 can easily be 
derived from that provided in Figure 12. 

THE PREDICTED AND OBSERVED DEVELOPMENT 

OF FATALITIES INFLUENCED BY ESC 

The calculations of the preceding chapter can be 
used to predict the number of fatalities for 
Germany, if market penetration of ESC continues 
in a foreseeable manner. By starting this calculation 
with 1997, it can also be studied how far ESC 
explains the progress, already seen in the past. 

Figure 15 computes in the column “Progress 
expected by ESC” the progress to be expected, 
when the fatalities of the preceding year are used to 
predict a new fatality number from the increasing 
share of ESC-vehicles and the assumed 
effectiveness of 71,9%. For all years besides 2002, 
this computation underestimates the decrease of 
fatalities. 541% means that the expected decrease 
(4023-3926) is 541% of the actual decrease of 
(4023-4005). 

This underestimation of the decrease of fatalities 
means that additional effects influenced the 
positive trend in Germany. It is the authors’ 
opinion that these are mainly the better 
compartments of current vehicles and the airbags. 
[11]. Beginning with 2006, the 100% of the 
progress is explained by ESC, because no other 
predictions were included. 

For the near future, there are at least two factors to 
be considered as well, the ongoing change of 
vehicle fleet towards more stable compartments etc. 
But on the other hand the economic growth has 
also to be considered, because we know that under 
better economic conditions, people are more 
willing to drive. 
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Scenario 1
Things go on like today:
75% of the new cars are equipped with ESC
71,9% Fatality reduction by ESC
Beginning with 2006, data a predicted according to scenario

Year

Share of 
ESC-
cars

Passenger 
car fatalities 

expected due 
to higher 

share of ESC

Actual 
number of 
passenger 

car fatalities

Progress 
explained by 

ESC

Progress 
compared to 

2000
1997 0,00% 5622 5249 0,0% 119,4%
1998 0,66% 5224 4741 4,9% 107,8%
1999 1,98% 4696 4640 44,8% 105,6%
2000 3,93% 4574 4396 27,1% 100,0%
2001 6,52% 4312 4023 22,5% 91,5%
2002 9,73% 3926 4005 541,0% 91,1%
2003 13,62% 3884 3774 52,2% 85,9%
2004 18,38% 3631 3238 26,7% 73,7%
2005 23,46% 3102 2833 33,6% 64,4%
2006 28,67% 2705 2705 100,0% 61,5%
2007 34,07% 2573 2573 100,0% 58,5%
2008 39,47% 2441 2441 100,0% 55,5%
2009 44,87% 2308 2308 100,0% 52,5%
2010 50,27% 2176 2176 100,0% 49,5%
2011 55,67% 2044 2044 100,0% 46,5%
2012 61,07% 1911 1911 100,0% 43,5%
2013 66,47% 1779 1779 100,0% 40,5%
2014 71,87% 1647 1647 100,0% 37,5%
2015 75,00% 1570 1570 100,0% 35,7%
2016 75,00% 1570 1570 - 35,7%
2017 75,00% 1570 1570 - 35,7%
2018 75,00% 1570 1570 - 35,7%
2019 75,00% 1570 1570 - 35,7%
2020 75,00% 1570 1570 - 35,7%

Passenger Cars

 

Figure 15. Estimated progress by ESC for  
passenger car occupants, if 75% of new car 
registrations are ESC-equipped cars. 

Figure 16 adds the data of the other traffic 
participants, so that the influence of this progress 
on all traffic fatalities in Germany is shown. Every 
other effect is neglected in the data. The 505% of 
1999 mean that the progress achieved by decrease 
of passenger car fatalities (4741-4640) is 505% of 
the progress achieve, when all road traffic fatalities 
are taken into account (7792-7772).  

The message of Figure 16 is that in 2010 Germany 
will achieve a drop of fatalities compared to 2000 
to 62,7%. So ESC alone is nearly able to reach the 
goal of EU-commission, to achieve a 50% fatality 
reduction. So when the commission realizes today 
that it will not achieve its goal, (compare the 
predictions of the authors in [11]), the message is 
clear: Make ESC available EU-wide by convincing 
the customers, providing incentives, doing what 
you can to promote ESC. 

If in 2007 Germany would have started to sell ESC 
in 100% of all cars (Figure 17), the car occupant 
fatalities would go down to 46,5% in 2010 (53,5% 
less than 2000) or in absolute numbers to 2044. In 
this case, when 100% ESC in the fleet (not only 
registrations) is reached, Germany’s car occupant 
fatalities would go down to 957, to 21,8% of the 
2000-level, which was also a low level, because in 
the nineties, after an increase in the period of 
reunification, there was a steady decrease as well. 

Total number 
of road traffic 

fatalities

Progress 
explained by 
passenger 

cars

Progress 
compared to 

2000
1997 8549 - 113,9%
1998 7792 67,1% 103,9%
1999 7772 505,0% 103,6%
2000 7503 90,7% 100,0%
2001 6977 70,9% 93,0%
2002 6842 13,3% 91,2%
2003 6613 100,9% 88,1%
2004 5842 69,5% 77,9%
2005 5361 84,2% 71,5%
2006 5233 100,0% 69,7%
2007 5101 100,0% 68,0%
2008 4969 100,0% 66,2%
2009 4836 100,0% 64,5%
2010 4704 100,0% 62,7%
2011 4572 100,0% 60,9%
2012 4439 100,0% 59,2%
2013 4307 100,0% 57,4%
2014 4175 100,0% 55,6%
2015 4098 100,0% 54,6%
2016 4098 - 54,6%
2017 4098 - 54,6%
2018 4098 - 54,6%
2019 4098 - 54,6%
2020 4098 - 54,6%  

Figure 16. Scenario 1 of Figure 15, but progress 
computed for all road traffic fatalities, to show 
the effect of ESC for road traffic in general. 

Scenario 2
Actions to increase share of ESC-equipped cars
Beginning with 2008, all new cars are equipped with ESC
71,9% Fatality reduction by ESC
Beginning with 2006, data a predicted according to scenario

Year
Share of 
ESC-cars

Passenger 
car fatalities 

expected due 
to higher 

share of ESC

Actual 
number of 
passenger 

car fatalities

Progress 
explained by 

ESC

Progress 
compared to 

2000
1997 0,00% 5622 5249 0,0% 119,4%
1998 0,66% 5224 4741 4,9% 107,8%
1999 1,98% 4696 4640 44,8% 105,6%
2000 3,93% 4574 4396 27,1% 100,0%
2001 6,52% 4312 4023 22,5% 91,5%
2002 9,73% 3926 4005 541,0% 91,1%
2003 13,62% 3884 3774 52,2% 85,9%
2004 18,38% 3631 3238 26,7% 73,7%
2005 23,46% 3102 2833 33,6% 64,4%
2006 28,67% 2705 2705 100,0% 61,5%
2007 34,07% 2573 2573 100,0% 58,5%
2008 41,27% 2397 2397 100,0% 54,5%
2009 48,47% 2220 2220 100,0% 50,5%
2010 55,67% 2044 2044 100,0% 46,5%
2011 62,87% 1867 1867 100,0% 42,5%
2012 70,07% 1691 1691 100,0% 38,5%
2013 77,27% 1514 1514 100,0% 34,4%
2014 84,47% 1338 1338 100,0% 30,4%
2015 91,67% 1162 1162 100,0% 26,4%
2016 100,00% 957 957 100,0% 21,8%
2017 100,00% 957 957 - 21,8%
2018 100,00% 957 957 - 21,8%
2019 100,00% 957 957 - 21,8%
2020 100,00% 957 957 - 21,8%

Passenger Cars

 

Figure 17. Scenario of ESC-promotion by 
additional incentives, so that beginning with 
2008 all new cars are equipped by ESC. 



Zobel 8 

Figure 18 shows, what this means in terms of all 
traffic fatalities. The column “Additional benefit 
cumulative” shows, how many lives could be 
saved, if we would run into a 100% ESC-fleet 
instead of a 75% ESC fleet like in scenario 1 of 
Figure 16. By 2010 this would mean cumulative 
265 fatalities less. 

 

Total number 
of road traffic 

fatalities

Progress 
explained by 
passenger 

cars

Progress 
compared to 

2000

Additional 
benefit 

compared 
to    

Scenario 1

Additional 
benefit 

cumulative
1997 8549 - 113,9% 0 0
1998 7792 67,1% 103,9% 0 0
1999 7772 505,0% 103,6% 0 0
2000 7503 90,7% 100,0% 0 0
2001 6977 70,9% 93,0% 0 0
2002 6842 13,3% 91,2% 0 0
2003 6613 100,9% 88,1% 0 0
2004 5842 69,5% 77,9% 0 0
2005 5361 84,2% 71,5% 0 0
2006 5233 100,0% 69,7% 0 0
2007 5101 100,0% 68,0% 0 0
2008 4925 100,0% 65,6% 44 44
2009 4748 100,0% 63,3% 88 132
2010 4572 100,0% 60,9% 132 265
2011 4395 100,0% 58,6% 176 441
2012 4219 100,0% 56,2% 221 662
2013 4042 100,0% 53,9% 265 926
2014 3866 100,0% 51,5% 309 1235
2015 3690 100,0% 49,2% 408 1643
2016 3485 - 46,5% 613 2256
2017 3485 - 46,5% 613 2869
2018 3485 - 46,5% 613 3481
2019 3485 - 46,5% 613 4094
2020 3485 - 46,5% 613 4706  

Figure 18. Scenario 2 of Figure 17, but progress 
computed for all road traffic fatalities. The last 
two columns show the additional benefit per 
year and cumulative that can be achieved, when 
scenario 2 occurs instead of scenario 1.  

Scenario 3
Scenario 2 and actions to increase the change to new cars in the fleet

71,9% Fatality reduction by ESC
Beginning with 2006, data a predicted according to scenario

Year
Share of 

ESC-cars

Passenger 
car fatalities 

expected due 
to higher 

share of ESC

Actual 
number of 
passenger 

car fatalities

Progress 
explained by 

ESC

Progress 
compared to 

2000
1997 0,00% 5622 5249 0,0% 119,4%
1998 0,66% 5224 4741 4,9% 107,8%
1999 1,98% 4696 4640 44,8% 105,6%
2000 3,93% 4574 4396 27,1% 100,0%
2001 6,52% 4312 4023 22,5% 91,5%
2002 9,73% 3926 4005 541,0% 91,1%
2003 13,62% 3884 3774 52,2% 85,9%
2004 18,38% 3631 3238 26,7% 73,7%
2005 23,46% 3102 2833 33,6% 64,4%
2006 28,67% 2705 2705 100,0% 61,5%
2007 34,07% 2573 2573 100,0% 58,5%
2008 42,27% 2372 2372 100,0% 54,0%
2009 50,47% 2171 2171 100,0% 49,4%
2010 58,67% 1970 1970 100,0% 44,8%
2011 66,87% 1769 1769 100,0% 40,2%
2012 75,07% 1568 1568 100,0% 35,7%
2013 83,27% 1367 1367 100,0% 31,1%
2014 91,47% 1166 1166 100,0% 26,5%
2015 100,00% 957 957 100,0% 21,8%
2016 100,00% 957 957 - 21,8%
2017 100,00% 957 957 - 21,8%
2018 100,00% 957 957 - 21,8%
2019 100,00% 957 957 - 21,8%
2020 100,00% 957 957 - 21,8%

Passenger Cars

Increase of new car registrations by 1% of fleet (14% of new car registrations)

 

Figure 19. Scenario of a two incentives 
promoting ESC. Firstly, beginning with 2008, all 

new cars are equipped with ESC. Secondly, new 
car registrations are increased by 14%, so that 
additional 1% of fleet are changed into new 
cars. Only the ESC-effect is reflected, other 
effects like better restraint systems, better 
compartments are only reflected up to 2005. 

Scenario 3 now deals with the velocity of the 
change of fleet. It was assumed that 1% more than 
the current 7,2% (i.e.8,2%) are exchanged per year. 
This would mean, that we reach the 100% ESC 
fleet already in 2015 one year earlier. Additional 
846 fatalities would not take place. 

Figure 21 combines all these scenarios and clearly 
shows that for the next 10 years we can expect a 
very steady decrease of fatalities in all countries 
that implement ESC in a significant amount into 
the car fleet. 

ESC is only the beginning of this process. 
LaneDepartureAlert, Drowsiness monitoring, Side 
assist and other tools will support the driver, so that 
accidents become more and more unlikely to 
happen. Car-to-car-communication will provide a 
situation that cars organize their use of junctions 
e.g. by themselves and co-operate in organizing a 
as far as possible error-free traffic flow. 

Total number 
of road traffic 

fatalities

Progress 
explained by 
passenger 

cars

Progress 
compared to 

2000

Additional 
benefit 

compared to  
Scenario 2

Additional 
benefit 

cumulative
1997 8549 - 113,9% 0 0
1998 7792 67,1% 103,9% 0 0
1999 7772 505,0% 103,6% 0 0
2000 7503 90,7% 100,0% 0 0
2001 6977 70,9% 93,0% 0 0
2002 6842 13,3% 91,2% 0 0
2003 6613 100,9% 88,1% 0 0
2004 5842 69,5% 77,9% 0 0
2005 5361 84,2% 71,5% 0 0
2006 5233 100,0% 69,7% 0 0
2007 5101 100,0% 68,0% 0 0
2008 4900 100,0% 65,3% 25 25
2009 4699 100,0% 62,6% 49 74
2010 4498 100,0% 60,0% 74 147
2011 4297 100,0% 57,3% 98 245
2012 4096 100,0% 54,6% 123 368
2013 3895 100,0% 51,9% 147 515
2014 3694 100,0% 49,2% 172 686
2015 3485 100,0% 46,5% 204 890
2016 3485 - 46,5% 0 890
2017 3485 - 46,5% 0 890
2018 3485 - 46,5% 0 890
2019 3485 - 46,5% 0 890
2020 3485 - 46,5% 0 890  

Figure 20. Scenario 3 of Figure 19, but progress 
computed for all road traffic fatalities. The last 
two columns show the additional benefit per 
year and cumulative that can be achieved, when 
scenario 3 occurs instead of scenario 2.   

We are not of the opinion that we will have a 
VISION-ZERO traffic without any accidents, any 
fatalities. Appr. 10% of our fatalities in car crashes 
are suicide. A system that prevents suicide from 
happening is not possible in a free society. But we 
will reduce the number of accidents not only by 
some percents, but by a significant factor in a 
foreseeable future of 20 years or so. 
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When studying these scenarios it becomes clear 
that all efforts, all resources are needed to reach 
this ambitious goal. With this background it is 
unbelievable, why most of the efforts of scientific 
institutes, involved in safety research, are still 
related to passive safety issues. Passive safety was 
very successful in the past, that is acknowledged 
without any reservations. But for the future, we 
have to emphasize on issues that provide similar 
progress of safety, as passive safety did in the past. 
All discussions on passive safety enhancements are 
dealing with very small portions of safety progress, 
in some cases, it is even unclear, whether there is 
progress or whether negative side effects dominate 
(compatibility discussion). So it is worth to study, 
how the world of ESC-cars will look like. This is 
done in the following chapter. 
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Figure 21. Decrease of total number of fatalities 
in Germany. For 2007 and the following only the 
effect of ESC and the different scenarios of 
introducing ESC into the fleet are reflected. 

INFLUENCE OF FLEET CHANGE ON COLLISION 

MODES 

In the past, Volkswagen and AUDI published a 
couple of papers (see references), regarding ESC-
effectiveness (Figure 8). Our first computations of 
the high effectiveness of ESC are now world-wide 
accepted and the data is rather clear. This does not 
mean that ESC is effective in every single case, but 
in general, there is a positive effect in the German 
accident data. It must be stated that American data 
was not available to the authors, to make similar 
analysis for the U.S.A. The different road situation 
in the U.S. with more straight roads, more cross-
roads might lead to different results. The authors 
are not able to investigate the influence of these 
differences, because no comparable in-depth data 
like GIDAS was available to the authors.  

Figure 22 is an example of an observation that ESC 
positively influenced GIDAS data. In the nineties, 
skidding accidents were at a level of 10 to 15%. A 
decrease started in 1998 with the fleet penetration 
of ESC. When we look deeper into the data, we see 

that the average age of the skidding drivers did not 
change. It is approximately 30 years, the non-
skidding drivers are 10 years older (Figure 24). 
This means that ESC supports all drivers, not only 
drivers that have special skills. The normal driver 
will not realize ESC in his normal driving 
situations. It helps, when it is needed, the driver 
probably is not aware of the intervention of ESC. 
This is part of the success of ESC, only experts can 
willingly create a situation of ESC-intervention. 
Volkswagen and AUDI researchers did a lot to 
implement an ESC that does only intervene when 
necessary and as far as possible, prevents the driver 
from playing with ESC. 
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Figure 22. The risk of skidding and the market 
penetration by ESC. 
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Figure 23. Skidding accidents and the average 
age of drivers. Drivers involved in skidding tend 
to be younger. The age mean value is not 
influenced by ESC. 

The increase of the share of females in Figure 24 is 
in line with the general observation that females 
more often have a car of their own, are more often 
driving, so that this increase is more or less 
surprisingly low and not an indication of anything 
else. 

The next figure (Figure 25) deals with the question, 
whether ESC influences collision modes positively. 
The effectiveness of ESC for different collision 
modes has to be examined. The idea of this 
computation is to take into account the crash-
avoidance capability of ESC. The 100% accidents, 
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as observed in the sample of cars without ESC, will 
be reduced to 46,5%, due to the 53,5% crash-
avoidance capability of ESC. So the distribution of 
accident types of ESC-cars, as described in Figure 
25, in fact is the distribution of the 46,5% accidents 
still occurring after implementing ESC. This 
distribution is given in column 3 of Figure 26. 

 

0

5

10

15

20

25

30

35

40

45

50

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

Year of Accident

A
ve

ra
g

e 
A

g
e 

of
 O

cc
up

an
ts

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

P
er

ce
nt

ag
e

Average age of occupants
Percentage of Females
ESC in German car fleet

 

Figure 24. Average age of occupants, involved in 
accidents is constant versus time, share of 
female occupants increased. 

Accident type

with ESC without ESC
Driving accident 191 3673
Accident caused by turning off the road 329 3888
Accident caused by turning into a road or by crossing it 478 6916
Accident with pedestrian crossing the road 208 2421
Accident involving stationary vehicles 67 924
Accident between vehicles moving along in carriageway 540 6413
Other accident 108 1312
Unknown 25 66

Sum 1946 25613

GIDAS: Passenger car

 

Figure 25. Number of accidents for different 
types of accidents for passenger vehicles with 
and without ESC as found in GIDAS. 

Accident type

53,5% crash-
avoidance 
capability

with ESC without ESC of ESC
Driving accident 9,8% 14,3% 4,6%
Accident caused by turning off the road 16,9% 15,2% 7,9%
Accident caused by turning into a road or by crossing it 24,6% 27,0% 11,4%
Accident with pedestrian crossing the road 10,7% 9,4% 5,0%
Accident involving stationary vehicles 3,4% 3,6% 1,6%
Accident between vehicles moving along in carriageway 27,7% 25,0% 12,9%
Other accident 5,5% 5,1% 2,6%
Unkown 1,3% 0,4% 0,6%

Other accident 100,0% 100,0% 46,5%

Distribution

 

Figure 26. Distribution of accident types for 
passenger vehicles with and without ESC. For 
ESC-cars, the 53,5% crash-avoidance capability 
of ESC (compare Figure 14) is taken into 
account in a separate computation. 

Figure 26 provides two columns to be compared to 
the original data, the distribution of vehicles 
without ESC. Figure 27 shows the result, when 
effectiveness computation is conducted for these 
two columns. It is mathematically clear that the 
comparison of two distributions (sum is 100% in 
both cases) provides positive and negative 
effectiveness. Taking into account the crash-
avoidance potential, overcomes this problem. The 
result is seen in the second column of Figure 27. 

Accident type Comparison ESC
of distributions effectiveness

Driving accident 31,4% 63,3%
Accident caused by turning off the road -11,5% 40,3%
Accident caused by turning into a road or by crossing it 8,9% 51,3%
Accident with pedestrian crossing the road -13,3% 39,4%
Accident involving stationary vehicles 4,4% 48,9%
Accident between vehicles moving along in carriageway -11,0% 40,6%
Other accident -8,5% 41,9%  

Figure 27. Effectiveness, derived from the 
distributions of Figure 26. Only when taking 
into account the crash-avoidance capability of 
ESC, meaningful results are achieved. 

The column “Full ESC Effectiveness” of Figure 27 
shows that the highest effectiveness of ESC is seen 
for driving accidents. A car is driving on difficult 
road conditions or changing road conditions, is e.g. 
skidding, and an accident occurs. This is a very 
typical ESC situation attributed to small and 
winding European roads. The lowest effectiveness 
ESC shows for pedestrians. It is surprising that 
ESC even shows effectiveness even in this case. 
These phenomena have to be studied more in depth 
to understand, whether and why this is possible. 
One possible explanation is the fact that ESC cars 
are more able to obey the steering input of the 
driver. It shall also be noted at this point that a 
group of accident researchers uses the double pair 
approach to estimate probabilities. These 
researchers would assume that pedestrian accidents 
do not change (the double pair in this case are the 
accidents of the pedestrians with the ESC-cars vs. 
the accidents with non-ESC-cars). They would find 
an effectiveness of ESC between the effectiveness 
of column “Full ESC Effectiveness” of Figure 27 
and zero for pedestrians. Everything else is 
positive. But the authors are of the opinion that this 
is not an adequate analysis, because of the 
arguments given above. 

Impact type Comparison ESC
of distributions effectiveness

Front 7,5% 57,0%
Side -5,1% 51,1%
Rear -76,8% 17,8%  

Figure 28. ESC-effectiveness for different 
impact types. All passenger vehicles. Same 
calculation as in Figure 25 to Figure 27.  

Figure 28 provides the results of a similar 
calculation for front, side and rear impact. ESC is 
mainly beneficial for front- and side impact, less 
beneficial for rear impact, but it is beneficial for all 
collision modes. What does this mean for a car 
rating: Whatever the estimation of the benefit of the 
conducted test procedure is: More than 50% of the 
possible benefit is attributed to the fact whether the 
vehicle is equipped by ESC or not. For sure passive 
safety measures will not completely prevent 
injuries from happening, so the fact that a car is 
ESC-equipped describes probably 60 or 70% of the 
car’s safety potential.  
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Single Vehicle Accident 62,50%
Skidding before accident 74,30%
Roll-over 79,40%
Roll-over with MAIS 1+ 71,40%
Roll-over with MAIS 2+ 51,60%
Roll-over with MAIS 3+ 58,70%
Roll-over with MAIS 4+ 41,50%
Roll-over with MAIS 5+ 58,90%
Roll-over with MAIS 6 78,10%  

Figure 29. ESC-effectiveness for different 
accident situations. Computation always takes 
into account the crash avoidance capability of 
ESC. 

The situation is even more clear, when single-
vehicle accidents or accidents with skidding or roll-
over accidents are taken into account. The 
countermeasure is clearly ESC and nothing else. 
All other measure, imaginable, are far below the 
level, expressed by the effectiveness provided in 
Figure 29. 

CONCLUSIONS 

• There is a high benefit in ESC in crash 
avoidance and in injury mitigation. 

• The crash avoidance capability of ESC can be 
derived from the share of ESC-cars in the fleet 
and in the accident data. ESC-equipped cars 
will have approximately 50% less accidents 
than other cars. 

• The number of severe injuries will decrease by 
more than 60% for cars, equipped with ESC. 

• The number of fatalities will decrease by more 
than 70% for cars, equipped with ESC. 

• The positive trend in German fatalities will 
continue for the next decade, if 75% of newly 
registered cars are equipped with ESC. 

• ESC alone will decrease the fatality figures of 
2000 to a level of 55%, if 75% of newly 
registered cars are equipped with ESC. 

• If 100% of the newly registered cars are 
equipped with ESC, ESC alone will decrease 
the fatality figures of 2000 to a level of 46%. 

• The most valid measure of roll-over protection, 
of frontal impact protection, of side impact 
protection is ESC. ESC will reduce the risk in 
all of these accidents by more than 50%. This 
must be taken into account regarding future 
regulations and new car assessments. 

• When rating a car, more than 50% of the safety 
rating figures or stars or whatever should be 

attributed to ESC. This means that a rating, 
which takes into account passive safety only, is 
incomplete and possibly misleading. 

• Governments should change their safety politics 
to stop the further increase of weight and cost of 
the car by more and more inefficient passive 
safety requirement and should prioritize active 
safety measures. 

• Tools like side assist, lane departure alert, and 
drowsiness monitoring should be studied 
instead, because they have similar potential to 
ESC. 

• Accident research must take into account the 
crash avoidance potential of systems like ESC, 
because when they neglect it, they will achieve 
misleading results, because ESC not only 
changes the enumerator of benefit calculations 
by reducing severe injuries and fatalities, but it 
also changes the denominator of all accidents, 
because a lot of accidents disappear from the 
accident data file.  

• Accident research, benefit studies, 
prioritizations should be made prospective. 
They should try to predict the future of the car 
fleet, because collision mode distribution will 
change significantly. 
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ABSTRACT 
 
As set out in the Terms of Reference, the objective of 
European Enhanced Vehicle-safety Committee 
(EEVC) Working Group (WG) 15 Car Crash Com-
patibility and Frontal Impact is to develop a test pro-
cedure(s) with associated performance criteria for car 
frontal impact compatibility. This work should lead 
to improved car to car frontal compatibility and self 
protection without decreasing the safety in other im-
pact configuration such as impacts with car sides, 
trucks, and pedestrians. 
 
Since 2003,  EEVC WG 15 served as a steering group 
for the car-to-car activities in the �Improvement of 
Vehicle Crash Compatibility through the develop-
ment of Crash Test Procedures� (VC-COMPAT) pro-
ject that was finalised at the end of 2006 and partly 
funded by the European Commission.  
 
This paper presents the research work carried out in 
the VC-COMPAT project and the results of its as-
sessment by EEVC WG 15. Other additional work 
presented by the UK and French governments and 
industry - in particular the European industry - was 
taken into consideration. It also identifies current 
issues with candidate testing approaches. The candi-
date test approaches are: 
- an offset barrier test with the progressive de-

formable barrier (PDB) face in combination with 
a full width rigid barrier test 

- a full width wall test with a deformable alumin-
ium honeycomb face and a high resolution load 
cell wall supplemented by the forces measured in 
the offset deformable barrier (ODB) test with the 
current EEVC barrier. 

 
These candidate test approaches must assess the 
structural interaction and give information of frontal 
force levels and compartment strength for passenger 
vehicles. 
 
Further, this paper presents the planned route map of 
EEVC WG 15 for the evaluation of the proposed test 
procedures and assessment criteria. 
 

 
 
INTRODUCTION 
 
Since the 2005 ESV-Conference [1] WG 15 contin-
ued to focus its research activities on the VC- COM-
PAT project [2] with unchanged Terms of Reference 
and Route Map. The VC-COMPAT project was 
completed in November 2006. It was funded by the 
European Commission and the contributions of na-
tional governments and industry. This paper is a 
compilation of the latest activities of European En-
hanced Vehicle-safety Committee Working Group 15 
� Car Crash Compatibility and Frontal Impact 
(EEVC WG15). Besides the VC-COMPAT project 
research work the paper comprises information from 
three main origins: 1) activities of the individual 
working group members conducted in national or 
industrial projects; 2) joint research activities involv-
ing several working group members; and 3) activities 
of organisations outside the working group and re-
ported at specific meetings. 
 
Working Group 15 was created in 1996 to develop a 
better understanding of crash compatibility between 
passenger cars. This was reported in 2001. The group 
was then tasked with developing test procedures that 
would evaluate a vehicle�s frontal crash compatibil-
ity. The key characteristics that were deemed to in-
fluence compatibility are: 

1. Structural interaction (local geometric and 
stiffness properties that determine how 
structures will deform) 

2. Global force levels (total force / deformation 
properties that govern how energy dissipa-
tion is shared between crash partners) 

3. Compartment strength (passenger compart-
ments must be maintain the survival space 
for the occupants as well as support the de-
formation processes in the vehicle front). 
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ACCIDENT AND COST BENEFIT ANALYSIS 
 
General trends in accident data 
The historical performance of passenger cars in fron-
tal crashes has been presented to WG15 by VW. The 
main details were derived from the GIDAS database 
(Germany). The first important result presented is 
that the US fatality rate is not improving as quickly as 
in Europe. This suggests that the reduction in Europe 
is not part of a global trend, but it is a consequence of 
the special situation in Europe, as a consequence of 
European car design and European regulation. Bene-
fits in the European fleet are attributed to increasing 
levels of self protection. 
 
There are indications that vehicle deformations, in 
particular compartment intrusions, for both the vehi-
cle and its collision partner are decreasing. The re-
duced deformations are attributed to increased vehi-
cle stiffness encouraged by recent legislated and con-
sumer test requirements in Europe. Parallel to re-
duced vehicle deformations are reductions in occu-
pant injury levels (lower proportions of AIS 3+) for 
both vehicles in the collision. The improvements in 
occupant safety cannot be solely attributed to post-
crash rescue since no improvement in the fatality 
outcomes were observed for the different MAIS lev-
els over the years of investigation. 
 
Cost benefit analysis 
In 2004 there were, according to the Community da-
tabase on Accidents on the Roads In Europe (CARE), 
32,951 traffic accident deaths and 251,203 seriously 
injured casualties in the 15 member states of the EU-
15. EFR (European Union Road Federation) state that 
54% of these road fatalities were car passengers or 
drivers. 
 
The aim of this part of the work was to estimate the 
costs and benefits for improved frontal impact car to 
car compatibility for Europe (EU15). For the benefit 
analysis the approach illustrated in Figure 1 was fol-
lowed.  
 
A target population was estimated using data from 
Germany and Great Britain (GB) and scaled to calcu-
late the target population for the EU15 countries. The 
target population was defined as the number of casu-
alties who might experience some injury risk reduc-
tion as a result of the implementation of improved 
compatibility. As a definite set of test procedures to 
assess a car�s compatibility was defined, the method-
ologies were based on the assumptions of how a 
compatible car would perform. 
 

The methodology used for the GB analysis was based 
on a retrospective review of real-world vehicle 
crashes that occurred in GB and an in-depth evalua-
tion of what injuries could have been prevented if the 
vehicle crash performance was enhanced.  The meth-
odology only considered the crashes for injury miti-
gation where it was believed that it would be realistic 
to predict some benefit, so high speed crashes and 
under-run impacts were excluded. The methodology 
used for the German analysis was based on theoreti-
cal concepts that evaluated the current risk of car 
occupant injury following frontal impacts with re-
spect to collision speed; re-assessed the risk functions 
for an improved compatibility vehicle fleet with bet-
ter energy management characteristics and subse-
quently predicted the likely future casualty reduc-
tions. 
 

Accident Data

GB: CCIS, STATS19

Accident Data
Germany: GIDAS

Target Population

CCIS, STATS19

Target Population
GIDAS

Target Population
EU

Method 1
CCIS

Method 2
GIDAS

Benefit for 
Germany

Benefit for GB

Total Benefit
EU

Which accidents 
can be addressed?

Determine how 
improved 
compatibility 
changes injury for 
each occupant

Determine how 
improved compatibility 
changes overall injury 
risk

 
Figure 1: Benefit analysis approach. 
 
The economic analysis was undertaken by Fiat and 
considered the fixed, variable, and associated design 
costs. Two cases were chosen, a worst case, modifi-
cation of a 4 star EuroNCAP car, and a best case, 
modification of a 5 star EuroNCAP car. The costs for 
each star rated car were then evaluated with respect to 
the number of car units that would be modified per 
year, with the greater the number of units the lower 
the cost per car. 
 
It should be noted that the cost benefit was calculated 
for the steady state, when the entire vehicle fleet is 
compatible. The benefit will be less during the initial 
years as compatible cars are introduced into the fleet. 
 
The costs for improved compatibility show Table 1 
below. 
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 Cost per 
car (�) 

No. of cars 
registered p.a. 

Total cost p.a. 
(�) 

Best case 
scenario 

102 14,211,367 1,449,559,394 

Worst 
case 
scenario 

282 14,211,367 4,007,605,383 

 
Table 1: Cost of implementing compatibility 
 
To estimate the benefit for the EU15 the benefit esti-
mates for GB and Germany were scaled to give the 
following results, see Table 2. 
 
  Predicted Reduction in EU-15 Casualties 
 Frontal car 

casualties 
CCIS intru-
sion model 

CCIS con-
tact model 

German 
model 

Fatal 16,014 721 1,332 1,281 
Serious 122,084 5,982 15,383 5,128 
 
Table 2: Predicted reduction in EU-15 casualties 
 
The financial benefit for the EU15 was calculated by 
multiplying the benefit in terms of casualties by the 
value of life saved and serious injury prevented, see 
Table 3. For the GB estimate the casualty value used 
was that given in Road Casualties Great Britain 2005 
(RCGB 2005), which estimates the average value per 
prevention of casualty. For the German estimate the 
casualty value used was that calculated by the BASt 
(German Federal Highway Research Institute). 
 

Benefit per person Predicted Total benefit

Fatal Serious CCIS: Intrusion CCIS: Contact German model

RCGB 2005 (�) 2,136,262 240,043 2,976,180,313 6,538,077,822 -

German (�) 1,161,885 87,269 - - 1,936,005,641
 

 
Table 3: Value of EU15 Benefit 
 
From this and the cost information presented above 
the cost / benefit ratio of improved frontal impact 
compatibility for the EU15 was estimated, see Table 
4. 
 

Ratio of financial benefits to implementation costs
CCIS intrusion
model

CCIS contact
model

German
model

Best case
scenario 2.05 4.51 1.34

Worst case
scenario 0.74 1.63 0.48

 
 
Table 4: Cost Benefit Ratio of improved compatibil-
ity for EU15 
 
As a result of the analysis, the cost benefit ratio ap-
pears to be better than 1:1 if all the cost benefit re-
sults are considered as a group. These results are in-
dependent of any specific crash test procedure for 

compatibility and only reflect the total expected bene-
fit of improved compatibility. These estimates should 
be considered conservative since benefits to other 
crash configurations (side impact, single vehicle col-
lisions, etc.) have not been included. In addition, the 
costs for vehicle modifications are likely overesti-
mated, particularly for the worst case conditions. 
 
Further analysis of accident data is needed to observe 
if other benefits of improved structural interaction 
can be detected in the current fleet. An improved in-
teraction should provide more predictable crash 
pulses that facilitate the crash detection and safety 
system triggering algorithms. It is also expected that 
improved crash compatibility will lead to better cou-
pling of the occupant and vehicle dynamics during 
the crash which facilitates the restraint system per-
formance. It is important to use the existing accident 
data to begin identifying methodologies for analysing 
these characteristics.  
 
Further accident data analyses are needed to allow the 
benefit (and cost) analyses to be reported to date up-
dated and improved. In particular, the different analy-
ses conducted with French and GB data identify how 
small changes to the approach will influence the re-
sult and a standardised benefit calculation for im-
proved compatibility is not yet developed. Finally, 
the cost benefit analysis for a proposed crash test 
procedure must be recalculated to more accurately 
reflect the influence of the crash test procedure on 
vehicle designs.  Future activities should be coordi-
nated with EEVC WG21 (Accident Analysis) to en-
sure the best database and analysis procedures are 
used. 
 
 
TEST PROCEDURE STATUS  
 
Overall Development Strategy 
To assess a car�s frontal impact performance, includ-
ing its compatibility, an integrated set of test proce-
dures is required. The set of test procedures should 
assess both the car�s partner and self protection. To 
minimise the burden of change to industry, the set of 
procedures should contain a minimum number of 
procedures which are based on current procedures as 
much as possible. Also, the procedures should be 
internationally harmonised to reduce the burden fur-
ther. Above all, the procedures and associated per-
formance limits should ensure that the current self 
protection levels are not decreased. Good self protec-
tion is required for car to car impacts. Also good self 
protection is required by all vehicles for impacts with 
road side obstacles. 
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The set of test procedures should contain both a full 
overlap test and an offset (partial overlap) test, as 
both of these tests are required to fully assess a car�s 
frontal impact crash performance. In 2001, the IHRA 
frontal impact working group recommended the 
adoption of an offset deformable barrier and full 
width tests worldwide [3]. A full width test is re-
quired to provide a high deceleration pulse to control 
the occupant�s deceleration and check that the car�s 
restraint system provides sufficient protection at high 
deceleration levels. An offset test is required to load 
one side of the car to check compartment integrity, 
i.e. that the car can absorb the impact energy in one 
side without significant compartment intrusion. The 
offset test also provides a softer deceleration pulse 
than the full width test which checks that the restraint 
system provides good protection for a range of pulses 
and is not over-optimised to one pulse.  
 
As mentioned previously, compatibility is a complex 
issue which consists of three major aspects, structural 
interaction, frontal force matching and compartment 
strength. To make vehicles more compatible, substan-
tial design changes will be needed which will require 
some years to implement. Because of this the set of 
test procedures need to be designed so that compati-
bility requirements can be introduced in a stepwise 
manner over a time period of the order of years. This 
requirement is reflected in the current EEVC WG15 
route map [1] which proposes that compatibility 
should be introduced in two steps which are: 
 
Short term 

- Improve structural interaction 
- Ensure that force mismatch (stiffness) does 

not increase and compartment strength does 
not decrease from current levels 

 
Medium term 

- Improve compartment strength, especially 
for light vehicles 

- Take first steps to improve frontal force 
matching 

- Further improve structural interaction 
 
In summary the strategy aims for development of the 
set of procedures is: 

- Integrated set of test procedures to assess a 
car�s frontal impact protection 

o Address partner and self protection 
without decreasing current self pro-
tection levels 

o Minimum number of procedures 
o Internationally harmonised proce-

dures 
- Both full width and offset tests required 

o Full width test to provide high de-
celeration pulse to assess the occu-
pant�s deceleration and restraint 
system 

o Offset test to load one side of car 
for compartment integrity  

- Procedures designed so that compatibility 
can implemented in a stepwise manner 

Based on the route map and the previous activities in 
WG 15, methods to fully assess frontal impact and 
compatibility can be divided into the following ap-
proaches:  
 

Set 1 
� Full Width Deformable Barrier (FWDB) 
test 

� Structural interaction 
� High deceleration pulse 

� ODB test with EEVC barrier 
� Frontal force levels 
� Compartment integrity 

Set 2 
� Full Width Rigid Barrier (FWRB) test 

� High deceleration pulse 
� Progressive Deformable Barrier (PDB) test 

� Structural interaction 
� Frontal force matching 
� Compartment integrity 

Set 3 
� Combination of FWDB and PDB 
 

Sets 1 and 2 have been formally investigated while 
Set 3 has not been explicitly investigated to date. Fur-
ther details of the strategies for Sets 1 and 2 and the 
development of each approach are given in the fol-
lowing sections.  
 
TEST PROCEDURE STATUS, FWDB 
APPROACH 
 
The Full Deformable Barrier (FWDB) test forms part 
of an integrated set of two procedures proposed to 
assess a car�s frontal impact crash performance, in-
cluding its compatibility:  
 
FWDB test: 
(1) To assess structural interaction potential.  
(2) To provide a high deceleration pulse to test the 
restraint system. 
 
Offset Deformable Barrier (ODB) test with EEVC 
barrier: 
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(1) To assess frontal force levels. 
(2) To load one side of the car to check its compart-
ment integrity.  
(3) To provide a softer deceleration pulse than the 
FWDB test to check the restraint system performs 
over a range of decelerations. 
 
Originally the approach also included a high speed 
(80 km/h) ODB test to measure compartment strength 
using a Load Cell Wall (LCW). This test is not cur-
rently included in the approach because it is thought 
that adequate control of the compartment strength 
should be possible using a lower speed (e.g. regula-
tory or EuroNCAP) ODB test or the PDB test. 
 
FWDB Test 
 
The FWDB test is effectively a modification of the 
US FMVSS208 test, the modifications being the ad-
dition of a deformable element and a high resolution 
Load Cell Wall. The LCW consists of cells of nomi-
nal size 125 mm by 125 mm. The load cells are 
mounted 80 mm above ground level so that the divi-
sion line between rows 3 and 4 is at a height of 455 
mm which is approximately mid-point of the US part 
581 bumper beam test zone1, see Figure 2. The reason 
that this particular height was chosen was to be able 
to detect whether vehicles had structures in alignment 
with the top and bottom halves of the Part 581 zone 
by examining the loads on rows 3 and 4 of the LCW. 
The intention is to enable the test procedure to be 
used to encourage all vehicles to have crashworthy 
structures in a common interaction zone that spans 
the part 581 zone. This should ensure structural inter-
action between high SUV type vehicles and cars as 
most cars have their main longitudinal structures in 
the Part 581 zone to meet the US bumper beam re-
quirement. 

 

Figure 2: FWDB test LCW configuration showing 
row number and height above ground level. 

                                                           
1 Part 581 zone: Zone from 16� to 20� above ground 
established by NHTSA in its bumper standard (49 
CFR 581) for passenger cars. 

The purpose of the deformable element has been dis-
cussed previously [3]; the main purpose being to im-
prove detection of crossbeam structures which may 
not be strained in an impact with a rigid wall and to 
reduce engine dump loading that may otherwise con-
found the measured force distribution.  
 
The FWDB Test Assessment intention is to control 
both self and partner protection. For self protection 
the occupants deceleration and restraint system per-
formance will be assessed using dummy measures in 
a similar way to the current FMVSS208 test. For 
partner protection the car�s structural interaction po-
tential will be assessed using the measures from the 
LCW.  
 
A new criterion, called the Structural Interaction (SI) 
criterion, has been developed to resolve issues with 
the previous Homogeneity Criterion [4]. Its details 
are described in another paper presented at this con-
ference [5], so only a brief description is given here. 
Its development was based on the following require-
ments:  
• An ability to be applied in a stepwise manner to 

allow manufacturers to gradually adapt vehicle 
designs  

• To encourage better horizontal force distribution 
(crossbeams). 

• To encourage better vertical force distribution 
(multi-level load paths). 

• To encourage a common interaction area with 
minimum load requirement. 

 
It is calculated from the peak cell loads recorded in 
the first 40 ms of the impact. Compared to using peak 
cell loads recorded throughout the duration of the 
impact (as with the previous Homogeneity Criterion), 
this has the advantage of assessing structural interac-
tion at the beginning of the impact when it is more 
important and minimising the loading applied by 
structures further back into the vehicle such as the 
engine. The 40 ms time interval allows detection of 
structures up to approximately 400 mm from the front 
of the vehicle, which aligns with a recent NHTSA 
proposal to assess the Average Height of Force 
(AHOF) over the initial 400mm vehicle displace-
ment. 

The SI criterion consists of two parts which assess the 
LCW force distribution over two different areas, Area 
1 and Area 2. These parts could be applied in two 
phases to allow manufacturers to gradually adapt 
vehicle designs to become more compatible. The first 
part assesses over a common interaction area (Area 1) 
which is from 330 mm to 580 mm above ground level 
and consists of LCW rows 3 and 4. The intention of 
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this part of the assessment is to ensure that all vehi-
cles have adequate structure in alignment with this 
area to ensure interaction. The second part assesses 
over a larger area (Area 2) which is from 205 mm to 
705 mm above ground level and consists of LCW 
rows 2, 3, 4 and 5. The intention of this part of the 
assessment is to encourage cars to distribute their 
load more homogeneously over a larger area to re-
duce the likelihood of over/under-ride and the fork 
effect. However, further work is needed to ensure that 
the structural changes encouraged by this are not det-
rimental for side impact collisions. For example, al-
though a strong shotgun type structure that extended 
to the front of the car should improve frontal impact 
compatibility performance it could be detrimental in 
side impact. If this was found to be the case, addi-
tional measures that limited the loads applied to spe-
cific areas of the LCW early in the impact may be 
needed to discourage this type of structure.   
 
Some initial validation of the SI criterion has been 
performed. It has been shown that the SI criterion 
correctly distinguishes the vehicles which showed 
better structural interaction performance in car to car 
tests in the VC-COMPAT project [5, 6]. Also, it has 
been shown to rank the bumper crossbeam strength 
correctly for a series of FWDB tests performed by 
ACEA with a large family car with different strength 
bumper crossbeams [7].  
 
The FWDB Test Repeatability has been investigated 
using full scale car crash tests and component sled 
tests. The results of this work are described in another 
paper presented at this conference [5]. In summary, 
from the limited testing performed test repeatability 
was found to be adequate. However, further work is 
recommended to check test repeatability with greater 
impact alignment differences and investigate the 
greater than expected cell load differences seen in 
component sled tests with a flat rigid impactor. 
 
ODB Test 
A methodology to measure a vehicle�s frontal force 
levels in an ODB test has been developed in the VC-
COMPAT project [2]. In summary, the car�s frontal 
force level is estimated by determining the LCW 
peak 10 msec excedence force. The reason that an 
excedence measure is used is to minimise the effect 
of unrealistic loads seen in this test which are not 
seen in car to car crashes such as those caused by the 
sudden deceleration of the engine when it bottoms 
out the barrier face, see Figure 3. 
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Figure 3: LCW force in ODB test showing additional 
load caused by 'engine dump'. Note: the mechanical 
force is the load applied by the powertrain compo-
nents. 

In initial steps to improve compatibility this force 
could be monitored and in later steps the minimum 
and / or maximum force could be controlled to en-
courage some degree of force matching. 
 
Further Work Required  
The following work is required to complete the de-
velopment of the FWDB approach: 

FWDB test 
Partner protection (LCW based measurements) 
• Criteria and performance limits 
A new criterion to assess a vehicle�s structural inter-
action potential has been developed and shown to 
correctly rank different vehicles. Further work is rec-
ommended to validate the criterion and set perform-
ance limits. This work should include a test series to 
show that changing the vehicle to meet the perform-
ance requirement correlates to better performance in 
car to car impacts, which could then be used to help 
perform a benefit analysis for the introduction of this 
test procedure. 
 
• Test repeatability / reproducibility 
A limited number of tests to investigate repeatability 
have been performed to date, which found no signifi-
cant problems. Further work is recommended to 
check the validity of this conclusion with different 
vehicle types and confirm the appropriateness of the 
proposed vertical impact alignment tolerance of +/- 
10 mm. 
 
In sled component tests using a flat rigid impactor, 
the load distribution measured on the LCW for cells 
in alignment with the impactor showed a greater 
variation than expected. Even though it was shown 
that this variation should not have a substantial effect 
on test repeatability it is recommended that further 
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work is performed to understand why this variation 
occurred and ideally to minimise it.  
 
Self-protection (Dummy based measures) 
• Dummy 
Work to determine the most appropriate dummy 
(THOR or HYBRIDIII), seating positions and size of 
dummy for inclusion in this test is recommended. 
• Criteria and Performance limits 
Further work is recommended to determine appropri-
ate criteria and performance limits. However, if the 
HYBRIDIII dummy is used as in the current 
FMVSS208 test, then criteria and limits could be 
based on those in FMVSS 208. 
 
ODB test 
• Criterion 
 Work to complete the development of a criterion to 
control a vehicle�s frontal force levels is recom-
mended. 
 
 
TEST PROCEDURE STATUS, PDB AP-
PROACH,  
 
Current situation 
Car to car accident data shows that fatalities and se-
vere injury are caused by compartment intrusion. It is 
mainly due to unbalance energy absorption between 
both cars resulting from a low level of self-protection 
and a high level of aggressiveness. The first step in 
compatibility leads to reduce this compartment intru-
sion by improving car structure. 
 
The present demand on self protection is increasing 
the local strength and global force deformation of all 
cars. The design of a large car makes it stiffer than a 
small one in order to compensate the mass.  
Furthermore, the current frontal offset test is more 
severe for heavy vehicles because of the specific bar-
rier used. Associated to self protection trends, com-
patibility requirements are unreachable today without 
changing deformable element.  
 
Due to the current test conditions it is desirable to 
improve light car compartment strength without in-
creasing the heavy car strength requirements and to 
limit heavy vehicle front units' aggressiveness. In 
other words, it is necessary to assess the possibility to 
check and improve partner protection with regards to 
self-protection.  To achieve this new requirement, an 
amendment of ECE R94 test procedure is needed. 
 
The current European barrier face was a good com-
promise in the past but so far, with new compatibility 

requirements, these characteristics are creating new 
problems. Front end car designed changed a lot in the 
last 10 years with to respect new constraints (repeat-
ability, pedestrian, self protection etc), so the deform-
able element should be revised. The element weak-
ness causes bottoming out, constant energy absorbed 
and instability that leads to lack of repeatability and 
inaccurate FEM simulation, see Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Current ODB: instability and bottoming out 
 
To answer the question of improving self protection 
level of the light car, it is necessary to increase the 
test speed (56 to 60 km/h) to reach vehicle structural 
load levels where compartment deformation starts. 
However, this increasing speed must be accompanied 
by a barrier change to reach compatibility require-
ments and to stop heavy vehicles getting stiffer and 
stiffer. 
 
Checking half of the front end is needed for partner 
protection assessment in the future. Secondly, overlap 
tests are closer to real world accident data and car to 
car test configuration. Finally, combined with a stiffer 
barrier it generates higher acceleration pulses. This 
test is also able to generate intrusion and acceleration 
pulse in the same time, considering that combinations 
of both are responsible for fatal and serious injuries in 
real world accident. 
 
Compatibility in car to car crashes depend on correct 
distribution of energy between the two vehicles. In 
the case of cars that are ideally compatible impacting 
each other at a closing speed of 100 km/h, each car 
must individually sustain deformation corresponding 
to an impact against a wall at 50 km/h.  
 
The objective is to offer the same survival potential in 
both vehicles; in other words, any intrusion should be 
similar to that observed in a barrier impact at half the 
closing speed. This is equivalent to say that the EES 
(Equivalent Energy Speed) is identical for both vehi-
cles. As a consequence, the energy absorbed by each 
vehicle is proportional to its mass. 
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Accident studies in France show that 60% of cases of 
people involved (MAIS3+) in the light car would be 
covered by choosing 100 km/h closing velocity. It is 
specified that these progress will be also applicable 
for higher closing speeds. 
 
 
 
In order to take advantage of the full energy absorp-
tion potential of both cars, their structure must inter-
act correctly. In term of design, one way to achieve 
good structural interaction is to offer a large front 
surface which a homogeneous stiffness. Ideal case 
would be a rigid plane between both cars sustained by 
multiple load paths. The real solution that satisfies all 
the requirements involves a multiple number of 
strongly inter-related load transfer paths and a pro-
gressive stiffness increase. The proposed test proce-
dure should be able to detect this front end design, in 
order to put this item under control. 

 
In order to detect all structural components involved 
during a car to car impact, the investigation area 
needs to check, in height, from the subframe to longi-
tudinal, but also, in depth, a sufficient crush distance 
to check lower load path back from the front end. 
Structural analysis performed within VC-Compat 
project shows that to take into account important 
front structures, the investigation area on a car needs 
to be included: 

- in height : between 180 mm to 650 mm  
   from the ground 
-  in depth:  from the font bumper to 700mm 
 

PDB Strategy 
The strategy of the PDB (Progressive Deformable 
Barrier) approach is to develop a test procedure 
which takes into account all following items: 

- Vehicle: front end design, mass, geome-
try 

- Accident data: structural interaction, 
compartment strength 

- Environmental effects to increased ve-
hicle mass: consumption, emissions, 
CO2, etc 

- Current frontal test procedures 
- Worldwide context: harmonization, dif-

ferent fleets 
- Global cost: number of test proposed, 

number of material needed 
- Other constraints: pedestrian, reparabil-

ity, side impact. 
 
The first priority of the PDB approach is to harmo-
nise the test severity (EES) for all mass range (see 

Figure 5: EES evolution with introduction of PDB 
test procedure  
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Figure 5: EES evolution with introduction of PDB 
test procedure 
 
� The demand of self protection level for light 
cars is clearly higher than the current regulation 
without penalising heavy vehicles. 
 
The combination of deformable element and higher 
test speed leads to higher severity for light cars with-
out increasing severity for heavy ones. It represents 
the first step towards force matching. 
 
Due to test severity harmonization, it will allow bal-
ancing front end forces even if perfect force matching 
is unrealistic due to vehicle front end geometry (lim-
ited overhang) and same intrusion level requirement, 
see Figure 6. 
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Figure 6: Possible improvement of force matching 
 

PDB approach 

The PDB test is a 50% overlap offset test. The barrier 
stiffness increases with depth and upper and lower 
load levels to represent an actual car structure, see 
Figure 7. The dimensions and stiffness of the PDB 
make the bottoming-out phenomenon very unlikely. 
The barrier face is capable of generating sufficient 
differential deformation of the weak and stiff parts of 
the car�s front structure to replicate what happens in 
most accidents. This will encourage future car de-
signs to incorporate structures which distribute the 
force on a large surface. Consequently, the stiffness 
of the barrier face is adapted to check this phenome-
non. 
 
Car design for frontal crash must limit passenger 
compartment intrusion (first cause of fatal injuries) 
and generate acceptable deceleration from the occu-
pant point of view. Higher acceleration pulse com-
bine with higher intrusion level allows getting closer 
to real life accident where both parameters are re-
sponsible for fatal injuries and injured. 
 

 
Figure 7: PDB Side view. Dimensions, position and 
stiffness. 
 
 
PDB test Procedure 
Comparing with current ECE R94 Frontal ODB test, 
3 parameters are changed: 

- Obstacle : PDB Barrier 
- Speed:  60 km/h 
- Overlap:  50% 

 
The aim is to answer compatibility requirements: 

- Test severity harmonisation 
- Structural interaction 
- Frontal force level 
- Evaluation of compartment strength 

 

PDB Assessment 

Three parameters have been identified as important 
for compatibility. The PDB test protocol proposes 
tools and measurements to assess them: 

- self protection coming from vehicle 
analysis and dummy criteria 

- partner protection coming from barrier 
deformation 

 
Today, self protection assessment is very well known. 
According to current ECE R94 and Euro NCAP, the 
assessment is based on dummies criteria and possible 
assessment of intrusion measurements such as dash-
board, firewall and A-pillar. Deceleration pulse closer 
to car to car accident is generated with stiffer barrier 
face and higher overlap. 
 
In terms of design, one way to achieve structural in-
teraction is to offer a front surface which is homoge-
neous in stiffness over a surface which is large 
enough. In order to take advantage of all the potential 
for energy absorption of both cars, their structure 
must interact correctly. To achieve this result, the 
stiffness on the front block must be distributed along 
multiple load paths. The PDB deformation already 
showed its capacity to verify the behaviour of new 
vehicles in regard to the partner protection targets. 
 
The PDB barrier is able to detect local stiffness but 
also transversal and horizontal links among load 
paths. The barrier records front cross member, lower 
cradle subframe, pendants linking position and stiff-
ness that improve vehicles compatibility, see Figure 
8. 
 

 
Barrier deformation 
 
 Barrier digitisation (3D) 
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Investigation area 
 
Figure 8: PDB test - Barrier deformation 
 
The assessment proposed for the future will be based 
on deformation because information is inside. Laser 
scanning techniques are used to measure the 3D bar-
rier deformations. Define criteria is under process, 
only parameters today can be proposed: 
 

 
 
- Average Height Of Deformation (AHOD): 

linked to the geometry and architecture. 
 
- Average Depth Of Deformation (ADOD): linked 

to the front force of the car 
 
- Homogeneity (HP): supposed to detect local 

penetration in the front barrier face that indicates 
bad homogeneity. 

 
However, it is too early to introduce a partner protec-
tion assessment because, today, the notion of partner 
protection is not yet validated by the international 
communities. An international working group must 
clearly define what is a good structural interaction, 
what is an aggressive vehicle and suggests a aggres-
sivity scale among vehicles. Further work is required 
before proposing a set of criteria. 
 

PDB, possible Route Map for implementation 

As a first step, the PDB approach is to replace the 
current ODB barrier by the PDB one in regulation. 
The first effect of the progressive barrier is the ability 
to test all vehicles at a more or less constant severity 
that lead to better force matching. PDB barrier intro-

duction will be able to improve self protection of 
light vehicles (overloaded) without increasing heavy 
ones due to energy capacity absorption. Dummy cri-
teria limits are the same as the current ECE R94 and 
integrity of the passenger compartment could be as-
sessed with the help of intrusion level in different 
parts of the front compartment. In this first phase, 
safety assessment remains focused on self-protection. 
 
This offset test could be combined with a Full Width 
Rigid Barrier test in order to check the restraint sys-
tem. 
 
In a second step all criteria and investigations will be 
based on the barrier deformation. The PDB barrier is 
able to detect local stiffness but also transversal and 
horizontal links among load paths. It looks like car to 
car accident or test analysis, except that in this case, 
the barrier deformation is investigated instead of the 
car�s. An aggressive vehicle would be identified by 
large and non homogeneous deformation. 
 
In a long term step,to be closer to real life accident, 
the PDB could be fixed on a mobile trolley. A quick 
energy analysis clearly shows than this test due to 
conservation of momentum associated to different 
energy absorbed in the barrier allows to progressively 
switching from a light car overload to a heavy car 
partner protection test.  The test is intended to repre-
sent a normal car to car impact. 

Work Required to Complete Development of PDB 
Approach 

- Propose criteria and associated performance lim-
its when clear �compatibility definition� will be 
define by international working groups. 

- Confirm that PDB approach leads to stiffer light 
car and allows force matching concept 

- Confirm that Repeatability and reproducibility is 
achievable. 

- Confirm that the PDB barrier will be useful for 
front end design with FEM simulation. 

 
 
CONCLUSIONS AND DISCUSSION 
 
Two main testing approaches have been investigated 
by WG15. These tests have been proposed as com-
plete packages to assess compatibility and self protec-
tion for frontal impacts. They can be summarized as 
tests incorporating: 
 

1) Full Width Deformable Barrier  test and an 
Offset Deformable Barrier test 

2) Progressive Deformable Barrier  test and 
Full Width Rigid Barrier test 
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3) Mixture of the two approaches. 
 
Discussion – WG15 
 
Two testing approaches have been the focus of the 
WG15 research activities. These two approaches have 
exhibited desirable performance features but also 
require further development and validation. Inde-
pendent of the procedure, some common issues must 
be resolved before any test procedure can be put into 
general use. First, any test that assesses vehicle crash 
performance must be validated for as wide a range of 
vehicle types as possible. Particularly relevant is the 
classification of vehicle to be assessed. The original 
test procedures developed for VC-COMPAT focused 
on passenger vehicles up to 2.5 tonnes. Any exten-
sion of crash test requirements for vehicles up to 3.5 
tonnes will require that the test equipment and mate-
rials are suitable for this range of vehicle masses. 
 
The working group has identified the following gen-
eral criteria for compatibility: 

1) Good structural interaction 
2) Good compartment strength 
3) Force matching 
 

The first two criteria have been investigated in the 
limited crash tests available to the working group and 
preliminary requirements have been discussed. To 
further the development of the procedures, a rigorous 
definition of the global boundary conditions for com-
patibility must be put forward. These boundary con-
ditions will identify performance limits for vehicle 
compatibility and requires the translation of the cur-
rent subjective analyses into fully objective criteria.. 
There is however no validated, quantitative method to 
translate these into objective crash test criteria 
 
The following discussion presents the concerns 
documented by the members of WG15. 
 
FWDB Test Procedure  
The approach promoted by the FWDB is to address 
both self and partner protection of the vehicle. This is 
accomplished by the two tests as described above � a 
full width and an offset test. Both tests would be re-
quired to properly assess all aspects of compatibility. 
The primary test method to identify the structural 
interaction characteristics of the vehicle is the full 
width test at 56 km/h using a high resolution load cell 
barrier with a deformable barrier face. To be suitable 
for implementation in a legislated test program the 
following must be addressed: 
 
• Understand the relationship between the honey-

comb deformation and load cell measurements: 

Results from different testing programs indicate 
that the forces measured behind the honeycomb 
material are not necessarily distributed as sug-
gested by the honeycomb deformation. This has 
been initially investigated and further work needs 
to determine how this variation could influence 
the assessment criteria. 

• Must verify that all important vehicle structures 
can be detected by the barrier (horizontal struc-
tures):  Only a limited number of vehicle types 
have been tested and a range of vehicle types 
must be tested to determine if all relevant struc-
tures are detected. This must be referenced to 
vehicle-vehicle testing. 

• Repeatability: The test method has sensitivity 
due to the discrete placement of the load cells. 
The impact accuracy has been investigated but 
further work is needed to determine requirements 
for test accuracy (vertical and lateral) to ensure 
minimal variation  in the assessment criteria. 

 
PDB Test procedure 
The PDB Test approach contains two test procedures 
to assess vehicle self and partner protection. The PDB 
test itself is a 50% offset test at 60 km/h. The honey-
comb barrier used in the test has a progressively in-
creasing stiffness designed to represent a car's behav-
iour. The PDB test is proposed to address compatibil-
ity and self protection issues and a full width rigid 
barrier test complements the PDB test by providing a 
high pulse for testing interior restraint systems.  
 
The most relevant issues that must be addressed in a 
PDB test procedure are 

• No assessment criteria available for partner 
protection: The PDB collects force and bar-
rier deformation data to assess partner pro-
tection. There is no current assessment crite-
ria that objectively evaluates the partner pro-
tection. The available parameters do not 
have threshold limits. 

• Calculation of absorbed barrier energy to 
find vehicle EES value must be validated: 
The PDB barrier is scanned and an absorbed 
energy is calculated using the deformation 
properties. The dynamic force deflection 
characteristics are not necessarily identical 
to the static values used to describe the bar-
rier. Honeycomb barrier is also subject to off 
axis effects that can lead to lower dynamic 
stiffnesses and can lead to overestimates of 
the energy absorbed by the barrier during a 
crash test.  

• Validate the PDB introduces a minimum 
EES severity for all test vehicles: The PDB 
barrier properties have been designed to 
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harmonise the EES of the test vehicle, inde-
pendent of mass. This harmonisation must 
ensure that all vehicles are sufficiently 
loaded to assess self and partner protection. 
The current range of EES is 45-52 km/h. 

 
General opinion of the group 
Working Group 15 has developed a list of assessment 
criteria presented in the 2005 ESV-Conference [1] 
that are used to assess the different test criteria 
against each other on a point-by-point basis. This list 
uses a numerical rating (0-3) that has been provided 
by the group members. WG15 does not support the 
use of this sheet to sum some or all the points as 
method to select a test method since each point has a 
different weighting and these weighting factors have 
not been derived.  
To get an overview about the opinion of the different 
group members on the candidate test procedures to 
assess compatibility, a rating exercise was carried out 
in the group. 
 
The following analysis of the ratings of the group 
members is divided into the four main groupings. 

1) Structural interaction � The group tends to 
rank the PDB first and then the FWDB bar-
rier tests as being the most effective at de-
tecting structural interaction properties in 
cars. The rating of each of these two tests 
varies from point to point but the variance 
indicates that the methods� performance are 
generally agreed to by the group 

2) Reproduction of collapse modes of load 
paths - The group generally rates the PDB 
highest for most of the points in this section. 
The ODB (ECE R94) also rates high when it 
comes to compartment strength issues. The 
FWDB is best at measuring local forces over 
time. There is less agreement within the 
group in this section so further analysis of 
test data is needed create consensus within 
the group. 

3) Test Procedure � This section is used to as-
sess the simplicity, accuracy and repeatabil-
ity of the different procedures. It is clear that 
the FWRB (full width rigid barrier) is the 
most reliable test method but also the least 
applicable according to the previous analy-
sis. The FWDB and ODB tests tend to be 
higher rated.  

4) Others � This section includes general issues 
such as harmonisation issues and availability 
of assessment criteria. Like Point 1, the 
FWDB and PDB are essentially similar in 
ranking within the group. 

 
Conclusions WG15 

1) Test procedures to control compatibility 
must assess the structural interaction, frontal 
force levels, and compartment strength of 
the vehicle. Current passive safety levels 
should not be compromised if the global im-
provements of road safety are to be achieved 

2) One test procedure alone is not sufficient for 
assessing frontal impact. Both of the main 
test approaches combine a full width and 
offset type test. These two test conditions 
are needed to fully assess the structures and 
safety equipment of the vehicle 

3) Three different candidate sets of procedures 
are proposed for assessing compatibility in 
passenger vehicles: 
 
Set 1 
� Full Width Deformable Barrier (FWDB) 
test 

� Structural interaction 
� High deceleration pulse 

� ODB test with EEVC barrier 
� Frontal force levels 
� Compartment integrity 

 
Set 2 
� Full Width Rigid Barrier (FWRB) test 

� High deceleration pulse 
� Progressive Deformable Barrier (PDB) test 

� Structural interaction 
� Frontal force matching 
� Compartment integrity 

Set 3 
� Combination of FWDB and PDB. 
 

Of the three candidates, only the first two have 
been explicitly evaluated in Working Group 15. 
 
4) The two central test procedures, the PDB 

and FWDB, are not sufficiently developed to 
allow test approaches to be compared and 
select a preferred test procedure. The discus-
sions of WG15 show that all test procedures 
have issues to be investigated and that each 
test procedure has specific strengths that are 
not often found in another. 

 
Recommendations for the Way Forward 
This section outlines the recommended work to reach 
the position to make a proposal for a 1st step to im-
prove compatibility. The work can be classified as 
global issues which are independent of a testing ap-
proach and work specific to a test procedure. 
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Global Issues: 

• Further accident and benefit analysis to update 
information on changing vehicle fleet 

� Finalise the test severity (EES) for regulation test 
using real world crash requirements. 

� Finalise assessment criteria for regulation test. 

� Finalise objective assessment procedures to ana-
lyse results of car to car tests with respect to: 

• Good structural interaction  
• Good compartment strength  
• Compatible car 
• Importance of width of frontal struc-

tures.  
� Identify critical injury mechanisms (in particular 

relevance of thorax injuries in high deceleration 
pulses). 

 
� Finalise a compatibility scale for a rating system. 

 

These global issues will require research that focuses 
on car-car testing as well as accident analysis using 
detailed databases. The work previously reported to 
WG15 provides an important, but incomplete basis. 

 

Test Procedure Specific issues: 

Further development of test approaches to the point 
where a decision on the most appropriate set of test 
procedures can be made.  

For the FWDB the major work items are: 

• Determine if possible assessment criteria of the 
FWDB are sufficiently insensitive to the load 
spreading behind the honeycomb barrier seen in 
the rigid impactor tests and confirm the link be-
tween deformation and loads. 

• Verify that all important vehicle structures, iden-
tified in accident analysis, can be detected by the 
barrier (for example horizontal structures):   

• Determine and control the sensitivity of the test 
method to the vehicle alignment with the load-
cells. 

For the PDB test major work items are: 

• Propose and validate assessment criteria when 
fundamental questions have been answered Vali-
date the EES calculation method 

• Validate that the PDB test guarantees a minimum 
EES test severity for all vehicles. 

 

Performance limits for 1st step: 

For this a car to car crash testing programme with 
associated barrier tests will be required to show that 
cars that meet the performance requirement perform 
better in car to car tests than those that don�t. It is 
likely that modified cars will be required for this. 
Some of the tests already performed in the VC-
COMPAT project could form a starting point for this 
programme. 
 
Cost benefit analysis for implementation of 1st step: 
The results from the test programme to set the per-
formance limits will be used to make the assumptions 
to perform this analysis. 
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ABSTRACT 
 
The problem of injuries to motorcyclists caused by 
impacts on roadside barriers has numerously been 
pointed out in the literature. Nevertheless, there is a 
lack of agreement concerning injury criteria for 
these particular cases. One of the objectives of the 
European research project APROSYS SP4 
"Motorcycle Accidents" is to propose a European 
crash test standard for the assessment of impact 
performance of roadside barriers with respect to 
injury risks. This paper describes the methodology 
of work that has been followed for the proposal of 
the standard. 
 
In-depth databases have been analysed in order to 
evaluate the nature of motorcyclists' impacts to 
barriers and to gain knowledge in addition to the 
anecdotal cases reported in the literature. About 
1000 accidents of powered two-wheelers from four 
different databases were analysed. In contrast to 
previous views, impacts in upright riding position 
seem to occur equally often as impacts in sliding 
position. A detailed analysis of the current testing 
procedures (e.g. the Spanish standard, the 
procedure developed by INRETS, France) has been 
performed. Full-scale crash tests in sliding position, 
performed by CIDAUT, and upright position, 
performed by DEKRA, were included in this 
analysis. The selection of the injury criteria, 
especially in head, neck and thorax, has to take into 
consideration the peculiarities of this kind of 
accidents. It was concluded that the biofidelity of 
available dummies (Hybrid III) needs to be further 
assessed for this particular application, e.g. by 
comparative simulations using HUMOS2 model.  
 
The knowledge gained at the light of the results 
obtained from the described methodology will be 
used in the future development of a standard. 
 

 
INTRODUCTION 
 
Road infrastructure is of particular importance for 
accidents of powered two-wheelers (PTW). This is 
not only due to the potential involvement in the 
accident causation, but occupants of PTW can, 
unlike those of other vehicles, easily establish direct 
contact with the road infrastructure in the course of 
an accident. 
 
Most of the previous work on this topic has focused 
on roadside crash barriers as an impact obstacle. It 
is widely acknowledged that these barriers 
constitute a particular hazard to motorcyclists once 
they have fallen, although there are controversial 
opinions on this topic as for example stated in [Otte 
et al, 1986] where the importance of injuries caused 
by guardrail impacts was considered to be rather 
low, with 1.9 % of all injuries in an analysis of 379 
motorcycle accidents in the Hannover region 
(Germany). 
 
A widely followed approach to reduce potential 
injury hazards is to prevent contact with geometries 
that could potentially concentrate impact forces on 
the human body. This idea led for instance to the 
development of additional lower rails and of 
absorbing envelopes for the metal barrier posts. 
Several test procedures have been developed in 
order to assess the efficacy of such 
countermeasures. Within the European research 
project APROSYS SP4 "Motorcycle Accidents" a 
crash test standard for Europe will be proposed. 
This paper describes the methodology followed for 
this work. 
 
Representative impact conditions have to be known 
and biofidelic dummies with associated injury 
criteria for these particular impacts are needed for 
the development of a crash test proposal. Therefore 
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in-depth databases have been analysed in order to 
evaluate the nature of motorcyclists' impacts to 
barriers and to gain knowledge in addition to the 
anecdotal cases reported in the literature. In 
addition, existing testing procedures were reviewed 
including the analysis of full-scale crash tests 
performed by CIDAUT and DEKRA. 
 
ACCIDENT ANALYSIS 
 
Accident Data Sources 
 
For the analysis of in-depth data performed in  the 
APROSYS SP4 project [Peldschus 2005] several 
in-depth databases were available within the 
consortium: the DEKRA database and the GIDAS 
data of 2002 (Germany), the data of the COST 327 
project (Finland, UK, Germany), and the Dutch part 
of the MAIDS database. 
     GIDAS 2002 – GIDAS stands for “German In-
Depth Accident Study” which is being carried out 
by two independent teams. The Hannover team is 
sponsored by BASt (Federal Highway Research 
Institute) while an industry consortium under the 
auspices of VDA/FAT is financing a second 
investigation team at the Technical University of 
Dresden. Both teams share a common data structure 
and the cases are stored in a single database. A 
random sampling scheme was introduced in August 
1984 and is still in use. So 1985 is the first year for 
which this database can be considered 
representative of the German national statistics. 
Accidents are investigated at-scene using blue-light 
response vehicles. In most cases extensive photo 
documentation is also available. The data covers the 
accident situation, participants (including cars, 
motorcycles, pedestrians/cyclists, trucks, buses, 
trams, trains), accident cause, injury cause, human 
factors and vehicle technologies. The qualifying 
criteria are that:  
• the road accident resulted in at least one 
person being injured.  
• the accident occurred within specified 
regions around Hannover or Dresden.  
• the accident occurred while the team was 
on duty (2 six-hour shifts per day, alternating on a 
weekly basis).  
Approximately 2,000 new accident cases are 
investigated each year. The GIDAS 2002 dataset 
which was analysed for the several tasks within this 
work was purchased from DEKRA and relates to 
230 powered two-wheelers and 248 PTW users. 
     COST 327 – The European Co-operation in the 
Field of Scientific and Technical Research (COST) 
327 was formed to investigate head and neck 
injuries suffered by motorcyclists by carrying out a 
comprehensive and detailed analysis. The COST 
327 accident database consists of 253 cases 
collected from July 1996 to June 1998 in the UK by 
the Southern General Hospital, Glasgow, in 

Germany by the Medical School of Hannover and 
Munich University (LMU) and in Finland by the 
Road Accident Investigation Team. All cases are 
characterised by the following criteria: 
• a powered two-wheeler was involved. 
• a full or open face helmet was worn. 
• head/neck injuries of AIS 1 or above were 
suffered - or known head/helmet contact without 
head injuries occurred. 
    DEKRA Accident Database – The fundamental 
basis of the DEKRA accident databases is the 
accumulation of written expert opinions containing 
the accident analyses that are drawn up by skilled 
forensic experts at the DEKRA branches 
throughout Germany and totalling about 25,000 
annually. The particular feature of these reports is 
that generally the experts are called by the police or 
prosecuting attorney to come to the accident scene 
directly after the accident happened. The DEKRA 
experts have to answer case specific questions in 
their expert opinions. Therefore they have the right 
to determine the accident circumstances, which 
includes, if necessary, a detailed technical 
inspection of the involved vehicles. The DEKRA 
experts operate all over Germany on a 24hour/7day 
week basis. Thus, the nearly 500 DEKRA accident 
experts have the opportunity to attain all the 
information necessary for their task. The reports 
provide a substantial basis for accident research 
work. The DEKRA Accident Research & Crash 
Test Center has the opportunity to select and 
analyse interesting cases, which normally consist of 
the written expert opinions, detailed accident 
reconstructions, sketches and photo material. 
Sometimes single injuries are described but by and 
large only the general injury severity is stated. The 
actual DEKRA PTW database comprises 350 cases 
from 1996 to 2005 with all kinds of other vehicles 
as well as single PTW accidents. About 300 
parameters per accident are reviewed when using 
the DEKRA questionnaires. Since expert opinions 
are normally commissioned only when the accident 
is of a really serious nature, the main focus of the 
PTW database is on accidents resulting in severely 
or fatally injured occupants. These accidents 
happen mostly in rural areas and involve high 
speeds. Therefore, the outcome of each accident 
and the relevant impact velocities have to be 
interpreted under the circumstances mentioned 
above. 
    Dutch MAIDS Data Set – In order to better 
understand the nature and causes of PTW accidents, 
the Association of European Motorcycle 
Manufacturers (ACEM) with the support of the 
European Commission and other partners 
conducted an extensive in-depth study of 
motorcycle and moped accidents during the period 
1999-2000. Sampling was carried out in five areas 
located in France, Germany, Netherlands, Spain 
and Italy, resulting in a large PTW accident 
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database called after the MAIDS (Motorcycle 
Accident In Depth Study) project. The 
methodology developed by the Organisation for 
Economic Co-operation and Development (OECD) 
for on-scene in-depth motorcycle accident 
investigations was used by all five research groups 
in order to maintain consistency in the data 
collected in each sampling area. A total of 921 
accidents was investigated in detail, resulting in 
approximately 2,000 variables being coded for each 
accident. The investigation included: 
• a full reconstruction of the accident 
• detailed inspection of vehicles 
• interviews with accident witnesses 
• collection of factual medical records 
relating to the injured riders and passengers. These 
were subject to the applicable privacy laws and 
were obtained with the full cooperation and consent 
of both the injured person and the local authorities. 
 
The in-depth data gathered in the Netherlands by 
TNO are part of the MAIDS database. In this 
segment of the database 200 accidents were 
investigated and coded. The accidents incorporated 
were PTW accidents in the Haaglanden region (The 
Hague, Rotterdam), in which a police alert was sent 
to the Dutch accident research team. The coverage 
was over 90 % of all PTW accidents in the region. 
 
Findings in the Database Analysis 
 
Due to very different data and inclusion criteria of 
the several databases results can only be given for 
each database seperately. In addition, the queries 
for the analysis had to be adapted to each database 
specifically. 
The impact velocities for accidents involving 
contact with road infrastructure were analysed. The 
impact speed could not be exactly determined for 
the actual impacts at the object of interest from 
some databases. Therefore the primary impact 
speed was analysed. Some uncertainty remains for 
the accidents which involved further impacts to 
other objects. 
The median primary impact speed for accidents 
involving impacts to road infrastructure was above 
50km/h for all the four databases. Figure 1 and 2 
give the distribution of impact speeds for the 
DEKRA data and the GIDAS data, respectively. 
These figures show the quite different overall 
distribution of impact speeds between the two 
databases. The numbers of relevant cases within the 
COST data and the Dutch MAIDS data were small 
with 16 and 4, respectively. 
 
Only the GIDAS data contained information on the 
road-leaving angle, i.e. the angle between the 
velocity vector of the powered two-wheeler and the 
road tangent. In case a roadside barrier was 
installed next to the road, this angle would be 

approximately the impact angle. Figure 3 shows the 
distribution within different angle ranges. This 
supports the observations found in the literature, 
that impacts to roadside barriers usually involve 
shallow angles. 
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Figure 1.  Impact speed for accidents involving 
impacts to road infrastructure compared to all 
other cases (DEKRA data). 
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Figure 2.  Impact speed for accidents involving 
impacts to road infrastructure compared to all 
other cases (GIDAS 2002 data). 
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Figure 3.  Road leaving angle (GIDAS 2002 
data). 
 
The GIDAS and the COST data allowed an analysis 
of injuries and the objects that had caused them. 
Figure 4 shows the severity of injuries caused by 
impacts to different groups of obstacles. Injuries 
caused by obstacles in general were predominantly 
of AIS1 score. However, looking at injuries caused 
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by road infrastructure or barriers, a shift towards 
higher AIS scores can be observed. 
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Figure 4.  Severity of injuries caused by different 
groups of obstacles (GIDAS 2002 data). 
 
Figure 5 gives the location of the injuries that were 
caused by impacts to obstacles in general, road 
infrastructure and roadside barriers. The most 
commonly injured body regions are the head and 
the lower extremities, followed by the thorax and 
the upper extremities. There was a high incidence 
of neck injuries caused by barrier impacts. The 
number of cases is small however, and this result 
could also be related to the inclusion criteria of the 
COST database. 
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Figure 5.  Location of injuries caused by 
different groups of obstacles (COST 327 data). 
 
The position of the rider with respect to the 
powered two-wheeler at the time of impact to an 
obstacle was analysed in the manner of a single-
case analysis for the DEKRA, COST and Dutch 
MAIDS data. This analysis included impacts to 
trees and poles as well as to roadside barriers. The 
results are given in table 1. In most of the cases, for 
which the constellation could be determined, the 
occupant impacted the obstacle still being on his 
vehicle, with the powered two-wheeler in an 
upright position. 
 
In summary, high velocities (above 50km/h), 
shallow impact angles and upright riding position 
as well as sliding after separation from the PTW 

seem to constitute typical impact scenarios for road 
infrastructure and similar obstacles. Even if the 
incidence of such impacts is not high, the problem 
appears to be of importance as related injuries are 
severe. Head, thorax and lower extremities seem to 
be most commonly injured by such impacts. 
 

Table 1. 
Position of occupant with respect to PTW at 

time of impact (tree/pole/barrier, cases counted) 
 

 DEKRA COST Dutch 
MAIDS 

Separated 
 

 
5 

 
6 

 
1 

Not separated, 
upright 

 
19 

 
14 

 
9 

Not separated, 
sliding 

 
2 

 
0 

 
0 

 
CRASH TESTING 
 
Analysed Crash Test Procedures 
 
Three different procedures, which were seen to be 
suitable in order to represent the above-mentioned 
accident impact conditions, were analysed. 
   DEKRA Tests - The analysed DEKRA crash 
tests were carried out within a research project 
[Gaertner et al 2006] by order of the German 
Federal Highway Research Institute (BASt). This 
included impact tests of occupant and powered two-
wheeler in two different configurations. The aim of 
this project in continuation of a previous one 
[Buerkle and Berg 2001]was to develop a new, 
motorcyclist-friendly safety barrier which can 
easily and with reasonable efforts be adopted to 
already existing barriers in Germany. Two main 
issues have been worked out to define a 
motorcyclist-friendly safety barrier. The contact of 
a motorcyclist in upright riding position with sharp 
edges and injurious parts of the upper safety barrier 
has to be prevented as well as the impact of a 
sliding motorcyclist against the barrier posts. Many 
efforts had been undertaken for the development of 
devices to prevent a sliding motorcyclist from 
severe or fatal injuries by impact to barrier posts. 
The risks in an upright impact have been identified 
but there were no practicable solutions available to 
adopt to existing barriers. Therefore new solutions 
had to be designed and tested. 
 
An MATD (Motorcyclist Anthropometric Test 
Device) Dummy was used. This dummy has been 
especially designed for the multiple movements and 
loads at motorcyclists' impacts. The MATD is 
equipped with 9 uni-axial instead of one tri-axial 
acceleration sensor in a Hybrid III. Therefore the 
MATD-Dummy would also allow measurement of 
the rotational accelerations of an impacting head. In 
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the neck the moments and forces in all 3 directions 
are measured. Four tackle-potentiometer in the 
chest measure the intrusion for the upper and lower 
chest area in x and y-direction as well as the upper 
and lower intrusion velocity. The sensors of the 
femur measure forces and torque. The femur itself 
is made out of fiber-reinforced plastics and can 
break if a certain force level is exceeded. Shear pins 
and elastic plastic elements in the knee reproduce 
the twisting of the knee. The tibias are also 
breakable and are equipped with sensors that 
measure the forces and moments in all 3 
dimensions. In total, the MATD dummy was 
equipped with 66 measurement channels in the 
head, neck, chest, pelvis, femurs and tibias. The 
motorcycle recorded acceleration data with two tri-
axial acceleration sensors in the front and rear 
frame – a total of 6 channels. 
 
The first of the two impact configurations is 
depicted in figure 6. The initial velocity of the 
motorcycle leaving the sledge was  60 km/h and the 
impact angle was 25°.  

 
Figure 6.  Parameters inclined impact. 
 
Figure 7 shows the sled that was used for this 
impact configuration. It is in principle the same as 
used in the second configuration but with an 
additional device which is mounted. This device 
enables an inclination of 45° which initiates the 
tumble of the dummy and the motorcycle. 
 
Some loads of the test are displayed in Table 2. To 
distinguish the data between actual contact with the 
system and loads that are due to the fall on the 
ground, the data was divided into primary and 
secondary data. This separation into primary and 
secondary data is necessary because the impact of 
the head against the ground results in a very high 
peak in the acceleration data. This would otherwise 
modify the evaluation of the protection potential of 
the barrier system. At the test displayed in Table 2 
head contact with the ground occured during 
secondary data recording – resulting in a very high 
peak of 101 g’s. But the significant values that 
show the performance of the safety system appear 
during primary data recording. 
 
The second of the two impact configurations was in 
purely upright position of the occupant and the 
motorcycle. Like in the first impact tests the initial 
velocity of the sledge was 60 km/h. The angle 
between the velocity vector of the impacting 

motorcycle and the safety system was elaborated to 
12° – Figure 8. 
 

 
Figure 7.  Test sled inclined impact with dummy 
and motorcycle. 
 

Table 2. 
MATD data of the inclined test 

 
primary %** secondary %**

Head
a res 3ms 80 g 33,2 42 101 127
HIC 36 ms 1000 69,0 7 584 58

Neck
M b y 57 Nm 11,5 20 18 31
Fx max 3100 N 175,8 6 243 8
Fz max 4000 N 31,6 1 1283 32

Chest
a res 3ms 60 g 11 19 9 16

Pelvis
a res 3ms 60 g 12 20 14 24

Femur
Fz right max

* 9070 N -2764 30 776 9
Fz left max

* 9070 N 401 4 -774 9
*: neg. values = compression, pos. values = tension

**: % of the limit

limit

 
 

 
Figure 8.  Parameters upright impact. 
 
Figure 9 shows the sled with the mounted 
motorcycle and the dummy. A motion sequence of 
both impact configurations is depicted in figure 10. 
 
Some loads of the upright test are displayed in 
Table 3. The separation into primary and secondary 
data can roughly be seen in Figure 10 right column. 
Secondary data begins at the last picture sequence 
just when the dummy has left the guard rail. The 
data collected until this point is primary data. Data 
after this point – including head impact on the 
ground – is secondary data. 
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Figure 9.  Test sled upright impact with dummy 
and motorcycle. 
 

 
Figure 10.  Motion sequence of inclined and 
upright crash test. 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. 
MATD data of the upright test 

 
primary % secondary %

Head
a res 3ms 80 g 10 13 84 106
HIC 36 ms 1000 5 1 383 38

Neck
M b y 57 Nm 26 45 56 98
Fx max 3100 N 144 5 317 10
Fz max 4000 N 391 10 3406 85

Chest
a res 3ms 60 g 13 21 51 85

Pelvis
a res 3ms 60 g 18 30 12 20

Femur
Fz right max 9070 N -6744 74 -590 7
Fz left max 9070 N -2960 33 -815 9

*: neg. values = compression, pos. values = tension

**: % of the limit

limit

 
 
    INRETS/LIER Procedure – The procedure has 
been defined based on an accidentology study 
performed by the LIER laboratory of INRETS 
[Bouquet et al 1998, Quincy 1998] in 1995 through 
the medical investigation of 230 motorcyclists 
involved in accidents in the region of Lyon. 
Although the quantity of cases is high, the 
disadvantage of this study is that the information 
contained in this study concerns all type of 
motorcyclist accidents, not only collisions against 
barriers. 
 
The consideration that LIER has taken for the test 
definition is that when a motorcyclist has an 
accident in a curve, the vehicle skids and the 
motorcyclist falls. After that, the motorcyclist slips 
on the roadway following a nearly rectilinear 
trajectory, runs off the roadway and impacts against 
a post of the barrier. The variables ‘impact angle’ 
and ‘impact speed’ are complementary, in the sense 
that, a greater impact angle can compensate for a 
reduction of impact speed. Also, the definition of 
LIER test is based on ‘impact angle’ detailed in the 
study by Cayet and Godge [Cayet and Godge 
1978]. LIER took into account the two mentioned 
studies and technical aspects such as the 
impossibility of throwing a dummy with a small 
impact angle, because it is pursued that head be the 
only part of the body impacting the barrier. 
Considering these limitations, the final LIER test 
consists on throwing a dummy against the metal 
barrier with an impact angle of 30º as shown in 
figure 11) with the dummy lying on its back and 
with the head towards the barrier. 
 
From the accidentology analysis, two test 
configurations were identified: 
• Configuration 30º: the motorcyclist is 
launched against the safety device (guardrail) lying 
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down with the back on the floor and the head in the 
impact direction, describing a trajectory that forms 
a 30º angle (tolerance 0.5°) with the barrier. 
• Configuration 0º: the motorcyclist is 
launched against the safety device describing a 30º 
angle trajectory. However, in this case, the body is 
parallel to the barrier to be tested and so the dummy 
will impact with the shoulder, the arm and the head. 
 

 

 
Figure 11.  Impact configuration LIER tests. 
 
In the LIER test, the ‘motorcyclist's impact speed’ 
used is 60 km/h, which could be associated with a 
travelling speed equal to 80 km/h. The main 
problem in the dummy selection to perform the test 
is that there is not a specifically designed dummy 
for this type of test and it is necessary to make 
modifications from a standard dummy. The dummy 
selected by LIER for performing the tests was an 
assembly of elements coming from other dummies. 
This dummy comprised: 
• Hybrid II thorax, limbs and shoulders, 
• a pelvis of pedestrian kit in order to give it an 
articulate standing position, 
• Hybrid III Head and Neck allowing measures of 
accelerations, forces and moments, 
• motorcyclist equipment: suit, glove, boots and 
helmet. 
The biomechanical criteria that are applied as limits 
to pass the test are given in table 4. These focus on 
head and neck. No value is defined for the lateral 
flexion (Mx) although this parameter is also 
measured to be used as an indicative and 
comparative index between the different systems 
tested. All the measured curves were filtered with 
1000Hz. 
 

Table 4. 
Biomechanical criteria used in LIER tests 

 
Measurement Biomechanical 

limit 
Filter class 

Resultant head 
acceleration 

220 g CFC 1000 

HIC 1000 CFC 1000 
Neck flexional 
moment 

190 Nm CFC 1000 

Neck extension 
moment 

57 Nm CFC 1000 

 

It was reported that parts of the dummy fractured in 
the impact tests. The failed part was usually the 
clavicle. It was therefore suggested to improve the 
design of the Hybrid II in order to better withstand 
lateral loading. 
    Spanish Standard – In 2005, the Spanish 
standard (UNE 135900) ‘The assessment of 
motorcyclists’ protection systems performance 
situated in safety roadside barriers and pretils was 
defined by CIDAUT under requirements of the 
Spanish Transport Ministry (Ministerio de 
Fomento) [CIDAUT 2005]. The purpose of this 
standard is to define the methods that allow 
evaluating the behaviour of the motorcyclist 
protection systems (MPS), punctual as well as 
continuous ones. 
 
Depending on the kind of system to be tested, a 
different trajectory is chosen: 
• Trajectory 1 – Centred post impact: Applicable to 
punctual and continuous MPS with an approaching 
angle equal to 30º, as the Figure 12 shows.   

 
Figure 12.  Trajectory 1. 
 
• Trajectory 2: Excentric post impact: Applicable 
only to punctual MPS. It is the horizontal line that 
goes at a distance ‘W’ of the center of masses of the 
post, with an approaching angle equal to 30º, as the 
Figure 13 shows. 

 
Figure 13.  Trajectory 2. 
 

 
Figure 14.  Trajectory 3 
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• Trajectory 3: Centred rail impact: Applicable only 
to continuous MPS (figure 14). 
 
The main objective of the roadside barriers is to 
redirect the motorcyclist into de road but very close 
to the barrier. The roadside barriers should have the 
appropriate stiffness to achieve this objective. A 
very high stiffness barrier can cause serious injuries 
of an impacting motorcyclist. On the other hand,  a 
very compliant barrier could absorb a lot of energy 
but also allow the rider to underride the upper rail 
of the system. To assess this issue, a rail-centred 
impact has to be performed (figure 14). A very 
compliant lower rail can also lead to a severe 
contact of the motorcyclist with the post in 
trajectory 1 (figure 12), which is actually to be 
prevented by the MPS.  
  
The Spanish standard defines the impact speed of 
60 km/h as the impact speed for the all three 
possible trajectories detailed in the standard for 
punctual (PS) and continuous (CS) motorcycle 
protective systems (MPS). Taking into account the 
three trajectories, the launching position is defined 
as depicted in figure 15, where the dummy spine 
axe coincides with the approximation trajectory. 
 

 
Figure 15.  Trajectory and dummy position. 
 
As LIER specified, the variables ‘impact angle’ and 
‘impact speed’ are complementary, and this 
Spanish standard tries to cover the worst situation. 
 
The requirements of this procedure are that the 
dummy (motorcyclist) should travel sliding on the 
floor by itself, separated from the motorcycle, and 
hit the protection system to be tested, with a 
specific entrance angle and speed. Once a test is 
performed, the conclusions about the behavior of a 
specific protection device are obtained taking into 
account the severity level defined from the 
combination of biomechanical severity indexes that 
appear determined in the report. Though this report 
of standard tries to give some guidelines in order to 
identify whether a motorcyclist protection system is 
valid or not, every motorcyclist protection device 
installed in a safety crash barrier or pretil and every 
crash barrier or pretil especially designed to 
improve motorcyclists protection, have to guarantee 
that it does not affect in a negative way in the 

performance when impacted by road vehicles 
(according to EN 1317-2). 
 
The dummy is to be equipped with an integral 
helmet that should comply with the requirements of 
Regulation ECE R22. The dummy will be equipped 
with a leather motorcyclist suit of thickness from 
1mm to 1,5mm, complying with the Standard UNE-
EN 1621. For performing tests, the dummy shall be 
a Hybrid III 50th Percentile Male, equipped with a 
kit pedestrian that allows a standing position. The 
following measurements are to be taken for the 
evaluation of the impact severity: 
• HEAD: HIC36 
• NECK: Fx, Fy, Fz, Mx, My 
In order to measure the head accelerations a three-
axe sensor should be installed in the Hybrid III 
head centre of gravity and in order to measure the 
neck forces, a load six-axe cell should be used, 3 
channels for measuring the forces and the other 
three for the moments. The twist moment is 
measured but it is not used in the acceptance 
criteria.  
 
The first part of the acceptance criteria of the 
impact test is the behavior of the safety device. No 
element from the crash safety barrier or pretil 
weighting 2Kg or more should result separated 
from the device unless that is necessary for its 
correct performance. The working width and 
dynamic deflection of the device with the dummy 
impact should not be in any case equal or higher 
than those defined by the Standard UNE EN 1317-2 
for a vehicle impact. The behavior of the dummy is 
the second part of the acceptance criteria. The 
dummy used for the test should not have intrusions, 
dummy breakage except the clavicle, result 
beheaded or suffer any dismemberment. On the 
other hand, the dummy clothing (general 
equipment) should not result cut. Finally, the 
dummy should not get hooked by any part of the 
safety device. 
 
By courtesy of HIASA, an example of an impact 
test passed with level I result (best level) according 
to the Spanish standard is shown in figures 16 and 
17. 
 
Table 5 gives the according measurement results 
for this test together with the maximum accepted 
values, according to the better of two different 
types of protection levels. 
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Figure 16.  Test side view. 

 

 

 

 

 

 
Figure 17.  Test top view. 
 

Table 5. 
Test results and acceptance limits for sliding 

barrier impact 
 

 Test results Limit Level I  
HIC 36 107.16 650  
Fx Appendix A Appendix A  
Fz traction Appendix B Appendix B  
Fz compression Appendix C Appendix C  
Mxc 75.63 134 Nm 
Myc flexion 42.75 190 Nm 
Myc extension 37.26 42 Nm 
Working width 0.41 EN1317 m 
 
Injury Criteria and Biofidelity 
 
Different injury criteria have been encountered in 
existing crash test procedures. Those have mostly 
been transfered from other kinds of crash tests, 
which leads to the question of the suitability of the 
used dummies and the validity of the injury criteria. 
Accident reconstruction and PMHS testing would 
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be necessary in order to properly investigate 
relevant injury mechanisms and to establish valid 
injury criteria. The in-depth accident data analysis 
desribed in this paper did not provide single cases 
suitable for reconstruction of both the course of the 
accident and the injury causation. On the other 
hand, only one report [Schueler et al. 1984] on 
PMHS testing in this field - focusing on upper 
extremities - can be found in the literature. 
 
The analysis of the full-scale crash testing may 
however serve to identify some potential for further 
improvements in biofidelity and injury criteria. The 
results of the tests performed by DEKRA suggest to 
consider the extremities in more detail. Particularly 
the second impact configuration, in purely upright 
position, potentially involves high injury risks for 
the upper and lower extremities.  The upper 
extremities can be caught in the parts at the top of 
the barrier (like spacers), while the lower 
extremities can be clamped between the motorcycle 
and the barrier. Even if impacts and injuries to the 
extremities are not as threatening as those to other 
parts of the body, they may greatly influence the 
kinematics of the rider and this in turn influences 
the overall injury outcome and the protection 
potential of a barrier system. 
 
The tests in sliding impact position performed by 
CIDAUT demonstrate that the shoulder and the arm 
establish contact to the barrier post through the 
lower rail. This leads to the question whether the 
thorax is remarkably loaded in such an impact. In 
the light of the lack of suitable data and 
investigation methods, a preliminary numerical 
crash simulation with a human model was applied 
to gain insight into this problem.  
     Simulation with Human Model – The 
PAMCrash HUMOS2 model has been validated for 
lateral thorax loading [Merten 2006] and it has been 
demonstrated to depict injury mechanisms in 
motorcyclists' impacts to roadside barriers 
[Peldschus & Schuller 2006]. The sequence of the 
simulation given in figure 18 shows an impact as in 
the test of figure 17 with a similar barrier model 
provided by HIASA. In this simulation the 
deflections of the impacted half of the thorax were 
measured according to the methodology presented 
in [Kuppa et al. 2003]. The maximum deflections at 
50% of the half circumference of the thorax at the 
height of rib 4 and rib 8 were 51mm and 48mm, 
respectively. These results indicate a risk for severe 
thoracical injuries caused by lateral loading in such 
an impact. It is therefore suggested to include injury 
criteria for lateral thorax loading in a test procedure 
of sliding barrier impact. 

 

 

 

 

 
Figure 18.  Impact simulation with human model 
(steps of 25ms). 
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     Implications for Dummy Modification – The 
Hybrid III dummy was designed for frontal impact 
testing. The only measurement, that can be taken to 
assess lateral loading with a reasonable effort, is 
equipping the dummy with a sensor to measure 
lateral acceleration at Th4. However, as the dummy 
is not biofidelic in lateral loading, the measurement 
results may be misleading. As a first step to 
improve the biofidelity for a sliding impact of a 
motorcyclist into a barrier it is proposed to use a 
frangible shoulder as depicted in figure 19. Apart 
from the possible improvement of the biofidelity, 
some of the components of a Hybrid III dummy 
may not fully comply with the strong load 
requirements in lateral tests. An irreparable and 
costly  fracture of the dummy shoulder has not only 
been reported for the LIER tests as stated above. 
Also Buerkle and Berg [Buerkle and Berg 2001] 
reported such a shoulder fracture. The Spanish 
impact standard desribed above considers such a 
modified shoulder for the Hybrid III. Inertial 
moments and weight are not changed significantly 
from the original dummy and its failure is aiming at 
reproducing that of a clavicle in the human body. 
 

 
Figure 19.  Frangible shoulder/clavicle. 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
The results of the in-depth data analysis suggest  
that impacts of motorcyclists into roadside barriers 
typically occur at speeds above 50 km/h under 
shallow angles. At the time of impact the rider 
seems to be more often on its PTW in upright 
position than sliding on the ground after separation 
from the motorcycle. Injury mechanisms and the 
establishment of related injury criteria remain an 
issue to be investigated in more detail. For this 
purpose, more in-depth accident data would be 
needed. First studies on full-scale crash testing 
including the motorcycle have been performed, but 
future efforts should concentrate more on this issue 
than the work performed so far in the field of PTW 
and roadside barriers. Concerning the impact in 
sliding position an additional measurement for 
lateral loading of the thorax is suggested. This 
should however be introduced in combination with 
a modification of the dummy shoulder, which is 

also proposed in terms of durability. The results of 
this study will be used for the development of a 
standard for sliding impact within the APROSYS 
SP4 project. Similar efforts on upright impact, 
including the PTW, should be undertaken in the 
future. 
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Appendix A 
Fx measured on neck 
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Appendix B 
Fz traction measured on neck 
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Appendix C 
Fz compression measured on neck 
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ABSTRACT 
 
ESC efficiency to reduce accident is now well 
proven. But ESC has a significant cost and to install 
it as a standard equipment on small cars will make 
them more expensive and then slow down the 
modernisation of the car in the street which is the 
most efficient way to improve safety. 
 
On the other hand ABS is already standard 
equipment on all cars in many countries. Then if an 
ABS can significantly improve the stability of the 
cars in real world accident cases, one can expect 
major safety benefits without this cost problem. 
 
As ABS can be efficient only when drivers brake, 
accident statistics obtained in France and studies of 
drivers’ reactions are shown to establish in which 
cases the driver has an action on the brakes. 
Important cases like accident in a curve, in a 
straight line or at an intersection are addressed. It is 
shown that a significant accident reduction can be 
expected with an improved ABS. 
 
We made measurements of car behaviour during 
tests reproducing such accident situations. Results 
of these measurements are produced to compare the 
stability of a car equipped with the sensors of a 
state of the art ESC and the improved ABS. As a 
reference performance of a car fitted with a current 
ABS are also provided. 
The special algorithms of ABS used to obtain these 
improvements are introduced. 
 
INTRODUCTION 
 
In [1] we can find an evaluation of the efficiency of 
ESC to avoid accident.  
This study is interesting as it distinguishes the 
different accident scenarios. Then it identifies 
accident situations for which the ESC is pertinent or 
not. For example ESC is pertinent for loss of 
control accidents whilst it is not for cars pulling out 
of a junction. According to this paper, the accidents 
for which the ESC is pertinent are related to loss of 
control or guidance problems. The given list is : 

• Single car accident. Loss of control or 
guidance problem on a straight road 
outside junction 

• Loss of control or guidance problem on a 
straight road outside junction. Collision 
with an opponent 

• Single car accident. Loss of control or 
guidance problem in a bend outside 
junction 

• Loss of control or guidance problem in a 
bend. Collision with an opponent 

• Single car accident. Loss of control or 
guidance problem at a junction. 

 
For these accident scenarios we assume that an 
enhancement of vehicle stability is possible via 
ABS when the driver brakes. To estimate the 
possible accident reduction possible this way, we 
need to determine the proportion of cases with a 
driver’s action on the brakes. Of course when the 
driver does not brake the ESC will be the only way 
to avoid these kinds of accidents. 
Several studies based on real world accidents give 
indications. With [2] we learn that there is a rate of 
40-50% braking actions in fatal accidents in France. 
This study is not precise enough and we cannot 
make a distinction between the accident for which 
an ESP is pertinent or not.  
For this purpose specific studies are more efficient. 
During such studies an accident situation is 
simulated to study the driver behaviour. The LAB 
Laboratory of Accidentology, Biomechanics and 
studies of human behaviour carried out such studies 
for accident scenarios in a straight line and accident 
scenarios in a curve. These studies are realized on 
the field and not in a simulator. The details of these 
experiments methodology and accident simulation 
can be found in [3] for straight line and [4] for a 
curve. The chosen scenarios are pertinent for the 
study of guidance or loss of control problems as 
they may lead to severe steering wheel manoeuvre. 
 
The main advantage of a specific study is that the 
driver’s actions are measured. Then we can see 
that: 

• 68 % of drivers began by braking before 
steering in the straight line case 

• 57 % of the drivers brake before or during 
the steering manoeuvre in the curve case 

 
With this figures, we see that an improvement of 
vehicle stability obtain via ABS will address a 
significant proportion of ESC pertinent accidents.  
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PROPOSED IMPROVEMENT 
  
Existing systems 
 
During a curve, when the driver brakes the ABS 
tries two obtain the same slip or the same braking 
effort on the two wheels of an axle. When a 
difference exists it is a small one. It is obtained only 
via a reduction of the inside wheel braking effort 
due to a sooner ABS regulation as the vertical load 
is smaller. 
These small differences in the braking effort 
produce only a small yaw torque that will not be 
sufficient to counter an oversteer tendency of the 
car. That is true even when the driver brakes 
strongly. 
 
This is illustrated in figure 1 and figure 2. The 
desired slip level corresponding to the black 
horizontal lines in the small graphs are kept 
constant during the manoeuvres. The values are the 
same for the two wheels of an axle and are the same 
as during a straight line. 
 
 

 
 
Figure 1. The desired slip level is kept constant 
during the curve 
 
Description of the new algorithm 
 
The system employed is an ABS 8 from Bosh only 
equipped with the four wheel speed sensors. The 
aim of this study is to avoid side slip angle increase 
or at least to limit it. 
This is obtained with a new algorithm of ABS 
developed during this study. 
The inputs are:  

- an estimation of lateral acceleration ay 
based on the wheel speeds. 

- An ABS instability regulation criteria for 
each wheel 

The estimation of ay is used in a function to 
recognize 

- a curve in ABS 
- a lane change with ABS 

 
 
Figure 2. The desired slip level is kept constant 
during a sever lane change manoeuvre 
 
Depending on these inputs the ABS instability 
regulation criteria is modified. In ABS this criteria 
is here to avoid a sudden increase of the tyre skid. 
So it is related to the desired longitudinal slip of the 
tyre. This criteria is modified in order to increase 
the drag of the wheels outside the curve and to 
reduce it for the wheels inside the curve. With these 
modifications the tyre braking efforts generate a 
yaw torque that big enough to improve the stability 
of the car. 
 
Is important to note that during a severe lateral 
solicitation when a stability problem may occur, the 
vertical load of the inside wheels will be small. As 
a consequence this wheel begins to skid with a 
small longitudinal effort. This explains why the 
described algorithms are efficient with moderate 
braking orders and not only during emergency 
braking. 
The modifications made during a braking in a curve 
and a lane change manoeuvre are now detailed. 
 
BRAKING IN A CURVE 
 
The observed lateral acceleration is symbolised by 
the blue curve of figure three. 
When this estimate becomes higher than a given 
threshold, the instability criteria of the wheels 
outside the curve is modified in order the pressure 
release in the brakes come latter. This leads to an 
increase of braking force produced by these wheels. 
In figure three, the nominal value of the instability 
criteria corresponds to the black line it is the same 
as in figure 1. When the increased of estimates 
lateral acceleration is detected, the value is 
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modified to a higher value corresponding to the red 
line. 
On the opposite, the instability criteria of the 
wheels inside the curve is modified in order the 
pressure release in the brakes is initiated sooner. 
This leads to a decrease of braking force produced 
by these wheels. When the increased of estimates 
lateral acceleration is detected, the value is 
modified to a smaller value corresponding to the 
green line in figure 3. 
The modification on the instability criteria is 
possible on the two wheels of one side of the car or 
only on one wheel depending on the desired 
behaviour of the car. 
 

 
 
Figure 3. Illustration of the brake forces 
modifications during a braking in a curve 
 
To increase the robustness, these modifications of 
the instability criteria are only kept for a limited 
time interval. The magnitude of the duration is 
tuned to produce a desired yaw speed change. Then 
the desired slip values of the two wheels of the axle 
go back to the default values i.e. the straight line 
values. 
 
LANE CHANGE MANOEUVRE 
 
With such a manoeuvre the oversteer tendency 
appears during the second manoeuvre i.e. when the 
driver wants the car to stabilize in the left corridor. 
The time when this second manoeuvre is done by 
the driver is detected with the ay estimation. Then 
modifications similar to those employed during the 
braking in a curve are realized. The magnitudes of 
these modifications are more important to obtain a 
greater effect as the vehicle tends to be more 
instable during this manoeuvre.  
 
The corresponding brake forces modifications are 
illustrated in figure 4. 

 
Figure 4. Illustration of the brake forces 
modifications during a lane change manoeuvre 
 
VALIDATION 
 
The proposed algorithm was tested for both 
manoeuvres on roads with different levels of 
adhesion and with various braking efforts. The 
detail of the test matrix is given in table 1. 
In this table l.c. means lane change and b.i.c. means 
braking in a curve. 
 

Table 1. 
Test matrix 

 
 Master cylinder pressure 
surface test 10 20 30 40 50 60 70 
snow l.c. • • • • • • • 
 b.i.c. • • • • • • • 
wet l.c. • • • • • • • 
 b.i.c. • • • • • • • 
dry l.c. • • • • • • • 
 b.i.c. • • • • • • • 
 
The corresponding results on snow are shown in 
figure 5. In this figure green means the stability is 
good, yellow means the stability is satisfactory for 
an experienced driver and red means the stability 
should be improved. 
 
In this figure the left part gives the results for the 
braking in a curve and the right part for the lane 
change manoeuvre. 
In addition for each test a comparison is made with 
the same car equipped with a state of the art ABS 
(noted ABS), the ABS with the proposed 
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modification (noted ABS plus) and an ESC (noted 
ESP). 
 
With no surprise we can see that the stability is 
always good with the ESC and almost never at the 
desired level with the ABS. 
With the ABS plus the stability should be improved 
only in the case of very low brake pressure (10 
bars) for the braking in a curve and for 10 bars and 
20 bars for the lane change. 
The improvement is very significant. 
 

 
 
Figure 5. Tests results on the snow. 
 
Figure 6 illustrates this improvement with a plot of 
the side slip angle (noted with the french word 
“derive” in the legend). The case tested here is a 
lane change at 80 km/h with a pressure of 40 bars 
measured in the master cylinder. The side slip angle 
obtained with the state of the art ABS means the 
vehicle is not stable. The time histories of side slip 
are very similar with ABS plus and with the ESC. 
We can see a small oscillation of side slip angle 
with ABS plus around t = 6 s. This is because we 
only have an open loop correction so it is difficult 
to terminate it without any oscillation. 
 

 
Figure 6. Time history of the Side slip angle 
during a lane change manoeuvre 
 

CONCLUSIONS 
 
It has been established that ESC are efficient to 
avoid accidents. When going into deeper analysis 
ESC is pertinent for loos of control or guidance 
problems. Theses problem my occur in a straight 
line or in a curve. 
Specific studies with accident situations simulated 
to study the driver behaviour show that : 

• 68 % of drivers began by braking before 
steering in the straight line case 

• 57 % of the drivers brake before or during 
the steering manoeuvre in the curve case 

 
Then we can see that the drivers brakes for a very 
significant part of these loss of control or guidance 
problem. 
When the driver brakes an improvement of the car 
stability can be obtained via an ABS equipped only 
with the wheel speed sensors. 
 
The principle of the algorithm for such an 
improvement of car stability is introduced for the 
braking in a curve and lane change manoeuvre.  
 
Results of tests showing the improvement are 
produced. 
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ABSTRACT 

 
Within the 6th Framework Programme EU 

project APROSYS, the Sub-project 7 is fully devoted 
to virtual testing. The aim is to improve the quality of 
the crash simulation in order to be able to come to 
rating and qualification by virtual analysis. 

One of the main issues lies in the evaluation of 
scatter sources and the consequences of scatter on the 
results of the analysis. Therefore, great effort was 
devoted in the project to identify and quantify sources 
of dispersions, and to assess their relevance. 

To evaluate the influence of scatter on crash 
responses a series of stochastic models has been 
developed. Within the APROSYS project a series of 
generic car models was developed to perform this 
task. Generic car models are virtual vehicles, derived 
from the geometry, layout, and characteristics of the 
best-in-class models currently available on the market 
according to EuroNCAP ratings, generated to have 
commonly shared models to work out towards 
improvement in crash simulations.  

In this work a stochastic analysis developed by 
using one of these generic car model, called GCM4, a 
multi-purpose vehicle, will be reported. The 
stochastic model was generated by considering the 
stochastic variation of some parameters. In particular, 
the steel sheet properties were used as stochastic 
variables (input). Moreover, to evaluate the structure 
influence on the passenger behavior, a simpler 
stochastic passenger compartment model was 
developed. 

The simulation runs were managed by a specific 
tool, called ADVISER, developed within the 
APROSYS project and its antecedent ADVANCE. 
The results were analyzed by means of the post-
processor included in the same ADVISER tool. 

The results give further insight in the problem of 
the improvement of simulations for passive safety 
applications. 

 
1. INTRODUCTION 

 
Besides improvement in quality and performance 

of cars, a major requirement in automotive industry is 
the reduction of costs by reducing time-to-market. To 
achieve this goal the use of advanced design 
methodologies and tools is mandatory. By using 
improved simulation tools in design, it is possible not 
only to speed up the project but also to improve it, 
because many different alternative solutions can be 
easily analyzed and compared, and it is possible to 
limit the number of expensive experimental tests, or 
avoid them at all. Strictly speaking, experiments are 
not eliminated: physical experiments are replaced by 
virtual tests. Therefore, this method has been called 
virtual testing (VT) [1]. 

The greatest advantages of VT in automotive 
design are certainly in the field of passive safety due 
to the complexity of crash analyses and the costs 
implicated with it. In the 5th Framework Programme 
of the European Union, two projects introduced VT: 
VITES (VIrtual TESting, [2]) and ADVANCE 
(ADvanced Virtual ANalysis of Crash Environments 
[3]). The authors were involved in both projects. In 
VITES the basic methodologies to develop VT were 
developed, whereas ADVANCE was mainly focused 
on the tools to achieve VT. 

Further improvements are being obtained within 
the 6th European Framework Programme APROSYS 
(Advanced PROtection SYStems), and in particular, 
in a subproject (SP7) just named Virtual Testing. 

Final aim, besides developing VT methods and 
tools, and demonstrating the validity and convenience 
in using VT methods, is to go towards the use of VT 
in Regulations [4]. 
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One of the greatest problems in developing VT 
methods is how to deal with the large number of 
simulations required to check numerical codes and 
models, and which models can be used to do this. Car 
manufacturers are very reluctant, for justified and 
comprehensible reasons, to share their finite element 
(FE) models for research purposes. Even developing 
by scratch a real car model is not accepted by 
everybody. For that reason, it was decided to create 
virtual models of virtual cars, that is of cars that do 
not actually exists, but are like real cars with the best, 
top-in-their-class, performances in the rating tests 
like EuroNCAP. These Generic Car Models (GCM) 
were shared among the APROSYS partners to 
develop passive safety parametric [5] and stochastic 
analysis [6], design of advanced passive safety [7] 
and active safety [8] devices, studies in the protection 
of pedestrian, cyclists and motor bikers [9-10], and 
biomechanical investigations [11]. 

In this work a full vehicle stochastic analysis of a 
GCM is reported. The aim of this work was to 
develop and apply a tool for stochastic analysis 
(ADVISER), examine the feasibility of full vehicle 
stochastic analysis, and the advantages from using 
this kind of analysis in car crash design for safety. 

Final objective of these research activities is to 
demonstrate the possibility of using VT in regulations 
also. There is, in fact, one case of certification that 
can be already made by simulation, namely ECE R44 
regarding bus rollover. In the authors’ opinion, VT 
can be further extended and cover many other 
possible certification schemes, as it will be developed 
as a final task of APROSYS Subproject 7 on Virtual 
Testing. 

 
2. GENERIC CAR MODELS 

 
In APROSYS four generic vehicle models were 

developed, namely: 
 
• GCM1 a small city car, like EuroNCAP 

superminis (Fiat 600 and Punto, Renault 
Clio, Citroën C2 and C3 etc.). 

• GCM2 a small family car, like in 
EuroNCAP classification (Renault Mégane, 
Fiat Stilo, Audi A3…). 

• GCM3 a large family car (such as Mercedes 
C class, BMW Series 5, Audi A4…) 

• GCM4 a multipurpose vehicle (MPV) (such 
as Renault Espace, Citroën C8, Peugeot 807, 
Fiat Ulysse, Lancia Phedra…). 

 
The first three GCMs were developed by Centro 

Ricerche Fiat, whereas GCM4 was developed by 
Politecnico di Torino. Besides, a heavy truck generic 
model was developed by the Technical University of 

Graz. All these are finite elements models, developed 
both in Radioss from Altair (formerly Mecalog) and 
LS-Dyna, but the same car models were converted to 
multibody in the Madymo code from TNO. 

Figure 1 shows some snapshots of the four 
GCMs. 

 

 

 

 

 
 

Figure 1. The virtual fleet: the GCMs developed 
within the APROSYS project. 

 
2.1 The generic car model 4 (GCM4) 

 
The generic MPV model was not started from 

scratch, but was developed starting from a public 
domain model of the Dodge Caravan, sold in Europe 
as Chrysler Voyager, made by the George 
Washington University and FHWA/NHTSA National 
Crash Analysis Center (NCAC), and available 
through the NCAC web site. This initial LS-Dyna 
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model has no crash environment defined, but a rigid 
barrier and a US-NCAP frontal crash test 
environment defined are available. The model 
includes the whole chassis and body with engine and 
wheels, but does not include steering system and 
suspension and also does not include dummies, seats, 
seatbelts, airbags, nor any other restraint system.  

The model was first converted to Radioss with 
some automatic tools: 

 
• Hypermesh translator for “LS-Dyna Key” to 

“Radioss block format ver.44”. 
• M-Crash translator from LS-Dyna to 

Radioss (under development, performed by 
Mecalog Italia) 

 
Both translators have some limitations 

(especially the Hyperworks one when defining 
material laws and element types). By mixing together 
the translated files and adding a great amount of 
manual editing work, a good initial translation of the 
model was obtained. 

However, the model generation did not stopped 
there for a series of reason. It was decided to have a 
car model mostly close to the best-in-class models 
according to EuroNCAP tests. These 5 stars vehicles 
were, in 2004 when this work begun, the  Citroën C8, 
the Peugeot 807, the Fiat Ulysse, and the Lancia 
Phedra (that are built on the same platform and are 
structurally very similar), and the Renault Espace. 

Therefore, a series of modifications were made 
on the virtual model to make it more resembling to 
these real cars. Modifications include: 

• overall external size 
• basewheel reduction to 2850 and forward 

translation of the front wheels and slight 
rearward translation of the back wheels to 
match the more usual current styling of 
European cars 

• mass reduction of the body-in-weight to 
1271 kg 

• many structural modifications to improve 
impact strength by reinforcement of 
structural parts, especially in the front area 

 
The front rails were straightened and sheet 

thickness was increased. Figure 2 show front rail 
modifications. Fenders were also modified.  

Then, the steering line, the front suspensions, the 
seats, the dashboard, the interior panels were added to 
obtain the full vehicle model shown in figure 3. 

Figure 4 show an example of a simple AMUS 
crash test against a rigid barrier. 

 

 
 

 
 

Figure 2. Front rails modifications, above original, 
below the improved version. 

 
2.1 Validation of the GCM4 

 
An important issue in the development of the 

GCMs was model validation.  
Validation in its usual technical connotation is 

the process that tries to demonstrate the validity of a 
numerical (or also theoretical or analytical) model. 
The most widely accepted validation process comes 
from the comparison of a series of experimental test 
results (numerical values of some chosen physical 
quantity or specific index, characteristic curves, time 
histories or spectra of some definite signal, and so on) 
with the equivalent results from the numerical model. 
Usually validation is considered at the global system 
level, also including interactions with the external 
environment (boundary conditions in the most 
general sense, in the case of a car crash barriers and 
interaction with the soil, in the case of some simple 
mechanical test the interaction with environment and 
the external constraints) but it can be at the 
component level also [4]. In some cases validation of 
a series of components at their component level can 
be accepted for validation of the assembly also: this 
bottom-top validation process is not without 
inconvenient and must be used with careful attention, 
but is acceptable under cautious examination. 



Avalle 4 

However, other forms of validation can be 
foreseen and are sometimes used and accepted: for 
example the validation of a numerical model from a 
former theoretical analysis (typically the comparison 
of numerical results with the results from widely 
accepted mechanical theories like Saint Venant’s 
beam model or thick shell theory, that were 
previously experimentally verified; this is like 
Nafems process). 

 

  

 
 

 

 
 

Figure 3. The GCM4 exterior and, below, a view 
of the interior parts (seats are not shown but are 
included in the model). 

 
The difficulty in the case of GCMs comes from 

the fact that there is no physical sample to compare 
with. Since GCMs are fully virtual cars, there are not 

and there will not be a physical system nor 
component at all. Therefore, no experimental test will 
be available to check. Besides the costs involved with 
the production of such a prototype, it is not sure that 
the unique or almost unique sample will be 
significant and useful. 
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Figure 4. Crash test of the GCM4 against a rigid 
barrier, deformed structure after 50 ms and 100 
ms, and the associated force time history. 

 
However, some validation criteria was to be 

defined in the most efficient and convincing way. 
The most acceptable approach to validate the GCMs 
was agreed to be the comparison with the most wide 
number of experimental tests coming from external 
independent sources. 

Such a comparison can be done with recent 
results from EuroNCAP tests of cars of the same 
class, that for the GCM4 is MPVs, as shown for 
example by Huibers and de Beer [12].  
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The GCMs were then tested in various 
conditions. The results from the EuroNCAP 60% 
offset crash test on deformable barrier [13] are shown 
in figure 5. The structural deformation is reasonable, 
and there are not serious critical deformations. 

Figure 6 show the comparison in terms of forces 
exchanged with the barrier. The reference curves are 
from [12]. 

 

 

 
 

Figure 5. Crash test of the according to 
EuroNCAP standard for offset impact against 
deformable barrier [13]. 

 
In figure 6, below, the comparison is also shown 

in terms of a corridor defined from the envelope of all 
the seven reference curves. The force-displacement 
curve of the GCM4 is about 86% of the time inside 
the corridor (strictly inside is 70%; this discrepancy is 
partly related to uncertainty at the first impact and the 
shorter length at the end of the impact). The final 
displacement is slightly less than the average, but this 
is justified by the fact that the vehicle was without 
dummies: therefore the overall mass was smaller than 
the average, even if the body-in-white mass of the 
GCM4 compares well with the other cars of the class. 

Therefore, the GCM4 can be considered 
validated and acceptable.  

It is worth noticing that this validation is 
important and sufficient for the scope of the 
APROSYS project to have numerical models 
available for research purpose, to develop advanced 

protection systems and the virtual testing 
methodology and protocols. 
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Figure 6. Comparison of the force-displacement 
curves from EuroNCAP experimental tests on 
similar cars of the same class (MPVs) with GCM4. 
Below, the curve is compared with the corridor 
obtained from the envelope of all the test curves. 

 
3. STOCHASTIC MODEL 

 
A probabilistic approach can be used to evaluate 

the uncertainties in simulated responses of a system 
[14-15]. This is extremely important to evaluate the 
results coming from virtual models. There are, in 
fact, uncertainties coming from modeling material 
behavior, material data, geometrical parameters, 
contact definition, but also uncertainties due to the 
numerical tools as for example validity limits of the 
elements formulation. Boundary conditions are also 
known with a certain degree of uncertainty. 

Stochastic analyses give also much information 
on the influence of the various parameters of 
influence and their relative importance. These results 
can be used for optimization and robustness analysis 
of the vehicle in the design process. 
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In the following sections the results from a 
stochastic analysis carried out on the GCM4 are 
described. The results are analyzed by means of the 
ADVISER [16-17] software, developed jointly by 
Mecalog (now Altair Development France) and TNO 
during the ADVANCE project. 

 
Stochastic variables and analyzed responses 

 
A stochastic model is based on the analysis of 

the distribution of some output response due to the 
stochastic variations of some input variable, affected 
by random variations. 

The material properties and the sheet thickness 
are among the main sources of dispersion that affect 
the structural behavior of the vehicle body. The 
thickness variation is typically very small and has an 
effect analogous to a variation in the stress-strain 
curve of the material. Therefore, it has been chosen to 
examine the variation of the material characteristics. 
The range of variation accounts for both the natural 
material variations and the thickness dispersion. 

Two variables were then defined, one for the 
variation of the properties of the material of the front 
rails and the other for the variation of the material 
properties of the remaining GCM4 body.  

The range of variation is reported in table 1, 
whereas figure 7 gives a graphical representation of 
the variability of the stress-strain characteristic. 

 
Table 1. 

Steel properties and range of variation 
 

Stochastic 
variables 

RailsYieldStress CabinYieldStress 

Nominal 
value 
(GPa) 

0.365 0.250 

Standard 
deviation 

(GPa) 
0.035 0.040 

Upper 
value 
(GPa) 

0.40 0.29 

Lower 
value 
(GPa) 

0.33 0.21 

 
The two variables were considered with a normal 

distribution. The samples for the simulations were 
generated by ADVISER, by using the Optimal Latin 
Hypercube algorithm. The experimental plan is 
shown in figure 8. 

The responses used in the analysis are 
acceleration curves from selected characteristic points 
within the passenger compartment (figure 9), the 
force transmitted by the car to the barrier, and the 
intrusion on the vital space of the driver (figure 10), 
as follows: 

• Maximum value of the acceleration on the 
base of the left B-pillar; 

• Mean value of the acceleration on the base 
of the left B-pillar; 

• Maximum value of the acceleration on the 
centre of the passenger compartment 
between the front seats; 

• Mean value of the acceleration on the centre 
of the passenger compartment between the 
front seats; 

• Maximum value of the normal contact 
interface force between car and barrier; 

• Mean value of the normal contact interface 
force between car and barrier; 

• Maximum value of the X component of the 
normal contact interface force between car 
and barrier; 

• Mean value of the X component of the 
normal contact interface force between car 
and barrier; 

• Total displacement of the centre of the 
passenger compartment between the front 
seats; 

• X component of Displacement on the base 
of the left B-pillar; 

• Intrusion on the vital space of the driver; 
measured as the reduction of the distance 
between the base of the B-pillar and the 
knee of the A-pillar. 
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Figure 7. Material characteristic of the steel of the 
front rails and the GCM body overall, with the 
range of variation. 
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Figure 8. Scatter plot of the two analyzed 
variables. 

 

Accelerations

Intrusion

Accelerations

Intrusion

 
 

Figure 9. Measurement points of the acceleration 
and of the intrusion. 

 
Stochastic analysis 
 

The results from the simulation runs were 
analyzed by means of the ADVISER software. The 
results are put in the form of tables. Each run (row) is 
associated to a series of responses (columns) as 
described above. Some statistical descriptor useful 
for the analysis can be calculated (mean value, 
relative range of variation, standard deviation, 
variance, skewness, and kurtosis).  

A graphical representation of the raw figures is 
shown in figure 10. Some simple consideration can 
be drawn from the observation of these charts. The 
responses linked to the acceleration of the B-pillar, 
and especially its maximum values, have a wide 
range of variation and seem to be quite sensitive to 
the variables variation. Moreover, the maximum 
value can not be considered to have a normal 
distribution and its histogram shows a possible 
bifurcation of the response. 
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Figure 10. Histograms of the distribution of the 
responses. 

 
The analysis of the scatter in the responses 

highlights how a relatively small variation of the 
input, in the order of magnitude of 10%, can produce 
greater effects, up to some 20%. This is a very critical 
issue, to be considered even for physical crash tests 

which have very few or no repetitions. Scatter in 
experimental crash it is not known, as sources of 
dispersion cannot be taken into account. 

Further insight in the parametric response of the 
system is given by the linear and quadratic 
correlation matrices (figure 11) [18-19]. It appears 
that the variable yield stress of the steel has high 
direct correlation with the intrusion on the left side, 
and high inverse correlation with the maximum and 
mean values of the acceleration in the centre of the 
passenger compartment. The variable yield stress of 
the steel of the rails has only a moderate direct 
correlation with the responses related to the contact 
interface force. The maximum and mean values of the 
B-pillar acceleration, instead, are the only responses 
with a quite low correlation with both input variables. 
Finally, it has to be noted that most quadratic 
correlation coefficients are higher than the 
corresponding linear ones. 

The linear correlation coefficient of the various 
parameters can also be computed [18]. 

 

 
 

Figure 11. Linear and quadratic correlation 
matrices for the stochastic parametric problem 
analyzed. 
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Confirmation of the results from the correlation 
matrices comes from the principal component 
analysis (PCA). It was performed with ADVISER 
and shown in terms of the distance bi-plot (figure 12) 
and of the correlation bi-plot (figure 13). Both are 
representations of variables and responses in the 
plane of the first two principal components and 
confirm the previous observations. In this plots direct 
correlation corresponds to parallel vectors in the 
same direction, inverse correlation corresponds to 
parallel vectors in the opposite direction. 
Perpendicular directions mean lack of correlation. In 
the distance bi-plot the main role of the 
CabinYieldStress variable is shown: its vector is 
almost coincident to the first principal axis. The 
correlation bi-plot shows the high direct or inverse 
correlation of a lot of responses with the 
CabinYieldStress variable, and highlights that the 
only response which have a quite good inverse 
correlation with the RailsYieldStress variable is the 
mean X component of the contact interface force. The 
absence of correlations for the maximum and mean 
values of the B-pillar acceleration is also visible and 
the uncertain correlations of the maximum values of 
the total and X contact force can be revealed. 

 

 
 

Figure 12. Distance bi-plot: the yield stress of the 
cabin steel shows high inverse correlation with the 
mean and maximum acceleration in the centre of 
the passenger compartment (the related vectors 
are almost parallel, but in opposite directions). 
The front rail steel yield stress has direct and 
inverse correlation with many outputs. 

 

 
 

Figure 13. Correlation bi-plot: the results are 
similar to the distance bi-plot, but it gives also a 
quantitative measure of the correlations. 

 
From the analysis of the correlation matrices and 
correlation bi-plots, the main results can be 
summarized as follows: 
• All responses can be considered to have a normal 

distribution with the exception of the maximum 
and mean B-pillar accelerations, which have 
quite high ranges of variation and seem to 
present bifurcated behaviors. 

• From both the linear and quadratic correlation 
matrices, high correlations of a lot of responses 
with the yield stress of the passenger 
compartment steel were found, while the yield 
stress of the frontal rails steel is only moderately 
correlated with some responses related to the 
interface contact force. 

• The coefficients of the linear regression confirm 
the correlations revealed by means of the 
correlation matrices. Furthermore the first order 
interaction coefficients are quite low for all 
responses, except for the left side intrusion which 
is affected by a strong interaction of the two 
variables. 

 
Finally the principal component analysis (PCA), 

by means of the distance bi-plot and of the 
correlation bi-plot, confirms the main importance of 
the yield stress of the passenger compartment steel 
and its high direct or inverse correlation with a lot of 
responses. 

To identify what are the main influences and 
how they are grouped together, the cluster analysis 
can be performed. The cluster analysis by means of a 
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single linkage grouping of response variables is 
shown in figure 14.  

 

 

 
 

Figure 14. Cluster analysis: it helps to identify 
how the influence on the various responses can be 
grouped together. 

 
5. CONCLUSIONS 

 
One of the important topics addressed in the 5th 

and 6th European FP projects ADVANCE, VITES, 
and APROSYS is the development of the virtual 
testing (VT). Validated and fully reliable virtual 
testing methods and tools have been improved, and 
the use of virtual testing will not be restricted to the 
design of vehicles for crash, but it is possible to 
foresee its utilization, hopefully, also in regulations. 

An essential tool to build validated and safe VT 
models is based on the stochastic analysis. Stochastic 
analysis allows examining the sources of influence 
and the correlation with the structural responses. It 
can help identifying correlations, but also their 
relative influence, the distributions of the outputs and 
their statistical parameters, and even show whether 
there are unpredictable behavior. For example, bi-
modal distribution of a response can be related to 
bifurcations. 

A numerical example has been used to 
demonstrate this approach. The example used a 
generic car model (GCM) developed within the 
APROSYS project. The GCMs are virtual cars 
specifically developed to be used for advanced 
researches, to be shared among the APROSYS 
partners to address all the necessary studies for VT. 
The GCM4, a multipurpose vehicle, developed by 
Politecnico di Torino was used. 

The analysis was carried out by means of the 
ADVISER software, developed by Mecalog and 
TNO, during the above mentioned projects. 

The effectiveness of the provided tools has been 
demonstrated. The correlation matrices, both linear 
and quadratic, give a first glimpse to the main factor 
of influence, by ranking in a scale from 0 to 1. 

Direct and inverse correlations can be made clear 
with the use of the correlation and distance bi-plots. 
These are graphical tools that represent the 
correlations of a couple of input parameters with the 
output responses. When many input parameters are 
considered, several correlation bi-plots will be 
created, even if this will complicate the analysis of 
the results.  

To help the analysis, in the case of multiple input 
and output, the cluster analysis help in identifying the 
main mutual connections between responses and will 
point the analysis in the right direction. 

The availability and the continuous improvement 
of these tools is an important contribution to the 
assessment of up-to-date analysis methodologies to 
improve the passive safety of vehicles of any type. 
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ABSTRACT 
 
This study characterized brain injuries with a focus 
on diffuse axonal injuries using the Crash Injury 
Research Engineering Network (CIREN) database, 
developed by the National Highway Safety 
Administration (NHTSA).  Tier one and tier two 
medical- and crash-related data from 1997 to 2006 
were used in the retrospective analysis.  Diffuse 
axonal injuries injuries were assessed using the 1990 
version of the Abbreviated Injury Scale.  In addition, 
other brain injuries and bony trauma to this body 
region were extracted.  Potential head contact data 
were determined based on an evaluation of medical 
information such as x-rays and CT scans.  Crash-
related variables such as change in velocity, principal 
direction of force, and impact modality were 
obtained.   
 
Case-by-case analyses were grouped as a function of 
the number head injuries sustained by each occupant.  
Out of the 3,178 medical cases from 2,823 crashes, 
67 occupants, 11 months to 85 years of age, sustained 
diffuse axonal injuries.  Change in velocity ranged 
from 4 to 24 m/s.  Twenty-eight passengers and 39 
drivers and were involved in 49 lateral, 15 frontal, 
and three rear impacts.  There were 32 female and 35 
male occupants.  In no case two occupants sustained 
diffuse axonal injuries in the same crash.  Head 
contact was identified in a majority of occupants.  
Airbags were not attributed to be the cause of injury 
in more than 90% of the cases, implying its minimal 
role in severe head trauma.  These preliminary 
findings appear to support the hypothesis that diffuse 
axonal injuries occur with impact loading to the head.  
In addition, this type of injury occurs more in side 
crashes than frontal impacts.  Furthermore, these 
results suggest a decreasing trend for the incidence of 
diffuse axonal injuries in modern vehicular 
environments, possibly with newer technologies and 
increased restraint usage. 
 

INTRODUCTION 
 
Motor vehicle impacts continue to be a source of 
unintentional injury to the human head [1-4].  The 
recent brain injury symposium held in Washington, 
DC, in February 2007, emphasizes the importance of 
trauma to this region of the human body in vehicular 
environments.  In neurosurgical and other clinical 
literatures, head injuries are commonly classified as 
open or closed depending on the integrity of the dura.  
Another classification is based on whether the injury 
is focal or diffuse [5].  Although national and 
international databases such as the Cooperative Crash 
Injury Study, CCIS, in England, and the National 
Automotive Sampling System, NASS, and Fatal 
Analysis Reporting System, FARS, in USA have 
been developed in the past, CIREN database provides 
opportunities to conduct detailed analyses of trauma 
from medical and clinical perspectives.  Studies have 
begun to appear in published literature using this 
database.  For example, a study on fractures of the 
second cervical vertebra was reproted using CIREN 
and NASS databases [6].  Injury mechanisms were 
derived based on the analysis of medical- and crash-
related data from CIREN [7]  Outcomes were 
correlated with clinical and laboratory studies [7, 8].  
Recent presentations at CIREN meetings and the 
Society of Automotive Engineers – Government 
Industry conferences held in the United States have 
adopted a similar approach for analyzing injuries and 
injury mechanisms to other body regions.  Chest 
injuries and injury mechanisms from pole-induced 
lateral impacts were described in 2006 [9].   
 
Because head injuries continue to have significant 
societal impact and are a byproduct of motor vehicle 
crashes, similar analyses are needed.  To the best of 
our knowledge, such studies for this body region are 
lacking in published literature.  With this as a focus, 
the present preliminary study was designed to 
characterize brain injuries.  Specifically, diffuse 
axonal injuries were characterized at the occupant 
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level using case-by-case analysis of crash- and 
medical-related information from CIREN database.  
 
 
METHODS 
 
All occupants with diffuse axonal injuries were 
included.  Brain injuries were classified based on AIS 
1990 definition [10].  This included both hemispheres 
of the cerebrum, cerebellum, and brainstem regions.  
No limit was placed on the principal direction of 
force or impact, the magnitude of change in velocity, 
occupant seating position, restraint availability or 
use, and occupant demographics.  However, rollovers 
and ejections were excluded.   
 
Medical information in the database included several 
evaluations.  Pre-hospital data included emergency 
medical technician reports and trauma nurses notes.  
In addition, emergency room records, immediate and 
follow-up scans such as computed tomography and 
magnetic resonance images, operating room records, 
radiology/neuroradiology findings, and neurological 
status were included.     
 
Each case was analyzed with a focus on injuries to 
the head.  Case-by-case analyses at the occupant level 
were grouped into factors such as impact mode, i.e., 
frontal, side, and rear, and injury severity.  Although 
injuries to other body regions were available, the 
current study focused on the head.  Potential head 
contact suggesting impact load transfer was included 
in the characterization.  In order to be consistent, the 
same team of clinical, biomechanics, and crash 
investigation personnel conducted the analysis.  In 
the following sections, case and occupant are 
synonymously used. 
 
 
DATA SOURCES  
 
Information from CIREN database was used in the 
study.  Tier one and tier two data were analyzed for 
the years 1997 to 2006.  It should be noted that 
CIREN teams have been gathering data since 1996.  
Although current year data are available, because 
quality control and other requirements have not been 
completed, these data were omitted from the analysis.  
The number of head injuries sustained by each 
occupant was used as a basis in the analysis.  
 
 
RESULTS   
 
Between 1997 and 2006, 2,823 “structured case 
vehicles” and 3,178 “medical cases” were logged into 

the database.  However, 2,618 structured vehicle 
cases were coded with digital information for data 
retrieval and analyses.  The number of cases post 
quality control was 1823.   
 
Out of the 3,178 cases in the database, 67 occupants 
were identified with diffuse axonal injuries with an 
incidence rate of 2.1%.  No crash resulted in diffuse 
axonal injuries to more than one occupant. 
 
Thirty-nine were drivers and 28 were passengers in 
the ensemble.  Thirty-two were female and 35 were 
male occupants.  Pregnant occupants were not 
involved.  Occupant age ranged from 11 months to 
85 years.   Fifteen out of the 28 passengers were 
under 16 years of age and one was an eleven-month 
old occupant.  Fourteen occupants sustained fatal 
injuries, and 53 were survivors.  The cause of death 
was attributed to be head injury in 11 (79%) cases, 
aortic trauma in two cases, and internal trauma in one 
case. 
 
Fifteen were frontal, 49 were lateral, and three were 
rear end impacts.  Figure 1 shows the percentage 
distribution of these data.  Of the 49 lateral impacts, 
one side impact involved the youngest occupant in 
the center-rear seating position, and 38 were near side 
and ten were far side impacted occupants. 
 
 

74%

22%

4%
side
frontal
rear

 
 
Figure 1:  Distribution of injuries by impact mode. 
 
The mean change in velocity was 11.2 m/s (standard 
deviation: ± 3.8, range 4.4 to 24.7 m/s) for the entire 



 

      
Yoganandan 3 

ensemble.  The average change in velocity for the 
frontal, side, and rear impacts were 11.5 ± 5.5, 10.9 ± 
3.4, and 15.1 ± 2.5 m/s. 
 
Out of the 67 occupants, six (9.0%) sustained single 
diffuse axonal injury.  Three were frontal and three 
near side impacts in this subgroup.  All diffuse 
axonal injuries were to the right or left cerebrum 

region.  One side impact resulted in a fatal injury to 
the passenger, and noncontact was identified as the 
injury source for this occupant.  Injury severity scores 
ranged from 26 to 66 in this subgroup.  Table 1 
summarizes other data.   
 
 

 
 

Table 1. 
Summary of data 

 
# of impacts # of  injuries 

per occupant 
# of 

occupants
# of 

fatalities 
# of occupants 

with skull fracture 
# of  occupants 

with head contact 
ISS 

range frontal side rear
1 6 1 0 5 26 to 66 3 3 0
2 13 1 0 11 26 to 43 2 11 0
3 19 3 0 16 26 to 59 6 12 1
4 11 2 1 11 25 to 57 2 7 2
5 4 2 2 4 43 to 50 0 4 0
6 5 2 0 5 35 to 45 0 5 0
7 5 2 1 5 30 to 57 0 5 0

 
 
The remaining 59 (91%) occupants sustained at least 
one diffuse axonal injury and other brain injuries or 
bony trauma to the head.  Table 1 shows the 
distribution of injuries and associated variables 
including head contact and skull fracture.   
 
Thirteen (19.4%) out of the 67 occupants sustained 
two different types of head injuries.  The first head 
trauma was a diffuse axonal injury to the cerebrum 
(12 cases) or cerebellum (one case).  Out of the 13 
cases, two were frontal, four were far side, six were 
near side, and one was an occupant in the center seat 
with side impact involvement.  Rear end impact 
occupants were absent in this sub group.  A far side 
driver was fatal and all other occupants were 
survivors.  Head contact was identified in 11 (85%) 
cases.  The diffuse axonal injury in one case was 
attributed to noncontact, and in the other case it was 
unknown.  Injury severity scores ranged from 26 to 
43 (Table 1).  
 
Nineteen (28.4%) out of the 67 occupants sustained 
three different types of head injuries.  The first head 
trauma was a diffuse axonal injury to the cerebrum in 
17 cases, one was brain stem, and the other case 
involved the cerebellum.  Head contact was identified 
in 16 (84%) cases.  In one case the diffuse axonal 
injury was attributed to noncontact, and in the 
remaining two cases, head contact information was 

unknown.  Three occupants sustained fatal injuries.  
Injury severity scores ranged from 26 to 59 (Table 1).   
  
Eleven (16.4%) out of the 67 occupants sustained 
four different types of head injuries.  The first head 
trauma was a diffuse axonal injury to the cerebrum in 
ten cases and cerebellum in another case.  Although 
skull fractures were not identified in any case, AIS 3 
severity orbit fracture occurred to one occupant.  Out 
of the 10 cases, two were frontal, two were rear, and 
seven were side impacts.  Head contact was identified 
in all cases.  This included occupant-to-occupant 
contact in one case.  Injuries to two occupants 
resulted in fatality.  Injury severity scores ranged 
from 25 to 57 (Table 1).  
  
Four (6.7%) out of the 67 occupants sustained five 
different types of head injuries.  The first head 
trauma was a diffuse axonal injury to the cerebrum in 
all cases.  Skull fracture occurred in two cases.  All 
occupants sustained side impacts with head contact.  
Two occupant injuries were fatal.  Injury severity 
scores ranged from 43 to 50 (Table 1).  
  
Five (7.5%) out of the 67 occupants sustained six 
different types of head injuries.  The first head 
trauma was a diffuse axonal injury to the cerebrum in 
all cases.  Skull fractures were not identified in any 
case.  All occupants sustained side impacts with head 
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contact.  Two occupant injuries were fatal.  Injury 
severity scores ranged from 35 to 45 (Table 1).  
 
Five (7.5%) out of the 67 occupants sustained seven 
different types of head injuries.  The first head 
trauma was a diffuse axonal injury to the cerebrum in 
all cases.  Skull fracture occurred to one occupant.  
All five occupants sustained side impacts with head 

contact.  Two occupant injuries were fatal.  Injury 
severity scores ranged from 30 to 57.  Figure 2 shows 
the cumulative distribution as a function of number 
of head injuries sustained by each occupant.  More 
than one-half of the occupants sustained three or less 
head injuries (Table 1).      
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Figure 2:  Injury distribution as a function of the number of head injuries sustained by each occupant. 
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Figure 3:  Cumulative frequency of the change in velocity as a function of impact mode. 
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Figure 3 shows the cumulative frequency distribution 
of the change in velocity for the entire ensemble, and 
for frontal and side impacts.  More than one-half of 
the crashes had a change in velocity of 10 m/s or less.    
 
DISCUSSION 
 
As described in the earlier section, more medical 
cases than case vehicles were logged in the database.  
The database consists of two main components, i.e., 
structured case vehicles and individual medical cases.  
A case vehicle may include more than one occupant.  
Data entry is done through CIREN and NASSMAIN 
applications.  The former focuses on medical aspects 
and the latter focuses on crash and vehicle data.  A 
case can be initiated by entering data in either 
application.  However, the two applications remain 
segregated until a medical case is linked to the 
corresponding crash case.  Thus, a crash case can be 
associated with more than one medical case.  The 
potential for a ‘one-to-many’ relationship between a 
crash case and multiple medical cases explains 
differences between the number of crash and medical 
cases in the database.   
 
The quality control of a medical case in this database 
is involved because of the availability of clinical 
information such as x-rays and CT.  The availability 
of actual images in the database, along with medical 
records such as operating room documents and 
radiology reports, facilitates a more comprehensive 
analysis (example, injury type) of crash- and clinical-
related information.  As emphasized, the present 
study characterized diffuse axonal trauma on an 
occupant-to-occupant basis, a first step in such 
analysis.  Further analyses such as determining the 
most commonly associated brain injury with the 
diffuse axonal trauma and potential variations as a 
function of impact mode and change in velocity are 
needed for a more comprehensive understanding of 
the injury biomechanics.     
 
One of the criteria for case selection is the vehicle 
model year (less than seven years at the time crash).  
The current data selection process limits to six years.  
Although this feature may bias data collection, it has 
advantages for gathering and analyzing data from 
recent model years, examining effects of potential 
crashworthiness improvements, and continuing 
prospective evaluations of US Federal government 
Standards.  From this viewpoint, gathering of such 
data is necessary.  Presently, eight nation-wide teams 
are developing a comprehensive, i.e., clinical and 
crash database with this as a basis, and its uniqueness 
should assist in assessing performance of more recent 

model year vehicles.  It should however be noted 
that, because data are gathered from few teams, and 
are not population based, general estimates cannot be 
obtained.  A more conventional database such as 
NASS should be used to analyze data from an 
epidemiological perspective.  However, a distinct 
limitation of NASS is the limited availability of 
medical records, a critical aspect in studying brain 
trauma, especially diffuse axonal injuries.   
 
As indicated in the Introduction, the present analysis 
is limited to the characterization of diffuse axonal 
injuries.  Thus, cases were selected only if an 
occupant sustained this type of injury.  While it is 
possible and necessary to analyze injury data based 
on factors such as restraint use/availability, crash 
severity and mode, being a preliminary study, the 
analysis is focused mainly at the occupant level.  This 
was achieved by describing other head injuries in 
association with diffuse axonal trauma.   
 
A small percentage of occupants (less than ten) 
sustained this type of brain injury without any other 
accompanying head trauma (Table 1).  All occupants 
with the exception one fatality sustaining the injury 
due to head contact indicate that single diffuse axonal 
injury in the motor vehicle environment is most 
likely associated with contact loading to the head in 
both frontal and side crashes.   
 
In occupants sustaining more than one head injury 
associated with diffuse axonal injury as the most 
severe trauma, as shown in table 1, head contact was 
again identified in a significant majority of the cases, 
further emphasizing the role of contact loading.  
Therefore, it can be hypothesized that diffuse axonal 
injuries occurs with the transfer of impact loading 
during the dynamic event, and this observation is 
independent of crash modality.  In addition, the 
occurrence of minimal number of skull fractures, 
despite direct loading to the head, suggests that the 
impact force transmitted is below bony tolerances 
while exceeding the threshold of diffuse axonal 
trauma [11].  The presence and increased use of 
modern restraint systems may account for the 
decrease in bony pathology.      
 
It is important to include crash-related engineering 
and medical records in the assignment and evaluation 
of diffuse axonal injuries as this terminology has 
been used somewhat loosely in clinical practice.  
Although the injury has been described, defined, and 
investigated in the laboratory by the clinical author of 
this paper and others in the literature, and identifiable 
on imaging, patient evaluation is critical [5, 12-24].  
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The present characterization relied on injury coding 
according to AIS 1990 version.  The coding scheme 
has changed since 2005 as the Injury Scaling team 
headed by Genneralli has incorporated procedures 
that include clinical correlation in conjunction with 
radiological data [25].  From this perspective, no 
single clinical discipline can conclusively determine 
and report that the injury belongs to the diffuse 
axonal type.  The next logical step would be to 
process current data with the new coding scheme.  
With continuing addition of cases to the database and 
recoding current data, a more appropriate analysis of 
head injuries can be made.  This is considered as a 
future research topic.   
 
Although NASS and FARS databases have been in 
vogue before CIREN and are population-based, these 
databases were not used because of the lack of 
required medical records to conduct the retrospective 
analysis.  From a biomechanical perspective, injuries 
associated with head contact found in significant 
majority of cases imply the role of direct impact load 
transmission as a potential trauma mechanism.  This 
is supported by laboratory studies wherein direct load 
transmission is necessary to reach the high angular 
acceleration level associated with this type of injury 
[26].  The study, using first generation mathematical 
simulations, showed the importance of impact 
loading of the head to attain injury threshold levels 
reported in published experimental research.  Contact 
loading mechanism has also been supported by 
international epidemiological studies [27].  The 
present characterization from a more recent database 
and modern vehicle environments further reinforces 
this conclusion.   In addition, because of sample size 
constraints, the characterization underscores the need 
to gather similar data from other countries for 
epidemiological interpretations.   
 
In this limited database, the present preliminary 
findings appear to support the hypothesis that diffuse 
axonal injuries occur with impact loading to the head.  
In addition, this type of injury occurs more in side 
crashes than frontal impacts. Airbags are not the 
injury causal agent in a considerable majority of 
cases (more than 90%), implying its minimal role in 
severe head trauma.  These results suggest a 
decreasing trend for the occurrence of diffuse axonal 
injuries in modern vehicular environments, possibly 
with newer technologies and increased restraint 
usage. 
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ABSTRACT 

With the introduction of the FMVSS 208 Final 

Rule, the requirements for occupant protection 

systems in frontal crashes have significantly 

increased. Especially the requirements regarding 

the airbag aggressiveness for “Low Risk 

Deployment” pose new challenges for both 

automobile manufacturers and suppliers. 

 

The testing procedure detailed in § S26 of the 

FMVSS 208 is commonly referred to as “Out-of-

Position” (OoP). This procedure considers the HIII 

5% dummy on the driver side for two different 

positions (position 1: “Chin on Module”, position 

2: “Chin on Rim”). 

 

With the applied testing method, the test setup 

allows tolerances regarding the dummy positioning 

relative to the vehicle environment. 

 

A comprehensive analysis of the influence of the 

dummy positioning has shown that particularly the 

head angle can vary among dummy manufacturers 

and may result in different OoP load 

characteristics. 

 

Beside  In addition to tolerances caused by the 

airbag module and the steering wheel design itself, 

the dummy’s head angle is a significant factor for a 

variation of the OoP test results. 

 

Out-of-position tests with identical module design 

have shown that the dummy positioning resulting 

from the head angle can lead to a misinterpretation 

of the test results. Depending on the dummy 

position, the OoP results range from far below the 

legal limits to a value exceeding them. 

 

During the module development process, this scope 

of interpretations dramatically affects the 

assessment of the OoP performance and may lead 

to wrong conclusions. 

 

 

INTRODUCTION 

Recent years saw a number of developments for 

innovative occupant protection systems aimed to 

fulfil the increased requirements related to frontal 

and side protection. Specifically, the introduction 

of frontal and side airbags resulted in considerable 

improvements in automotive safety. 

 

Although there are obvious positive effects of an 

improved protection potential for vehicle 

occupants, there are other aspects, mainly tracing 

back to airbag aggressiveness during its 

deployment phase. 

 

The resulting features and requirements to the 

airbag design are commonly summarized under the 

term „Out-of-Position“-performance and address 

airbag-induced injuries mainly occurring in low 

speed areas. 

 

Basing on the findings from real world accidents, 

the new „low risk deployment“ requirements for 

frontal airbags have been included in the US 

legislation „49 CFR 571.208 (FMVSS 208): 

Occupant Crash Protection“ in order to minimize 

the injury risk caused by airbag-supported restraint 

systems (See Appendix B). 

 

On the driver side test with HIII 5%-dummy in two 

positions are required: Position 1: “Chin on 

Module“ (See Figure 1) and Position 2: “Chin on 

Rim” (See Figure 2) 
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Figure 1. OoP-Test Configuration Position 1. 

 

Figure 2. OoP-Test Configuration Position 2. 

 

The applied test procedure to be used for the 

verification of OoP-Performance has to consider 

tolerances which are generally influenced by the 

following parameters: 

 

1) Interpretation of seating regulation for dummy 

positioning in position 2  

2) Specific vehicle characteristics  

3) Airbag module characteristics  

4) Specific differences in dummies  

 

Following these tolerances and their influence on 

the assessment of OoP-performance will be 

described in further detail:  

What kind of Tolerances exists? 

Tolerances due to legal text on positioning 

For Position 2, there is a difference between the 

description in FMVSS 208 S26.3 on positioning 

and the Test Procedure Protocol Data Sheet. 

 

FMVS208 allows using the steering wheel 

adjustment to adjust the Chin Point on the Steering 

Wheel Point if possible. The Test Procedure Data 

Protocol  Sheet already ends at that point where the 

Chin Point is within 10 mm +/3 mm of the Steering 

Wheel Point and switches straight to the airbag 

deployment preparation. 

 

The interpretation of the Test Procedure Protocol 

may lead to a lower Chin Point position regarding 

the Steering Wheel Point. That means a harder 

interaction between chin and airbag which leads to 

a higher neck tension force Fz+. 

 

 
 

Figure 3. Differences between the positioning 

description in FMVSS 208 S26.3 and the Test 

Procedure Protocol Data Sheet; Pos. 2. [1;2] 

(see also appendix A). 

 

 
 

Figure 4. Example for different interpretation of 

FMVSS 208 S26.3 and the Test Procedure 

Protocol Data Sheet; Pos. 2. 

 

The different chin position consequently results in 

a different position of the sternum to the airbag 

module in x- and z- direction, too. 

 

Tolerances on vehicle side 

Differences in the whole ergonomic tolerance chain 

may lead, for example, to different distances 

between the dashboard, steering wheel and 

windscreen. 

 

Further tolerances are known for the steering 

column deformation force. A delayed deformation 

or a deformation on a high force level during the 

time may result in higher dummy measurement 

values because the dummy has to absorb more 

energy when the steering column is not running. 

 

Tolerances on airbag module 

Tolerances such as inflator pressure, airbag folding 

or gaps and expansions generated during the 

deployment are known. Especially the dynamical 

expansions during the deployment can lead to 
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different contact situations and variation of the 

lever arms in case a cover should contact the 

dummy. 

The inflator performance is another parameter 

which might have influence on the variation of OoP 

results. 

When using a robust module design the parameter 

variation does not play an important role. It is even 

possible to use serial modules with single stage 

inflators. 

 

 
Figure 5. Example for an inflator tolerance 

+22°C. [3] 

 

Tolerances on Dummy 

There are two leading manufacturers for the H-III 

female. It is commonly known, however, that their 

dummy models are not really identical. 

 

Even 2 dummies from one producer may differ in 

size (distances centre of gravity pelvis – centre of 

gravity chest – centre of gravity head). 

Even differences in relative angles between head 

and chest are not unknown and may result in  

different chin distances to module in Position 1 

and, furthermore, to different chest distances to the 

module cover and to different Chin Point positions 

to steering wheel point in position 2. That provokes 

different chest values and different neck forces and 

neck bending moments as well. 

Beside the differences described above, the biggest 

difference between the two dummy manufacturers 

is the chest jacket they use. They differ both in 

design and stiffness. These differences lead to a 

different chest distance to the airbag module (esp. 

Position 2) and different chest deflection. 

 

Calibration specifications produce additional 

tolerances. Corridors regarding hysteresis are 

defined for chest deflection, neck forces and neck 

moments. 

Therefore, the OoP results for different dummies 

also vary. 

There is also an interrelation between chest rip 

stiffness and neck values. The stiffer the dummy 

chest the higher is the axial neck force and neck 

bending moment, too, as to be seen in the graphs 6 

to 9. They show the curves for 3 different dummies 

which are within the thorax calibration tolerances. 

 
 

Figure 6. Example for different head angle by 

same thorax angle in same vehicle; Pos. 1. 

 

 
 

Figure 7. Example for different distance to 

module in same vehicle by same thorax angle 

due to different chin point to steering wheel 

point caused by different head angles; Pos. 2. 

 

 
 

Figure 8. Chest deflection vs. time for thorax 

calibration for 3 different dummies; dummy B 

with softer rip set. 
 

 
 

Figure 9. Impact force vs. chest deflection for 

thorax calibration for 3 different dummies; 

dummy B with softer rip set. 

Dummy A 

Dummy B 

Dummy C 

Dummy A 

Dummy B 

Dummy C 
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Figure 10. Thorax calibration: Neck moment 

My vs. time for 3 different dummies; dummy B 

with softer rip set. 
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Figure 11. Thorax calibration test: Neck force 

Fz vs. time for 3 different dummies; dummy B 

(green curves) with softer rip set. 

 

Considering the tolerances described before the 

question arises how to deal with them. To reduce 

all of them will not only produce costs which 

cannot be defended, but seems even to be 

impossible. Moreover, complicated mechanical 

mechanisms do not allow for a general solution. 

 

The future will show whether it will be necessary 

to change vent position and cover opening 

geometry. Today, FMVSS 208 requires showing 

robustness whereas the low risk has to come from 

the airbag deployment. 

What are the consequences of the Tolerances? 

Tolerances due to legal positioning text 

The interpretation of the test procedure protocol 

could lead into a lower dummy positioning of 

approximately 10mm in comparison to the FMVSS 

208 legal text (See Figure 12). In general higher 

neck values (e.g. Nte) in Pos. 2 result from a lower 

chin position (See Figure 13). 

 

 
 

Figure 12. Interpretation of legal text vs. 

interpretation of test procedure protocol (chin 

point ca. 10 mm lower than steering wheel 

point). 

 

 
Figure 13. Influence of chin position on Neck 

value (Nte) in pos. 2. 

 

The measurements show that the values are higher 

when the chin position is lower, as there is more 

interaction between chin and airbag in this position. 

Tolerances on Dummy side 

Example for different head angle relative to 

chest Position 1 

As already shown, different head angles for 

different dummies are possible. 

The diagram below shows the neck moment My 

time histories for 4 different dummies with 

different neck angles. The tests Position 1 were 

conducted with a comparable airbag module in the 

same car environment. Steering wheel angle and 

chest angle were always the same. 

 

 
 

Figure 14. Neck bending moment vs. time 

depending on 4 different dummies; OoP Pos. 1. 

[4] 

Dummy A 

Dummy B 

Dummy C 
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The graphs show a big variation in the neck 

bending moment maxima. The negative extension 

(-my) maxima are the higher the more the cover 

hits under the chin. The contact situation itself 

depends on the head angle, i.e. on the chin distance 

to the airbag module. 

 

It is also possible to change completely the bending 

moment characteristic. This makes it possible to 

induce a flexion moment (dummy B and D) or to 

induce an extension moment (dummy A and C) just 

by varying the dummy. 

 

The next diagram displays the head angles of the 4 

dummies relative to the thorax angle. Moreover, it 

is shown in which way the Nte depends on the 

difference between angle head – thorax. All tests 

had exactly the same testing conditions. The Nte is 

the higher the lower the relative angle head to 

thorax is. 

 

 
Figure 15. Neck load (Nte) vs. head angle for 4 

different dummies; OoP Pos. 1. [4] 
 

Chapter 4 describes which effects occur and what 

consequences result for a robust module design. 

 

Especially for dummy A, it will not be possible to 

find a robust solution. Airbag folding optimizing is 

not the solution, as the resultant force will always 

be applied in z-direction. Hence, the dummy will 

always react with axial neck tension force and neck 

bending extension. As a result the Nte will always 

be dominant with high maxima. All further system 

tolerances, especially inflator variation, will be 

reflected in the Nte value. 

 

 
 

Figure 16. Example for different chin and 

sternum positions due to different dummy 

geometries; OoP Pos. 2. 

Example for further Tolerances 

The following graphs show the Nte and neck force 

Fz vs. the steering wheel column deformation. The 

tendency reveals that the dummy neck values 

increase with lower steering column deformation. 

 

 
 

 
Figure 17. Neck tension force and Nte depending 

on steering column deformation; OoP Pos. 2. [5] 
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WHAT ARE THE REASONS FOR 

DIFFERENCES IN OOP LOADS? 

The relative position of the dummy in front of the 

module leads to typical loads in its neck. The 

proximity of the dummy to the module makes it 

very complicated to identify the applied forces on 

the dummy. Numerical simulation offers the 

possibility to define forces acting on the dummy in 

a determined direction. Doing so, the measured 

forces and torques (reactions of the dummy) can be 

allocated to the impact forces, and, hence, the 

interrelationship between action and reaction can 

be recognized and understood.  

Impact force in the x direction of the dummy 

head 

In an OoP test, it is very important to affect the 

forces acting on the head of the dummy. The only 

possibility to evoke a flexion moment in the neck 

of the dummy during an OoP-Test is to impact the 

chin in x direction. 

 

A lane from the module to the face of the occupant 

is necessary to let the airbag act on the described 

direction.  

 

This is the reason why Dummy B and Dummy D 

react with a flexion moment (See Figure 11). Due 

to different chin positions, the airbag deploys in 

front of the chin. The resultant airbag force is 

impacting the chin in x direction. 

 

 

 
 

 

Figure 18: neck bending moment over time; 

lever variation for impact force 1200 kN [6] 

Impact force in the z direction of the dummy 

head 

This is the most uncontrollably direction of the 

impact forces. An impact force acting in this 

direction always causes a negative neck bending 

moment. The maximum of this moment depends on 

the lever between the impact force and the revolute 

joint of the neck. 

 

 

 
 

 

Figure 19: neck bending moment over time; 

lever variation for impact force 1200 kN [6] 

 

The lever difference of the shown curves is only 40 

mm. In addition to the high extension moment, the 

impact load causes a tension force in the neck. The 

combination of this force and the moment leads to 

serious NTE. This relationship is responsible for the 

described differences of dummy A and dummy C 

for the OoP test setup “chin on module” (See 

Figure 11). For this reason it is absolutely 

necessary to avoid forces acting in this direction. 

 

Impact force in the x direction of the dummy 

thorax 

 

That load condition is typical for the OoP Position 

2. An impact load working in x direction on the 

thorax of the occupant causes a chest deflection. 

The maximum of this deflection depends on the 

position where the load attacks. 
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Figure 20: chest deflection over time; lever 

variation for impact force 1200 kN [6] 
 

Furthermore, an impact load on the thorax in the 

described direction always causes an extension 

moment. This becomes especially true in the OoP 

test “chin on rim”. 

 

The occupant is jeopardized as an extension 

moment combined with a chest deflection will 

always occur. An example for this can be found in 

Figure 20. 

 

 
 

 

Figure 21: neck bending moment over time; 

lever variation for impact force 1200 kN [6] 

 

The neck extension moment is less when the 

resultant airbag force is applied in a lower thorax or 

abdominal area. 

Without a module designed for the OoP loading 

conditions, it is extremely difficult to fulfil the 

requirements of the OoP-test “chin on rim”. During 

the deployment of the airbag cushion it is necessary 

to avoid contact between the airbag or parts of the 

module with the dummy chin because this might 

result in an impact force in z direction to the head 

of the dummy. This force causes an additional 

extension moment which superposes the moment 

caused by the thorax impact force. 

 

 
 

 

Figure 22: resultant neck bending moment over 

time caused by force thorax x and force head z 

(1200 N each) [6] 

 

The loads on the dummy during an OoP test can be 

controlled if it is possible to apply the impact loads 

on determined regions of the dummy. 

 

The only possibility to achieve a flexion moment is 

to apply a force in x direction on the chin. 

Impact loads acting in z direction on the head 

always lead to extension moments with a high 

maximum. 

 

Loads on the thorax cause an extension moment, 

too. 

 

With a module designed for the loading conditions 

of an OoP test the described relations can be 

benefited. 
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LOAD MECHANISMS IN OUT-OF-

POSITION SITUATIONS 

Impulse-like force application 

An impulse-like force application on the dummy 

under OoP conditions mainly results from: 

 

• High inner pressure at the beginning of the 

airbag deployment as a result of inflator 

ignition; shortly after opening of the airbag 

cover the gas output hits the dummy that is still 

bearing the accumulated pressure („punch-

out“-effect) 

Temporarily, there are high forces, specially in 

the head and thorax area. 

• The opening airbag cover is accelerated by the 

airbag and produces an impulse on the dummy, 

the results are peaks in head and thorax area 

and high tensile neck forces. 

• Parts of the folded fabric which are ejected as a 

concentrated mass out of the airbag module 

produce shock-like loads on the dummy 

Loads caused by airbag membrane forces 

OoP loads as a result of airbag membrane forces 

are mainly caused by: 

 

• Loads during the airbag interaction phase 

which are only caused by the pressure-loaded 

airbag and generally lead to high neck forces 

and neck moments as well as to head and chest 

accelerations 

• Loads during the airbag interaction phase 

induced by the airbag itself and in connection 

with the cover contact; the cover segments 

adjacent to the dummy (e.g., at the chin) 

increase the lever effect of the deploying 

airbag. 

• Interaction with the airbag during the entire 

deployment phase, dummy loads result from 

the impact on the seat rest or other rear 

structures 

CONCLUSIONS 

There are a number of tolerances that influence the 

results of OoP tests. These tolerances result from 

the interpretation of the dummy seating procedure, 

from the airbag module and from the dummies 

themselves. Here, small changes sometimes might 

have big effects. 

 

It is common knowledge that it is not the amount of 

energy application caused by the airbag which 

becomes the decisive parameter. 

 

The simplified presentation of the load mechanisms 

shows which forces in positions 1 and 2 should be 

applied controlled by a robust and OoP-optimized 

airbag module design. 
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APPENDIX A 
 

 
 

Figure A1. Differences between the positioning description in FMVSS 208 S26.3 and the Test Procedure 

Protocol Data Sheet; Pos. 2. [1;2] 
 

 

APPENDIX B 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B1. „Out-of-position“ requirements according to the Federal Regulation 49 CFR 571.208 (FMVSS 

208). 
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ABSTRACT 
 
The need for more safety is beginning to be 
perceived also in the motorcycle race context, and 
the demand for more protective motorcycle 
garments is becoming more challenging. In this 
scenario DAINESE is working together with some 
racing teams for investigating new solutions to 
improve rider safety. 
In this paper, dynamical measurements of several 
motorcycle crashes, recorded both on the rider and 
the motorcycle, will be presented and analyzed. 
General tendencies among the different cases and 
repeatability have been investigated. 
The available data was collected during the 2006 
MotoGp Championship, which proven to be a 
perfect scenario for acquiring limit-condition-
driving data, and a challenging environment for 
testing innovative safety devices.  
Although focused on the race competitions, this 
study should also be useful in the future for 
developing more general purpose rider protection 
systems. 
 
INTRODUCTION 
 
Predominantly developed for cars airbag 
technology is still in its first stages with regards to 
motorcycles. Nevertheless motorcyclists, especially 
on tracks, are likely to experience falls due to front 
slippage, rear slippage or high-side phenomena. 
The dynamic behavior of the motorcycle-rider 
system during falls is very complex, and the 
development of a proper rider protection system is 
to be considered a challenge. The possibility of 
utilizing the airbag technology also on motorcycles 
is promising, however to achieve this task 
numerous fall samples are needed to understand the 
phenomena. 
In this paper example of data recorded during real 
race falls are reported. A first analysis of these data 
have been carried out in order to understand what 
happens during a crash. Several crash simulations 

in different computing environments [1] and real 
fall analysis [2] showed some guidelines in this 
kind of investigations. To analyze repeatability and 
general tendencies in race crash phenomena a 
campaign to collect dynamic bike-rider system data 
has been carried out by DAINESE during 2006 
MotoGp World Championship. 

 
DATA COLLECTION 
 
Thanks to the cooperation of some MotoGp racing 
teams and some of their riders a proper data 
acquisition apparatus have been installed on some 
rider-bike system. This led to the possibility to 
compare actively motorcycle and rider data with 
the need to place two recording systems on each 
motorcycle–rider assembly.  
This approach has been followed because it is very 
difficult to understand the dynamic behaviour of a 
rider without the possibility of analyzing also the 
motorcycle data. The systems utilized for acquiring 
the data were 2D data-recording units specifically 
designed for this task. The assembly is composed 
of an inertial platform with three accelerometers 
and three gyrometers, a GPS unit able to record 
both speed and bank angle. 

 
Figure 1. Recording apparatus designed by 2D. 

 
The apparatus is designed to respect the 
requirements of the race context: it is lightweight, 
small, very robust. An other big advantage offered, 
is the widespread diffusion of the 2D software that 
permitted to share the acquired data with racing 
teams. 
In Figure 2 the position of the two systems with 
reference to the motorcycle and the rider, is shown. 
The motorcycle unit was placed in the undertail, 
damped inside a vibration absorbent material; the 
rider unit was placed inside the aerodynamic 
appendix of the leather suit, not to impair the rider 
movements.  
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Figure 2. Positioning of the recording systems. 

 
Different bikes and motorcycles were instrumented 
collecting data from eight riders among sixteen 
different circuits for both 125 and 250 
displacements. These racing classes were chosen 
because being lower the motorcycle-rider weight 
ratio, and being the overall dynamic subject to 
faster directional changes, they could be useful for 
exploring the dynamic response of motorcycle and 
rider under limit riding conditions. 
 
FALL DYNAMICS 
 
While racing, two are the more common types of 
fall which can be experienced: lowside and 
highside. 
Lowside [2] [3] [4] (referring to a world fixed 
triad), is a yaw movement, which normally turns 
the bike in an over-steering rotation. From a 
theoretical point of view the typical lowside 
experienced under race conditions is caused by a 
uncompensated asymmetry in the distribution of 
the tyres forces. Once a tyre loose friction with the 
terrain the centrifugal force and the weight force, 
which are centred in the centre of gravity, create a 
momentum that leads the motorcycle to an sudden 
rotation (Figure 3). 

 
Figure 3. Disequilibrium in the motorcycle 

adherence forces during a fall. 
 
Due to the high inclination of the bike (over 45°) 
the yaw moment will be recorded in the motorcycle 
relative triad, as GZ gyrometer (relative yaw) and 
GY gyrometer (relative pitch) measurements. 

The second kind of typical fall, the highside [2] [3], 
is an impulsive oscillation around the roll axis, that 
can lead to a compression of the back suspension 
with a following upward ejection of the rider. This 
oscillation is normally caused by sudden lost of 
adherence with a subsequent traction recovery that 
creates a disequilibrium in the lateral forces of the 
tires. Typical condition in which this type of fall 
can happen is during curve exit, during the 
acceleration phase and while the motorcycle is 
slightly tilted. With a bigger roll angle the 
motorcycle could difficultly regain adherence and 
the fall would turn into a lowside movement. The 
less the traction coefficient the smaller the angle at 
which this fall can happen. 
 
STATISTICAL ANALYSIS OF DATA 
 
Motorcycle is a vehicle intrinsically unstable, 
especially at low speeds. For this reason the 
threshold between normal dynamics and fall 
dynamics can be very thin; and it’s difficult to 
distinguish between them. During races, very high 
degrees of rotations are experienced. 
A statistical analysis can prove helpful in 
understanding motorcycle movements under 
extreme driving conditions, and to see the limits of 
the dynamic behavior. In Figure 4 and Figure 5, 
statistical trends of respectively motorcycle and 
rider measurements are reported. Roll angle, 
longitudinal and lateral accelerations, and 
gyrometers signals are reported, showing the 
probability of a certain value being recorded. A 
value of 1 (dark blue), indicates the most probable 
recorded value of the signals, where else a value of 
zero (white), means a never recurring value. 
As it is possible to see in Figure 4 and Figure 5, roll 
angle values normally range from -50 degrees to 
+50 degrees, but the most typical values are the 
central and the extreme ones. This means that the 
more common positions held by a motorcycle 
during race competitions are the perfect straight 
line or the maximum roll angle reachable by the 
rider. This happens for speeding up the turn 
completion. The values reported for the roll angle, 
are computed using the GPS so they have to be 
intended in an absolute reference triad. 
Same considerations can be made for the 
acceleration plots in Figure 4 and Figure 5: the 
acceleration is maximum during cornering and the 
more frequent values are the center value and the 
extreme values. Laterally the maximum 
acceleration reached is about 17-18 m/s2, while for 
what regards the longitudinal acceleration, it’s 
clearly visible an asymmetry between acceleration 
and deceleration. In particular during deceleration 
it’s possible to reach values up to 12m/s2.. 
Accelerating it’s difficult to surpass 7m/s2, after the 
start of the race. It’s interesting to note that high 
values of longitudinal acceleration, are more 
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frequent exiting from the corners; this happen 
because when the speed is low and the motorcycle 
is cornering; the aerodynamic drag force is also 
low, and so the available trust acceleration is 
higher. Also in this case values comes from GPS 
measuring, so they have to be intended in an 
absolute reference triad. 
Both in the roll angle data and in the acceleration 
data, it is possible to see that positive values are 
more frequent than negative ones (the sign depends 
on the reference axis used). This can be easily 
understood because of the direction of rotation 
during races; normally tracks in clock wise 
direction are more common than counter clock 
wise ones. 
The GX gyrometer measurements show a 
distribution of values which is almost symmetrical 
and the higher values are reached around the value 
of 140km/h. The total sum of longitudinal axis 
rotations along a closed lap, must be zero indeed. 
GY gyrometer values are mostly positive because 
measured in a motorcycle relative triad [2]; they 
depend on the absolute yaw rate and the roll angle 
of the bike. 
Looking at the GZ gyrometer measurements, it’s 
easy to note, a shape resembling an “up pointing” 
arrow. As the speed rises, it becomes more difficult 
to realize high yaw rate turning, because the 
cornering radius of the trajectories become wider. 
The higher the forward speed the lesser the 
cornering yaw speed recorded by the gyrometers. 
Also in this case is present an asymmetry between 
positive and negative values; this is again explained 
with the prevalence of the clock wise circuits. 
There are not much differences between 
motorcycle and rider values because in normal 
driving conditions the rider can be considered 
substantially as part of the motorcycle, except for 
small movements. However it is possible to note 
some variation in the distribution of the gyrometers 
measurements. This is because the rider adds to the 
movement of the motorcycle some independent 
motion for better controlling the bike and keeping 
the equilibrium. For example, during braking the 
rider torso is pointing upward while at full speed is 
completely leaned horizontally. 
 
FALL MEASUREMENTS EXAMPLES 
 
Coherently with what explained in the theoretical 
approach, Figure 6 shows what happen during a 
lowside. The rotational speeds are normalized with 
respect to a nominal value. Time dependent signals 
show long yaw and pitch motions, registered by the 
GZ and the GY sensors, while GX especially for 
the motorcycle mounted sensors remains shorter. 
When the fall starts, the motorcycle is already tilted 
after entering in a curve, so when the sliding 
motion starts, the main sensors which can record 

the out of plane movements are the GY and GZ 
gyrometers. 
In the highside in Figure 7, very high values of the 
GX and GZ gyrometers are recorded on the 
motorcycle while other gyrometer data reach lower 
values. This is because the tilt angle of the bike is 
smaller. 
Similarities can be noted between motorcycle and 
rider recorded data. However as a first instance, 
there are differences between the two motion, and 
these became more and more evident as the fall 
evolves, because the movement of the rider, sliding 
apart, differs from motorcycle. In every different 
fall event there is a great deal of variation, since the 
rider movements can change considerably among 
the possible cases.  
As a general tendency, during a lowside the rider 
starts the fall rotation movement shortly after the 
motorcycle; during highside is the same: the 
motorcycle is the first to experience the sudden 
rotation around the longitudinal axis. For a better 
graphs understanding, the peaks recorded during 
normal driving values are reported using a set of 
comparative lines. 
Looking at the peak normal driving lines, in both 
type of fall cases it is clearly visible how different 
are the maximum normal driving values, with 
respect to fall data registered. In normal driving 
maximum values of gyrometers never exceed 1/8th 
of values registered during a sudden fall. 
 
GENERAL TENDENCIES IN THE 
DIFFERENT TYPE OF FALL 
 
Analyzing different data from various sources, it 
has been searched for common lines and 
repeatability between the various falls. 
Figure 8 and Figure 9, show a correlation between 
maximum absolute values and RMS values 
recorded on the motorcycle and the rider by the 
three gyrometers axis among 14 different falls. 
Three of this falls are highside, while the other are 
all lowside ones. 
Graphs show a possible distinction between the two 
type of fall; lowside tends to have lower absolute 
maximum and lower RMS values while highside 
tends to show higher values of both absolute 
maximum and RMS. In the lowside the rotation is 
progressive, in the highside instead it comes in the 
form of sudden burst. This difference is evident 
from the timings involved in the two events: in the 
lowside the fluctuations are longer and more 
progressive, while in the highside they are shorter 
but more powerful. 
Concluding it is possible to isolate two different 
areas, one which identify lowside and one for 
highside. This highlight the fact that even if the 
falls are different, there is repeatability among the 
fall events of the same type. 
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Figure 4. Statistical frequency of the motorcycle signals: roll angle,  

GPS measured accelerations, GX, GY, GZ, gyrometers data. 
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Figure 5. Statistical frequency of the rider signals: roll angle,  
GPS measured accelerations, GX, GY, GZ, gyrometers data. 
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Norm al lap  peak lines 

 
Figure 6. Dynamic measurements of motorcycle and rider  

data acquired during a lowside fall. 
 
 
 

N orm al lap  peak lines 

 
Figure 7. Dynamic measurements of motorcycle and rider 

 data acquired during a highside fall. 
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Figure 8. Distribution of the absolute maximum gyrometers values  

of motorcycle with respect to RMS values. 
 
 
 

 
Figure 9. Distribution of the absolute maximum gyrometers values  

of rider with respect to RMS values. 
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CONCLUSIONS 
 
Last year, a data collection campaign was carried 
out, and interesting dynamical data on both 
motorcycle and rider data were recorded during 
race competitions.  
Example of real falls showing some similarities and 
differences between the rider and the motorcycle 
data during normal lap and crash events are 
presented. General tendencies and common lines in 
the different fall configurations are analyzed and 
reported.  
This study aim to improve our knowledge of the 
dynamic behavior of motorcycle-rider system 
during critical conditions and furthermore to 
identify some parameters that could be used to 
improve current and future active and passive 
safety systems.  
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ABSTRACT 
 
In Europe, during 2004, 1,7 million people were injured in 
road accidents and 43,500 were killed. Fast and effective 
care of polytraumatized people by the emergency services 
can reduce the number of those seriously injured and 
killed. 
 
An automatic emergency call system has been installed on 
PSA passenger cars in France and in seven other European 
countries. It is an integrated car radio/GSM/GPS system 
that can be used with a SIM card. When an accident 
occurs, a call is sent automatically to a telephone call 
centre. Knowing the geographic location, the vehicle and 
owner identity and the possibility of communicating 
directly with the persons involved enables the nearest 
emergency services to be called out. 
 
In this context, the LAB has set up a study aimed at 
evaluating the effectiveness of these systems. It consists of: 

• an accident analysis study 
• a questionnaire, sent to persons involved, aimed at 

estimating the time saved to get to the scene 
• a judgement of the emotional reassurance brought 

to the vehicle occupants 
 
During the system's first years of operation, about forty 
cases have been studied in detail, using accident analysis 
investigation procedures.  
 
The initial findings show that pinpointing the exact 
accident location enables the emergency services to reach 
the scene very quickly. In addition, some important 
vehicles characteristics are transmitted to them. A future 
system improvement could be the calculation of the 
accident’s severity, the impact type and the number of 
people involved. 
 
The development of this automatic call equipment 
should continue in France and in Europe. It will be an 
additional tool in the fight against road injury and 
death, particularly for accidents at night, involving 
single vehicles and in isolated areas. The purpose of 

this article is to explain the method of investigation 
used and present the first experimental feedback. 
 
INTRODUCTION 
 
For many years now, car manufacturers have devoted 
enormous efforts to improving the level of safety of 
their vehicles. These efforts have mainly concentrated 
along two complementary lines. The first line of action 
is that of primary safety, whose purpose is to prevent 
the accident from happening: here, visibility, braking, 
suspension, lights, etc. have been the main technical 
areas improved. The second line of action, secondary 
safety, is concerned with the protection of the vehicle's 
occupants during a traffic accident. For a few hundred 
milliseconds, according to an expertly programmed 
scenario, the structure of the vehicle, the seats, 
restraint equipment, airbags, etc. work together to 
reduce the consequences of the impact itself as far as 
possible. These two lines of action are still the ones 
receiving the most attention for safety reasons, but 
recently, solutions for responding to concerns about 
the post-accident period are emerging: the emergency 
call is at the forefront of tertiary safety. 
 
GENERAL DESCRIPTION OF AN 
EMERGENCY CALL  
 
The emergency call service is now available in nine 
western European countries on both Peugeot and 
Citroën ranges of passenger cars (except Peugeot 107 
and Citroën C1) fitted with a telematic unit as standard 
or as an option. The procedure can be triggered 
manually or automatically. 
 
Manual emergency call 
 
In an emergency situation, the occupant of the vehicle 
presses the SOS button on the telematic terminal for at 
least two seconds. As soon as the button is pressed, the 
telematic terminal sends an SMS message to the IMA 
(Inter Mutuelles Assistance) centre assigned to cover 
the area in which the vehicle is located (Niort for 
France, Munich for Germany and Austria, etc.). This 
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SMS message contains vital information for dealing 
with the emergency:  

• type and vehicle identification number of the 
vehicle, from which the vehicle type and 
specification, as well as the name of the 
owner, can be obtained; 

• GSM telephone number; 
• GPS coordinates of the vehicle; 
• triggering mode: manual or automatic 

(airbag, seat belt pretensioners, etc.) 
 
As soon as the call is intercepted, these details appear 
immediately on the IMA operator's control screen, in 
the form of a customer sheet, location on a digital 
map, etc. In this way, the IMA operator has useful data 
available even before establishing direct telephone 
voice contact with the occupant of the vehicle. 
 
Once voice communication has been established with 
the driver, the IMA operator analyses the situation 
more closely. First of all, he ascertains whether the 
situation really is urgent. Then he analyses the 
situation (risk of death, number of persons involved, 
witnesses to the accident, etc.), he checks the location 
on various types of map, and if necessary informs the 
emergency services responsible for the area in which 
the vehicle is currently located (fire brigade, 
ambulance service, police, etc.), giving them all the 
information about the situation. 
 
Depending on the situation, but only in France, the 
IMA operator can also call on one of the emergency 
doctors permanently stationed at the IMA centre, using 
a three-way conferencing system with a view to 
assessing the situation more accurately or to give 
advice while waiting for help to arrive. The three-way 
conferencing system can also be used to take care of 
people travelling outside their own country. 
Communication can be in their own language from the 
call centre in the relevant country, while the local 
public services will if necessary be informed in their 
own language by the national centre which covers the 
place of the accident. 
 
At that stage the procedure continues "in the field" 
with the intervention of the emergency services at the 
scene of the accident until the people involved are 
taken care of definitively.  
 
Automatic emergency call 
 
After a violent impact, if the vehicle's pyrotechnic 
equipment has been triggered (airbag or seat belt 
pretensioner), the vehicle itself sends out the SMS 
message containing the basic information mentioned 
previously and the request for voice contact.  

 
In all cases, if there is no response from the accident 
victim, the established protocol requires the IMA 
operator to try to make contact with the vehicle within 
a limited time: when the set time has elapsed, the 
operator must transmit the alert to the emergency 
services on the basis of the information contained in 
the SMS message: type of vehicle, owner's name, 
GSM telephone number, GPS coordinates of the 
vehicle. 
 
Telematic platform development 
 
The "Telematic Project" began at the end of the 1990s 
in the Group's own Direction Recherche et Innovation 
Automobile (motor vehicle research and innovation 
department) and finally in 2002 a working motor 
vehicle telematic platform was launched. Developed in 
partnership with Magneti Marelli, this equipment is in 
1 DIN format, which corresponds to the standard size 
of a car radio. The care and attention given to the 
integration of various types of technology simplifies 
the work of designing the vehicle, enabling the 
equipment to occupy very little space on board (this 
technology usually requires 2 units). What is more, the 
deployment of the equipment across the range is 
facilitated because there is no variation: the equipment 
can be offered on all models, thus providing a means 
of access to the services connected to it.  
 
Peugeot sells the product under the name of RT3 and 
Citroën calls it Navidrive. It provides a navigation 
system with on-board mapping, GPS satellite location 
module, GSM telephone module (900/1800Mhz), 
integrated voice recognition and synthesizer system 
(hands-free telephone kit, announcement of navigation 
instructions, voice command for main functions, etc.), 
and radio-CD. 
 
Although it integrates all these technologies, in 
particular those relating to GPS and GSM, the 
terminal's telematic functions appear simply as two 
special very clearly marked buttons of different shapes 
on the front panel,: 
 
- a red button, marked SOS, contacts the 

emergency call service, exclusively for 
emergency assistance to people; 
 

- a button marked with the logo of the make of the 
vehicle contacts the commercial telephone call 
centre of Peugeot or Citroën, immediately able to 
provide the motorist with technical assistance 
services or help to continue their journey. 
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Setting up an efficient back office  
 
In parallel with the engineering work to develop the 
in-car telematic platform, PSA Peugeot Citroën has set 
up a complete and efficient data processing system 
capable of providing the required emergency call 
service. This crucial task also required much work 
with several partners. 
 
As soon as the emergency call is triggered, an SMS 
message is created and sent over the networks of 
existing mobile telephone companies by a first partner, 
an SMS aggregator. These SMS messages are sent via 
a unique subscriber number that all the companies 
have reserved, by means of an SMS gateway set up by 
the partner. The partner has a dedicated PSA Peugeot 
Citroën server used exclusively for handling the SMS 
messages concerning PSA Peugeot Citroën's localized 
emergency and assistance services.  
 
These SMS messages are then decoded by means of an 
application specially developed for this function and 
hosted by a second partner, an SSII Informatique. 
Once decoded, the second partner immediately 
retransmits the data to the IMA via its own network. 
 
The secure transmission and decoding tasks only take 
a fraction of a second. 
 
At this point, the third and final partner comes into 
play in order to finalize the emergency call. Then the 
process of handling the emergency by the IMA 
operator mentioned earlier begins. Of course, the IMA 
operator makes use of modern telecommunications 
technology but also more importantly uses extremely 
valuable databases in order to ensure that appropriate 
action is taken (collection and updating of emergency 
numbers for areas where the service is offered). The 
expertise and experience of the IMA operator are very 
important here to ensure high-quality service. 
 
LIVES AT STAKE 
 
In 2005, road accidents killed nearly 1.2 million 
people around the World, of whom 45% were in Asian 
and Pacific countries (e.g. 100,000 in China and 
90,000 in India) and 13% were in countries with high 
motor traffic density (43,000 in Europe, 42,000 in the 
United States, 8 500 in Japan). According to estimates, 
this represents 25 to 50 million injured persons. 
 
According to a report published in 2005 by the World 
Health Organization, by 2020, the number of road 
accidents will have increased by 60%, especially in 
developing countries. Road accidents will then be the 

3rd cause of death worldwide. In 1990, they were in 
9th position. 
 
However, the latest statistics on traffic accidents in the 
25 countries of Europe show a marked improvement 
with time between 1990 and 2004, in almost all 
countries except the Czech Republic, Cyprus, and 
Slovakia. The number of those killed annually in the 
European Union is now estimated at around 43,500 
(cf. table 1). The most spectacular improvement was 
observed in France between 2001 and 2004, with a 
32% drop in fatalities. The authorities attribute 75% of 
this decrease to the installation of automatic speed-
control radar systems. The stakes are very high. Road 
accidents are the chief cause of death for 15-24-year-
olds [ref. La sécurite routière en France1]. In Europe 
during 2002, 1.7 million people were involved in 
accidents, of whom 220,000 were seriously injured 
and 39,000 were killed. 
 
For France, that represents 116,000 persons involved 
in accidents, of whom 19,000 were seriously injured 
and 5,731 were dead within six days during 2003. In 
2004, that figure was reduced to 5,217 persons who 
died within six days. France currently has nearly 30 
million vehicles, which is one third more than ten 
years ago. But, during the same period the number of 
accidents has decreased by more than a third. At the 
same time, the number of deaths has fallen by 36.7%, 
the number of people seriously injured by 55.9% and 
the number slightly injured by 33.5%. There was a 
significant drop in the number of people killed in 
France in those two years: between 2002 and 2003, the 
decrease was 20% and between 2003 and 2004, 9%. 
Figures for the years 2003 and 2004 show a decrease 
never previously recorded. 
 
Analysis of types of accident in France 
 
France is one of the countries in Europe where the 
population density is relatively moderate compared 
with surrounding countries. It has approximately 110 
inhabitants per km². More than 30 million vehicles 
travel on French roads, which make up a total of 
nearly one million kilometres. The road network 
consists of 1% motorways, 2.6% main roads, 36.1% 
secondary roads and 60.2% other roads and urban 
streets.  
 
Table 1 below shows the distribution of traffic, the 
distribution of accidents and the distribution of people 
killed in France according to the type of road used. 
Note that the proportion of persons killed is greatest on 
secondary roads and smallest on motorways. The 
proportion of accidents on main and secondary roads 
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is 45% with a proportion of persons killed of more 
than 75%.  
 

Table 1. 
Distribution on French roads 

 
 

Mileage Traffic Accidents 
Number 

killed 

Motorways 1% 21.3% 6.3% 6.8% 

Main Roads 2.6% 17.2% 14.2% 24.7% 

Secondary 
Roads 

36.1% 36.1% 30.7% 51.6% 

Other 60.3% 25.4% 48.7% 16.9% 

 

 
 
In 2005, police forces recorded 35,327 car accidents 
resulting in physical injury where no pedestrian or 2-
wheeled vehicle was involved, including 5,847 on 
main roads and 12,392 on secondary roads. In 
addition, night accidents accounted for 37% of 
accidents resulting in physical injury involving at least 
one passenger car and 51% of accidents resulting in 
physical injury where a single passenger car was 
involved (figures 1 and 2). 
 

Figure 1. 
Day/night distribution of accidents resulting in 

physical injury involving at least one passenger car 
but no pedestrian or 2-wheeled vehicle (%) 

 

63,0

37,0

Day

Night

 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2. 
Day/night distribution of accidents resulting in 

physical injury involving a single passenger car but 
no pedestrian or 2-wheeled vehicle (%) 

 

49,0

51,0

Day

Night

 
 
 
With the same type of analysis, it appears that 
accidents involving passenger cars in rural areas 
account for 37% of accidents resulting in physical 
injury (figures 3 and 4) involving at least one vehicle 
and 50% of accidents resulting in physical injury 
involving a single vehicle. This means that 72% of 
deaths and 56% of serious injuries where a single vehicle is 
responsible occur out in the countryside. Also, 21% of 
deaths and 13% of serious injuries involve night 
accidents in rural areas with a single vehicle. 
 

Figure 3. 
Distribution according to road type for accidents 
resulting in physical injury involving at least one 

passenger car but no pedestrian or 2-wheeled 
vehicle (%) 

 

50,9
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36,8

Urban area

Motorway
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Figure 4. 
Distribution according to road type for accidents 

resulting in physical injury involving a single 
passenger car but no pedestrian or 2-wheeled 

vehicle (%) 
 

34,4

16,1

49,5

Urban area

Motorway

Rural area
 

 
The "rural area/night time/single vehicle" situation is 
the most difficult one for the emergency services to 
handle and the one where they are most likely to be 
delayed: problems of receiving the alert and locating 
the accident, difficulty of reaching the scene, etc… 
And it is often in these circumstances that the people 
involved must be cared for most quickly [ref. Chen6]. 
 
ACCIDENT ANALYSIS STUDIES 
 
At the LAB, road accident analysis studies cover three 
areas: primary accident analysis, secondary accident 
analysis and tertiary accident analysis. 
 
Primary accident analysis (pre-accident) studies active 
safety devices such as ABS (longitudinal control of the 
vehicle), emergency braking assistance, and ESP 
(lateral control of the vehicle). The aim is to provide 
and assess innovative car safety measures to prevent 
accidents. 
 
Secondary accident analysis studies the consequences 
of road accidents. The aim is to provide systems for 
protecting the occupants in an impact. In this area, 
detailed investigations of crashed cars are carried out 
with the help of police forces, vehicle recovery 
specialists and emergency services. These 
investigations reveal the circumstances of the accident, 
allow measurements to be made on crashed vehicles 
and make it possible to obtain accurate assessments of 
occupants' injuries. 
 
Lastly, tertiary accident analysis (post-accident) 
consists of optimizing the intervention of the 
emergency services after an accident - locating, taking 
care of the victims, information about the vehicle 
involved – to prevent the injuries of the victims 
becoming worse. 

 
Secondary and tertiary accident analysis is based on 
studies carried out on selected accidents resulting in 
physical injury, following the general methodology 
used by the LAB for many years. The studies are 
carried out across the country on accidents selected for 
their value in terms of the development of safety 
systems. The following characteristics are selected: 

• vehicles fitted with the latest passive and active 
safety equipment. 

• cars carrying children. 
 
These studies are carried out after accidents and 
selected from monthly files of traffic accidents 
supplied by the national police force: Traffic Accident 
Analysis Report or BAAC. 
 
Initially, accidents are followed up by telephone, 
enabling researchers to identify accurately the vehicles 
involved and locate them at vehicle recovery and 
garage premises. 
 
For each case the researchers must: 
 

• obtain from the police all the information 
required to understand the accident: identity 
of the victims, diagram of the accident, 
location, weather conditions, environment, 
witness statements, photos taken at the time 
of the accident, etc. 

• inspect the vehicles involved: take 
measurements of the deformation of impact 
zones and the passenger compartment; 
photograph the interior and exterior of the 
vehicle and details of zones struck by the 
occupants. Lastly, examine carefully restraint 
equipment such as seat belts, airbags and 
pretensioners.  

• obtain medical reports on victims from 
hospitals: identification of each injury and its 
exact location, duration of hospitalization and 
time off work, etc. 

 
These accident studies are then used to compile full 
accident files containing: 
 

• summary of the information from the BAAC 
with the circumstances of the accident. 

• vehicle data sheet and personal information 
sheet for each occupant. 

• medical records with AIS levels. 
• vehicle damage files with tables of 

measurements (EES, VR, DV, vehicle 
weight, extent of damage, intrusion, etc.). 

• diagrams of the scene. 
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• comments on the accident and the structural 
behaviour of the vehicles. 

• relevant photos with comments. 
 
Three studies of accidents that occurred in rural areas 
at night, involving lone vehicles, illustrate the points 
noted above: 
 
Example 1: at approximately 2 o'clock in the morning, 
the 47-year-old driver of the vehicle concerned loses 
control of his car on a left-hand bend on a narrow 
country road. The car leaves the road at low speed and 
slides down the bank (photos 1 and 2). It rolls over and 
ends up on its roof. The driver, shaken but not injured, 
very drunk, unfastens his safety belt with difficulty, 
falls onto the roof of his vehicle and goes to sleep 
waiting for the new day to dawn. It is the middle of 
winter and the temperature is -2°C. The driver of the 
vehicle spends the whole night in this position and is 
only discovered the next day around 11:30 a.m. in a 
state of hypothermia (body temperature 27°). 
 

Photo 1. 
 

 
 

 
Photo 2. 

 

 
 
The driver died due to being exposed to a temperature 
lower than -2 degrees for more than 10 hours. 
 

Example 2: During the night, for some unkown reason, 
a young man aged 22 goes off the road on a motorway. 
The weather is very cold (-9°C). The vehicle goes out 
of control, leaves the road on the right-hand side, 
jumps the embankment and goes down nearly 2.5 
metres. It rolls over once or twice in the ditch, breaks 
the wire fence and comes to rest on top of it, on its 
wheels. The point where the vehicle fell is not visible 
from the roadway (photos 3 and 4). 
 
The car is found by the emergency services in the 
morning around 8:15. The young man is curled up on 
his right side, on the driver's seat placed in the fully 
reclined position. In addition, he seems to have 
suffered from the night frost. His clothes bag, found 
the other side of the fence, suggests that the driver got 
out of his vehicle, then returned to it to take shelter 
and lie down. 
 
According to the emergency services, the driver died a 
few hours after the accident. According to the autopsy, 
death appears to have been due to a haemorrhage in 
the pubic region and a fractured pelvis. Other injuries 
were observed such as a gash on the left temple, 
suggesting a head injury and a wound at the base of 
the neck on the left side. 
 
Let us add finally that his mobile phone was found at 
the first point of impact, still in working order. 
 
 

Photo 3. 
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Photo 4. 
 

 
 
 
 
SETTING UP A SPECIAL STUDY 
 
In this new context of the deployment of an automatic 
emergency call system, the LAB has set up a study to 
obtain experimental results about the system's 
operation and effectiveness and the feelings of people 
cared for by this means. This makes it possible to 
calculate the time saved in getting the emergency 
services to the scene and check the operation of the 
telecommunications systems and systems for locating 
the accident. It also provides realistic information 
about the perceptions of those involved. A special 
questionnaire [Appendix (1)] has been created for this 
study. It contains a score of very specific questions.  
The questions are in 3 sections: 

• an accident analysis section to give details of 
the circumstances of the accident, place, time, 
number of occupants, injuries, how long the 
emergency services took to arrive, etc. 

• a technical section to give information about 
how the system operated at the time of the 
accident, the communication between the 
people involved and the emergency centre, 
the telephone company used, etc. 

• a section for the user/person involved to 
provide feedback.  

 
 
 
 

First experimental results 
 
In France between January 2004 and the middle of 
2006, 270 automatic emergency calls were recorded. 
In the first few years of the system's operation, 41 calls 
from vehicles fitted with it have been studied in depth. 
As explained above, this study includes not only 
detailed information about the circumstances of the 
accident, but also accurate assessments of occupants' 
injuries and expert reports on the vehicles involved. 
 
The first results, presented here, show that, by 
accurately locating the site of the accident, the system 
enables the emergency services to reach the scene very 
rapidly. The combination of GPS and the quality of 
current road maps is an essential tool. Another 
important point is that the emergency services can 
obtain the details of the vehicles on which they will 
have to work (type of vehicle and colour, type of fuel, 
vehicle configuration, etc.). Lastly, future development 
of the system should make it possible to assess the 
violence of the accident, the type of impact and the 
medical attention required. In addition this system 
reassures the victims and spares them additional stress, 
which is already very severe after the shock of the 
accident. Within a few seconds of the collision they 
know they are being taken care of and that the 
emergency services will be able to reach them very 
soon. 
 
Examples of accidents 
 
Several very different cases of cars fitted with an 
emergency call system are here presented:  
 
The first sample accident, summarized in table 2, 
happened in Austria, on a minor mountain road 
covered with snow (photos 5 and 6). It well illustrates 
the value of the automatic emergency call system and 
how useful it is for the emergency services. 
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Table 2. 

 

Place 
In Austria, on a minor 
mountain road covered with 
snow. 

Time Daytime. 

Circumstances 

The vehicle concerned skids 
at low speed on a sloping 
bend, then leaves the road and 
falls down the bank. It ends 
up on its roof, jammed against 
a rock. 

Driver 
Man aged 50, wearing seat 
belt. 

Front Passenger 
Girl aged 13, wearing seat 
belt. 

Rear Passenger 
Woman aged 51, not wearing 
seat belt. 

Help Given 

Emergency call activated 
automatically. Emergency 
services arrived within ½ 
hour. Took care of both 
accidents. 

Injuries 
Rear passenger injured with 
fractured collarbone.  

 
This case is all the more interesting because a second 
accident happened a few minutes later. Another driver 
arrives at the same bend and also loses control of his 
vehicle, which leaves the road and after flying through 
the air more than 15 m lands on its 4 wheels at the 
bottom of the bank a few metres from the first car. 
Injuries are slight and only the front passenger suffers 
compression of the lumbar vertebrae. 
 

Photo 5. 
 

 
 

Photo 6. 
 

 
 
 

 
The accident was accurately located, in spite of the 
mountainous area. The emergency services were able 
to reach the scene quickly with suitable equipment for 
the weather conditions and the terrain. In addition, the 
reaction of the driver was excellent. He felt well cared 
for after this automatic call. 
 
The second example, described in table 3, is an 
accident that occurred early in the morning on a 
motorway approximately 300 kilometres [180 miles] 
south of Paris. 
 
The impact was violent (photos 7 and 8). There were 
no witnesses to the accident. Only a farmer, wondering 
what the noise was, came to help the driver. Although 
the driver had difficulty unfastening his seat belt (since 
he was upside down), the emergency call was 
immediately activated automatically. 
 
After a brief conversation with the assistance centre 
and confirmation of the location of the accident, the 
emergency services were alerted. They arrived at the 
scene 10 minutes later. 
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Table 3. 

 

Place 
On a motorway about 300 
kilometres south of Paris. 
 

Time Very early morning. 

Circumstances 

The vehicle arrives at the 
Chalon Sud exit slip road too 
fast and the driver is unable to 
negotiate the rather tight 
bend. The car crosses the 
central reservation, then the 
other carriageway, 
somersaults and ends up on its 
roof in the ditch. 
 

Driver 
Man aged 50, wearing seat 
belt. 

Help Given 

The emergency call was 
immediately activated 
automatically and the 
emergency services arrived at 
the scene within 10 minutes 
after the accident. 
 

Injuries 
Minor injuries: grazes to the 
right hand and neck injury. 
  

 
 

Photo 7. 
 

 
 
 
 
 
 
 
 
 

Photo 8. 
 

 
 

 
The third example, described in table 4, was an 
accident in an urban area. To be specific, it was a 
front/side collision between a motorcycle and a car. 
The impact was very violent. 
 

Table 4. 
 

Place 
Porte d’Orleans, Paris, along 
the ring road near the town of 
Montrouge. 

Time Daytime. 

Circumstances 

A motorcycle with an engine 
capacity of more than 600 cc 
coming from the Porte d’Orleans 
passes a first set of traffic lights at 
green and then the next set of 
traffic lights at red. Seeing that he 
is going to hit the car coming from 
his right, the motorcyclist drops to 
the ground and slides. 
He cannot avoid a collision. 
The motorcycle then strikes the 
car on the lower part of the front 
door and the rider strikes the lower 
part of the rear door and the wing. 
The impact is violent enough to 
trigger the left-hand side airbag 
and both the left-hand side 
windows explode in fragments. 

Driver Man, wearing seat belt. 

Help Given 
Emergency call activated 
immediately. 

Injuries 
Car driver received small cuts 
to hands and thumb.  
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The intrusion of the motorcycle into the left-hand front 
door of the vehicle is approximately 10 cm and the 
impact is strong enough to trigger the left-hand side 
and curtain airbags. The emergency call is activated 
immediately. The driver tries to open his door but it is 
jammed due to the collision and he receives the call 
from the assistance call centre. He describes the 
situation and confirms to the assistance call centre that 
the emergency services are needed. Several witnesses 
are present when the accident happens. 
  
The driver was very pleased to have this device in his 
vehicle and being taken care of by the emergency 
services made him feel "safer". 
 
The fourth example is described in table 5. This 
accident happened in a rural area, involving a car 
(photos 9 and 10) and a heavy construction vehicle. 
Once again, the driver of the people carrier was not 
seriously injured.  
 

Table 5. 
 

Place 
On a straight stretch of minor 
road. 

Time Daytime. 

Circumstances 

Catches up with a civil 
engineering tractor and 
overtakes it. As the MPV 
driver comes alongside, the 
tractor driver suddenly turns 
left, blocking his path. The 
vehicle is struck on its right-
hand front and then thrown to 
the left, ending up in the 
ditch. 

Driver 
Man aged 63, wearing seat 
belt. 

Help Given 

Emergency call activated 
automatically. Emergency 
services arrived within a 
quarter of an hour. 
Fire brigade took charge 
immediately. The driver left 
hospital 6 hours after the 
accident.  

Injuries 
Minor injuries. 
  

 
 
 
 

 
Photo 9. 

 

 
 

Photo 10. 
 

 
 
 
The 5th example is a classic case, because the accident 
occurred on a country road in the middle of the night 
with a single car involved. In this case, while the 2 
passengers in the vehicle are unconscious due to the 
impact, the voice of the emergency call centre operator 
wakes the driver from his blackout. The driver answers 
and confirms to the emergency call centre the need of 
assistance (table 6). 
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Table 6. 

 

Place 
On a minor road, at the exit 
from a roundabout. 

Time At night. 

Circumstances 

Accident in a rural area, 90 
km/h (55 mph). Road with 2 
single lanes. The 407 goes out 
of control at a roundabout, 
crosses the opposite lane, hits 
the kerb, then the bank, and rolls 
for a distance of about twenty 
metres.   

Driver Man aged 21, wearing seat belt. 

Front Passenger Man aged 21, wearing seat belt. 

Help Given 
Emergency call activated 
automatically. 

Injuries 

Driver: minor head injuries. 
Front passenger: seriously 
injured. Total injuries still 
unknown: fractured skull or 
neck? 

 
 

Photo (11) 
 

 
 
 
The impact was extremely violent (photos 11, 12 and 
13) resulted in the partial ejection of the passenger's 
head through the right-hand side window, causing 
serious injuries to his skull. 
 
It is absolutely certain that the rapid arrival of the 
emergency services saved the passenger's head injuries 
from getting worse. 

 
 

Photo 12. 
 

 
 

Photo (13) 
 

 
 
In the 6th example, the circumstances are very 
interesting because they demonstrate that the 
communication with the emergency call centre 
operator can come from a third party (for example a 
witness to the accident) and can be established from 
outside the vehicle (table 7). In this case, driving along 
a straight forest road, the left-hand front of the vehicle 
strikes a wild boar crossing the road. The impact is 
very slight because the dent in the car is only 12 cm 
with 10% of the front panel making contact (photos 14 
and 15). No airbag is triggered. Only the seat belt 
pretensioners are activated, pressing the driver back in 
his seat to prepare him for a potentially more violent 
impact. However, the driver is in shock due to the 
minor impact and cannot answer the call of the 
emergency centre operator. Therefore, the lady driver 
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of the car behind, who also witnessed the accident, 
answers the operator and takes over the conversation. 

Table 7. 
 

Place 
On a straight stretch of minor 
road. 

Time Daytime. 

Circumstances 

The left-hand front of the 407 
strikes a wild boar weighing 
about 45 kg. The driver says he 
was travelling at approximately 
85 km/h (50 mph). Only the 2 
front seat pyrotechnic 
pretensioners are triggered. 

Driver 
Man aged 43, 1.82 m, 90 kg, 
wearing seat belt. 

Help Given 

Emergency call activated 
automatically. Emergency 
services arrived within a quarter 
of an hour. Fire brigade took 
charge immediately. The driver 
left hospital 6 hours after the 
accident.  

Injuries 
Neck injuries (pain, stiff back) 
and thoracic contusions near the 
sternum. 

 
Photo 14. 

 

 
 

Photo 15. 
 

 
Initial Technical Accident Analysis Conclusions 
 
The following section gives a statistical overview of 
all the cases handled with Emergency Call. Note that 
in addition to the 41 cases of accidents dealt with in 
depth, 4 accident cases were handled without an 
Emergency Call. These accidents involved vehicles 
fitted with the system but where no call was made 
because there was no SIM card inserted in the terminal 
and therefore no communication established 
automatically with the emergency call centre. 
 
Overall, for the cases studied, the degree of 
seriousness of the accidents was low. Only 1 fatal 
accident was recorded (killed in the vehicle that was 
struck) and 1 serious accident with only one person 
involved, at night in a rural area (see case described 
earlier).  
 
The studies of these accidents already highlight some 
major statistical trends. First of all, table 8 shows the 
distribution between urban and rural areas for the 
accidents studied. 
 

Table 8. 
 

 urban area rural area 

Accident zone 51% 49% 

 
 
Note that the distribution is almost the same as the 
distribution obtained from the national file. 
 
If we identify more precisely the type of road on 
which the accidents occurred, we obtain the 
distribution in table 9. 
 
 

Table 9. 
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Road system on which the 

accident occurred 

Motorway 10% 

Main Road 5% 

Minor Road 36% 

Urban Area 49% 

 
Note that 34% of people involved were alone at the 
time, but in 81% of cases, there were witnesses in the 
accident zone. 
 
As far as the technical aspect of the emergency call 
system is concerned, in 100% of cases where those 
involved heard the call, the sound level of the system 
was loud enough and the people were able to answer, 
they were heard and there was no break in the 
telephone link. The telephone messages have always 
passed correctly whether French companies are used 
or foreign ones as in the case of the accident in 
Austria, which shows the strength of the SMS + voice 
solution. It appears that the area coverage is correct for 
the geographic locations of the accidents. In addition, 
although in some accidents the vehicle turned over and 
the roof aerial was torn off, no interruption in 
telephone communication was observed when 
establishing communication between the person 
involved and the assistance call centre.  
 
Table 10 lists the services involved after an accident. 
Note that in the majority of cases, the fire brigade and 
the police (very often both) went to the scene of the 
accident. Note also that nearly 11.5% of people 
concerned either did not call for any outside help or at 
most asked for their vehicle to be towed to a garage. 

 
Table 10. 

 

 Involved after an accident 

Fire Brigade 29% 

Ambulance 2% 

Police 40.5% 

Towing 5.5% 

None 6% 

Unknown 17% 

 
 
For 21% of people involved, they estimated the 
average time between the impact and the call was less 
than 30 seconds and 34% estimated it was between 30 
seconds and 1 minute. Figure 5 shows the total 
distribution. 
 
 

Figure 5. 
 

 
 
If we move on to the average time for the emergency 
services to arrive as estimated by those involved, in 
31% of cases it was between 5 and 10 minutes, and in 
16% of cases between 10 and 20 minutes (figure 6). 
 

Figure 6. 
 

 
 
Lastly, it is important to mention that the feedback 
from those involved about the way the IMA took care 

Estimated time between impact and call (%) 
 

 30 secs - 
1 min: 37.5

1 - 2 min: 12.5 

 

 2 - 3 min: 2.5 
 

>3 min: 0.0

unknown: 27.5 
<30 secs: 20.0

<30 secs
 30 secs - 1 min 
 1 - 2 min 
 2 - 3 min 
>3 min 
unknown 

Estimated time between call and arrival of help (%) 
 

<5 min: 10.0 

 5 - 10 min: 
32.5 

20 - 30 min: 
7.5 

>30 min: 5.0 

Called for help 
again: 2.5 

unknown: 27.5 

 10 - 20 min: 
15.0

<5 min 
 5 - 10 min 
 10 - 20 min 
 20 - 30 min 
>30 min 
Called for help again

unknown 
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of them was extremely positive in more than 85% of 
cases: listening, availability, presence, efficiency. Only 
5 accident victims felt that the system did not help 
them at all in their case, either because the accident 
was too minor or because there were enough witnesses 
around to reassure them and alert the emergency 
services.  
 
OUTLOOK AND CONCLUSIONS 
 
The LAB estimates that it can complete a detailed 
study of about twenty emergency call cases per year 
on average. All these cases improve this new tertiary 
accident analysis database and thus it is hoped to have 
a statistically representative database available soon. 
This will then enable us to calculate more accurately 
how many lives such a system could save [ref. Clark12] 
[ref. Pieske11]. 
 
By the end of October 2006, the service was 
operational in 9 European countries and more than 
300,000 vehicles fitted with it have been sold in these 
countries. It now represents an additional weapon in 
the fight against road deaths and injuries, in particular 
for accidents at night in rural areas involving a single 
vehicle. As we have seen in a case described above, it 
is in these circumstances that the implementation of 
this system is expected to have the greatest benefits. 
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APPENDIX 1: EMERGENCY CALL QUESTIONNAIRE 
 

Did you know that your vehicle was fitted with an emergency call system? Yes � No � 

Did you insert a SIM card into the telematic terminal yourself? Yes � No � 

Which company do you use? Orange � Bouygues � SFR � Other __________________ 

Which type of SIM card do you use?                  Subscription 
         Pre-paid 
         Dual 

 
 
Mother � 

� 
� 
Daughter � 

Did you try to use the emergency call during your accident (pressing the SOS button manually)? Yes � No � 

Did someone call you in your vehicle shortly after the accident? Yes � No � 

Do you know which TELECOM company took care of you? Yes � No � 

 If so, company name _______________________ 

Did you hear the words, "Hello, this is Peugeot/Citroën Emergency"? Yes � No � 

Could you hear the message clearly? Yes � No � 

Were you able to answer? Yes � No � 

Were you heard? Yes � No � 

Was there any breakdown in the telephone connection? Yes � No � 

If so, did someone make contact with you again a few seconds after contact was lost? Yes � No � 

Did you feel you were being taken care of during the telephone contact? Yes � No � 

Did the time elapsed, between the initial accident impact and the telephone contact, seem long or short? Short � Long � 

Can you estimate the length of time? Yes � No � 

 Time ___________________  

Did you leave the vehicle immediately after the accident? Yes � No � 

If so, can you estimate how much time later? ____________________________________________________________________ 

Did you remember to remove the SIM card inserted in your telematic terminal after the accident? Yes � No � 

 If so, when? _________________________________ 

Were there any witnesses to the accident nearby (homes, open countryside, etc.)? Yes � No � 

Other details / 2nd call:  ______________________________________________________________________________  

Estimated time taken for emergency services to arrive: ____________________________________________________________ 
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ABSTRACT 

Analyses were performed to quantify the conditions 
under which the knee is loaded in frontal motor-
vehicle crashes and to thereby provide insight on the 
test conditions that should be used in future studies of 
the tolerance of the knee to loading of its anterior 
surface.  These analyses estimated knee angle and the 
orientation of the femur relative to the knee bolster 
during bolster loading, the area of knee over which 
knee bolster contact loads are distributed, and knee 
loading rate.  The postures of the lower extremities of 
18 male and 18 female occupants relative to the knee 
bolster in three vehicles were used with a 2D 
kinematic model of the lower extremities to estimate 
occupant knee angle and the angle between the long 
axis of the femur and the plane of the knee bolster at 
initial knee contact and after 100 mm of bolster 
stroke.  At knee contact, the average knee angle was 
92û ± 13û (mean ± sd) and average bolster-to-femur 
angle was 67û± 6û.  After 100 mm of bolster stroke 
knee angle was reduced to 75û ± 11û and bolster-to-
femur angle was 65û ± 5û.  Bolster-to-knee contact 
areas produced by a single set of cadaver knees 
impacting four driver knee bolsters selected for their 
widely varying force-deflection characteristics 
resulted in forces being distributed over the majority 
of the anterior surface of the patella.  Analysis of 
femur force histories in FMVSS 208 and NCAP tests 
indicated that median femur loading rate was 
approximately 250 N /ms and 90% of femur loading 
rates were below 1 kN/ms.  These values are only 
rough estimates of knee loading rates, since 
contributions of axial and shear forces transmitted 
through the knee to axial femur force are not 
quantified in FMVSS 208 and NCAP tests. 

 

INTRODUCTION 

A research program is underway at the University of 
Michigan Transportation Research Institute to 
develop new injury criteria and injury assessment 
reference values (IARVs) for the knee-thigh-hip 
(KTH) complex.  A recent focus of this effort is to 
better understand the injury tolerance of the anterior 
surface of the flexed knee to knee-bolster loading.   
 
Studies in the biomechanical literature have 
demonstrated that the stiffness of the surface loading 
of the knee can have a large effect on knee fracture 
tolerance.  However, none of stiffnessess of the 
surfaces used to load the knees in these studies have 
been related to the stiffness of production knee 
bolsters.  Atkinson et al. (1997) analyzed knee-thigh-
hip injury patterns produced by knee impacts from 
tests in which the flexed knees of seated cadavers 
were dynamically loaded with flat-faced rigid and 
padded impactors  (Patrick et al. 1967, Powell et al. 
1975, Melvin et al. 1975, and Stalnaker and Viano 
1980) and found that rigid impacts are associated 
with a greater proportion of knee fractures than 
padded impacts. 
 
Atkinson et al. also reported on a series of 
biomechanical tests that further demonstrates that the 
compliance of the surface impacting the knee can 
affect knee tolerance.   In these tests, pairs of knees 
from unembalmed cadavers were dynamically loaded 
in a 90û-flexed posture, such that one knee was 
impacted with a rigid surface and the contralateral 
knee was impacted with an energy-absorbing surface.  
Tests that used a rigid impactor applied a focal load 
to the knee and produced fractures of the patella or of 
the patella and femoral condyles at an average force 
of 5 kN.  In contrast, tests that used an energy-
absorbing impactor distributed impact forces over the 
entire anterior surface of the patella and did not 
produce any injuries, even though peak knee impact 
forces were approximately 20% higher than those 
from the corresponding rigid impacts.   Despite the 
strong association between knee tolerance and the 
manner in which force was distributed over the 
anterior knee surface, the stiffnesses and knee contact 
areas produced by the energy-absorbing knee 
impactors were not compared to those of the surfaces 
being loaded by driver knees in frontal crashes. 
 
Studies in the biomechanical literature have also 
hypothesized that knee angle affects knee fracture 
pattern because changes in knee angle alter the 
position of the patella on the femoral condyles (Haut 



1989, Atkinson et al. 1997).  A more flexed knee 
results in a patella that is located between the femoral 
condyles, which is thought to be associated with a 
greater likelihood of split condylar fractures and the 
surpacondylar fractures that result from split condylar 
fractures.  Conversely, a more extended knee is 
associated with a patellar position that is above the 
femoral condyles and is therefore thought to be less 
likely to split the femoral condyles and more likely to 
result in fracture of the patella.  If these hypotheses 
are correct, and changes in knee angle are associated 
with changes in injury pattern, then changes in knee 
angle may also be associated with differences in knee 
tolerance.  
 
Another limitation of knee tolerance data in the 
biomechanical literature is that all of these data were 
collected in tests in which the knee is loaded by flat 
surfaces that are perpendicular to the long axis of the 
femur.  In real-world frontal crashes, it is likely that 
variability in occupant posture, coupled with the 
initial angle of the knee bolster, results in knee 
loading that is not perpendicular to the long axis of 
the femur.  If the knee bolster is angled relative to the 
long axis of the femur, the patella will be forced 
downward relative to the femoral condyles during 
knee bolster loading, which may affect knee fracture 
pattern and knee tolerance. 
 
The current study was performed to provide a 
foundation for future knee tolerance research by 
defining the ranges over which test parameters should 
be varied.  Data on occupant posture, position, and 
vehicle interior geometry were analyzed to estimate 
the ranges of knee angles and the orientation of the 
knee bolster relative to the long axis of the femur 
during bolster loading in frontal crashes.  Cadaver 
knees were impacted by knee bolsters from 
production vehicles to estimate how load is 
distributed over the anterior surface of the knee.  
Loading rates and peak femur forces from FMVSS 
208 and NCAP tests were analyzed to provide rough 
estimates of knee loading rate and peak force applied 
to the knee in severe full-frontal crashes.   
 
METHODS 

Knee and Knee-Bolster-to-Femur Angles 

Variations in knee angle and the angle of the knee 
bolster relative to the long axis of the femur during 
frontal crashes were estimated using occupant 
anthropometry, posture, position, and vehicle interior 
package geometry collected as part of an unpublished 
previous study at UMTRI in which the seated 
postures and positions of 18 male and 18 female 
subjects were recording following normal driving in 

three vehicles.  These subjects were selected using a 
stature-based criterion so that tall and short drivers 
were oversampled relative to the US population, thus 
allowing a better estimate of the effects of stature on 
driver posture and position.  The three vehicles used 
in this study were selected because they varied in seat 
height (H30) and included a midsize sedan (2002 
Pontiac Grand Am), a large sedan (2000 Ford 
Taurus), and a minivan (2001 Dodge Caravan).  
Figure 2 illustrates the relevant driver lower-
extremity posture data that were collected.  These 
data include the locations of the left lateral malleolus, 
lateral femoral condyle, greater trochanter, and 
suprapatellar landmark.   
 
 

 

Figure 2.  Skeletal landmarks collected in UMTRI 
studies to define the posture of the driver�s lower 
extermities. 

 
A simple 2D model of the right side of the lower 
extremities was generated for each occupant in each 
vehicle package using the points illustrated in Figure 
2.  This model was used to predict knee angle and 
bolster-to-femur angle at the time of knee bolster 
contact by translating the hip forward horizontally 
while constraining the leg to rotate about an ankle 
joint (i.e., the lateral malleolus) that was fixed with 
respect to the vehicle interior until the suprapatellar 
landmark intersected the plane of the knee bolster.  
Figure 3 illustrates this posture and defines knee 
angle and bolster-to-femur angle.  These angles were 
also calculated after 100 mm of knee bolster stroke, 
which was simulated by moving the knee bolster 
away from the occupant�s knees by 100 mm and 
repeating the procedure used to determine knee and 
bolster-to-femur angles at knee bolster contact. 
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Figure 3.  Two-dimensional linkage model of 
occupant�s knee, thigh, leg, and ankle at the time of 
knee bolster contact illustrating knee and knee-
bolster-to-femur angles.   

 
Because the subjects in the driver posture study 
included a greater proportion of tall men and short 
women than would be expected in a typical driver 
population, it was necessary to reweight the 
predictions of the kinematic model to appropriately 
estimate the tail percentiles of the expected 
distributions of model predicted posture variables.  
The procedure used to do this is similar to the method 
reported by Flannagan et al. (1998) for analyzing data 
from stratified samples.  In brief, linear regression 
functions are computed to predict the relationship 
between stature and posture variables (i.e., knee 
angle and bolster-to-femur angle) for each gender and 
each vehicle.  If a meaningful relationship between a 
posture variable and stature exists, the distributions 
of knee angle and bolster-to-femur angles can be 
estimated by convolving the single-gender stature 
distribution by the linear regression model and 
adding the normally distributed residual variance 
from the regression.  Percentiles of bolster-to-femur 
angle for each vehicle were calculated by combining 
the two single-gender normal distributions.  If there is 
not a relationship between a posture variable and 
stature, tail percentiles can be estimated from the 
model-predicted distributions of the posture variable. 
 
 
Knee contact area  

Knee specimens from a single midsize male 
unembalmed cadaver were obtained by sectioning the 
lower extremities of a single midsize male cadaver 
slightly distal of the midshaft of the femur.  These 
specimens were impacted by driver-side instrument 
panel/knee bolster (IP/KB) assemblies from four 
production vehicles to collect data on the area of the 

knee surface loaded by the knee bolster in a frontal 
crash.  Instrument panel/knee bolster assemblies were 
obtained from the vehicles listed in Table 1.  These 
vehicles were selected because knee bolster force-
deflection data from an earlier series of IP/KB tests 
(available at www-nrd.nhtsa.dot.gov, test numbers 
8278-8291) indicate that knee bolsters from these 
vehicles should have a wide range of force-deflection 
characteristics and are therefore likely to produce a 
wide range of knee contact areas.  Also, loading rates 
and peak femur forces from FMVSS 208 tests of the 
vehicles listed in Table 1 span over 90% of the 
variance in peak femur force and loading in FMVSS 
208 testing, which further suggests that knee contact 
areas and force-deflection characteristics of these 
knee bolsters should vary widely.  
 

Table 1. Vehicle Knee Bolsters Tested 
Test ID Make Model 

NKB0612D Ford 1998 Explorer 
NKB0613D Ford 2000 Focus 
NKB0614D Ford 2003 Escape 
NKB0615D Ford 2001 Taurus 

 
Figure 4 illustrates the test apparatus and Figure 5 
provides more detail on the knee mounting hardware 
and instrumentation.  Prior to testing, each IP was cut 
approximately in half.  The driver side of each IP was 
then rigidly attached to a linearly translating sled 
using rigid brackets that were connected to structures 
supporting the IP (most commonly the cross-car 
beam) and bolted to the sled.  Mounting the IP in this 
manner ensured that the knee bolster and its 
supporting hardware were intact and thereby ensured 
that the structural characteristics of the knee bolster 
were not affected by removal of the passenger side of 
the IP.  
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Figure 4.  Side view of test apparatus. 
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Figure 5.  Top view of knee-mounting scheme. 

 
The knee specimens used in these tests were obtained 
by sectioning the femurs of a single midsize male 
cadaver at midshaft and potting the truncated ends 
with room-temperature-curing epoxy.  As shown in 
Figure 5, the potted ends of the femurs were rigidly 
secured to load cells that were attached to a support 
post.  Both femurs were mounted so that the anterior 
surfaces of the knees were the same distance forward 
of the support post.  The feet were supported from 
below by a platform and secured by clamping the 
ankles to a support positioned immediately behind 
each heel.  For each test, approximately 600 N of 
tension was applied to each quadriceps tendon along 
its typical line of action by specialized clamps that 
were connected to a pneumatic cylinder by means of 
steel cables that were routed through holes drilled 
through the potting compound. 
 
All tests were performed with a knee angle of 
approximately 90û and with the knee bolster oriented 
to produce a bolster-to-femur angle of approximately 
65û, which are the approximate average values for 
these quantities based on the simulations described in 
the previous section.  For each test, the lateral space 
between the knees was set to achieve the knee-bolster 
contact locations observed in FMVSS 208 tests of 
vehicles that were similar to those from which the 
knee bolster being tested was obtained. 
 
Contact area was measured by layers of medium (10-
50 MPa) and low (2.5-10 MPa) pressure-sensitive 
Fuji prescale film that were attached to the knee 
bolster surface.  Due to the irregular shapes of the 
knee bolsters, sheets of prescale film were cut and 
shaped to follow the contour of the bolster.  This also 
limited the artifacts caused by creases in the film. 
 
To conduct a test, the knee bolster was pneumatically 
accelerated to a velocity of approximately 1.5 m/s 
prior to contact with the stationary knee/leg 

specimens.  This impact velocity and the ~300 kg 
platform mass were selected to produce an impact 
energy of 350 J, which was found to produce femur 
loading rates and peak forces similar to those 
measured in FMVSS 207 tests of the vehicles listed 
in Table 1 when KB/IP assemblies from these 
vehicles were loaded by Hybrid III knees in an earlier 
series of tests (available at www-nrd.nhtsa.dot.gov, 
test numbers 8278-8291).  
 
Force applied to each knee was measured by a six-
axis load cell positioned behind the potted femur.  
The force-deflection characteristics of the knee 
bolster were measured using the average of the left 
and right femur force histories and the displacement 
of the platform following knee contact.  Average 
knee-bolster stiffness was calculated by taking the 
slope of the loading portion of the force-deflection 
curve between the deflection at which force first 
exceeded 15% of its maximum value and the 
deflection at which force last exceeded 85% of peak 
force.  Average knee-bolster loading rate was 
calculated from the loading portion of the average 
force history in a similar manner.  Each knee bolster 
was only tested once and the knees of the test 
specimen were palpated between tests to ensure that 
gross knee fracture had not occurred.   
 
 
FMVSS 208 and NCAP Analysis 

Femur force histories from FMVSS 208 and NCAP 
tests conducted between 1998 and 2004 from the 
NHTSA vehicle database were analyzed to 
characterize peak femur force and loading rate.  A 
total of 1548 femur force histories from driver and 
right-front-seat passenger ATDs in 387 frontal 
impacts were analyzed.  Loading rates were 
calculated by taking the slope of the loading portion 
of the force histories from the time the force first 
exceeds 15% of its peak value to the time the force 
last exceeds 85% of its peak.  Table 2 describes the 
deltaVs, test types, and belt use in these crashes.  
Eighty of the eighty-nine FMVSS 208 tests were 
performed using unbelted ATDs and either a 48-kph 
soft pulse sled test (60/89) or a 40-kph barrier impact 
(20/89).  The remaining nine tests were performed 
using belted occupants in the same test types.  All 
298 NCAP tests were performed using a 56-kph 
barrier impact with belted driver and right-front 
passenger ATDs.



Table 2. Characteristics of 1998-2004 FMVSS 208 
and NCAP Frontal Impacts in the NHTSA Database 

Test 
Category 

Test 
Type 

Nominal 
DeltaV 
(kph) 

Belted/ 
Unbelted 

# of 
Tests 

Unbelted 20 
40 

Belted 1 
Unbelted 1 

Barrier 
48 

Belted 6 

FMVSS 
208 

Sled 48 Unbelted 60 
NCAP Barrier 56 Belted 298 

 
 
RESULTS 

Knee and Knee-Bolster-to-Femur Angles 

The average knee angles calculated for the 36 driver 
test subjects are listed in Table 3 for each of the three 
vehicles.  Figures 6 and 7 show that occupant stature 
has no effect on knee angle at the time of bolster 
contact or after 100 mm of bolster stroke for all three 
vehicles.  Because knee angle is not related to stature, 
it is not necessary to account for the effects of the 
over representation of tall men and short women in 
the subject population from which posture data were 
obtained.   
 
Knee angle data were approximately normally 
distributed.  Mean knee angle at contact was 92û±13û 
(mean±sd) across vehicles, which is an average of 
29û less than the starting knee angle.  After 100 mm 
of simulated bolster stroke, knee angle was reduced 
by an average of 17û to a mean of 75û±11û, 
suggesting that most knee bolster loading occurs at 
knee angles that are less than 90û.  The 5th and 95th 
percentile knee angles are 67û and 116û at bolster 
contact and 54û and 96û after 100 mm of bolster 
stroke.  
 
Table 4 lists the knee-bolster-to-femur angles 
predicted by the simulations.  At the time of knee-to-
knee-bolster contact, the mean angle between the 
femur and the knee bolster surface is approximately 
65û.   This angle changed by an average of only 2û 
after 100 mm of simulated bolster stroke. 
 
Figures 8 and 9 show a meaningful relationship 
between stature and bolster-to-femur angle at initial 
knee contact and after 100 mm of simulated bolster 
stroke, with short statured occupants having smaller 
bolster-to-femur angles and taller occupants having 
bolster-to-femur angles that were closer to 90û.  This 
trend probably occurred because short occupants 
have shorter legs and therefore start with a smaller 
bolster-to-femur angle.  

After accounting for the effects of the sampling 
scheme used in the UMTRI study from which posture 
data were obtained, mean bolster-to-femur angle at 
knee contact was 65û±5û and the 5th and 95th 
percentile bolster-to-femur angles were 56û and 74û, 
respectively.  After 100 mm of bolster stroke, bolster-
to-femur angle did not change substantially.  Mean 
bolster-to-femur angle was 67û±6û and the 5th and 
95th percentile bolster-to-femur angles after 100 mm 
of bolster stroke were 57û and 77û, respectively. 
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Figure 6.  Knee angle at bolster contact versus 
occupant stature for the Caravan, Grand Am, and 
Taurus.  Percentiles are from the combined data from 
all vehicles and occupants. 
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Figure 7.  Knee angle after 100 mm of bolster stroke 
versus occupant stature for the Caravan, Grand Am, 
and Taurus. Percentiles are from the combined data 
from all vehicles and occupants. 
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Figure 8.  Bolster-to-femur angle at bolster contact to 
occupant stature for the Caravan, Grand Am and 
Taurus. Percentiles are from the combined data from 
all vehicles and occupants. 
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Figure 9.  Bolster-to-femur angle after 100 mm of 
bolster stroke to occupant stature for the Caravan, 
Grand Am and Taurus. Percentiles are from the 
combined data from all vehicles and occupants. 

 
Table 3. Mean Calculated Knee Angles 

Vehicle Initial Posture 
(degrees) 

Bolster 
Contact 

(degrees) 

100 mm of 
Bolster 
Stroke 

(degrees) 

Change to 
Bolster Contact 

(degrees) 

Change at 100 mm of 
Bolster Stroke 

(degrees) 

Caravan 118 82 68 -36 -15 
Grand Am 127 99 81 -27 -18 

Taurus 119 94 76 -25 -18 
All 121 92 75 -29 -17 

 
 

Table 4. Mean Calculated Bolster-to-Femur Angles 

Vehicle Initial 
Posture 

(degrees) 

Bolster 
Contact 

(degrees) 

100 mm of 
Bolster Stroke 

(degrees) 

Change to 
Bolster Contact  

(degrees) 

Change at 100 mm of 
Bolster Stroke 

(degrees) 
Caravan 63 67 67 4 0 

Grand Am 57 63 67 6 3 
Taurus 58 63 66 5 3 

All 59 65 67 5 2 
 
 
Knee Contact Area 

Autopsy of the cadaver knees following the 
completion of all tests indicated that loading of the 
single pair of cadaver knees applied by all four of the 
knee bolsters did not produce any injuries. Table 5 
summarizes results from each test.  Peak force 
measured behind each knee ranged from 2.7 kN to 
4.5 kN.  Although both knees contacted the knee 
bolster at the same time in all four tests, peak forces 
applied to the left and right knees varied, suggesting 
that the force-deflection characteristics of the left and 
right sides of the knee bolster differ.  The average 
knee penetration into the knee bolster varied from 79 

mm to 94 mm.  Knee bolster stiffness varied from 30 
to 114 N/mm.  In all tests, applied force peaked 
before maximum platform displacement, indicating 
bolster stiffness decreases after some amount of 
bolster deformation. 
 
Figure 10 shows side-view high-speed video images 
of the left and right sides of the knee bolster at the 
times of knee contact and peak force for the Explorer, 
Focus, Escape, and Taurus knee bolsters.  Figure 11 
shows the contact areas measured by the low-
pressure Fuji Film relative to the patella and femoral 
condyles from the single cadaver knee that was 
tested.  These data provide insight on how the knee 

50th %ile 

95th %ile 

5th %ile 

50th %ile 

95th %ile 

5th %ile 



bolsters deformed.  The images from tests of the 
Explorer, Focus and Escape in Figure 10 show the 
bolster wrapping around the knee.  The Fuji films 
from the corresponding tests show contact areas that 
are distributed over the entire surface of the patella.  
The images of the Taurus knee bolster shown in 
Figure 10 and the contact areas for the Taurus shown 
in Figure 11 (which only covers part of the patellar 
surface and one femoral condyle) indicate that the 
Taurus bolster did not fold around the knees, but 
instead the forward surface of the bolster displaced 
rearward as a unit.  
 

Table 5. Cadaver Knee-to-Knee-Bolster Force and 
Displacement Results 

Model Peak 
Force, 
Left / 
Right 
(kN) 

Penetration 
into Bolster 

(mm) 

Loading 
Rate 

(N/ms) 

Bolster 
Stiffness 
(N/mm) 

Explorer 3.8/4.5 79 200 114 

Focus 2.8/4.3 93 47 30 
Escape 2.7/3.0 94 200 106 
Taurus 3.6/4.2 91 53 38 

 

 

Vehicle Time of Contact Time of Peak Force 

Explorer 

  

Focus 

  

Escape 

  

Taurus 

  
Figure 10.  Images from side-view high-speed video showing deformation of KB/IP assemblies.  
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Ford Focus 

 
Ford Escape 

 
 Ford Taurus 

Figure 11.  Contact areas recorded during tests of Explorer (upper left), Focus (upper right), Escape (lower left),  
and Taurus (lower right). 

 
FMVSS 208 and NCAP Analysis 

Figure 12 shows the combinations of peak 
compressive femur force and femur loading rate 
produced in NCAP and FMVSS 208 tests.  Table 6 
provides quantile values that describe the individual 
distributions of these parameters.  The median peak 
force for NCAP tests is 3.6 kN and the median peak 
force for FMVSS 208 tests is 4.8 kN.   The median 
loading rate for both FMVSS 208 and NCAP tests is 
approximately 250 N/ms and 90% of tests produced 
loading rates that were less than approximately 1 
kN/ms.  In general, NCAP tests produced a greater 
range of peak forces and loading rates than FMVSS 
208 tests.  This is expected since there are a greater 
number of NCAP tests and these tests involve a 
higher deltaV.  In addition, these tests involve belted 
occupants who contact the knee bolster either earlier 
or later in the crash depending on the pre-impact 
knee-to-knee bolster spacing, belt restraint 
characteristics, and the crash pulse. 
 
Although belt use and deltaV varied within the set of 
FMVSS 208 tests that was analyzed, changes in belt 
use and deltaV did not produce meaningful changes 
in loading rates or peak forces because differences 
between vehicles have a greater effect on these 
parameters than the differences between types of 
FMVSS 208 tests.  
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Figure 12.  Combinations of peak force and loading 
rate from FMVSS 208 and NCAP frontal impacts 
conducted between 1998 and 2004.  
 
Figure 12 also shows the peak forces and femur 
loading rates for FMVSS 208 tests in which the 
driver knee bolsters used in the knee contact area 
testing were loaded (i.e., knee bolsters from the 
Escape, Explorer, Focus, and Taurus).  The ranges of 
peak force and femur loading rates produced in this 
subset of force histories were 1.7 kN to 6.2 kN and 
40 N/ms to 1800 N/ms, respectively.  As shown in 
Table 5, these ranges incorporate over 90% of the 
loading rates and peak forces produced in FMVSS 
208 tests, suggesting that the knee bolsters used in 
the knee contact area tests provide a reasonable 
approximation of the range of knee bolsters in 
production vehicles.    



 
Table 6.  Peak Force and Loading Rate Quantiles for NCAP and FMVSS 208  

Femur Force Histories from 1998-2004 
FMVSS 208 (n = 346) NCAP (n = 1202) FMVSS 208 and NCAP 

(n=1548) 

Quantile 
Peak Force 

(N) 
Loading Rate 

(N/ms) 
Peak Force 

(N) 
Loading Rate 

(N/ms) 
Peak Force 

(N) 
Loading Rate 

(N/ms) 
100.0% 8897 3364 10910 5567 10910 5567 

99.5% 8753 3121 9774 3897 9610 3636 
97.5% 7642 1460 7727 2061 7639 1964 
90.0% 6478 824 6152 1107 6277 1027 
75.0% 5741 468 4856 571 5141 538 
50.0% 4793 250 3618 246 3970 249 
25.0% 4030 110 2395 92 2709 98 
10.0% 3298 69 1416 44 1627 51 
2.5% 2251 42 613 26 714 29 
0.5% 1184 28 329 21 346 21 
0.0% 1023 28 171 20 171 20 

 
 
DISCUSSION 

Three types of analyses were conducted to 
characterize the knee loading environment in frontal 
crashes.  These include analyses of driver lower-
extremity postures relative to knee bolsters during 
bolster loading, tests to characterize contact areas 
produced by production driver knee bolsters loading 
cadaver knees, and analysis of FMVSS 208 and 
NCAP data to characterize ranges of peak femur 
forces and loading rates. 
 
Analyses to determine knee angle and bolster-to-
femur angle at knee bolster contact and after 100 mm 
of knee bolster stroke were performed using a 2D 
kinematic model of the lower extremities that was 
generated using positions of skeletal surface 
landmarks relative to vehicle interior components 
measured from 36 drivers in three vehicles.  Because 
the interior geometries of the entire vehicle 
population vary more than those of these three 
vehicles, and because variations in vehicle geometry 
will change preimpact knee-to-knee bolster spacing 
and occupant lower extremity posture, which in turn, 
affect knee angle and bolster-to-femur angle at knee 
contact, the knee angles and bolster-to-femur 
predicted by the 2D kinematic model should be 
considered conservative estimates of the ranges of 
these parameters for the driver/vehicle population. 
 
In addition, in the simulations with the 2D kinematic 
model it was assumed that the position of the ankle 
remains fixed prior to bolster contact.  This 
assumption may not be reasonable for knee-to-knee 
bolster loading in real crashes, where vehicle 
deceleration may cause the foot to move forward or 

toepan intrusion may cause the foot to move 
rearward, thereby making the knee angle either more 
or less acute. 
 
Tests in which the knees of a single cadaver were 
loaded by four driver IP/knee bolster assemblies were 
performed to characterize the area of the anterior 
surface of the knee that is loaded by knee bolsters. 
These knee bolsters have widely variable force-
deflection characteristics and because FMVSS 208 
peak femur forces and femur loading rates further 
suggest that these results can likely be generalized to 
knee bolster loading in full-frontal crashes where the 
occupant�s femurs are aligned with the 12 o�clock 
PDOF.  These findings may not be applicable to 
angled or offset frontal crashes, or cases where 
occupants have large amounts of leg splay prior to 
bolster impact because these conditions result in 
smaller knee-to-knee bolster contact areas (Meyer 
and Haut, 2004). 
 
The real-world applicability of the data reported in 
this study is predicated on the assumption that the 
knees contact the knee bolster in frontal crashes. 
While this assumption is valid for NCAP and 
FMVSS 208 crashes with ATDs, and therefore is 
valid for the using in biomechanical testing aimed at 
developing injury criteria and IARVs, it may not be 
valid for crashes angled and offset frontal crashes 
involving human occupants who will sit differently 
than ATDs.  Because of these differences in occupant 
posture and crash dynamics, the knees of human 
occupants may contact surfaces other than the knee 
bolster (e.g., the steering column).  If these surfaces 
have different geometries and force-deflection 



characteristics than knee bolsters, then the contact 
areas, knee loading rates, knee angles, and bolster-to-
femur angles reported in this study may not be 
applicable to knee-thigh-hip injury causation 
scenarios in these crash types.  To determine the 
validity of the assumption that most knee-thigh-hip 
injuries in frontal crashes are caused by knee bolster 
contact, knee contacts associated with knee-thigh-hip 
injury in CIREN were analyzed.  The results of this 
analysis are described in detail in the appendix.   In 
brief, the 80% of the KTH injuries sustained by 
drivers and 64% of the KTH injuries sustained by 
right-front passengers in frontal crashes were 
associated with knee bolster contact.  This finding 
indicates that it is appropriate to measure knee 
tolerance under knee-bolster-like loading conditions.  
 
The analyses of FMVSS 208 and NCAP ATD femur 
force histories that were performed in this study only 
provide rough estimates of knee loading rate and 
peak force applied to the knee in frontal crashes.  
This is because it is not possible to accurately 
determine the force applied to the knee (or knee 
loading rate) in a frontal crash without knowledge of 
the compressive force on the upper tibia and the shear 
force at the knee, neither of which are currently 
measured in FMVSS 208 and NCAP tests.  In 
addition, the acceleration of the distal femur is not 
measured, making it difficult to account for inertial 
effects on the decrease in force between the knee and 
the femur load cell.   
 
The peak femur forces and loading rates measured at 
by the Hybrid III femur load cell are also difficult to 
relate to the femur and knee loading rates and peak 
forces that would be produced by a midsize male 
human loading the knee bolster.   Specifically, the 
Hybrid III knee-thigh-hip complex is stiffer and has 
more tightly coupled mass than the cadaver, and 
presumably the human, knee-thigh-hip complex, 
Hybrid III knee impact forces and knee and loading 
rates are likely to be higher than those applied to the 
human knee (Rupp et al. 2005).   
 
Despite the difficulties in estimating knee loading 
rate and peak force applied to the human knee using 
Hybrid III femur load cell data, the knee loading 
conditions produced in FMVSS 208 and NCAP can 
be reproduced experimentally, if the contribution of 
force transmitted through the tibia to femur loading 
rate is assumed to be negligible.  Specifically, an 
impactor could be designed that produces Hybrid III 
femur loading rates that are within the range of those 
produced in FMVSS 208 and NCAP tests.  
 

This study demonstrates that knee bolster loading is 
distributed over most of the anterior surface of the 
patella, suggesting that the low fracture forces 
reported in the literature for rigid knee impacts do not 
need to be considered when evaluating vehicle knee 
bolster performance.  The findings from this study 
also indicate that knee angle can vary substantially at 
the time of knee bolster contact and that knee angle 
decreases as the knee strokes the knee bolster.  If 
knee angle affects knee injury tolerance, then existing 
knee tolerance data that have been collected using a 
~90û flexed knee do not consider an important factor 
that affects knee tolerance in frontal crashes. 
 
The findings in this study provide estimates of the 
ranges of parameters that should be used in future 
studies of the tolerance of the flexed knee to loading 
of its anterior surface by a knee-bolster-like surface.  
These ranges are listed in Table 7.  If a worst-case 
scenario for knee tolerance is simulated, the 
compliance of the surface loading the knee should be 
set so that applied forces are distributed over most of 
the patella.  Knee loading rate should be tuned to 
produce a knee loading condition that results in a 
loading rate at the Hybrid III femur load cell that is 
less than approximately 1 kN/ms.  To simulate most 
of the variance in knee angles at bolster contact, knee 
posture should be varied by approximately ±20û from 
a value between approximately 90û and 75û.  The 
former value should be chosen if knee angle at 
contact is simulated, the latter if knee angle after the 
bolster is fully compressed is simulated.   The surface 
loading the knee in these studies should be angled 
approximately 65û±9û from the long axis of the femur 
to simulate most of the variance in the occupant and 
vehicle population.  
 

Table 7.  Ranges of Test Parameters for Future 
Studies of Knee Tolerance 

Parameter Target Range 

Knee 
contact area 

Distributed over the majority of the 
anterior surface of the patella 

Knee angle 

110û to 70û, if posture at contact is 
simulated 
95û to 55û if posture after 100 mm of 
stroke is simulated 

Bolster-to-
femur angle 

65û±9û 

Knee 
loading rate 

< ~1kN/ms 

 
 
CONCLUSIONS 

These analyses suggest that: 



• Ninety percent of the knee angles at the time 
of knee bolster contact for the driving 
population are between 67û and 116û.  After 
100 mm of bolster stroke, ninety percent of 
knee angles are between 54û and 96û. 

• The average orientation of the long axis of the 
femur relative to the plane of the knee bolster 
is approximately 65û and ninety percent of 
bolster-to-femur angles lie between 56û and 
74û.  This angle does not meaningfully change 
after 100 mm of knee bolster stroke. 

• Ninety percent of knee-to-knee-bolster loading 
in FMVSS 208 and NCAP tests produces 
femur loading rates less than 1 kN/ms. 

• Bolster-to-knee loading is distributed over 
most of the anterior surface of the patella and 
may be distributed over the entire patella and 
part of the femoral condyles. 

 
These ranges of knee angle, bolster-to-femur angle, 
femur loading rate, and knee contact area provide 
bounds on the parameters that should be used, or 
produced, in future studies of knee tolerance to 
loading of the anterior surface of the flexed knee. 
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APPENDIX  
KNEE CONTACTS IN CIREN 

The CIREN database (1995-2006) was analyzed to 
identify the vehicle interior components that driver 
and passenger knees contact in frontal crashes that 
result in knee, thigh, or hip injury.  In this analysis, 
only frontal crashes with PDOF between 10 o�clock 
and 2 o�clock were considered.  Knee contacts in 
narrow frontal impacts with corner involvement 
(FLEE, FREE CDC codes) were excluded from the 
analysis, since the KTH injuries produced in narrow 
frontal impacts are often caused by the intruding door 
loading the thigh and hip, and not by knee contact.  In 
addition, only knee contacts that were assigned a 
confidence level of certain or probable were used in 
the analysis. 
 

Figure A1 shows the results of this analysis.  Injuries 
that were associated with contact with the glove box 
were combined with those coded as the right knee 
bolster, since the glove box and right knee bolster are 
equivalent components.  In addition, contacts coded 
�left IP and below� and �right IP and below� were 
combined with the left and right knee bolster codes, 
respectively, since the lower IP is typically designed 
to deform like the knee bolster.  Eighty percent of 
KTH injuries experienced by the driver were 
attributed to knee bolster contact.  A similar trend 
was observed for KTH injuries to passengers, where 
64% of injuries were from knee bolster contacts.  
However, a greater proportion of passenger KTH 
injuries were associated with contacts to the center IP 
and below and the right door, armrest, and door 
hardware. 
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Figure A1.  Proportion of driver and passenger AIS 2+ knee-thigh-hip injuries versus involved physical component 
contacted by the knee in frontal crashes in CIREN (1997-2006). 
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ABSTRACT 

Fundamental physics and numerous field studies 
have clearly shown a higher fatality risk for 
occupants in smaller and lighter vehicles when 
colliding with the heavier one, especially when the 
struck vehicle is a passenger car and the striking 
vehicle is an LTV or an SUV.  The consensus is that 
the significant parameters influencing compatibility 
in front-to-side crashes are geometric interaction, 
vehicle stiffness, and vehicle mass. The effect of each 
individual design parameter, however, is not clearly 
understood. 

A finite element (FE) model-based design of 
experiments (DOE) methodology focused on 
evaluating the effects of a few striking vehicle design 
variables on dummy responses of the struck vehicle 
in front-to-side impact was developed. This study 
utilized a deterministic approach including optimally 
spaced Latin hypercube sampling which allowed 
analytical prediction equations for dummy responses 
to be generated from twenty-one simulation runs.  
Selected response variables were the dummy injury 
measures Thoracic Trauma Index (TTI) and pelvis 
acceleration. 

Several multi-dimensional response surfaces were 
constructed based on the simulation results and found 
to be well correlated (R2= 0.83 and R2=0.94 for TTI 
and pelvis acceleration, respectively). Results 
indicate that lower front-end structures in vehicle-to-
vehicle front-to-side collisions have the greatest 
effect on reducing (struck vehicle driver) TTI than 
other design variables. This was found to contrast the 
pelvic acceleration results, which tended to increase 
with lower front structure height of the striking 
vehicle. The stiffness and mass showed moderate 
significance on the TTI with less mass effect than 
stiffness. The mass showed no significant effect on 
the pelvis acceleration. 

1. INTRODUCTION  

Vehicle compatibility has been investigated in 
many studies using different approaches such as real-

world crash statistics, crash testing, and computer 
modeling. NHTSA used U.S. crash statistics from the 
Fatality Analysis Reporting System (FARS) to 
determine the number of fatalities in vehicle-to-
vehicle collisions [1]. Field data analysis shows that 
side impact can be severe, harm producing crashes, 
even though they occur less frequently than frontal 
impacts [2]. Inherent design differences between   
utility vehicles and pickups, on one hand, and 
passenger cars, on the other, may lead to a higher 
fatality risk for occupants in passenger cars when 
colliding with the utility or pickups. This is 
commonly attributed to differences in geometry, 
relative masses, and relative stiffnesses between these 
two vehicle segments. 

 
The Insurance Institute of Highway Safety (IIHS) 

reported a series of crash tests to assess the influence 
of mass, stiffness, and vehicle ride height on 
occupant responses, but the results were somewhat 
inconclusive [3]. Separating the effects of the 
compatibility factors via experimentation would not 
only be costly and time consuming, but also 
susceptible to systemic errors due to test-to-test 
variability. Because of the limitations of statistical 
approaches and physical crash testing, math models 
in combination with design of experiments (DOE) 
methods were deemed necessary. 

 
Past studies of compatibility by the authors have 

addressed front-to-front compatibility. Barbat, et al. 
[4, 5] investigated factors influencing compatibility 
in frontal SUV/LTV-to-car crashes. Their study 
proposed a robust and repeatable vehicle-to-vehicle 
test procedure to assess vehicle compatibility and to 
extract individual effect of the compatibility factors 
on the injury outcome of occupants. Their results 
indicated that the geometric compatibility was the 
dominant factor influencing injury outcome in frontal 
vehicle-to-vehicle crashes. 

 
Finite element (FE) simulations have been used to 

study many aspects of vehicle crashworthiness. 
Carefully designed experiments (partially factorial) 
can characterize responses over a selected design 
space using a reduced number of simulations (as 
compared to full-factorial study). In this study, the 
authors used a very similar approach to that reported 
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by Barbat et. al. [6], which reported on front-to-front 
compatibility. The application of this methodology 
was extended to investigate the effect of 
compatibility factors in front-to-side impact.  

A FE model-based DOE methodology focused on 
evaluating the effects of a few design variables on 
dummy responses in front-to-side vehicle crash has 
been developed. The striking vehicle was selected to 
be an SUV while the struck vehicle was a mid size 
passenger car. The current study utilizes a 
deterministic approach that allowed analytical 
prediction equations for dummy responses to be 
generated. This study combined FE analysis, Latin 
Hyper Cube Sampling (LHS), and subset selection 
with sequential replacement to produce a powerful 
tool that may be used to investigate vehicle 
compatibility issues.  
 
2. FINITE ELEMENT MODELING 

Reliable finite element models of the vehicles are 
required to enable reasonable predictions of structural 
performance. In this study, a baseline front-to-side 
vehicle-to-vehicle FE model was constructed and 
correlated to a physical vehicle-to-vehicle front-to-
side crash test. As in the physical test, the simulated 
passenger vehicle was stationary and the simulated 
SUV was given an initial velocity of 48kph (See 
Figure 1).  

Impact point is 
100mm FWD of 
target vehicle  
wheelbase midpoint 

 
 
Figure 1.  Impact configuration of an SUV-to-Car 
in front-to-side simulation. 
 

Front-to-side SUV-to-passenger car simulations 
involve many complex and non-linear interactions. 
The nonlinear, explicit FE crash code, RADIOSS [7], 
was used for all of the simulations. The simulated 
structural deformation and side intrusion of the struck 
vehicle in a front-to-side SUV-to-passenger car 
impact were well correlated with test observations, as 
shown in Figures 2 and 3. 

  

Figure 2. Validation of the deformation of struck 
vehicle in SUV-to-Car side impact.  

 

__Simulation

---Test

__Simulation

---Test

 

Figure 3. Intrusion comparison of struck vehicle 
in SUV-to-Car side impact.  

3. DESIGN VARIABLE SELECTION 

The appropriate selection of the striking vehicle 
design variables and the pertinent system responses 
are basic requirements. It is generally accepted that 
the determining factors of vehicle compatibility in 
frontal or side vehicle-to-vehicle impacts are relative 
geometry, relative stiffness, and relative mass. In this 
study, factors affecting the size and stiffness of the 
interaction zone were also considered. The following 
factors were considered as design variables for the 
striking vehicle (average SUV): front rail height, 
front rail thickness, vehicle mass, and bumper beam 
geometry (width and thickness). 

Midline of 
wheelbase 
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Geometric difference between the SUV and the 
passenger vehicle was defined as the relative vertical 
alignment between the fore-most structural members 
(rails) and the struck vehicle's rocker. The SUV front-
end stiffness was characterized through the front rail 
thickness. The bumper beam size and stiffness were 
also varied in front-to-side impacts. For each design 
variable, only the SUV portions of the FE models 
were allowed to vary within their respective ranges. 
A brief description of how the variables were 
introduced into the FE models and the levels selected 
for the design variables follows.  

3.1 Geometry 

In the baseline simulation both the SUV and the 
passenger car have the same ground reference plane 
The vertical alignment of energy-absorbing structures 
(rail) relative to the side of the passenger car was 
varied to four different levels by changing the ground 
reference plane of the SUV, as shown in Figure 4.  

������������������������
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������������������������
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500
400  

Figure 4.  Levels of geometrical alignments of the 
SUV relative to the passenger car.  

3.2 Stiffness 

In general, thicknesses, cross section, and 
material strength, among other design parameters, 
determine the stiffness and the load carrying capacity 
of the front rail/frame of a vehicle. In this particular 
study,  the cross section and material strength were 
kept as those of the baseline and thickness of the 
SUV rail was selected to be the stiffness-related 
deign variable. The thickness was studied at four 
distinct levels as indicated in Figure 5. 

 
Figure 5.  SUV rail and section thickness levels. 

 

3.3 Mass Ratio 

In order to vary the mass ratio of the impacted 
vehicles, the mass of the SUV was varied between 
baseline value less 13.5% to baseline value plus 24% 
in 227 kg increments. The SUV mass was adjusted 
by distributing small masses throughout the model 
such that the center of gravity location remained 
equivalent to that of the  baseline model.  This range 
approximately spans vehicle segments from small-
size SUV to Mid-size SUV. Thus, the effect of the 
mass ratios was evaluated at four discrete levels (see 
Table 1).  

Table 1. Passenger Vehicle and SUV Mass Levels 

Struck Vehicle
 Mass (Kg)

Striking Vehicle 
Mass (Kg)

Striking/Struck 
Mass Ratio

1724 1680 0.97
1724 1906 1.11
1724 2133 1.24
1724 2360 1.37  

 

3.4 Bumper Thickness and Width 
 

Bumper size (expressed by its width in the 
vertical direction) and bumper metal thickness were 
considered as design parameters in this study. Three 
bumper width levels and four bumper metal thickness 
levels were selected to be evaluated for their effect on 
the struck vehicle occupant's TTI and Pelvis 
responses, as shown in Figure 6.  
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Figure 6.  Bumper width and thickness levels. 

Table 2 contains a summary of the design 
variables and their corresponding levels used in this 
study. The levels have been associated with an 
integer representation (coded) for simplicity. 
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Table 2: Coded Design Variables/Levels Summary  

Rail Height
1=Ground to Rail Height 400 mm
2=Ground to Rail Height 500 mm
3=Ground to Rail Height 600 mm
4=Ground to Rail Height 700 mm

Mass
1=1680 kg
2=1906 Kg
3=2133 Kg
4=2360 Kg

Rail Thickness
1=1.5 mm
2=2.17 mm
3=2.83 mm
4=3.5 mm

Bumper Thickness
1=2.5 mm
2=3.0 mm
3=3.5 mm
4=4.0 mm

Bumper Height
1=1
2=2
3=3  

4. SYSTEM RESPONSES 

The struck passenger vehicle was stationary and 
contained the US side impact dummy (SID) in the 
driver seat, seated according to FMVSS 214. The 
striking SUV was given an initial velocity of 48 kph 
in the perpendicular direction to that of the side of the 
passenger vehicle. The SID dummy responses that 
were monitored in this study as system reponses were 
the Thoracic Trauma Index (TTI) and Pelvis 
acceleration.  

5. EXPERIMENTAL DESIGN 

The number of factors and levels included in this 
study describe a sizable design space. Numerous 
techniques exist for constructing experimental 
designs that specify a minimal number of samples 
throughout the design space required to characterize 
the responses [8, 9]. Latin Hypercube Sampling was 
utilized to select the levels for the design variable in 
the FE analyses. Since no noise factors were 
introduced into this study, total of 21 simulations 
were used to construct reasonably accurate response 
surfaces. The outcome of the sampling process is 
shown in Table 3. One additional run was included in 
the matrix to represent the baseline simulation that 
was correlated to a physical test for model validation. 
The corresponding matrix plot for all the five design 
variables used is shown in Figure 7. 

Table 3.  Design of Experiment Matrix 

Rail
Height 
(mm)

Mass
            (kg)

Rail
Thickness 

(mm)

Bumper
Thickness 

(mm)

Bumper
 Width 
(Level)

Baseline 560 1906 3 3 2
1 400 1680 2.17 3 1
2 500 1680 1.5 3 3
3 600 1680 3.5 3 3
4 700 1680 2.17 3 1
5 400 1680 2.83 4 2
6 500 1906 3.5 4 1
7 600 1906 2.17 4 3
8 700 1906 1.5 2.5 2
9 400 1906 2.83 3.5 1
10 500 1906 3.5 2.5 3
11 600 2133 2.17 3.5 1
12 700 2133 1.5 3.5 2
13 400 2133 2.83 3 2
14 500 2133 3.5 4 2
15 600 2133 2.17 2.5 1
16 700 2360 1.5 2.5 3
17 400 2360 2.83 3.5 3
18 500 2360 3.5 2.5 1
19 600 2360 2.17 4 2
20 700 2360 1.5 3.5 2  
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Figure 7.  The DOE matrix plot. 

6. FINITE ELEMENT SIMULATION RESULTS 

Table 4 contains the dummy responses from all 
the 21 FE simulations. All dummy responses such as 
ribs and pelvis accelerations were normalized by their 
corresponding values obtained from the side impact 
baseline simulation. Values exceeding those obtained 
from baseline simulation are highlighted in yellow in 
Table 4.  The TTI "Thoracic Trauma Index (TTI)" 
was calculated as the average of T12 and the 
maximum of the upper (U) or lower (L) rib 
accelerations. 



 Barbat 5

7. RESPONSE SURFACE GENERATION AND 
PREDICTION EQUATIONS 

The sample SID dummy responses of the TTI and 
pelvis acceleration obtained from the FE simulations 
(Table 4) were fitted with quadratic polynomials 
using a regression based upon subset selection by 
sequential replacement. These data were used to 
generate the response surfaces. The polynomial basis 
of the equations allows the response surface 
dependency on the design variables to be interpreted 
by observation. The response surfaces and R2 values 
for the fitted polynomials are listed below. In the 
response surface expressions, H is the SUV rail 
height, T is the SUV rail thickness, M is the mass 
ratio, B is the bumper metal thickness, W is the 
bumper width in the vertical direction and a1-a6 and 
b1-b6 are the best fit coefficients  
 
 

Table 4. Normalized Simulated Responses 
  

T12 U Rib L Rib  TTI Pelvis
base 1.00 1.00 1.00 1.00 1.00

1 1.08 0.65 0.84 0.94 1.89
2 0.87 0.86 0.79 0.82 1.01
3 1.12 1.38 1.06 1.11 1.04
4 0.99 1.25 1.15 1.08 0.63
5 0.88 0.73 0.70 0.78 1.67
6 1.05 1.01 0.95 0.99 1.23
7 1.11 1.25 0.98 1.05 1.05
8 0.95 1.23 0.90 0.97 0.66
9 0.95 0.70 0.63 0.77 1.51

10 0.96 0.93 0.80 0.87 1.19
11 1.00 1.10 1.00 1.00 0.88
12 0.96 1.58 1.06 1.13 0.58
13 0.89 0.73 0.69 0.78 1.70
14 0.88 0.80 0.75 0.81 1.05
15 1.03 1.11 1.00 1.01 0.71
16 0.95 1.49 1.10 1.09 0.59
17 0.88 0.79 0.78 0.82 1.66
18 0.95 0.83 0.97 0.96 1.16
19 0.97 1.10 1.31 1.17 1.01
20 1.00 1.30 0.97 1.02 0.51

 
T12 U Rib L Rib  TTI Pelvis

base 1.00 1.00 1.00 1.00 1.00
1 1.08 0.65 0.84 0.94 1.89
2 0.87 0.86 0.79 0.82 1.01
3 1.12 1.38 1.06 1.11 1.04
4 0.99 1.25 1.15 1.08 0.63
5 0.88 0.73 0.70 0.78 1.67
6 1.05 1.01 0.95 0.99 1.23
7 1.11 1.25 0.98 1.05 1.05
8 0.95 1.23 0.90 0.97 0.66
9 0.95 0.70 0.63 0.77 1.51

10 0.96 0.93 0.80 0.87 1.19
11 1.00 1.10 1.00 1.00 0.88
12 0.96 1.58 1.06 1.13 0.58
13 0.89 0.73 0.69 0.78 1.70
14 0.88 0.80 0.75 0.81 1.05
15 1.03 1.11 1.00 1.01 0.71
16 0.95 1.49 1.10 1.09 0.59
17 0.88 0.79 0.78 0.82 1.66
18 0.95 0.83 0.97 0.96 1.16
19 0.97 1.10 1.31 1.17 1.01
20 1.00 1.30 0.97 1.02 0.51  
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The coefficient of determination, referred to 
symbolically as R2, is a measure of the model's ability 
to fit the specified regression curve and was used to 
quantify the quality of fit of the polynomial 
regression equation in a least squares sense. These 

coefficient of determination values (0.83 and 0.94) 
for the TTI and pelvis acceleration respectively 
indicate that the response surfaces are capable of 
representing the sampled FE results.  
 
8. DISCUSSION OF RESULTS  

Figures 8 and 9 show comparisons between FE 
simulation and predicted responses for normalized 
TTI and pelvis acceleration respectively. The 
comparison shows a good correlation between the 
simulated and predicted responses. Therefore, the 
response surfaces can be used with some confidence 
to predict occupant responses for  other designs 
contained within the original design space of the 
design variables.  
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Figure 8.  Normalized TTI from FE simulation 
versus that of prediction equation.   
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Figure 9. Normalized pelvis acceleration from FE 
simulation versus that of prediction equation. 



 Barbat 6

� Rail Height � very 
significant

� P Value=0.029 <0.05

� Rail Thickness & Mass 
� Moderate
significance

� P Value=0.068

� Bumper thickness and 
width� slight 
significance
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Figure 10. Main effect plot of design variables on 
TTI. 

 
� Rail Height� very 

significant
� P Value =0.0001 < 

0.05

� Rail Thickness & 
Bumper Thickness 
� Moderate 
significance
P Value= 0.267

� Mass  and Bumper 
Width� slight 
significance 

�� ��
�� ��

�� ��
�� ��

�� �� �� ��
�� �� �� ��

�� ��
�� ��

�� �� �� ��
�� �� %% %%

�������������

	�

	


	��

�

�


���
	��	!��	!�
	��� �������
�	�	��

��������
�

	�

	


	��

�

�

�
	

"�������#$� ��%% "�����$�&'��%%

�(�)����$�&'��%% �(�)�����*�$

�����+���&�%������,*��������%-����������%�����+���&�%������,*��������%-����������%�����+���&�%������,*��������%-����������%�����+���&�%������,*��������%-����������%

Rail Height Mass Rail Thickness

Bumper Thickness Bumper Width

�� ��
�� ��

�� ��
�� ��

�� �� �� ��
�� �� �� ��

�� ��
�� ��

�� �� �� ��
�� �� %% %%

�������������

	�

	


	��

�

�


���
	��	!��	!�
	��� �������
�	�	��

��������
�

	�

	


	��

�

�

�
	

"�������#$� ��%% "�����$�&'��%%

�(�)����$�&'��%% �(�)�����*�$

�����+���&�%������,*��������%-����������%�����+���&�%������,*��������%-����������%�����+���&�%������,*��������%-����������%�����+���&�%������,*��������%-����������%

Rail Height Mass Rail Thickness

Bumper Thickness Bumper Width

 

Figure 11. Main effect plot of design variables on 
pelvis acceleration. 

Figures 10 and 11 show the main effects of the 
five design variables on dummy responses expressed 
by TTI and pelvis acceleration. The main effect plots 
indicate that both bumper width and bumper metal 
thickness have no significant effect on TTI and pelvis 
acceleration. This is also observed in the prediction 
equations (1) and (2) for TTI and pelvis acceleration 
respectively. The Plots also indicate that the 
rail/frame height from the ground reference has the 
most significant effect on the occupant's TTI and 
pelvis acceleration responses. The mass and stiffness 
have moderate significance. 

9. PAIR-WISE COMPARISON OF DESIGN 
VARIABLE EFFECTS ON DUMMY 
RESPONSES 

Pair-wise comparisons of the predicted effects of 
the design variables show the relative importance of 
each factor. For all comparisons described, the 
omitted variables were set to their baseline levels. 
Figure 12 shows the normalized TTI's response 
surface variation with rail height and rail thickness 
while the other design variables such as the mass, 
bumper width and bumper metal thickness were set 
to their baseline values. Similarly, Figure 13 shows 
the Normalized TTI's response surface variation with 
the rail thickness and striking vehicle mass while 
setting other design variable such as rail height, 
bumper width and bumper metal thickness to their 
baseline values. These figures show the dominant 
effect of the rail height on normalized TTI.  
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Figure 12.  Normalized TTI response surface 
variation with rail height and rail thickness. 
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Figure 13.  Normalized TTI response surface 
variation with mass and rail thickness.  
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In Figure 13 each color in the contours indicates a 
5% change in effect. The normalized TTI can be 
reduced by 20% - 25% if rail height is reduced to the 
lowest level of 400 mm while keeping all the other 
four design variables the same as their baseline 
values. The response surface also shows an optimal 
design where the TTI can be reduced by 30% can be 
achieved by setting the rail height to the lowest of 
400mm while increasing the rail thickness from the 
baseline by approximately 16% (baseline thickness of 
3mm increase to 3.5 mm).  This makes sense because 
slightly stiffer rail contacting the struck passenger 
car's area near stiff rocker dissipates more of the 
impact energy of the striking SUV through near 
rocker and rocker deformation.  

The result achieved in this CAE based study 
appears to be very consistent with field data and real 
world performance as indicated in recent IIHS study 
on crash compatibility between cars and light trucks, 
Baker et. al. [10].  Their study focused on real world 
benefit achieved by lowering front-end energy-
absorbing structure (rails) in SUV’s and pickups. In 
their study only recent SUVs and pickup trucks of 
model years 2000 through 2003 were included for 
both front-to-front and front-to-side collisions (where 
the front end of a light truck strikes the driver side of 
a passenger car). In front-to-side impacts, a 30% risk 
reduction for SUVs and a 10% risk reduction for 
pickups are observed with SUVs complying vehicles 
with the Phase I Front-to-Front Compatibility 
Alliance Voluntary Standard [11]. 
 

Figure 13 shows that the optimum design can 
only lead to approximately 11% reduction in TTI 
even the striking SUV mass and rail thickness are set 
to their minimum values of 1680 Kg and 1.5 mm 
respectively. This also emphasize the fact that the 
most significant design variable effect on the TTI is 
the rail height.  
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Figure 14.  Normalized pelvis response surface 
variation with rail height and rail thickness. 

Figure 14 shows the normalized pelvis 
acceleration's response surface variation with the rail 
height and rail thickness. Other design variables such 
as the mass, bumper width and bumper metal 
thickness were set to their baseline values. Each color 
in the contours indicates a 20% change in effect. The 
rail height shows its dominant effect on reducing 
pelvis acceleration when it is set to its highest level 
but it has an adverse effect on increasing the TTI. In 
other words, reducing the rail height to 400mm  to 
achieve approximately 30%  reduction in TTI will 
increase pelvis acceleration by approximately 60% 
(see color contours in Figure 14). However, the 
baseline run resulted in a very low pelvis acceleration 
value of approximately 44% below the IARV (Injury 
Assessment Reference Value). This points to a 
tradeoff between the TTI and pelvis acceleration 
when considering rail height changes.   

As it is shown in Eq. (2), the mass effect did not 
appear in the prediction equation for pelvis 
acceleration, which means it has no significant effect 
on pelvis acceleration. These results are also 
consistent with conclusions found in other studies by 
Nolan et. al. [3] in laboratory testing. In their test 
series, it was shown that a 15% increase in the mass 
of the striking SUV has no significant effect on pelvis 
acceleration of the driver occupant of the struck 
passenger car.  

10. SUMMARY  
 
• Validated finite element models of an "average" 

SUV and an "average" passenger vehicle were 
used to explore the effects of geometry, stiffness 
and mass in front-to-side impact simulations.  

• A design of experiments methodology involving 
Latin Hypercube sampling was employed to 
select the appropriate number of simulations and 
the design levels of each of the design variables 
that should be incorporated in each simulation. 

• Five design variables, the SUV rail height, rail 
thickness, mass, bumper width and bumper 
metal thickness were chosen. 

• Thoracic Trauma Index (TTI) and pelvis 
acceleration of the SID dummy responses were 
selected for the system responses.  These 
responses were normalized by their baseline 
corresponding values.  

• The main effect plots were generated to identify 
the significance of individual design variable. 
The responses were characterized by quadratic 
polynomial surfaces. 

• Pair-wise comparisons of the effects of the 
design variables were used to assess their 
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individual influence on TTI and pelvis 
acceleration. The pair-wise comparisons were 
based on the response surfaces generated from 
the 21 FE simulations.  When a pair of design 
variables was compared, the remaining design 
variables were set to their BASELINE levels.  

 
11. CONCLUSIONS 
 
• A good correlation of the normalized dummy 

responses, TTI and Pelvis acceleration, between 
the values obtained from the FE simulations and 
those obtained from the prediction equations 
were achieved.   

• The Main Effect Plots indicated that in front-to-
side impacts of an SUV to a passenger car the 
geometrical effect, characterized by rail/frame 
height from the ground reference, on the 
normalized TTI and pelvis acceleration is most 
significant.  

• The stiffness and mass effects on the normalized 
TTI response were identified to be of some 
significance, however, the geometry or the 
rail/frame height effect dominated the outcome. 
It should be emphasized that changing the rail 
thickness of the striking vehicle will affect its 
frontal crashworthiness. This effect has not been 
investigated in this study. 

• The significant effect of geometry obtained 
through this CAE based study is consistent  with 
field data and real world performance as 
indicated in recent IIHS study on crash 
compatibility between cars and light trucks [10]   

• The main effect plots indicated that bumper 
width and bumper metal thickness have no 
significant effect on neither the normalized TTI 
nor the normalized pelvis acceleration. 

• The normalized TTI response was seen to 
increase with striking vehicle rail height, mass 
and stiffness, but the response of normalized 
dummy pelvis was seem to be only sensitive to 
the striking vehicle's rail height. The mass has 
no significant effect on the normalized pelvis 
acceleration. This finding is also consistent with 
laboratory findings from crash testing conducted 
by IIHS [3] 
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ABSTRACT 
 

This paper provides an update of Ford's research 
activity in vehicle compatibility. Vehicle 
manufacturers extrapolate compatibility performance 
in real-world accidents using data from controlled 
crash test environments. Several test procedures and 
various compatibility measures which use data 
obtained from rigid or deformable barrier tests to 
quantify expected compatibility with smaller vehicles 
have been previously proposed. The purpose of this 
research is to examine potential compatibility 
measures obtained from vehicle-to-barrier impact as 
well as to evaluate the effectiveness of the 
"BlockerBeam" in vehicle-to-vehicle impact. The 
BlockerBeam is one method of designing a 
Secondary Energy Absorbing Structure (SEAS). The 
BlockerBeam is attached to the front end of the 
rail/frame of an SUV or full size pick-up below the 
bumper. It can enhance structural interaction and 
reduce override during frontal impact with a 
passenger car. 
 

The current research presents data analyses 
obtained from vehicle-to-barrier and vehicle-to-
vehicle crash tests to develop assessment 
methodologies intended to evaluate vehicle 
compatibility. Full size heavy-duty pick-ups with and 
without a BlockerBeam were instrumented and 
tested in 57 km/h frontal impacts against a full width 
deformable barrier. The barrier consisted of 128 high 
resolution, 125 mm by 125 mm load cells arranged in 
a 16 row by 8 column array. Identical full size pick-
ups with and without a BlockerBeam were also 
tested in vehicle-to-vehicle full frontal impact. In 
these tests, the impact speed of the bullet vehicle (full 
size heavy-duty pick-up) was set to a value intended 
to induce a 56 kph velocity change in the stationary 
target vehicle (small size 4-door sedan). The bullet 

and target vehicles were equipped with instrumented 
50th% dummies in the mid-position for the drivers 
and 5th% dummies in the full forward position for the 
passengers. 
 

Test data collected from load cells in the barrier 
tests was reviewed and analyzed to evaluate potential 
compatibility measures for use in assessing vehicle-
to-vehicle crashes. Correlation between barrier test 
results and vehicle-to-vehicle test results for 
assessment of compatibility measures and test 
procedures is discussed.   
 
1.  INTRODUCTION 
 

On February 11-12, 2003, the Alliance of 
Automobile Manufacturers (AAM) and the Insurance 
Institute for Highway Safety (IIHS) cosponsored an 
international meeting in Washington D.C. on 
enhancing vehicle-to-vehicle crash compatibility. It 
was decided during the meeting to pursue a concerted 
industry-wide effort to develop performance criteria 
to further enhance vehicle compatibility. The 
participants agreed to set up two technical working 
groups of experts to develop initiatives and actions.  
One working group was established to address ways 
to improve compatibility in front-to-side crashes, the 
other to address front-to-front crashes [1].  
 

The first year's research of the TWG resulted in    
development and implementation of the Phase I 
requirements that were announced on December 3, 
2003 [2] as a first step towards improving 
geometrical compatibility. These requirements state 
that participating manufacturers will begin designing 
light trucks in accordance with one of the following 
two geometric alignment alternatives, with the light 
truck at unloaded vehicle weight (as defined in 49 
CFR 571.3):   
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OPTION 1: The light truck's primary frontal energy-
absorbing structure shall overlap at least 50 percent 
of the Part 581 zone AND at least 50 percent of the 
light truck's primary frontal energy-absorbing 
structure shall overlap the Part 581 zone (if the 
primary frontal energy-absorbing structure of the 
light truck is greater than 8 inches tall, engagement 
with the entire Part 581 zone is required), OR, 
OPTION 2: If a light truck does not meet the criteria 
of Option 1, there must be a secondary energy-
absorbing structure (SEAS), connected to the primary 
structure, whose lower edge shall be no higher than 
the bottom of the Part 581 bumper zone. 
 

Phase II research of the TWG focused on the 
development of specification and criteria for SEAS.  
This secondary structure shall withstand a load of at 
least 100 KN exerted by a loading device, as 
described in reference [1], Appendix A, before this 
loading device travels 400 mm as measured from a 
vertical plane at the forward-most point of the 
significant structure of the vehicle. 

 
Beginning September 1, 2009, 100 percent of 

each participating manufacturer’s new light truck up 
to 10,000 pounds Gross Vehicle Weight Rating 
(GVWR), with limited exceptions, intended for sale 
in the United States and Canada will be designed in 
accordance with either geometric alignment Option 1 
or Option 2. 
 

Ford Motor Company had already introduced a 
"BlockerBeam" concept in their 2000 year model 
full sized SUV (as a means to improve vehicle 
compatibility through structural interaction during 
frontal impacts with passenger cars). The 
BlockerBeam is a Secondary Energy Absorbing 
Structure (SEAS) attached to the front end of the 
rail/frame of an SUV or full size pick-up below the 
bumper. It has the potential to reduce override. Ford 
had migrated and implemented the BlockerBeam 
concept in their 2001 production heavy-duty pick-
ups. This particular design among others bring Ford's 
full size SUV and heavy-duty pick-ups into 
compliance with the Alliance Phase I option II 
requirements. 

 
Phase III research for the TWG has been focused 

on the development of test assessment methodologies 
and metrics to evaluate vehicle compatibility. 
Previous research focusing on the development of 
test procedures for evaluating vehicle compatibility 
was reported by Barbat, et. al. [3, 4] and Edwards, et. 
al. [5]. Test and simulation results obtained from 
frontal impacts with various Load Cell Walls (LCW)  

and from vehicle-to-vehicle impacts to support 
phase III research were previously analyzed by TWG 
members and presented during the 19th ESV 
conference held in Washington D.C. in 2005 [1].  
The Average Height of Force (AHOF) introduced by 
Digges et. al. [6] and NHTSA [7, 8] as a 
compatibility metric was the focus of the TWG 
investigation. Initial finding was that AHOF alone 
was an insufficient metric and did not correlate with 
the Aggressivity Metric (AM) defined by NHTSA 
[1]. Other metrics obtained from LCW such as force 
homogeneity within a defined corridor and enforcing 
force limits in certain load cell rows were studied. 
Currently alternative metrics and test procedures are 
under investigation by the TWG [9]. 

 
The purpose of the current Ford's research falls 

into two folds: First is to evaluate the real-world 
effectiveness of the BlockerBeam in vehicle-to-
vehicle frontal and side crashes. Secondly, to 
evaluate various metrics from vehicle-to-barrier tests, 
Edwards [10], and vehicle-to-vehicle crash tests that 
could explain the accident data.  

 
Full size, heavy-duty pick-ups with and without 

a BlockerBeam were instrumented and tested in a 
57 kph frontal impact against a full width deformable 
barrier at PMG by Transport Canada (TC). The 
barrier consisted of 128 high resolution, 125 mm by 
125 mm load cells arranged in a 16 row by 8 column 
array. Identical full size heavy-duty pick-ups with 
and without a BlockerBeam were selected to be the 
bullet vehicles in vehicle-to-vehicle full frontal 
impacts conducted at Ford.  

 
The struck target vehicle was selected to be a 

small size 4-door sedan. The bullet and target 
vehicles were equipped with instrumented 50th% 
dummies in the mid-position for the drivers and 5th% 
dummies in full forward position for the passengers. 
Details of test procedures, data analyses obtained 
from Load Cell Wall barrier and full frontal collinear 
vehicle-to-vehicle impact to assess compatibility 
metrics will be discussed in the following sections. 
 
2. REAL-WORLD EFFECTIVNESS OF FORD'S 
BlockerBeam IN IMPROVING VEHICLE 
COMPATIBILITY  
 

The effect of adding secondary energy absorbing 
structures, SEAS (one of the recommendations of 
TWG) to Light Truck Vehicle (LTVs) was evaluated 
by comparing the collision performance of LTVs 
with and without Ford’s BlockerBeam SEAS in 
1999-2003 FARS data for collisions involving: 
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- One light passenger vehicle with at least one 
non-ejected fatal occupant and “motor vehicle” coded 
as ‘most harmful event’, and 

- One collision partner from models and the 
model years of interest: Ford F250 and Ford F350 
pick-ups from model years 1999-2000 (without 
BlockerBeam) and 2001-03 (with BlockerBeam). 
 

The cases selected as ‘frontal impact’ are 
identified by principal impact direction (or initial 
impact direction, if principal impact direction was 
unknown) coded as 11, 12, or 1 o’clock. The 
registered vehicle years (RVY) for collision partner 
are calculated from R. L. Polk National Vehicle 
Population Profile. 
 
Table 1: Effect of BlockerBeam; Front-to-Front 

Crashes 

Control Group

F-350

F-250

Collision 
Partner

36

35

95

MY99-00

Crashes

MY01-03MY99-00MY01-03

0.520.540.5348

0.060.380.6412

0.110.430.5538

P-value
Ha: p1>p2

Rate  per 10k RVY

Control Group

F-350

F-250

Collision 
Partner

36

35

95

MY99-00

Crashes

MY01-03MY99-00MY01-03

0.520.540.5348

0.060.380.6412

0.110.430.5538

P-value
Ha: p1>p2

Rate  per 10k RVY

 
 

In Table 1, a significant reduction in fatality rates 
is observed for vehicles with the added 
BlockerBeam, although this data by itself is not 
sufficient to identify a single factor as the cause for 
this reduction. The data for a control group consisting 
of a pick-up truck similar to the F-series trucks above 
is also shown. This truck does not conform to the 
EVC recommendations and did not have any 
significant change in its structural height in the years 
under study. The data shows that for the control 
group, no statistically significant changes in its crash 
rates occurred.  
 

Similar data is shown in Table 2 for the cases 
where the fronts of LTVs impacted the near side of 
other vehicles. Again, the effect of adding a 
BlockerBeam to the LTV is seen to provide a 
significant reduction in the fatality rate in the struck 
vehicle. 
 
Table 2: Effect of BlockerBeam®; Front-to-Near 

Side Impacts with Near-Side Fatalities 

F-250 

Collision 
Partner

98

MY99-00

Crashes

MY01-03MY99-00MY01-03

0.030.390.5634

P-value
Ha: p1>p2

Rate  per 10k RVY

F-250 

Collision 
Partner

98

MY99-00

Crashes

MY01-03MY99-00MY01-03

0.030.390.5634

P-value
Ha: p1>p2

Rate  per 10k RVY

 

3. VEHICLE-TO-BARRIER CRASH TESTS 
SETUP AND PROCEDURES 
 

Table 3 provides the significant test information 
regarding the mass, impact velocity, and ride heights 
of the two heavy-duty pick-ups considered in this test 
sequence. The test setup is illustrated in Figures 1A 
through 1C. A deformable face honeycomb material 
is attached to a rigid, load cell equipped barrier. The 
specifications of the deformable face, which consists 
of two 150 mm thick layers of aluminum honeycomb, 
are the same as those developed by Transport 
Research Laboratory in the U.K. (TRL). The stiffness 
of the layers is 0.34 MPa and 1.71 MPa for the front 
and rear layers, respectively. The second layer of the 
baseline barrier is segmented along each load cell 
row and column, meaning this deformable layer will 
not transfer load to adjacent cells.  

 

Table 3: Test Conditions for Full-Frontal Vehicle-
to-Barrier Impact Test. 

 
 

 
 
Figure 1A. Test setup for heavy-duty pick-up-to-
barrier test: Top View.  

Heavy Duty Pickup
with SEAS

Heavy Duty Pickup
without SEAS

Mass (kg) 3185.6 3184.6

Impact velocity 
(kph) 57.47 57.39

Ride Height (mm)
(Left / Right)

Front 995 / 995
Rear 1018 / 1020

Front 994 / 999
Rear 1017 / 1025

330 mm 330 mm

V
eh

ic
le

 
C

on
fig

ur
at

io
n

Height of the first row of 
Load Cell Wall  
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Figure 1B. Driver’s side view of heavy-duty pick-up 
with SEAS showing key front structure and barrier. 

Figure 1C. Driver’s side view of heavy-duty pick-up 
w/o SEAS showing key front structure and barrier.   

The lower edge of the lowest row of load cells 
was 330 mm above the ground for the test. The 
impacting heavy-duty pick-ups with and without 
SEAS were aligned so that the vehicle centerline was 
aligned with the horizontal center of the barrier face 
(see Figure 1A). Figures 1B and 1C show the vertical 
height of front structure components and the lower 
radiator support structure. The primary energy 
absorbing structure (PEAS) is considered the front 
rails. The BlockerBeam with attachment brackets as 
the secondary energy absorbing structure (SEAS) are 
also seen in the figures. The SEAS is directly 
attached to the front rails via these brackets as seen in 
Figure 1B.  

 
Figure 2 shows a simplified CAD representation 

of the passenger side front rail and secondary energy 
absorbing structure along with the associated 
attachment bracket. The driver’s side is similar. The 
SEAS and associated attachment bracket (Figure 2) 
were removed in the second test. 

 

Blocker Beam

Blocker Beam 
attachment 

bracket

Front Rail

Engine 
Cradle

Frt. 
Bumper 

Brkt.

Lower Rad. 
Suppt.

Blocker Beam

Blocker Beam 
attachment 

bracket

Front Rail

Engine 
Cradle

Frt. 
Bumper 

Brkt.

Lower Rad. 
Suppt.

Figure 2. Front structure components in the heavy-
duty pick-up.  
 
     Two full frontal NCAP tests against the LCW 
with deformable face at 57 kph were conducted with 
heavy-duty pick-ups. All vehicle parameters and test 
conditions (make, model, year model, body style, 
mass, impact speed, impact point etc.) were identical. 
The only difference in the two tests was the presence 
(“with SEAS”) or absence (“without SEAS”) of the 
secondary energy absorbing structures.  
 
4. VEHICLE-TO-BARRIER: TEST RESULTS 
AND DISCUSSION 

 
An objective of the current research is to evaluate 

the ability of the LCW with deformable face to detect 
the presence of SEAS such as the "BlockerBeam" 
and to evaluate new or existing compatibility metrics. 
Figures 3 and 4 show the load-time history of each 
cell obtained from 57 kph impacts of heavy-duty 
pick-ups respectively.  On the same figures it is also 
plotted the part 581 zone and locations of the PEAS 
and SEAS. Bigger percentage of the rail cross section 
(PEAS) falls in row 5 and some percentage in row 6.  

 
The calculated AHOF values from both tests, with 

and without SEAS, are indicated on these figures. 
These values of the AHOF do not clearly   
discriminate the presence of SEAS.  Figures 5 and 6 
show the post impact deformation of the heavy-duty 
pick-ups with and without SEAS along with their 
corresponding barrier deformable faces respectively.  

 
The major energy absorbing structure in smaller 

passenger cars falls mostly in rows 3 and 4 and 
therefore development of compatibility metrics 
should focus within these rows.  Higher forces within 
rows 5 and 6 are generally evident as seen in Figures 
3  and  4.  Load  cells  near  the  PEAS  record  higher 
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Figure 3. LCW force-time histories for heavy-duty pick-up with SEAS. 
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Figure 4. LCW force-time histories for heavy-duty pick-up without SEAS.



Barbat 6 

 

  

Tire Tire
Blocker Beam

Bumper

Grille
Fender

Rail

Tire Tire
Blocker Beam

Bumper

Grille
Fender

Rail

 
Figure 5. Post-impact pictures of the heavy-duty 
pick-up with SEAS and the corresponding barrier. 
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Figure 6. Post-impact pictures of the heavy-duty 
pick-up without SEAS and the corresponding barrier. 
 

levels of forces than the surrounding cells. 
Additionally, the forces in PEAS associated cells for 
the heavy-duty pick-up with SEAS are lower than 
similar cells of the LCW when impacted by the 
heavy-duty pick-up without SEAS. 
 

This is true because ideally the total LCW force 
should be the same due to impacts with the heavy- 
duty pick-ups with or without SEAS. However, LCW 
force profile seems to be slightly different indicating 
different collapse mechanisms of structure (see 
Figure 7). In cases where SEAS are present, wall 
cells around those structures will record more load as 
compared to cases where impact occurred without 
SEAS. 

 

0

100

200

300

400

500

600

700

800

900

1000

0 20 40 60 80 100 120 140
Time (ms)

Lo
ad

 C
el

l W
al

l F
or

ce
 (k

N
)

Heavy-Duty Pickup
with SEAS
Heavy-Duty Pickup
without SEAS

 
 
Figure 7.  Time-history plots for the total barrier 
force of heavy-duty pick-ups with and without SEAS 

 
Examination of the deformed vehicle and barriers 

faces (Figures 3-6) shows that the SEAS applied 
more load on rows 3 and 4 and resulted in less 
penetration into the deformable face with more load 
distribution. This is also evident from the observation 
of the deformed honeycomb faces in the tire, grille 
and bumper zones.  

 
Figure 8 below gives the distribution of forces in 

rows 3 and 4 with respect to time for the heavy-duty 
pick-up with SEAS impact. For each row, all cells 
forces in that row are added with respect to time to 
form a row total force-time history in which the row's 
peak magnitude can be identified at a certain time.  
This differs from adding the peak force in each cell in 
a row, irrespective of the occurrence times, to find 
the row peak force magnitude. Figure 9 shows similar 
force-time history plots in rows 3 and 4 for the 
heavy-duty pick-up without SEAS impact. 
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Figure 8. Force-time histories for rows 3 and 4 for the 
heavy-duty pick-up with SEAS. 

Figure 9. Force-time histories for rows 3 and 4 for the 
heavy-duty pick-up without SEAS. 

A comparison between Figures 8 and 9 shows that 
rows 3 and 4 carry a significantly higher proportion 
of the load when the SEAS structure is present. It is 
also significant to note that the maximum force level 
of rows 3 and 4 combined occurs much later (at 55.8 
ms as compared to 30.2 ms) without SEAS than with 
SEAS, respectively. This suggests that for developing 
a compatibility metric associated with peak row force 
magnitudes, it is suggested to restrict the window to 
one where the force peaks due to early interaction of 
the energy absorbing structures rather than due to 
engine engagement, which occurs later in the event. 
Therefore, a window of 0 to 40ms is recommended 
by this study as suggested by Edwards [10].  

Figures 8 and 9 show that when the heavy-duty 
pick-up with SEAS impacts the LCW the SEAS 
structure transferred more of the dynamic force to 
lower portions (rows 3 and 4) of the LCW than when 
no SEAS. These figures also show that the difference 
in total load supported by rows 3 and 4 has a 
maximum magnitude of 130 KN. This is believed to 
be the force provided by the SEAS structure. 

Figures 10 and 11 graphically show the dispersion of 
load horizontally across rows 3 and 4 for both    pick-
ups with and without SEAS respectively.  The load 
dispersion in these rows is plotted at 30.2 ms and 
55.8 ms for the case with and without SEAS 
respectively. These times correspond to the time the 
sum of the total forces in rows 3  and  4  is a 
maximum. The outer two load cells represented by 
columns 1, 2, 15, and 16 are omitted since very little 
load was recorded there. Figures 10 and 11 indicate 
the mean load levels in rows 3 and 4 were higher by 
nearly a factor of 2 when the pick-up impacting the 
LCW had SEAS than when it did not.  

Figure 10. Horizontal load dispersion for the heavy-
duty pick-up with SEAS at 30.2 ms. 

Figure 11. Horizontal load dispersion for the heavy-
duty pick-up without SEAS at 55.8 ms. 

Another approach for examining the horizontal 
force variation (similar to that seen in Figures 10 and 
11) would be to find the peak force recorded in each 
load cell within a particular row independent of when 
it occurred. The results are shown in Figures 12 and 
13 for rows 3 and 4 for the pick-ups with and without 
SEAS, respectively. Similarly, as with Figures 10 and 
11, the average load levels seen in rows 3 and 4 are 
about twice as large when SEAS are present as when 
it is not.  

In summary, the total maximum force appearing 
in a certain row, e.g. Rowi, can be characterized using 
two different methods. The force is denoted as the 
“Peak Load for Rowi” if the force time-histories from  
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all load cells within Rowi are combined to form a 
Rowi total force-time history, who’s maximum value 
for a given time period is taken. If instead, the peak 
loads in each load cell within Rowi are first found 
irrespective of the precise time they occur and then 
summed, this force is denoted as “Sum of Peak Cell 
Loads for Rowi”. In each method described, the 
values denoted by either “Peak Load for Rowi” or 
“Sum of Peak Cell Loads for Rowi” can be    
determined within a 40 ms time window. This leads 
to four different measures for a Rowi force.  

 
Figure 12. Peak load cell forces for the heavy-duty 
pick-up with SEAS (independent of time). 

 

Figure 13. Peak load cell forces for the heavy-duty 
pick-up without SEAS (independent of time). 

Figure 14 indicates that, for the heavy-duty pick-
up with SEAS, the loads seen in rows 3-6 gradually 
increases and then decreases in approximately a 100-
200-450-100 KN pattern. For the heavy-duty pick-up 
without SEAS, as seen in Figure 15, the loads in rows 
3-6 build up gradually and in approximately a 50-50-
400-300 KN pattern.  

A shifting of load from rows 3 and 4 occurs when 
SEAS are absent since the total barrier load in both 
cases must remain the same (the impacting vehicle 
mass and velocity are the same). A noticeable 
increase occurs in row 5 due to the pick-up's frame or 
PEAS impact at this location. Additionally, there is 
more variability across the four measurement 
methods for row 5 when SEAS are not present 
(quantified in Figure 15). It should be noted that this 
load  increase  pattern  is  the  same  regardless  of the 

method of calculation (Sum of Peak Loads vs. Peak 
Row), the only difference being the higher variability 
when SEAS is not present.  
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Figure 14. Peak loads in rows 3-6 for the heavy-duty 
pick-up with SEAS. 
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Figure 15. Peak loads for rows 3-6 for the heavy-duty 
pick-up without SEAS. 

Edwards [10] has proposed row load based 
metrics VNT (Vertical Negative Deviation) and VSI 
(Vehicle Structure Interaction) as compatibility 
metrics. The aim of the vertical component is to 
ensure that there is sufficient vehicle structure in 
alignment with the common interaction area, rows 3 
and 4. It sets a target row load of 100 KN minimum 
and calculates the load below the target row. The 
VNT is essentially characterized by the sum of peak 
force method and the VSI are generally characterized 
by the same sum of peak values up to 40 ms.  

 
In the current research the authors attempt to 

evaluate the VNT and VSI metrics using the LCW 
discussed results (Figures 3-15) and results obtained 
from heavy-duty pick-ups with and without SEAS in 
full frontal impacts against a small passenger car.  
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Since the sequence of structural component 
collapse is important and depends on time, the 
current authors suggest and prefer to use the time-
dependent “Peak Load for Rowi” instead of non-time 
dependent “Sum of Peak cell Loads for Rowi” to 
calculate the VNT and VSI. It is preferred that if 
lower bounds for force level are intended for row 
load targets, conservative or minimum values should 
be used. The sum of peak values will always be 
greater than or equal to the peak row loads for any 
given row (e.g. the peak row load is a lower bound 
for the sum of peak cell loads for any row).  Since in 
vehicle-to-vehicle impact compatibility focuses on 
front-end structural interactions and not those from 
the engine, a window of 40ms is recommended here. 

Figures 8, 9, 14, and 15 clearly show that the peak 
row loads using a 40ms window limit can distinguish 
the presence of SEAS. The force levels seen in rows 
3 through 6 indicate that the SEAS shifted a good 
percentage of the total barrier load into rows 3 and 4. 
A target load of 100KN on rows 3 and 4 has a 
potential to discriminate presence of SEAS. Table 4 
below contains the calculated compatibility 
measures. 

Table 4: Summary of Vertical and Horizontal 
Negative Deviation Measures 

Heavy Duty Pickup
with SEAS

Heavy Duty Pickup
without SEAS

728.3 713.5

694.6 743.6

Σ peak cell loads in 
Row 3, all time

134.5 90.5
< 100

Σ peak cell loads in 
Row 4, all time

235.5 127.5

Σ peak cell loads in 
Row 3, t < 40 ms

108.0 56.2
< 100

Σ peak cell loads in 
Row 4, t < 40 ms

205.5 66.5
< 100

V
er

tic
le

 M
et

ri
cs

AHOF

AHOF400

A
pp

ro
x.

 
V
N

T
A

pp
ro

x.
 

V
S

I

with SEAS without SEAS

Heavy Duty Pickup
with SEAS

Heavy Duty Pickup
without SEAS

728.3 713.5

694.6 743.6

Σ peak cell loads in 
Row 3, all time

134.5 90.5
< 100
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Row 4, all time

235.5 127.5
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5. VEHICLE-TO-VEHICLE TEST SETUP AND 
PROCEDURES 
 

The test configuration of full frontal collinear 
vehicle-to-vehicle impact is shown in Figure 16. 
Figure 17 shows a close-up view of the geometrical 
alignments and differences between structural front-
end components of the impacted vehicles. Two tests 
were conducted with the target vehicles chosen to be 
the same (small size passenger cars) while the bullet 
vehicles were selected to be heavy-duty pick-ups 
with and without SEAS. The bullet pick-ups were 
identical to those used in LCW tests and had identical 
characteristics and specifications. All vehicles were 
fully instrumented. Dimensional analyses points and 
sections were specified on all vehicles for pre- and 
post-crash deformation analyses. The target vehicle 
was initially at rest in both tests. The bullet vehicle's 

velocity was selected based on the relative masses 
involved, i.e., the bullet vehicle impact velocity was 
mass adjusted to  82 kph in order to induce a 56 kph 
barrier-equivalent velocity (BEV) in the target 
vehicle.  The 56 kph BEV was selected to model the 
test conditions of NCAP. 
 

In all the Pick-up-to-Car tests, both the bullet and 
target vehicles used a Hybrid III 50th percentile, male 
dummy in the driver mid position and a Hybrid III 5th 
percentile, female dummy in the passenger full 
forward position. All the dummies were belted and 
the airbags were active.  A summary of test 
conditions for the two vehicle-to-vehicle tests is 
given in Table 5. Figure 16 shows top and side views 
of the test setup prior to impact.  

Table 5: Vehicle-to-Vehicle Test Conditions 

 

Figure 16. Top and side views of the vehicle-to-
vehicle test set-up. 

Figure 17. Views of PEAS and SEAS geometrical 
differences between target and bullet vehicles.  
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6. VEHICLE-TO-VEHICLE TEST RESULTS 
AND DISCUSSION 

Evaluation of proposed compatibility metrics 
(VNT and VSI) obtained from LCW tests and their 
correlation with target vehicle's occupant responses 
and intrusions obtained from vehicle-to-vehicle 
impact was the primary objective of this study. 
Unfortunately, most of the driver dummy's and some 
of the passenger dummy’s channel recordings were 
lost in the test of the heavy-duty pick-up with SEAS 
against a passenger car due to a high voltage 
anomaly. Therefore, only vehicle decelerations, 
displacements, and intrusions will be used for the 
correlation and conclusions. The authors' plan is to 
repeat the test and successfully collect all dummy 
responses for use in correlation of the compatibility 
metrics with occupant responses. The results will be 
reported in future publications.  

6.1  Vehicle Deceleration Pulse Comparisons 
 
Figures 18 and 19 show the comparison of the 

deceleration pulses of the target and bullet vehicles 
resulting from the 82 kph full frontal impacts by 
heavy-duty pick-ups with and without SEAS 
respectively.  

 
Figure 18. A comparison of target vehicle pulses. 

Figure 19. A comparison of bullet vehicle pulses. 

The effect of the presence of SEAS is quite 
obvious from Figures 18 and 19. The SEAS on the 
striking heavy-duty pick-up engages the front end 
PEAS of the passenger car and transmit a larger force 
to the target vehicle early in the impact event, less 
than 20 ms, as seen in these figures. SEAS cause the 
20 G deceleration at approximately 20 ms 
experienced by the target vehicle.  

From Newton's law, by considering the mass 
times the deceleration, approximately 304 KN of 
force is acting on the vehicles at this particular time. 
Such force level was observed in the interaction zone 
(rows 3 and 4) in the LCW test impacted by the 
heavy-duty pick-up with SEAS (see Table 4). The 
target vehicle experienced a much lower deceleration 
level when impacted by the heavy-duty pick-up 
without SEAS, Figure 18. This means that within 20-
25 ms of initial impact, the pick-up missed 
engagement with the passenger car PEAS and 
contacted the passenger car’s engine at 
approximately 30 ms. This is evident from the sudden 
jump of the crash pulses in both the target and bullet 
vehicles as seen in Figures 18 and 19, respectively.  

6.2. Correlation Between LCW and Vehicle-to-
Vehicle Results for Proposed Metrics Evaluation 
 

In the LCW deformable barrier tests it was shown 
in Table 4 that the heavy-duty pick-up with SEAS 
delivered forces in rows 3 and 4 around 100 KN and 
200KN respectively.  The force in the interaction 
zone between two impacted vehicles characterized by 
rows 3 and 4 can total to about 300 KN. This force is 
acting on the PEAS of the target vehicle and reacted 
on the SEAS of the bullet vehicle during 
approximately the first 40 ms of impact. 

 

 
 

Figure 20.  Forces in the interaction zone between the 
target and bullet vehicles. 
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This force level acting on the target vehicle is 
both sufficient to crush the front part of its PEAS and 
to deform the SEAS of the bullet vehicle, represented 
by the BlockerBeam and its attachment brackets. It 
is always recommended to have both vehicles 
involved in the crash absorb some energy. Figure 20 
shows a graphical representation of the force acting 
on both vehicles. 

 
6.3. Comparison of Overall Deformation of Target 
and Bullet Vehicles  
 

Figures 21 and 22 show the overall deformations 
of the bullet and target vehicles with and without 
SEAS in the bullet vehicle.  Examining the bullet 
vehicles it is shown that the vehicle with SEAS 
experienced more deformation in the bumper and 
grille areas compared to that without SEAS. This is 
due to more structural interaction between the front-
ends of the impacting vehicles in the case of the 
impact with SEAS compare to that without SEAS.  

The target vehicle impacted by the bullet with 
SEAS has less overall deformation compared to that 
impacted by bullet without SEAS (Figures 21 and 
22). This is very clear in the deformation zone around 
the A-pillar/roof rail and B-pillar roof rail joints. This 
is due to a greater override of the bullet vehicle onto 
the target when the SEAS is removed.  

  

  

 

Figure 21. Post impact pictures of the bullet and 
target vehicles with SEAS on the bullet vehicle. 

  

  

 

Figure 22. Post impact pictures of the bullet and 
target vehicles with no SEAS on the bullet vehicle. 

Figure 23 is a CAD representation of the un-
deformed shape of the front-end and engine of the 
target vehicle. Figures 24 and 25 show the specific 
collapse modes of the PEAS of the target passenger 
vehicle impacted by the bullet vehicle with and 
without SEAS. Axial collapse is first observed in the 
target vehicle's fore-rail followed by a bending 
collapse near the engine mount due to the presence of 
SEAS and better    structural interactions (see Figure 
24). In the second test with the SEAS removed, the 
bullet vehicle's PEAS missed the front portion of the 
target vehicle's rail causing more override that 
resulted in excessive rotation and bending of aft rail 
of the target vehicle as shown in Figure 25.  

 

Figure 23. The undeformed shape of the front-end 
and engine of the target vehicle.  
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Comparing Figures 24 and 25, it is evident that 
the presence of SEAS resulted in less rotation of the 
spring box and engine. This is due to less override 
and more structural interaction that led to less 
structural intrusions in general.  

  

With SEAS Engine Rotation 

Spring BOX 
Rotation 

Rail 

With SEAS Engine Rotation 

Spring BOX 
Rotation 

Rail 

Spring Tower 
Rotation

 

Figure 24. The post crash deformation of the front-
end structure and engine rotation in the target vehicle 
impacted by bullet vehicle with SEAS 

  

Without SEAS Engine Rotation 

Spring BOX 
Rotation 

Rail 
Without SEAS Engine Rotation 

Spring BOX 
Rotation 

Rail 

Spring Tower 
Rotation

 

Figure 25. The post crash deformation of the front-
end structure and engine rotation in the target vehicle 
impacted by bullet vehicle without SEAS. 

6.4. Comparison of Vehicles Displacement During 
Impact   
 

The crash pulses of both target and bullet vehicles 
shown in Figures 18 and 19 were double integrated to 
obtain their corresponding displacements. Figure 26 
shows displacement of the target and bullet vehicles 
for the case of the heavy-duty pick-up with SEAS 
impacting a small size passenger car. Similarly, 
Figure 27 shows the displacements resulting from the 

heavy-duty pick-up without SEAS impacting a 
similar small size passenger car.   

In Figures 26 and 27, the difference between the 
two curves represents relative displacement between 
points on the B-pillar/rocker on the bullet and target 
vehicles involved in the crash. This difference 
includes deformation and override. The maximum 
relative displacement happened at the rebound time 
when the two vehicles began to separate.  
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Figure 26. Displacement time-histories obtained from 
bullet vehicle with SEAS-to-target vehicle impact.  
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Figure 27. Displacement time-histories obtained from 
bullet vehicle without SEAS-to-target vehicle impact. 

Comparing Figures 26 and 27 it is evident that the 
maximum relative displacement in the absence of 
SEAS is 184 mm more than that with SEAS (1529 
mm vs. 1345 mm). This indicates that there is more 
override over the target vehicle and more intrusion 
resulted in the case of no SEAS compared to that 
with SEAS.  
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6.5. Dimensional Analyses 
 

Pre-and post-crash dimensional analyses on target 
vehicles impacted by bullet vehicles with and without 
SEAS were carried out to obtain intrusion profiles 
shown in Figures 28 and 29 respectively.  Intrusion 
profiles represented by sections from the cowl top to 
the floor panel at the driver centerline, vehicle 
centerline and passenger centerline are shown in 
Figures 30-32.   

 

  

Figure 28. Post-crash sections on target vehicle 
impacted by the bullet vehicle with SEAS. 

Driver’s Centerline

Vehicle Centerline

Passenger Centerline

  

Figure 29. Post-crash sections on target vehicle 
impacted by the bullet vehicle without SEAS.  

In Figure 30 it is evident that having the SEAS on 
the bullet vehicle has significantly reduced cabin 
intrusions at the driver centerline, specifically at the 
instrument panel area due to improved structural 
interactions and reduced override. Higher engine 
rotation in the target vehicle when impacted by the 
bullet vehicle without SEAS caused larger upper dash 
intrusions. Figure 31 shows a small difference 
between the dash intrusion profiles on the target 

vehicle caused by the bullet vehicles with and 
without SEAS at the vehicle centerline. 
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Figure 30. Dash intrusion for the target vehicle at the 
driver’s centerline. 
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Figure 31. Dash intrusion for the target vehicle at the 
vehicle centerline. 
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Figure 32. Dash intrusion for the target vehicle at the 
passenger centerline. 

For the passenger centerline intrusions, Figure 32 
shows mixed results. Intrusions are improved in the 



Barbat 14 

lower part of the cabin at the foot pedal and foot rest 
areas with the presence of SEAS. Intrusions at the 
upper part get worse near instrument panel area. Very 
careful examination of the post-crashed target 
vehicles was conducted to better understand this 
observation. The engine is transversely mounted and 
is pivoted at a point approximately one-third of its 
transverse dimension towards the driver side and 
two-third towards the passenger side. In the case of 
the pick-up with SEAS impact, higher forces were 
transmitted to the engine in the interaction zone 
compared to that without SEAS. This caused more 
rotation of the intruded engine towards the passenger 
side.  

  
      Post-crash deformation of significant points in  
the target vehicle, such as points on fore rail, mid rail, 
bumper mounting, and spring tower, impacted by  
bullet vehicles with and without SEAS are presented 
in Figure 33. Having the SEAS provided significant 
improvement in reducing the intrusions at these 
points.   
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Figure 33. Resultant deformation of points on the 
target vehicle's primary structure. 

Figures 34 and 35 present the dimensional 
analyses of the pre- and post-crash of the target 
vehicle's passenger compartment resulting from 
impact with bullet vehicles with and without SEAS. 
In Figure 34, A represents a point at the A-pillar/roof 
joint, B represents a point at the B-pillar/roof joint, C  

represents a point at B-pillar/beltline, D represents a 
point at the B-pillar/rocker joint, E represents a point 
at the A-pillar/rocker joint, and F represents a point at 
the A-pillar/beltline. It is indicted from this figure 
that the presence of SEAS provided significant 
improvement in reducing the override which led to 
less overall deformation and intrusions in the 
passenger compartment of the target vehicle.  
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Figure 34. Passenger compartment deformation of the 
target vehicle impacted by bullet vehicle with and 
without SEAS. 
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Figure 35. Resultant deformation of points at joints 
on the target vehicle's cabin impacted by bullet 
vehicles with and without SEAS. 
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7.   CONCLUSIONS 
 

• Real-world accident data analyses had been 
conducted to evaluate the effectiveness of Ford's 
BlockerBeam (a Secondary Energy Absorbing 
Structures, SEAS, one of the recommendations of 
TWG) in vehicle-to-vehicle frontal and side 
crashes. A comparison of the collision performance 
between LTVs with and without Ford’s 
BlockerBeam showed a significant reduction in 
fatality rates for vehicles with the added 
BlockerBeam in frontal impact. This data by itself 
is not sufficient to identify a single factor as the 
cause for this reduction. Results also showed 
significant reduction in the fatality rate in the 
struck vehicle when the striking LTVs has Ford's 
BlockerBeam in near side impact. 

• Vehicle-to-barrier and vehicle-to-vehicle crash 
tests were conducted to develop assessment 
procedures and metrics that can be used to predict 
compatibility performance. 

• Heavy-duty pick-ups with and without SEAS were 
tested in the NCAP configuration against high 
resolution LCW with a deformable face to detect 
the presence of SEAS (BlockerBeam) and to 
evaluate potential compatibility metrics. 

• LCW results showed that the heavy-duty pick-up 
with SEAS helped in transferring dynamic force to 
lower portions (rows 3 and 4) of the LCW. Results 
obtained from pick-up impacts with and without 
SEAS identified a difference in total load 
supported by rows 3 and 4 of 130 KN. This force 
may be attributed to the SEAS structure. 

• In calculating metrics such as VNT, VSI or other 
potential force-based metrics, it is suggested to use 
the time-dependent peak load instead of non-time 
dependent sum of the peak cell loads.   

• The peak row loads using a 40ms time limit can 
distinguish the presence of SEAS. A target load of 
100KN on rows 3 and 4 has a potential to 
discriminate presence of SEAS. 

• 82 kph full frontal collinear impacts of bullet 
vehicles (heavy-duty pick-ups with and without 
SEAS) against a stationary target vehicle (small 
size passenger car) were also conducted.  Barrier 
test results and associated metrics were correlated 
to results obtained from vehicle-to-vehicle tests for 
assessment of compatibility measures and test 
procedures.   

• During the first 40 ms in vehicle-to-vehicle impact 
when the bullet vehicle has SEAS, approximately 
304KN of force acts on the vehicles in the 
interaction zone. This force level is correlated to 
that observed in the interaction zone (rows 3 and 4)  

in the LCW test impacted by the heavy-duty pick-
up with SEAS. 

• The presence of the SEAS on the bullet vehicle 
provided good interaction with the PEAS of the 
target vehicle. This led to reduction in override of 
the target vehicle that resulted in significant 
reduction of the overall deformations and 
intrusions in the target vehicle's passenger 
compartment. 

• Finally, the LCW with deformable face 
investigated in this study has a potential to be used 
to assess vehicle compatibility. 
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ABSTRACT 
 
This paper characterizes the field performance of 
occupant restraint systems designed with advanced 
air bag features including those specified in the US 
Federal Motor Vehicle Safety Standard (FMVSS) 
No. 208 for advanced air bags, through the use of 
Event Data Recorders (EDRs).  Although advanced 
restraint systems have been extensively tested in the 
laboratory, we are only beginning to understand the 
performance of these systems in the field.  Because 
EDRs record many of the inputs to the advanced air 
bag control module, these devices can provide unique 
insights into the characteristics of field performance 
of air bags.  The study was based on advanced air bag 
cases extracted from NASS/CDS 2000-2005 with 
associated EDR data.  The paper presents the 
characteristics of advanced air bag deployment 
(number of stages and trigger time) as a function of 
crash severity and seating location, the characteristics 
of delayed deployments, and the frequency and 
characteristics of frontal crashes in which the air bag 
did not deploy.   
 
INTRODUCTION 
 
In the U.S., automakers have introduced a new 
generation of advanced occupant restraints, including 
those specifically introduced in response to the 
requirements for advanced air bags, as specified in 
the FMVSS No. 208 upgrade [49 CFR 571.208 
(65FR30680)].  These advanced systems are 
characterized by multi-stage air bag inflators, 
pretensionsers, advanced occupant sensors, and 
complex air bag deployment algorithms.  Although 
these systems have been extensively tested in the 
laboratory, we are only beginning to understand the 
performance of these systems in the field.  Because 
EDRs record many of the inputs to the advanced air 
bag control module, these devices can provide unique 
insights into the performance of air bags in the field.   
 

 
OBJECTIVE 
 
The objective of this study is to characterize the 
performance of advanced frontal air bags in real 
world crashes.  The paper will include both vehicles 
certified to the FMVSS No. 208 advanced air bag 
regulation, and vehicles having dual-stage frontal air 
bags.   
 
APPROACH 
 
The analysis was based upon EDR records extracted 
from the Virginia Tech EDR (VT EDR Database) 
database.  The VT EDR Database contains the 
records from over 2,200 EDRs downloaded as part of 
National Automotive Sampling System / 
Crashworthiness Data System (NASS/CDS) 2000-
2005 crash investigations.  All cases were 
downloaded by NASS investigators in the field using 
the Vetronix Crash Data Recorder (CDR) retrieval 
system. 
 
CHARACTERIZATION OF DATA SET 
 
This study included only EDR cases from vehicles 
having a dual-stage frontal air bag.  The resulting 
sample contained the EDR records from 106 vehicles 
having air bags of the advanced type, also referred to 
as certified advanced compliant (CAC) air bags.  
CAC air bags are defined as air bags in those vehicles 
certified to the FMVSS No. 208 upgrade.  The 
sample was composed entirely of General Motors 
(GM) passenger cars, light trucks, and vans.  Table 1 
shows the distribution of cases by EDR module type.  
 
Table 1.  Distribution of CAC Air Bag Cases by EDR Module 

Type 
 
EDR Module 
Type  Deployment Non-

Deployment Total 

SDMDW2003 3 3 6 
SDMGF2002 44 56 100 
Total 47 59 106 
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GM EDRs record longitudinal delta-V versus time 
for up to two events.  Figure 1 presents the 
distribution of maximum longitudinal delta-V 
recorded by each of 47 the CAC EDRs in which the 
frontal air bag deployed.  The median longitudinal 
delta-V in our sample was approximately 15 mph. 
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Figure 1. Distribution of Longitudinal Delta-V Values in 
Deployment Events 

 
As shown in Figure 2, a frontal impact was the most 
harmful event in over 90% of the CAC air bag 
deployment cases.  

91%

6%
2%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Front Right Side Top

GAD in Most Harmful Event

Fr
eq

ue
nc

y 
(%

)

 
Figure 2. General Area of Damage in Most Harmful Event in 

Deployment Crashes 
 
More useful than knowing the General Area of 
Damage (GAD) of the most harmful event however 
would be to know the GAD of the event which 
triggered the air bag.   The most harmful event may 
not be the event which triggers the airbag. 
Unfortunately, in a multiple event crash, the event 
which triggered the air bag cannot always be 
determined.  As shown in Figure 3, NASS 
investigators recorded that over 50% of the CAC air 
bag deployment cases involved multiple events.   Not 
all of these events necessarily have a longitudinal 
component of sufficient magnitude to deploy the air 
bag. 
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Figure 3. Number of Impact Events in Each Crash Involving a 

Frontal Air Bag Deployment as Observed by NASS 
investigator 

 
The EDR data indicated that the majority of the 
deployment cases in our sample involved only a 
single event having a longitudinal component of 
delta-V. The SDMGF2002 module records a count of 
the number of events in each crash which involved a 
longitudinal component of delta-V.  In our sample of 
47 deployments, 44 were SDMGF2002 modules.  
Figure 4 below shows that in over 80% of the cases, 
the EDR detected only a single impact with any 
longitudinal component.  This observation does not 
however mean these events were frontal impacts.  
Although events with strong longitudinal components 
are typically frontal impacts, it is possible for other 
crash modes including side impacts to have a 
significantly severe longitudinal component to deploy 
the air bag. 
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Figure 4. Number of Deployment Crashes with Multiple 

Events Involving Longitudinal Delta-v Component as 
Recorded by EDR 

 
 
Belt Use and Air Bag Deployment 
 
Table 2 presents the distribution of driver belt buckle 
status in deployment cases.  In approximately half of 
the cases, the EDR recorded that the driver belt was 
buckled. In our sample, the EDR driver seat belt 
buckle status frequently did not agree with the belt 
use status determined by the NASS investigator.  In 9 
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of the 31 cases in which NASS investigators believed 
that the driver was belted, the EDR recorded that the 
driver belt was unbuckled.   
 

Table 2.  Driver Belt Buckle Status 
 
EDR 
Buckle 
Status 

NASS 
– 

Belted 

NASS - 
Unbelted 

Not 
Inspected 
by NASS 

Total 

Buckled 22 1 2 25 
Not 
Buckled 

9 12 1 22 

Total 31 13 3 47 
 
Table 3 shows that in half of the cases in which a 
right front passenger was present, the EDR recorded 
that the passenger was buckled.  Because the EDR 
passenger buckle status is not a data element 
recorded by the SDMDW2003 module, the three 
SDMDW2003 cases are not tabulated in Table 3. 
 

Table 3.  Right Front Passenger Belt Buckle Status 
 
EDR Buckle 
Status 

NASS – 
Belted 

NASS - 
Unbelted 

Total 

Buckled 2 1 3 
Not Buckled 2 1 3 
Total 4 2 6 
 
Table 4 compares the records of driver air bag 
deployment as indicated by the NASS investigator 
and recorded by the EDR.  In all but one of the 
deployments, the EDR and NASS investigators 
agreed the air bag deployed.  In all non-deployment 
cases, EDR and NASS investigators agreed that the 
bag had not deployed. 
 

Table 4.  Driver Air Bag Deployment Status 
 
EDR 
Deployment  
Status 

NASS-
Not 

Inspected 

NASS-
Bag 

Deployed 

NASS-
No 

Deploy 

Total 

Deployed 3 43 1 47 
Non-deploy 15 - 44 59 
Total 18 43 45 106 
 
In case 2002-12-150, a 2003 Chevrolet Suburban was 
involved in a crash in which the EDR recorded that 
the driver air bag was deployed.  NASS investigators 
observed however that the driver air bag did not 
deploy.  Inspection of the photos from the 
investigation confirms the NASS observation that the 
bag did not deploy. 
 
 
 
 

Vehicle Speed just Prior to Impact 
 
The GM EDRs in our dataset recorded 5 seconds of 
precrash data in one second intervals on vehicle 
speed, engine speed, engine throttle setting, and 
brake status.  The vehicle speed data at one second 
before algorithm enable provides an estimate of 
vehicle speed approximately one second before 
impact.  Figure 5 provides a distribution of vehicle 
speed at t = - 1 second for the CAC deployment cases 
in our sample.  Although the EDRs in our dataset did 
not record impact speed, this measure provides an 
estimate of vehicle speed just before impact.  The 
median vehicle speed approximately 1 second before 
impact was 38 mph.  
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Figure 5. Distribution of Vehicle Speed approximately One 

Second before impact in Deployment Events 
 
RESULTS 
 
Figure 6 compares the distribution of the driver air 
bag deployments and non-deployments by peak 
longitudinal delta-V.  All cases in this analysis had 
incurred a frontal impact in the most harmful event.  
The cases were aggregated into three groups: 1) those 
crashes which resulted in a deployment, 2) those 
crashes not sufficiently severe to deploy the airbag, 
and 3) split deployments.  Split deployments are 
those cases in which the driver air bag deployed, but 
the right front passenger air bag did not deploy 
despite the presence of a passenger.  There were no 
cases in which the passenger air bag deployed, but 
the driver air bag did not deploy.  Of the 106 CAC 
cases, there were 41 deployments, 2 split 
deployments, and 19 non-deployments in which the 
general area of damage was frontal.  
 
The driver frontal air bag was observed to deploy in 
crashes having a longitudinal delta-V as low as 3-4 
mph.  The driver bag was observed to not deploy in a 
crash having a longitudinal delta-V of 26 mph.  This 
crash was a long duration crash of approximately 275 
milliseconds into an earth and rock embankment.  
Logistic regression was performed to determine the 
probability of driver air bag deployment as a function 
of longitudinal delta-V.  For this sample, the 
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probability of driver air bag deployment was 50% for 
a longitudinal delta-V of 8 mph.   
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Figure 6.  Probability of Deployment of Driver Air Bag by 
Longitudinal Delta-V 

 
In our dataset of 106 CAC cases, there were 20 right 
front passengers involved in a crash in which a 
frontal impact was the most harmful event.  This 20 
case set consisted of 11 deployments, 2 split 
deployments, and 7 non-deployments.  Figure 7 
presents the distribution of the right front air bag 
deployment decision by longitudinal delta-V for 
these cases.  The right front passenger air bag was 
observed to deploy in collisions having a longitudinal 
delta-V as low as 6 mph. In general, the passenger air 
bag did not deploy in low delta-V crashes.  In one 
crash however, the right front passenger air bag did 
not deploy in crashes having a longitudinal delta-V of 
26 mph.  Because our dataset contained only a 
limited number of right front passenger cases, a 
logistic regression computation was not possible for 
this data subset. 
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Figure 7.  Distribution of Right Front Passenger Air Bag 
Deployment Decisions by Delta-V 

 
All CAC air bag systems in our data set contained 
dual stage inflators.  Dual stage inflators allow the air 
bag deployment characteristics to be tailored to the 
particular crash severity and occupant configuration 
of a collision.   Of the106 CAC cases, there were 43 
driver air bag deployments and 19 non-deployments 
in which the most harmful event was a frontal 

impact.  In the 43 deployments, both the first and 
second stage fired in 9 of the crashes.  Only the first 
stage fired in the remaining 34 cases.  In general as 
shown in Figure 8, both inflator stages were triggered 
only in higher delta-V crashes.   
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Figure 8.  Distribution of Driver Air bag Dual-Stage, Single-

Stage, and Non-deployments vs. Delta-V 
 
Figure 9 presents the relationship between 
longitudinal delta-V and the vehicle speed just prior 
to impact.  In the majority of cases, vehicle speed 
greatly exceeds longitudinal delta-V. 
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Figure 9.  Longitudinal Delta-V vs. Vehicle Speed just before 

collision in CAC deployment cases 
 
 
Time Interval from Algorithm Enable to 
Deployment 
 
Air bag deployment is controlled using a 
microprocessor.  Typically vehicle acceleration, often 
measured at a central vehicle location and near the 
front of the vehicle, is processed to determine when 
the vehicle’s frontal air bags should be deployed as 
well as which air bag stage should be utilized.  The 
air bag processor wakes up after it senses a 
predetermined acceleration threshold has been 
exceeded.  This wake up is defined as algorithm 
enable (AE) [Chidester et al, 1999].  After AE 
occurs, the processor continues to monitor and 
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analyze the vehicle’s deceleration profile and 
determines if and when the air bags should be 
deployed.  The time the processor deploys the air 
bags is often referred to as air bag deployment time 
and is referenced to AE as a time zero.  For instance, 
if the air bags deployed 25 milliseconds (msec) after 
AE, common notation would consider this an air bag 
deployment time of 25 msec.   
 
To provide context for real world air bag deployment 
times, EDRs have been used to assess that air bag 
deployment times during NHTSA’s frontal barrier 
tests, conducted for Federal motor vehicle safety 
standard (FMVSS) No. 208 and New Car Assessment 
Program (NCAP).  Data from over thirty vehicles, 
model year 2002 through 2006, were examined.  
Deployment times are shown in Figure 10.  For these 
tests, the average deployment time for the first stage 
driver air bag was 7 msec, with a range of 2.5 to 17.5 
msec.  Generally, the driver and right front passenger 
air bags (both first and second stages) deployed at the 
same exact time. 
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Figure 10. 1st Stage Deployment Times vs. Model Year in 

Frontal NCAP Tests 
 
Analyses of air bag deployments from real world 
crashes would allow full range analysis of 
deployment times under many circumstances.  Since 
there were only 47 CAC deployment cases, we 
extended the analysis of deployment times to include 
pre-CAC vehicles with dual stage air bags.  NASS 
cases from years 2000 to 2005, which included a 
complete EDR record, and a GM vehicle with a dual 
stage air bag system which deployed, were compiled 
into a subset of the VT EDR Database. A total of 132 
cases met these criteria. Using the EDR data, air bag 
deployment times were used to form a cumulative 
distribution, as seen in Figure 11. 
 
In this sample of GM vehicles, with complete EDR 
records and equipped with dual air bags, the 50th 
percentile deployment time is 20 msec while the 75th 
percentile is 35 msec. 
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Figure 11. Cumulative Distribution (%) of Driver 1st Stage Air 

Bag Deployment vs. Deployment Time (msec) 
 
 
DELAYED DEPLOYMENTS 
 
The VT EDR database contained 132 cases involving 
deployment of an advanced dual stage air bag.  
Twelve vehicles had driver deployment times 
recorded by the EDR of 72.5 msec and longer.  Four 
of the vehicles were CAC.  Eight cases were pre-
CAC vehicles with dual stage air bags.  For each of 
these vehicles, the NASS and EDR data were 
reviewed to determine common characteristics.  The 
GM vehicle model year, make, and model for these 
cases as reported by NASS are presented in Table 5. 
 

Table 5.  Vehicle Model Year, Make and Model  
(* = CAC Vehicle) 

 
NASS Case 
Number 

Model 
Year 

Make 
 

Model 
 

2004-75-126 * 2003 Chev Avalanche 
2004-50-087 * 2004 Chev C/K-series Pickup 
2004-12-052 2001 Pont Bonneville/Catalina 
2005-04-062 2005 Chev Caprice/Impala 
2001-41-133 2001 Chev Monte Carlo (FWD) 
2004-08-108 2004 Saturn Ion 
2004-11-082 2004 Saturn Ion 
2003-12-162 2002 Chev Caprice/Impala 
2005-76-009 * 2004 GMC C,K,R,V-series P/U 
2005-12-149 2005 Chev Equinox 
2004-48-181 2001 Chev Caprice/Impala 
2003-50-110 * 2003 GMC C,K,R,V-series P/U 
 
For each of these cases, the EDR data were reviewed 
to determine the driver seat belt status, longitudinal 
delta-V of the case vehicle, and the driver’s air bag 
deployment time.  These data are provided in  
Table 6. 
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Table 6.  Driver Belt Status, Vehicle Longitudinal Delta-V, and 
Driver Air Bag Deployment Times (* = CAC Vehicle) 

 
NASS Case 
Number 
 

Dvr Belt 
Stat 

Delta-V 
(mph) 

Dvr A/B 
Dep Time 

(msec) 
2004-75-126 * Buckled -6.13 167.5 
2004-50-087 * Unbuckled -19.21 142.5 
2004-12-052 Buckled -28.62 102.5 
2005-04-062 Buckled -58.41 100 
2001-41-133 Buckled -26.21 97.5 
2004-08-108 Unbuckled -10.99 92.5 
2004-11-082 Unbuckled -30.46 87.5 
2003-12-162 Buckled -7.64 82.5 
2005-76-009 * Unbuckled -17.81 75 
2005-12-149 Buckled -8.10 75 
2004-48-181 Buckled -7.93 75 
2003-50-110 * Unbuckled -20.31 72.5 
 
NASS Case Discussion 
The following presents a short description of the 
crash, vehicle speed and longitudinal delta-V as 
reported by the EDR, multi event as reported by the 
NASS investigator or the EDR, and some potential 
reasons for the long reported driver’s air bag 
deployment times.  In the discussions which follow, 
PDOF refers to the principal direction of force, 
expressed in degrees, where 0 is direct frontal.  GAD 
refers to the general area of damage.  GAD = F 
indicates frontal damage. 
 
2004-75-126 
Impact description: Minor vehicle impact, followed 
by curb hit (EDR N/D event) and then subsequent 
vehicle impact (EDR D event).   
Vehicle speed: EDR @ -1 sec = 33 mph 
D event delta-V = 6 mph 
GAD/PDOF: Frontal/350deg 
Multi event: yes 
Potential reasons for late reported deployment time: 

• Low delta-V event 
• Closely spaced D and N/D events 

 
2004-50-087 
Impact Description: Multi event crash – sideswiped 
small post, offset impact on utility pole (D event) 
followed by curb hit. 
Vehicle speed: EDR @ -1 sec = 51 mph 
D event delta-V = 19 mph 
GAD/PDOF: F/0deg  
Multi event: yes 
Potential reasons for late reported deployment time: 

• Extreme low overlap with pole (soft) 
• May miss satellite sensor on lower radiator 

support 
• Abnormal delta-V increases at 100 msec 
 

2004-12-052 
Impact Description: Vehicle front contacted a 
mailbox and a utility pole and came to rest against 
the pole. 
Vehicle speed: EDR @ -1 sec = 42 mph 
D event delta-V = 29 mph 
GAD/PDOF: F/0deg  
Multi event: yes 
Potential reasons for late reported deployment time: 

• Narrow impact (soft) 
 
2005-04-062 
Impact Description: Vehicle struck a street sign and a 
large diameter tree. 
Vehicle speed: EDR @ -1 sec = 76 mph 
D event delta-V = 58 mph 
GAD/PDOF: F/0deg 
Multi event: yes 
Potential reasons for late reported deployment time:  

• Narrow impact (soft) 
• Delayed start of delta-V data.  No vehicle 

acceleration from AE to ~40 msec 
 
2001-41-133 
Impact Description: Vehicle departed the left side of 
the road, hit curb, and contacted a concrete utility 
pole on the median with its front. 
Vehicle speed: EDR @ -1 sec = 48 mph 
D event delta-V = 26 mph 
GAD/PDOF: F/350deg 
Multi event: yes 
Potential reasons for late reported deployment time: 

• Narrow impact – pole (soft), with broad 
damage 

• Delta-V recording shows no vehicle 
acceleration from AE to ~30 msec 

 
2004-08-108 
Impact Description: Vehicle struck a wooden utility 
pole with its front, shearing the pole, which resulted 
in the vehicle rolling 6-quarter turns. 
Vehicle speed: EDR @ -1 sec = 61 mph 
D event delta-V = 11 mph 
GAD/PDOF: F/20deg 
Multi event: no (yes subsequent to D event) 
Potential reasons for late reported deployment time:  

• Low delta-V event 
• Narrow offset impact (soft) 

 
2004-11-082 
Impact Description: Vehicle rear-ended stopped 
vehicle in roadway at stop sign. 
Vehicle speed: EDR @ -1 sec = 49 mph 
D event delta-V = 30 mph 
GAD/PDOF: F/0deg 
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Multi event: no 
Potential reasons for late reported deployment time: 

• Broad damage 
• Delta-V recording shows no vehicle 

acceleration from AE to ~20 msec 
 
2003-12-162 
Impact Description: Vehicle struck another vehicle 
on roadway (sideswipe), struck a fire hydrant with its 
front plane (D event), and then struck a steel sign 
pole 
Vehicle speed: EDR @ -1 sec = 17 mph 
D event delta-V = 8 mph 
GAD/PDOF: F/10deg 
Multi event: yes 
Potential reasons for late reported deployment time:  

• Low delta-V event 
• Narrow impact 

 
2005-76-009 
Impact Description: Other vehicle swerved to miss 
debris on roadway and impacted subject vehicle head 
on with small overlap 
Vehicle speed: EDR @ -1 sec = 29 mph 
D event delta-V = 18 mph 
GAD/PDOF: F/340deg 
Multi event: yes 
Potential reasons for late reported deployment time:  

• Narrow offset impact 
• May miss satellite sensor on lower radiator 

support 
• Abnormal delta-V increases at 30 msec 
• Delayed start of delta-V data. No vehicle 

acceleration from AE  to ~ 50 msec  
 
2005-12-149 
Impact Description: Vehicle contacted a signpost, 2 
wooden boxes, another post, and a third wooden box. 
Vehicle speed: EDR @ -1 sec = 45 mph 
D event delta-V = 8 mph 
GAD/PDOF: F/0deg 
Multi event: yes 
Potential reasons for late reported deployment time: 

• Low Delta-V event 
• Narrow offset impact (soft pliable planter 

box) 
• Delayed start of delta-V data No vehicle 

acceleration from AE to ~ 20 msec 
 
2004-48-181 
Impact Description: Other vehicle crossed center and 
hit subject vehicle with extreme offset engagement. 
Vehicle speed: EDR @ -1 sec = 43 mph 
D event delta-V = 8 mph 
GAD/PDOF: F/0deg 

Multi event: no 
Potential reasons for late reported deployment time: 

• Low delta-V event  
• Offset to left side 
• Narrow impact 
• May miss satellite sensor near hood latch 
• Velocity change trace starts at 8 mph at 10 

msec 
 
2003-50-110 
Impact Description: The right front fender was struck 
by another vehicle at an intersection followed by the 
subject vehicle hitting a signal pole 
Vehicle speed: EDR @ -1 sec = 19 mph 
D event delta-V = 20 mph 
GAD/PDOF: F/0deg 
Multi event: yes 
Potential reasons for late reported deployment time: 

• Pole impact (soft) 
• Misses frame rails 
• Offset impact (away from satellite sensor, if 

equipped) 
 
Discussion 
 
Abnormal delta-V traces:  On at least two of the 
twelve cases investigated, the EDR recorded the 
vehicle’s speed increasing during the impact.   In 
case 2004-50-087, this was observed.  Figure 12 
shows these data. 
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Figure 12.  Case 2004-50-087 EDR Delta-V (mph) vs. time 

(msec) 
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Figure 13.  Case 2004-50-087 Differentiated EDR Delta-V 
(mph) vs. time (msec) 

 
A closer examination can be made by differentiating 
these data to obtain a rather crude representation of 
the vehicle deceleration.  This is shown in Figure 13. 
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From these data there is clear vehicle acceleration at 
110 msec.  While it is not unusual to see positive 
acceleration in the high frequency acceleration data, 
it is unusual to see it in low frequency data.  Since 
these data represent very low frequency data, an 
occurrence of this type should be considered 
abnormal.  A review and validation of this process is 
found in the Appendix. 
 
Delayed start of delta-V data:  In several cases the 
data captured and recorded are part of the EDR 
record related to the deployment file show rather long 
delays between AE and significant changes in vehicle 
delta-V.  An example of this is found in case 2001-
41-133, where the delay was about 50 milliseconds.  
Figure 14 shows the first major separation from 0 
mph to be at 60 msec. 
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Figure 14.  Case 2001-41-133 EDR Delta-V (mph) vs. time 

(msec) 
 
Findings 
 
The following is a discussion of these twelve cases.  
Because this is a very small sample and because case 
counts are used, rather than weighted data, generally 
only qualitative statements are made. 
 
A review of the model years for these twelve case 
vehicles shows fairly even distribution, given the 
small sample and the fact that newer vehicles were 
not available for selection in the earlier case years.  
These data are shown below.   
 
Table 7.  Distribution of Model Years in Delayed Deployment 

Cases 
 

Vehicle MY Number of Cases 
2001 3 
2002 1 
2003 2 
2004 4 
2005 2 

 
A review of the vehicle type also shows no trends.  
Both trucks and passenger vehicles had long recorded 

driver’s air bag deployment times.  Also, several GM 
brands were found in the list, as were various sizes of 
passenger vehicles.  Furthermore, driver seat belt 
status varied between the cases as did crash severity, 
ranging from 6 mph to nearly 60 mph. 
 
Several common characteristics were found among 
these twelve cases.   
 
Narrow/Offset:  In many of the cases, the vehicle 
impacted something narrow, such as a pole.  Others 
had significant offset impacts, typically engaging a 
small portion of the vehicle.  Narrow impacts tend to 
be softer because they may not involve the frame 
rails.  Figure 15 and Figure 16 present examples of 
these impacts. 
 

 
Figure 15.  Case 2004-12-052 Impact with Small Sign and Pole 

 
Figure 16.  Case 2003-12-162 showing fire hydrant damage on 

vehicle’s right 
 
Low Delta-V:  Several cases had low delta-V crashes.  
These crashes are in the zone where the air bag may 
or may not deploy.  For some of these more time may 
be needed for the air bag controller to predict the 
need for air bags deployment, hence the longer 
deployment times. 
 
Abnormal data:  As mentioned in the case description 
section above, some cases had what might be 
construed as abnormal or unexpected data.  There 
were at least three categories of abnormal data.  Two 
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of these were discussed earlier in the Discussion 
section. 
• Delayed onset of significant changes in velocity 

after time zero, also referred to as AE. 
• Reversal in the delta-V characteristic 
• High starting point for the delta-V trace, as 

reported as the 10 msec data point. 
 
Multi Impact:  Many of these twelve cases have 
earlier non-deployment impacts, as reported by both 
NASS and the EDR.   Table 8 summarizes these 
characteristics by NASS case number. 
 

Table 8.  Summary of Delayed Deployments 
 (* = CAC Vehicle) 

 
NASS Case 

Number 
Narrow
/ Offset 

Low 
DV 

Abnormal 
data 

Multi 
Impact 

2004-75-126 *     
2004-50-087 *     
2004-12-052     
2005-04-062     
2001-41-133     
2004-08-108     
2004-11-082     
2003-12-162     
2005-76-009 *     
2005-12-149     
2004-48-181     
2003-50-110 *     
 
ADVANCED AIR BAG SUPPRESSION 
PERFORMANCE 
 
The driver and front passenger restraints can operate 
independently in an advanced air bag system. 
Deployment of the driver air bag does not always 
imply that the passenger air bag will also be 
deployed.  Deployment of the right front passenger 
air bag can be suppressed under certain conditions.  
A manufacturer may choose, for example, to not 
deploy the passenger air bag if there is no occupant 
seated in the right front passenger location.  More 
importantly, the air bag may be suppressed if a child 
is detected. 
 
Table 9 shows the frequency of suppressions for right 
front passenger air bags in crashes sufficiently severe 
to deploy the driver frontal air bag.  All cases in this 
table involve CAC vehicles.  In three of the cases, 
occupant descriptions were not available as the 
vehicles were not inspected by NASS investigators.  
Right front passengers were present in 14 of the 44 
remaining cases.  
 

Table 9.  Frequency of Right Front Passenger Air bag 
suppression in crashes in which the driver air bag deployed in 

CAC vehicles 
 

Right 
Front 

Passenger 

RF Air 
bag 

Deployed 

RF Air bag 
Suppressed 

Total 

Adult 12 1 13 
Child - 1 1 
None 3 27 30 
Total 15 29 44 

 
When the passenger seat was vacant, the passenger 
air bag did not deploy in the majority of the cases (27 
of 30).  This indicates the presence of sophisticated 
occupant sensors which are characteristic of 
advanced air bag systems.  This behavior however 
can be dependent on the air bag control module as 
automakers have the flexibility to implement or not 
implement this non-safety related feature.  Only the 
SDMFG2002 module suppressed the air bag if the 
passenger seat was vacant (27 of 27).  The 
SDMDW2003 module on the other hand deployed 
the right front air bag despite the fact that no 
occupant was seated at that location (3 of 3). 
 
Air bag Suppression in the Presence of a Right Front 
Passenger 
Deployment of the driver air bag does not always 
imply that the passenger air bag will also be 
deployed.  Table 9 shows two particular cases of 
interest in which the passenger air bag was 
suppressed despite the presence of a right front 
passenger.  In both cases, the driver bag deployed.  In 
both cases, the passengers were subjected to a 
longitudinal delta-V of over 20 mph.  Earlier in this 
paper, these cases were referred to as split 
deployments. 
 
In the first case (NASS/CDS case 2005-42-106), the 
right front passenger was a 5 year old male child 
weighing 20 kg.  The child was not seated in a child 
seat.  The subject vehicle, shown in Figure 17, was a 
2004 Chevrolet C/K-series pickup truck which struck 
a guardrail and then suffered a rollover.  The EDR 
recorded a longitudinal delta-V of 25.3 mph in the 
guardrail impact.  NASS investigators estimated a 
PDOF of 30 degrees.  The NASS investigator 
indicated that the child was restrained by a 3-point 
belt.  The EDR however recorded that the right front 
passenger belt was not buckled.  The air bag on/off 
switch was in the ‘auto’ position.  However, when a 
child is detected, CAC vehicles are designed to either 
suppress the airbag or deploy the air bag in a low risk 
manner.  In this case, the system appears to have 
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detected the child and correctly suppressed the 
passenger air bag.  
 
In the second case (NASS/CDS case 2003-09-224), 
the right front passenger was a 29-year old male 
restrained by a three-point belt.  The subject vehicle 
was a 2003 GMC C/K-series pickup truck which was 
subjected to a frontal crash with a longitudinal delta-
V of 22 mph at a PDOF of 10 degrees. As with the 
previous case, three reasons were investigated for air 
bag suppression:  air bag on/off switch, failure of 
weight sensor, and a forward-located seat.   
 
NASS investigators noted that the air bag on/off 
switch was in the ‘auto’ position.  Vehicle interior 
photos also showed the switch clearly in the 'auto' 

position.  The passenger had a weight of 79 kg and 
height of 175 cm.  There is little chance that a weight 
sensor would not have detected this occupant.  The 
EDR recorded that the passenger seat position was in 
the rearward position making this also an unlikely 
reason for air bag suppression.  One other possible 
scenario is that the auto/off switch status was 
tampered with post-crash.  Unfortunately, the EDR 
data as downloaded with the Vetronix reader only 
indicates that the right front passenger air bag was 
suppressed.  The EDR does not indicate whether the 
suppression was due to the auto/off switch being set 
in the off position or whether the nature of this 
particular crash did not meet the air bag deployment 
criteria. 

 

  
(a) Frontal and Rollover Damage to 2004 Chevrolet 

Silverado Subject Vehicle 
(b) Passenger Air bag On/Off Switch in Auto Position 

 
Figure 17.  Frontal Crash followed by a rollover in which Driver Air bag deployed, but Passenger Air bag did not deploy for a child in 

the right front seat (NASS 2005-42-106) 
 

  
(a) Frontal Collision Damage of a 2003 GMC Sierra 

Pickup 
(b) Passenger Air bag On/Off Switch in Auto Position  

 
Figure 18.  Frontal Crash in which Driver Air Bag Deployed, but Passenger Air Bag did not in the Presence of an Adult Right Front 

Passenger (NASS 2003-09-224) 
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LIMITATIONS 
 
This study has several limitations described below: 
 
• The study was based on a limited data set 

vehicles having an advanced air bag.  Because of 
the small sample currently available, the 
conclusions of this analysis should be regarded 
only as an initial indication of the more 
conclusive findings that can be expected from 
follow on studies with a larger EDR sample.   

 
• All vehicles were manufactured by General 

Motors.  The results may not apply to other 
automakers.   

 
• The frequency distributions presented in this 

paper apply only to the study data set.  Because 
the study has not used NASS/CDS case weights, 
the results should not be interpreted as 
necessarily representative of the U.S. national 
crash environment.   

 
CONCLUSIONS 
 
This paper has investigated the field performance of 
occupant restraint systems, designed with advanced 
air bag features, including criteria specified in the US 
FMVSS No. 208 for advanced air bags.  The analysis 
was based upon EDR records extracted from the VT 
EDR database for 106 NASS/CDS cases involving 
CAC vehicles.  The CAC sample was composed of 
47 air bag deployments and 59 non-deployments. A 
separate analysis of air bag deployment times was 
conducted using 132 cases of both CAC and pre-
CAC vehicles having an advanced air bag which 
deployed.  
 
The findings were as follows: 
 
1. Deployment Characteristics.  For this sample, 

there was a 50% probability of driver air bag 
deployment a longitudinal delta-V of 8 mph.  
The driver air bag was observed to deploy at 
longitudinal delta-V as low as 3-4 mph.  The 
driver air bag was observed to not deploy at 
longitudinal delta-V as high as 26 mph.   

 
2. Delayed Deployments.  In twelve advanced 

frontal air bag cases, driver air bag deployment 
times recorded by the EDR exceeded 72 
milliseconds.  Examination of these cases 
revealed that frequently these delayed 
deployments were associated with narrow 
impacts, multiple impacts, lower delta-V crashes 
or cases with abnormal crash pulses. 

 
3. Passenger Air Bag Suppression when no 

Passenger was present.  The CAC air bag 
systems in this study suppressed the passenger 
air bag in the majority of cases (27 of 30) in 
which the passenger seat was vacant. 

 
4. Air Bag Suppression in Presence of a Right 

Front Passenger.  In two of the CAC vehicles, 
the passenger air bag did not deploy despite the 
presence of a passenger. In both cases, the driver 
air bag deployed and the air bag on/off switch 
was in the auto position.  One case was for a 5-
year old child and the other case was for a 29 
year old adult. 

 
This study has demonstrated the feasibility of using 
Event Data Recorders to evaluate the performance of 
advanced occupant restraint deployment algorithms.  
Because this study was based upon a small number of 
cases, the conclusions should be revisited when 
additional EDR data is available from CAC cases.  
Our initial examination of CAC deployment 
algorithms has shown that a first priority of future 
studies should be to investigate the potential safety 
issues of delayed deployments and suppression of the 
right front passenger air bag. 
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APPENDIX 
 
To determine the efficacy of differentiating the delta-
V data from the GM EDR to determine the vehicle’s 
deceleration, a case where the vehicle’s acceleration 
was known was examined.  During NHTSA’s NCAP 
program, vehicles are always instrumented with 
accelerometers.  This analysis used the data from an 
NCAP test of a 2005 Chevrolet Equinox.  These data 
are found in the NHTSA Vehicle Crash Test 
Database, located on the NHTSA web page [NHTSA, 
2007]. 
 
The vehicle deceleration is shown in Figure 19.  
These data were filtered using SAE J211 Class 60. 
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Figure 19. Vehicle longitudinal deceleration (G’s) from an 

NCAP test of a 2005 Chevrolet Equinox vs. time (msec) 
 
The EDR data from this test were extracted and 
downloaded from the NHTSA Vehicle Crash Test 
Database.  Those data are also available on the 
NHTSA web page.  The deployment file crash delta-
V is shown in Figure 20. 
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Figure 20.  Vehicle EDR longitudinal velocity change (mph) 

from an NCAP test of a 2005 Chevrolet Equinox vs. time 
(msec) 

 
These data were differentiated (using a simple 
difference method and applying a mid point time 
value to each point) to obtain a representation of the 
vehicle’s deceleration.  Because the time between 
samples is 10 msec, the fidelity seen in the vehicle’s 
accelerometer cannot be replicated.  Hence we see a 
somewhat smoothed characteristic.  Figure 21 
presents these data. 
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Figure 21.  Differentiated vehicle EDR longitudinal velocity 

change (G’s) from an NCAP test of a 2005 Chevrolet Equinox 
vs. time (msec) 

 
The vehicle accelerometer signal and the 
differentiated EDR data are compared in Figure 22 
.   
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Figure 22. Differentiated vehicle EDR longitudinal velocity 
change (bold) compared with vehicle accelerometer (G’s) from 
an NCAP test of a 2005 Chevrolet Equinox vs. time (msec) 
 
As can be seen in these data, the 10 msec delta-V 
data from the GM EDR crash data can be used to 
generally reconstruct the actual crash pulse, as seen 
by the vehicle accelerometer.  The main different in 
shape is the loss of the higher frequency content. 
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ABSTRACT 

 
In the design of vehicle structures for 

crashworthiness, there is a need for rigid subsystems 
that guarantee an undeformable survival cell for the 
passengers and deformable subsystems able to 
efficiently dissipate the kinetic energy. The front rail 
is the main deformable component dissipating energy 
in a frontal crash, which is the most dangerous crash 
situation, and for which the structural behaviour is 
mostly affecting. 

The design of the front rail, usually consisting of 
a thin walled prismatic column, requires definition of 
the geometry, that is, of the shape and dimension of 
the cross section, of the thickness of the material, and 
of the material itself. 

In this work the analysis of the effect of different 
cross sections of the front rail, and of the joining 
system is carried out. Furthermore, the collapse 
during crash is influenced by the loading rate since 
the loading speed has substantial influence on the 
mode of collapse and on the material behaviour. In 
fact, the structural materials used in this application 
are known to be strain-rate sensitive. 

Within the work, different types of sections are 
compared. Different non-common continuous joining 
technologies are examined: three different types of 
adhesive an acrylic, one component epoxy and two 
components epoxy and laser welding. Adhesives and 
laser welding can be used as an alternative to the 
widely used spot-welding to improve the structure 
performance due to the continuous joint. 

The effects of the loading speed are taken into 
account by comparing quasi-static crush tests to 
dynamic impact tests. Dynamic tests have been 
performed under a drop tower testing apparatus built 
within the campus of the II Faculty of Engineering of 
Politecnico di Torino.  

 
1. INTRODUCTION 

 
A very important issue in car design nowadays, 

is the trend in using new, smart materials. In the next 

future, well known and widely used materials like 
deep-drawing steels will be discarded in favor of 
high-strength steels (dual-phase, TRIP steels…), 
aluminum alloys, magnesium alloys and various 
grades of polymeric materials and composites [1-2]. 
The reasons for this choice are many: the weight 
reduction to allow for more accessories and safety 
components, the strengthening of the structure and, 
last but not least, cost reduction. Moreover, even the 
lowest priced common steels suffered great costs rise 
due to increased demand from emerging countries. 

Many problems are linked to the introduction of 
new materials: their properties are still not 
completely known, the technologies usually adopted 
sometimes fail, and new environmental and 
protection problems can arise. Additional problems 
relate joining systems. For several years car body 
assembly was fully dominated by spot-welding. 
Resistance spot-welding is a very cheap and 
affordable technology to join steel sheets. It is highly 
customizable, it can be extremely automated, it is 
very quick, and it does not require preparation of the 
parts before joining. However, there are also some 
drawbacks: first, as in all the welding systems there is 
a heat affected zone that can affect the material 
strength; second,  it is a spot connection system that 
causes high stress concentrations near the spot, and 
cannot be used to join different materials (unless very 
difficult procedures are adopted, whenever possible). 

Among the various alternative solutions the most 
promising are probably laser welding and adhesives.  

Laser welding, although still a welding 
technology, is a continuous joining method. It is yet a 
very flexible solution that can be easily made 
automatic by means of robotics. It is even possible to 
join different metals.  

Recent developments in high-power CO2 lasers 
and robotic control have accelerated the application 
of laser beam welding (LW) to vehicle structure 
fabrication and assembly in the automotive industry. 
Additionally, it has been shown to offer many 
advantages if compared with other welding 
processes: a low heat input, a small heat-affected 
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zone, low welding distortion, welding in an exact and 
reproducible manner, and welding at high speed. 
With the advent of new laser technology, such as 
high power Nd:YAG and CO2 lasers and fiber-optic 
beam delivery systems, the automotive industry is re-
evaluating manufacturing systems in the body. 
However, it cannot be used to join other materials 
like plastics and composites.  

The most promising joining solution when 
dealing with different materials is bonding. The use 
of structural adhesives in car body construction has a 
lot of advantages: the joint is not localized in small 
areas eliminating stress concentrations, the adhesive 
layer can perform as insulating, protecting and 
damping material, it is possible to join different 
materials of almost any kind. The main problems in 
using adhesives are the loss of strength that comes 
from the differences in the coefficient of thermal 
expansion of the adherends and of the adhesive itself 
(generating residual stresses in it) and their relatively 
low peel strength. However, up to date structural 
adhesives have gained very high peel strength 
sufficient to guarantee very robust designs. Many 
other, supposed, drawbacks can be worked around by 
using state-of-the-art knowledge on adhesive joints 
construction. Surface preparation is little nowadays 
nor necessary anymore: modern structural adhesives 
can be applied directly on untreated surfaces, even 
dirty and greasy. The long curing time can still pose 
some problems, but, using bonded joint together with 
other mechanical fastening methods or with 
provisional fasteners [3], this can be effectively 
solved: the usual oven treatment for car body paints 
is then exploited for adhesive polymerization too, if 
necessary. Probably the main concern in using 
adhesives, as for many polymer materials, relates to 
long term endurance, which is still not completely 
known, especially in severe environments. 

There is, maybe, a sort of cultural difficulty in 
designers and manufacturers attitude. They are, 
comprehensibly, worried by the necessity to 
introduce dramatic modifications in components 
design to be suitable for bonding, as it was necessary 
in the past [4], and expensive changes in 
manufacturing equipments. As will be shown in the 
present paper, this is not of concern since recent 
structural adhesives have so excellent properties to be 
able to overcome most possible inconvenient. 

Main aim of this paper is then to compare results 
on the use of structural adhesives in structures 
subjected to crash. Comparison with traditional 
methods and the obtainable structural improvements 
have been already demonstrated [4-7]. A wide-
ranging comparison, coming from a lot of 
experimental tests in the Politecnico laboratories, will 
be addressed here. Three different adhesives and 

laser-welding technology for joining thin walled 
metal structures will be considered in the work, and 
compared to the usual spot-welded solution. 
Moreover, different sections will be examined to 
show whether direct substitution of a technology with 
another one is possible or not, and the greatest 
advantages of innovative geometries when dealing 
with new joining methods. 

 
STRUCTURAL COMPONENTS 

 
The basic component addressed in this work is a 

simplified crash box for frontal impact with square 
section, made of a common deep-drawing low alloy 
steel (Figure 1). The steel is DC02 EN10130 (Table 
1), and it was chosen on the basis of several 
considerations: the availability of previous results 
with the same material [5-6, 8-10] to allow for 
comparisons, the still relatively widespread use of 
this steel in car body constructions and, last but not 
least, accessibility and low cost of this material. 

 
Table 1. 

Steel properties 
 

Property  Value 
Material DC02 EN10130 
Yield strength, Re 170-280 (nominal) 
Tensile strength, Rm 270-400 (nominal) 
Elastic modulus, E 200×10³ MPa 
Plastic modulus, Ep 950 MPa (measured, avg.) 
Yield strength, Sy 190 MPa (measured, avg.) 
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Figure 1. Stress-strain curve for theDC02 steel 
used in the experimental analysis. 
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The crash box columns were built by joining two 
half-shells obtained by plastic deformation. Side of 
the enclosed square section was 40 mm, and the total 
length 300 mm for all the examined geometries of the 
cross section. 

When dealing with spot-welds, there are not 
many possibilities. Since the two face-sheets must be 
accessible, the box must be provided with flanges 
(Table 2) and the common solution are as marked 
with the letter A and B (there are slight variations 
possible, by shifting the flange position of the B 
shape with an offset; it is even possible to have 
asymmetric solution with a different offset in the two 
flange sides). 

 
Table 2. 

Analyzed sections 
 

Geometry Spot-weld Laser 
Bonding 

330 
9514 

A × × × 

B × × × 

C – × * × 

D – ×* ×** 

E 

 

 

– ×* ×** 

 
Note: 
*it exhibits some manufacturing problems: it is difficult to fix the 
two parts of the structure during the welding process. 
** it exhibits serious manufacturing problems: when inserting one 
half shell into the other, there is unavoidable adhesive removal that 
can bring out incomplete bonding. 
 
 

Several design configurations for bonded square 
boxes are possible. Again Table 2 shows some of the 
possible configurations. Fay and Suthurst [3] 
examined even more possibilities.  

Configurations A and B have some problems 
when obtained by bonding. Peel loads occur between 

the flanges, and this can lead to premature failures. 
Configurations C, D, and E are more suitable for 
bonding, since an opening load will stress the joint in 
shear, with reduced peeling. 

For laser welding, even if it is theoretically 
possible to adopt almost all possible configurations, 
there are in practice many manufacturing constraint. 
The two sheets to be joined must be clamped 
together: as a result, only solution A and B can be 
easily manufactured. 

The flanges width in A and B configurations  and 
the sheet superposition in C, D, E were chosen to 
have the same area (9000 mm²), while maintaining 
the same square section (40×40×1 mm). 

 
JOINTS CHARACTERISTICS 

 
The characteristics of the spot-welds, adhesives 

and laser welds are described in the following 
sections. 

 
Spot-welds 

 
Spot-welded crash boxes were joined by means 

of 6 mm spots, positioned in the middle of the 
flanges. The spot pitch was of 30 mm, and it was 
chosen after careful considerations about the 
maximum strength allowed and reduction of the peak 
load. Triggers to start stable collapse were introduced 
by means of small holes near the top end of the 
column. 

 
Table 3. 

Laser welds characteristics. 
 

Brand and model Haas HL 3006d, 
Working mode CW, continuous 

Beam transport method Optic fiber, φ600 µm 
Focusing system Focusing lens 
Pumping system With lamps 
Wavelength λ 1064 Nm 

Max output power 4000 W 
Max work power 3000 W 

BPP 25 mm×mrad 
 

Laser-welds 
 
Most known industrial laser sources are CO2 and 

Nd:YAG. The first type of lasers is used in light 
constructions, with penetration depth less than 10 
mm. The second type is used for small sized 
components with limited thickness because of the 
small spot size. In this work the sheets, 1mm thick, 
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were joined by means of an Nd:YAG laser source. 
The used laser was a Haas HL 3006d. Its main 

characteristics are reported in Table 3 (Figure 2). 
 

 

Figure 2. Laser joining of one of the analyzed 
samples 

 
Adhesives 

 
After a selection phase, taking into consideration 

previous experiences [5-6, 11] made with various 
kinds of adhesives, including Araldite®, Dow® and 
various Loctite®, three types were chosen: 

 

• a urethane metacrylate ester, Loctite® 330 
Multibond 

• an epoxy resin, Loctite® Hysol® 9466 
• an epoxy resin, Loctite® Hysol® 9514 
 
Nominal strength of these adhesive are 

summarized in Table 4. 
 

Table 4. 
Nominal strength of the used adhesives. 

 

Adhesive 
Shear strength, 
MPa (ASTM 
D1002-94) 

Peel strength, 
kN (ASTM 
D1876-95) 

Loctite® 330 
Multibond 16 ÷ 22 1.1 ÷ 1.2 

Loctite® 
Hysol® 9514 52 ÷ 53 4.8 ÷ 5.7 

(Loctite® 
Hysol® 9466) 30 ÷ 39 0.6 ÷ 0.8 

 
The acrylic ester 330 Multibond is a general 

purpose structural adhesive with good characteristics. 
Differently from traditional acrylic adhesives it has a 
much greater toughness that makes it useful for 

energy absorbing applications. Nominal shear 
strength according to ASTM D1002 is 15 ÷ 30 MPa, 
whereas tensile peel strength (DIN 53288) is 
12 ÷ 22 MPa. Main limitation of this adhesive is the 
low temperature applicability: since it is for curing at 
ambient temperature, maximum operational 
temperature is relatively low (120°C, but with 
progressive loss of strength already from 60°C). 

The Hysol 9514 epoxy is a high performance 
structural adhesive. Shear strength can be up to 
45 MPa (depending on adherends), with a peel 
strength of 9 MPa. Temperature limit is quite high: 
strength reduction is important only above 120°C. It 
has superior performance with respect to Hysol 9466 
that was initially considered. 

A series of preliminary tests on the used 
adhesives were performed to measure the strength 
obtained with the specific sheet material. Shear 
strength single-lap tests (Figure 3), and T-peel 
strength tests (Figure 4), were performed.  
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Figure 3. Shear strength tests. 

 
Shear tests were not performed according to 

ASTM standard, because the strength of the adhesive 
was in excess of the strength of the steel. In this case 
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a specimen with only 250 mm² bonded area, instead 
of 625 mm², was used (25 mm wide, 10 mm 
superposition length; the bonded pieces were 
1.5 thick, 50 mm long). 

 All the adhesives showed cohesive type failures, 
resulting in very high strength and capacity of energy 
absorption. However, Hysol 9514 was found much 
better especially in terms of peel strength: the 
increase, with respect to the other adhesives, is from 
300% up to 400%. 

The Hysol 9466 has not been successfully used 
in crushing tests because some preliminary samples 
put in evidence a too brittle behavior of the adhesive 
and a reduced capacity of plastic deformations.  
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Figure 4. Peel strength tests. 

 

EXPERIMENTAL TESTS 

A series of experimental tests in axial 
compression was performed on the square box 
columns. 

 Some quasi-static and dynamic impact tests 

were performed. Even if the chart will show results of 
single, representative tests, several repetitions were 
done for each case. Over 100 tests were performed. 

 

 

 

 

Figure 5. Crushing sequence of a bonded column, 
quasi-static loading, C solution. 

 
Quasi-static tests (Figure 5) were performed by 

means of a general purpose hydraulic material testing 
machine (DARTEC HA100, 100 kN maximum load, 
100 mm/s maximum speed). The specimens were 
placed centrally in the test machine, without any 
further support, and between two very hard steel end 
plates, which were bolted to the crossheads of the 
testing machine. The compressive force was recorded 
during crushing, together with the crosshead 
displacement, giving a load-stroke curve of the 
crushing process. The quasi static tests were stopped 
after reaching a prescribed crushing distance which 
was approximately 200 mm. The expected structural 
behavior of a thin-walled beam submitted to an axial 
load is a progressive collapse characterized by the 
regular progressive formation of plastic folds. 
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Figure 5 shows a pictorial sequence of 
progressive folding during a quasi-static crushing 
test. 

 
Adhesively bonded crash boxes 

 
Both solutions A and C performed quite 

satisfactorily (Figures 6 to 9). However, due to the 
inferior peel strength, some problems of debonding 
were encountered with Multibond 330 in 
configuration A.  

 

0

5

10

15

20

25

30

35

40

0 25 50 75 100 125 150
Stroke (mm)

Lo
ad

 (k
N

)

9514

330

 
Figure 6. Quasi-static tests comparison, load-
stroke curves for A specimen and the two 
adhesives, without trigger. 
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Figure 7. Quasi-static tests comparison, load-
stroke curves for A specimen and two adhesives, 
with trigger.  

 

 

     

Figure 8. Folding patterns (views from two sides) 
in quasi-static tests on bonded crash box columns 
(A and C geometry). 
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Figure 9. Quasi-static tests comparison, load-
stroke curves for C specimen and two adhesives. 

 
This caused a 30% energy absorption reduction. 

By triggering the initial collapse phase by means of a 
series of transverse holes at the top of the column, 
this problem was avoided: the difference was then 
reduced to some small percent. 

The alternatives for overlapped bonded columns 
were as indicated in Table 2 as C, D, and E. Solution 
C is simpler and easier to bond: in fact D and E 
exhibit serious manufacturing problems: when 
inserting one half shell into the other there is 
unavoidable adhesive removal that can bring out 
incomplete bonding. From the structural point of 
view the differences are not significant. 

Also for configuration C, triggering gave 
improvement in efficiency. 
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Figure 10. Load-stroke curves for LW and SW 
crash boxes, A solution. 

The final result was that almost no difference 
was found in the two configurations, with both 
adhesives. Avoiding debonding, the crash boxes 
behave very well in quasi-static compression, with 
very regular folding pattern, as shown in Figures 5 
and 8. 

Differently from Figure 6 samples, all the test 
results reported in following paragraphs are about 
triggered samples. 

 
Laser welded and spot-welded crash boxes 

 
Laser welded and spot-welded columns were 

also tested under quasi-static compression loading. 
The results in terms of the load-stroke curves and 
folding patterns are reported in Figures 10 to 13. 

Generally speaking, the spot welds and laser 
weld resisted the loading and deformation well. There 
was no interfacial failure of the weld. 

 

 

Figure 11. Folding patterns in quasi-static tests on 
spot welded and laser welded crash box columns, 
A solution. 
 

For A and B configuration, laser welding 
produces a folding length shorter than spot welding. 

In the laser welded structures the energy 
absorption is higher also because much material of 
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the flanges collaborates to the crushing resistance 
(Figures 11-14).  
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Figure 12. Load-stroke comparison for three 
laser-welded solutions C, D, and E. 

 
 

  

Figure 13. Folding patterns in quasi-static tests on 
laser-welded E crash box columns. 

 
A simple observation of Figure 10 makes clear 

the advantage in laser-welding versus spot-welding: 
the first joining method gives more energy absorption 
capability and more stable collapse. 

This is also clear from Figure 11, in which two 
crushed boxes are compared: the laser-welded one 
gave a very regular folding patter with a shortest fold 
length, which is advantageous for energy absorption. 
Figure 12 reports the results on tests on C, D and E 
configuration for laser welded samples. Even if the 
folding pattern is a little bit different for the three 
solutions and with respect to the bonded solutions, 
the energy absorption is almost the same. 

In Figure 13 a laser-welded E type column is 
shown. The collapse is still very regular and stable, 
however if compared with the bonded C solution in 

Figure 9, it appears that the E laser-welded has a 
longer fold pattern 
 

 

 

Figure 14. Folding pattern in quasi-static tests on 
laser-welded and bonded crash box columns. 
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Figure 15. Comparison of laser-welded and 
bonded crash box columns, B solution. 
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Figure 14 shows a comparison of the laser 
welded solution with the adhesively bonded one. 
Even if there are substantial differences, especially in 
the first collapse, the bonded solution assure a more 
uniform load during collapse. The average load is 
also slightly higher (Figure 15). 

 
Impact tests 

 
Impact tests were performed with a drop tower 

device installed at the II Faculty of Engineering of 
Politecnico di Torino (Figure 16). This falling weight 
test device [3, 9-10] has a drop height of 12 m and a 
maximum speed of 13 m/s approximately.  

The falling mass could be adjusted in small step 
up to a maximum value of 200 kg. 

The falling mass does not impact directly on the 
specimen: the crushing action is guided by a special 
rig (Figure 17). 

No end constraints were provided to the 
specimen and special care was taken to provide flat 
parallel faces of the specimen and test rig. 

The load is measured with PCB piezoelectric 
load cells, the stroke with an optoelectronic encoder. 

 

 

Figure 16. Twelve meter drop tower for impact 
tests. 

 
All impact tests were conducted at ambient 

temperature and the drop height and drop mass were 

adjusted to crush test specimens by approximately 
50-70% of their initial length with speed of 10 m/s. 

The importance of triggering was much greater 
than in quasi-static tests. In some cases, with 
configuration A namely, transverse holes were not 
sufficient. Some rivets added at the top of the column 
helped in reducing debonding. 

If debonding is avoided, the two adhesives give 
similar results, and the folding pattern is sufficiently 
regular (Figure 18). 

Configuration B was found less problematic, as 
expected. Transverse holes were sufficient to initiate 
a very regular folding (Figure 19). It comes out that 
the two adhesives perform quite the same way. 

Figures 20 and 21 show a comprehensive 
comparison of joining methods and types of sections 
in dynamic impact conditions (thick line) compared 
to static test results (thin line). 

 

Figure 17. Impact test rig. 
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Figure 20. Test results for top-hat A solution: 
impact loading vs. static. 
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Figure 21. Test results for top-hat B and C 
solution: impact loading vs. static. 
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Figure 18. Dynamic, impact tests on crash box 
columns, configuration A, 9514 adhesives. 

 

 

Figure 19. Dynamic, impact tests on crash box 
columns, configuration C, 330 adhesives. 

 
In general terms, in all tests the diagram of the 

crushing force is that typical for thin-walled beams.  
It can be observed that the crushing force 

increases significantly with the test speed, although it 
is important to remember that static tests are 
performed at a constant velocity, while dynamic tests 
are impact tests at non constant velocity (the initial 
velocity is progressively reduced by the energy 
absorption). The DC02 steel used for the beam 
construction is a strain-rate sensitive material and this 
fact can explain this increment of the force values. 
All the dynamic tests indicated a strong influence of 
the loading speed on the components behavior. 

For all solutions and for the three different 
joining technologies there is a significant increase in 
energy absorption of the crash-box with speed 
(Figures 20-21). If the joining does not fail (as in 
some A bonded sample) the folding pattern in static 
and dynamic tests is quite similar. Continuous joining 
technology (LW and bonding) usually produce a 
regular crushing with energy absorption greater than 
spot-welded solution. The energy absorption obtained 

with this two techniques and the same geometry is 
similar.  

C, D and E geometries, thanks to the absence of 
flanges, produce very regular and progressive folding 
pattern in static and dynamic condition. However, if 
the collapse is regular, the energy absorption is 
greater for A and B solution due to a smaller folding 
length and a greater cross section. Even considering 
the specific energy (energy/weight), the A and B 
solutions are more efficient than C, D and E. 
 
Comparison of the joining methods 

 
The comparison of the results found with two 

analyzed configurations, and with the two adhesives 
(the 9466 was discarded due to its scarce strength 
especially in peeling) is shown in Figures 6 to 9. All 
the geometries of bonding were found acceptable, 
provided that proper measures are taken to avoid 
unstable collapse.  

The comparison of spot-weld and laser-weld for 
this application is in Figures 10-11. Laser-welding is 
superior both in terms of stability and energy 
absorption. Laser-welding can substitute spot-
welding without many changes, except the equipment 
to make the welds. 

Then the comparison with impact tests is shown 
in Figures 20 and 21, for two adhesives and laser-
welding. Spot-welded columns were not reported in 
impact testing conditions, since it was clear the 
advantage with bonding or laser-welding. 

 
  

Impact
Static

330 9514 LW SW 

A 

B 

C 

D 

E 

 

Figure 22. Summary of the results from the 
different joining methods and geometry in terms 
of the average crush load 

 
As previously said, for configuration A, provided 

that a proper folding initialization is achieved, the 
two adhesives behave similarly both in quasi-static 
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and impact conditions. Looking at the energy 
absorption it comes out that there is a 20% dynamic 
increase, mainly due to the strain-rate sensitivity of 
this material [9]. 

Equivalent results were obtained with 
configuration B. The dynamic effect, in this case, is 
even greater (around 35%). 

In both cases Hysol 9514 behaved better than 
Multibond 330 but differences are, depending on the 
case, of a few percent (namely, from 1% to 11%). 

In Figure 22 a graphical representation of the 
most significant results in terms of average load is 
shown. Average load is a good indicator of energy 
absorption capability. The chart indicates the average 
load as the size of the bubbles. The joining method is 
the abscissa, while the ordinate represents the 
geometry of the section. It comes out that laser-
welding is the more efficient solution for energy 
absorption. However, all joining methods are 
comparable, and better than spot-welding. Despite the 
trend to minor stability of the geometry without 
flanges, greater energy absorption comes still from 
geometries with flanges (A and B). 

Therefore, there are many alternative efficient 
solutions to spot-welding that can give valid solutions 
to the problems posed by new car construction 
technologies (new materials, joining different 
materials). 

 
CONCLUSIONS 

 
The behavior of square box bonded columns 

subjected to axial crushing was investigated. A 
couple of up to date high performance structural 
adhesives and the laser-welding technology were 
compared to classical spot-welding.  

Main objective of the work was to demonstrate 
the advantages of using adhesive bonding and 
continuous welding in structures subjected to crash, 
and that very efficient structures with high capacity 
of energy absorption can be obtained. Moreover, this 
result can be obtained without additional effort in 
terms of preparation of the components, surface 
treatment, etc. 

Five series of square boxes were considered: a 
classical top-hat section, a double-hat section, and 
three variations of closed square obtained by joining 
two C shaped half-shells on the sides.  

When appropriate countermeasures are provided 
to avoid debonding, mainly by triggering and, in 
some cases, adding some additional fasteners like 
rivets, the top-hat solution has more or less the same 
performance. This is an important practical result: for 
instance in car manufacturing it is not necessary to 
fully redesign the closed section thin walled parts of 
the car body. At the same time, if debonding can be 

avoided, even a weaker adhesive can give excellent 
results. The advantage lies in the fact that the 
adhesive gives a continuous connection of the sheets, 
with much more energy absorption. Impact affects 
negatively the bonded column behavior: debonding is 
much likely to occur, and proper countermeasures are 
extremely important to avoid catastrophic failure, 
with very little energy absorption. 

Laser-welding is another very interesting 
solution: it gives results similar or even better when 
compared to spot-welding, and results similar to 
adhesive bonding. Stability is usually much improved 
with laser-welding compared to the all the other 
joining solutions. 

In conclusion, nowadays many joining solutions 
for structures and components subjected to crash 
loading are available. They can give better 
performance or irreplaceable solution to joining 
problems (e.g. different materials), and this without 
the past problems that prevented their use (pre-
treatment or cleaning of the surfaces, important 
design changes). 
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ABSTRACT 
 
The purpose of this research is to study brain 
biomechanics between contact and non-contact head 
impact during vehicle crash tests in head kinematics, 
global brain injury metrics, and region brain strain.  
Nine array accelerometer package data from dummy 
head were extracted from 13 lateral and 14 rigid pole 
crash tests conducted by the National Highway 
Traffic Safety Administration (NHTSA).  Head 
accelerations, HIC values and their duration were 
computed.  Cumulative strain damage measure 15% 
(CSDM), dilatational damage measure (DDM), and 
relative motion damage measure (RMDM) were 
studied using SIMon finite element head model 
(FEHM).  Averaged regional brain strains were 
conducted by grouping brain element in SIMon 
FEHM into frontal, parietal, occipital, cerebellum, 
fronix and brain stem region.  Head contact occurred 
in two lateral and six rigid pole tests.  Head contact 
durations were less than one millisecond in rigid pole 
tests and ranged from 3-7 ms in lateral impact tests.  
The ratio of biomechanical measurements between 
contact and non-contact cases in lateral tests were: 
translational acceleration 4x, rotational acceleration 
3.5x, HIC 12x, and CSDM 5x, regional brain 1.5x. 
The ratios were higher for rigid pole tests: 
translational acceleration 14x, rotational acceleration 
25.7x, HIC 29.5x, CSDM 12x, regional brain strain 
1.5-3x.  Head accelerations, HIC values, DDM and 
RMDM increased with increasing rotational 
accelerations.  They were the lowest in non-head 
contact rigid pole tests, followed by non-contact 
lateral impact tests, contact lateral impact tests, and 
the highest in head contact rigid pole tests.  However, 
CSDM values were higher in lateral tests than rigid 
pole tests for head contact cases, indicating a higher 
chance of diffused axonal injury in head contact 
lateral impact tests.  On the other hand, averaged 
brain strain in cerebellum increased 3x for contact 
cases, indicating high probability of injury to this 
region during this model of impact.  
 

INTRODUCTION 
 
Motor vehicle crashes are one of the major causes of 
traumatic brain injury in the United States [1].  High-
rate head accelerations during crashes were 
contributed to the injury and associated with 
excessive strains to the brain tissue [2-10].  In 
particular, side crashes often result in direct head 
impact with the vehicle interior component or 
exterior object, resulting in severe head/brain injury.  
However, the difference in head injury biomechanics 
between crashes with head contact and no head 
contact are yet to be clearly delineated. 
 
NHTSA conducts lateral impact and rigid pole side 
impact tests to obtain biomechanical data, including 
head accelerations.  Finite element modeling is a 
powerful tool to study tissue level brain strain under 
global head acceleration [11-13].  The objective of 
the current study is to investigate biomechanical 
differences between head contact and non-head 
contact side impacts using vehicle crash test data and 
parameterized finite element modeling approach. 
 
METHODS 
 
Lateral impact test and rigid pole side impact test 
results from the US New Car Assessment Program 
(NCAP) were obtained from NHTSA vehicle crash 
test database.  Nine accelerometer package (NAP) 
data from the head of the test dummy in the driver 
seat were extracted from the results and imported into 
customized software to obtain head kinematics.  The 
acceleration data were filtered with SAE Class 1000 
and translational and rotational head accelerations 
were computed.  Peak head accelerations, HIC value, 
and their durations were obtained. 
 
Injury metrics from head acceleration were analyzed 
by using the FEHM included in the SIMon software 
package (Simulated Injury Monitor, developed by 
NHTSA).  Head accelerations were applied to the 
model as an inertial loading, and injury measurement 
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metrics: CSDM, DDM and RMDM were the major 
outputs from the model.   
 
Binary output results from the SIMon FEHM were 
further analyzed by grouping the brain elements into 
six anatomical regions (frontal lobe, parietal lobe, 
occipital lobe, cerebellum, fronix and brain stem) by 
mapping the FEHM mesh to an anatomical 
illustration (Figure 1).  Regional averaged brain 
strains were computed by averaging strain histories 
of all the elements in these regions, and peak of the 
regional averaged strain were obtained.   
 
Head accelerations, HIC value, CSDM, DDM, 
RMDM, and regional averaged brain strains were 
compared between tests with head contact and tests 
without head contact to determine biomechanical 
differences. 
 

 
SIMon FEHM brain mesh 

 
Regional differentiation of SIMon FEHM 

 
Figure 1.  Region mapping of SIMon Finite 

Element Head Model. 
 
 
 
 

RESULTS AND DISCUSSION 
 
The study used vehicle crash test data from NHTSA 
database with the focus on inertial loading-induced 
head/brain injury.  The major inclusion criteria is the 
dummy must have an NAP in the head so that full 
head kinetics, both translation and rotation, can be 
obtained.  A query of the database resulted in 27 
cases, 13 lateral impact tests and 14 rigid pole tests.  
Out of the selected tests, six rigid pole tests and two 
lateral impact tests had head contact.  Vehicle in 
these tests were all passenger cars although there are 
variations in vehicle maker and model.  There were 
20 4Dr Sedans (10 in lateral tests and 10 in pole tests).  
Other vehicles include SUV, MV and 2Dr Sedan. 
 
Three levels of biomechanical analysis were 
conducted: head kinematics, global brain injury 
metric analysis, and regional brain strain analysis.   
 
On the head kinematics, head accelerations and HIC 
value were obtained from NAP data using an in-
house developed software package.  The software 
package was designed for generic head kinetic 
analysis using internal or external NAP data [14].  
The accelerometer data from NAP and the output 
head accelerations were filtered with SAE Class 1000 
filter.   
 
A comparison of averaged peak head accelerations 
are shown in figure 2 and 3.  Head accelerations in 
cases with head contact are considerably higher than 
no head contact cases.  The ratio of head 
accelerations and HIC values between contact and 
non-contact cases in lateral tests were: translational 
acceleration 4x, rotational acceleration 3.5x, HIC 12x. 
The ratios were higher for rigid pole tests: 
translational acceleration 14x, rotational acceleration 
25.7x, HIC 29.5x.  Considerably higher head 
acceleration in contact cases indicates a high 
probability of severe injury in these cases.   
 
Comparing contact cases between the two crash 
modes, rigid pole tests had the highest head 
accelerations and HIC value.  Translational 
accelerations were 4x higher and rotational 
accelerations were more than 5x higher than lateral 
impact tests.  This was due to the fact that head 
directly impacted the rigid pole in pole tests, whereas 
head impacted the vehicle interior or the incoming 
barrier in lateral crash tests.  The higher rigidity of 
the pole may be attributed to the difference. 
 
The durations of head acceleration were also obtained 
in addition to peak acceleration values.  However, 
there were no significant differences between contact 
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and no contact cases.  The duration of translational 
accelerations ranged from 46.8 to 60.6 ms and the 
duration of rotational accelerations were relatively 
shorter, ranging from 26.3 to 45.2 ms.   
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Figure 2.  Comparison of average translational 

acceleration.  
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Figure 3.  Comparison of average rotational 

acceleration. 
 
HIC value has been widely used to evaluate head 
injury during vehicle crashes, although it does not 
include rotational accelerations.  A comparison of 
HIC values is shown in figure 4.  HIC values in all no 
head contact cases were well below 1000, indicating 
low probability of head injury.  However, averaged 
HIC values in contact cases were approximately 
10,000 for rigid pole crashes and 2,300 in lateral 
impact cases.  The high value indicates the severity 
of head injury in head contact cases.  HIC duration is 
a good indicator of the duration of major acceleration 
(figure 5).  Average HIC duration was 3.2 ms for 
rigid pole tests with head contact (shortest), and 5.1 
ms for lateral impact with head contact, whereas, the 
cases without head contact had an averaged HIC 
duration of approximately 22 ms, which was 
approximately 4x to 7x longer.  This result indicates 
that stopping the head with a smooth continuous 
deceleration can significantly reduce the probability 
of head injury.   
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Figure 4.  Comparison of Head Injury Criteria. 
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Figure 5.  Comparison of HIC duration. 

 
Head accelerations, HIC value and HIC duration give 
the kinematics of head motion.  Specific types of 
brain injuries may be controlled by one or a 
combination of these biomechanical variables.   
 
To study the probability of brain injury during the 
four modse of vehicle crash, SIMon FEHM was 
chosen for the global brain injury metric analysis in 
the current study.  The model was originally 
developed by DiMasi et al. and enhanced by Bandak 
et al., and Takhounts et al. [15-18].  The model is 
comprised of a rigid skull, dura-CSF layer, brain, falx 
cerebri and bridging veins, with a total of 8,290 
nodes and 5,900 elements.  The model takes the head 
acceleration as input and computes stress-strain 
distribution in the brain tissue under inertial loading.  
The model has been validated with cadaver and 
animal experimental data [15, 17, 18].  It takes 
approximately 2 hours for the model to run a 220 ms 
acceleration pulse.  The model was selected because 
of its small size, suitability for parametric studies 
[19], and its unique output of CSDM, DDM, and 
RMDM metrics for potential brain injury assessments. 
 
CSDM in SIMon FEHM is defined as the percentage 
of total brain volume experiencing strains exceeding 
a threshold.  The metric was introduced in an attempt 
to quantify the overall severity of injury to the whole 
brain, and its probability of diffuse axonal injury.  
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Rotational acceleration is the major contributor to 
this injury metric [20, 21].  It is found that a 50% 
probability of diffuse axonal injury is best correlated 
to a CSDM value of 55% at a threshold strain level of 
0.15.  Therefore, a CSDM value at 0.15 strain 
threshold was used in the current study.  A 
comparison of CSDM value is shown in figure 6.  
Averaged CSDM were highest in lateral tests with 
head contact (CSDM 57%), although head 
accelerations and HIC value were highest in rigid 
pole tests with head contact (CSDM 47.0%), 
indicating higher probability of diffuse axonal injury 
in lateral impacts.  This may be due to the fact that 
HIC durations were shorter in rigid pole tests.  The 
finding also correlated well with the results in 
literature that higher accelerations are needed to 
produce equivalent injury at shorter pulse durations 
[22, 23].  
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Figure 6.  Comparison of CSDM. 

 
DDM was introduced in SIMon to quantify negative 
pressure-induced brain contusion.  It accounts for the 
ratio of the total volume of brain that experiences a 
negative pressure of 100 kPa.  Physical model 
experiments have indicated that impacts above 150 g 
may cause vaporization, and impacts above 350 g can 
result in violent cavity collapse [24, 25].  Logistic 
regression based on animal and physical models have 
reported that 50% probability of contusion 
corresponds to 7.2% of brain tissue volume 
experiencing a pressure of -100 kPa, i.e., DDM of 
7.2%.  Other research indicates this injury metric to 
be closely associated with translation head 
acceleration [20, 21].  DDM value in all the non-head 
contact cases were well below the threshold value 
(Figure 7).  However, rigid pole head contact cases 
had a DDM value of 14.8%, approximately 2x of the 
7.2% threshold, indicating a high probability of brain 
contusion.  In contrast, DDM value in lateral impact 
tests with head contact was only 2.2%.  Brain 
contusion is less likely to happen in head contact 
lateral impacts. 
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Figure 7.  Comparison of DDM. 

 
RMDM metric is introduced to evaluate the 
probability of acute subdural hematoma resulting 
from relative brain motion to the interior surface of 
cranium causing bridging vein rupture.  RMDM is 
defined by calculating the ratio of a vein’s current 
strain to the Lowenhielm threshold at the vein’s 
current strain rate [26].  RMDM value of 1.0 is 
associated with 50% probability of vein failure.  
RMDM value in most of the cases in current study 
exceeded the threshold value of 1.0 (figure 8).  As 
indicated by the authors of SIMon FEHM, there are 
possible sources of error in this injury metric, 
including its sensitivity to model geometry and 
selection of node pair for RMDM computation, and 
the justification of RMDM threshold [18].  Despite 
these drawbacks, RMDM value in contact cases were 
approximately 4x (rigid pole) and 2x (lateral impact) 
higher than non-head contact cases, indicating the 
severity of injury in head contact cases. 
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Figure 8.  Comparison of RMDM. 

 
The CSDM, DDM, and RMDM injury metrics from 
SIMon FEHM model treats the whole volume as one 
unit and does not differentiate between anatomical 
regions.  Region-specific analysis may reveal the 
injury risk imposed to a local brain region and lead to 
a better understanding of the injury mechanism.  
Excessive brain strain may induce local brain tissue 
injury [27].  Maximum principal strain histories for 
all elements in an anatomical region were averaged 
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as an indicator of brain tissue distortion of the region.  
Averaged regional brain are compared between 
contact and non-contact cases for lateral and rigid 
pole crash tests in figure 9 and figure 10.  Contact 
cases systematically had higher regional strain 
through all regions.  For lateral impact tests without 
head contact, most regions had averaged brain strain 
less than 10%.  Brain strains for contact cases were 
approximately 1.5x of non-contact cases, except the 
difference between contact and non-contact case for 
left occipital and partial lobe were not significant.  
For rigid pole crash tests, regional brain strains were 
around 8% for non-contact cases, and about 2x higher 
for head contact cases.  For the right cerebellum 
region, averaged brain strain was 21.6%, 
approximately 3x higher than non-contact cases, 
indicating high probability of injury in this region.  
Because SIMon FEHM does not differential material 
property in different anatomical regions, the 
differences in regional brain strains were attributed to 
the geometry of the model and the crash mode.  

 
CONCLUSIONS 
 
Using parametric analyses and controlled motor 
vehicle crash test data, this study compared 
biomechanical head injury metrics between tests with 
and without head contact.  Overall, all cases with 
head contact appear to have more severe brain injury 
than non-contact cases.  Therefore, the ultimate goal 
of preventing head injury in vehicle crashes appears 
to be to implement safety devices that prevent/limit 
direct head contact.   
 
Both head translational and rotational accelerations 
and HIC value indicated high potential of head injury 
in head contact cases, with head contact in rigid pole 
crash tests being the most severe.  CSDM indicated 
highest probability of diffuse axonal injury in head 
contact lateral crashes.  DDM indicated the highest 
probability of brain contusion for head contact cases 
in rigid pole tests.  High regional strain in the right 
cerebellum for head contact cases in rigid pole tests 
indicated high probability of injury to this region.  
These biomechanical results may help in a better 
understanding of the head injury mechanism and 
improve therapeutic treatments. 
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Figure 9.  Comparison of regional averaged brain 

strain between contact and non-contact lateral 
crash tests 
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ABSTRACT 

A process of evaluating robustness of the side slip 
angle estimation and control algorithms for vehicle 
dynamics control is described and selected results are 
presented.  The estimation algorithm is a non-linear 
observer with adaptation to road friction and a 
compensation for a road bank angle.  The estimator 
relies on the information from the sensors and other 
estimates, on a nominal model of vehicle, and on 
assumptions about disturbances, all of which may be 
inaccurate.  In order to evaluate the effects of these 
errors on the estimation of side slip angle, a 
systematic robustness study is performed.  It uses 
analysis, vehicle testing and simulations based on a 
validated vehicle model.  First, the effects of single 
factors in various maneuvers and road conditions are 
examined and those having the largest contributions 
to errors are identified.  Subsequently, the 
combinations of multiple error factors are studied, 
with the emphasis on the worst possible 
combinations.  The robustness of the control system 
is then evaluated along the same lines, with the 
particular emphasis on the worst case scenarios, 
when the side slip angle estimates are the least 
accurate.  

INTRODUCTION 

Accurate information about the side slip angles of 
vehicle and tires is critical in controlling vehicle 
motion in the yaw plane using active chassis systems, 
such as brake-based Electronic Stability Control 
(ESC) systems and active front or rear steering 
systems.  Excessive slip angle of the vehicle and the 
rear axle generally indicates an oversteer condition 
and may lead to the loss of directional control of 
vehicle.  It also increases the risk of tripped rollover, 
especially when the lateral velocity exceeds critical 
sliding velocity (i.e. a minimal lateral velocity, which 
is sufficient for the vehicle to roll over upon 
tripping).  A large slip angle of front tires makes the 
vehicle insensitive to minor steering corrections and 

reduces the effect of brake intervention at a specified 
slip level on vehicle yaw moment.   

Since the side slip angle cannot be easily measured, it 
must be estimated using available sensors and 
possibly knowledge of vehicle parameters.  A typical 
sensor set available in vehicles equipped with ESC 
systems includes steering angle sensor, yaw rate 
sensor, lateral acceleration sensor, and four wheel 
speed sensors, from which vehicle longitudinal speed 
is derived.  A number of algorithms for estimating 
the side slip velocity and side slip angle using this 
sensor set have been proposed.  They can be roughly 
classified into four categories: 1) estimators relying 
on kinematic relationships such as pseudo-integrator, 
e.g. [1]; 2) estimators based on algebraic equations 
[2], 3) estimators based on a dynamic model such as 
Kalman filter [3, 5], and 4) other methods, for 
example neural networks [4] or fuzzy logic. 

The model based approach is the most common.  It 
has the best potential since it uses all available 
information including the sensor data and the 
knowledge of vehicle dynamics represented in the 
model with specific parameters.  The disadvantage is 
that the accuracy of estimates is affected not only by 
the sensor errors and unknown disturbances, but also 
by the mismatch between the model and the actual 
vehicle.  Since the estimate of side slip angle is used 
in vehicle stability control system [3, 6], the 
estimation errors affect vehicle performance.  
Consequently, robustness of the algorithms must be 
carefully evaluated before introducing the system in 
production vehicles.  To the best knowledge of the 
authors, no comprehensive robustness analysis of 
side slip angle estimation and control algorithms has 
been described in literature.   

In this paper a process of evaluating robustness of 
the side slip angle estimation and control algorithms 
for vehicle dynamics control is described and 
selected results are presented.  The estimation 
algorithm is a non-linear observer with adaptation to 
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road friction and a compensation for a road bank 
angle.  The control algorithm combines tracking of 
the desired yaw rate with regulation of the rear axle 
side slip angle, which must be kept within limits 
necessary for maintaining vehicle stability and 
maneuverability.  Since both the estimation and 
control algorithms are nonlinear, their robustness 
properties depend on operating point, types of driver 
inputs, sensor errors, road conditions, etc.  
Consequently, it is virtually impossible to 
analytically establish global conditions of stability 
and robustness.  A systematic robustness study is 
therefore performed.  It uses analysis, vehicle testing, 
and simulations based on a validated vehicle model.  
First, the effects of single factors in various 
maneuvers are examined and those having the largest 
contributions to errors are identified.  Subsequently, 
the combinations of multiple error factors are 
studied, with the emphasis on the worst possible 
combinations.   

CONTROL SYSTEM OVERVIEW 

This section discusses the design of the entire control 
system, which includes the estimation algorithm 
along with other elements.  The relationship of the 
control system elements is depicted in the block 
diagram representation of Figure 1.   

 

Figure 1.  Functional diagram of the control 
system 

The intent of the control system is to enhance the 
handling characteristics of the vehicle, especially 
during critical driving situations.  One of the design 
goals is to maintain a stable directional response of 
the vehicle, meaning that the vehicle’s side slip angle 
and roll angle are not excessive, thus striving to 
avoid spin-outs and rollovers.  A second design goal 
is to try to track (follow) the driver’s intended path or 
rotation, which is discernable from the driver’s 
inputs of steering, braking, and throttle.  Excessive 
deviations from the target path or excessive side slip 
or roll angle are counteracted through actuation of 
one or more active systems, which may include 

brakes, steering, suspension, or drivetrain systems.  
In this work, the main actuation is with an active 
brake system commonly referred to as Electronic 
Stability Control (ESC), in combination with engine 
torque regulation capability. 

The chosen control system structure is a model-
reference approach that is designed to track a desired 
value of yaw rate while also keeping the vehicle side 
slip angle and roll angle within limits necessary for 
maintaining vehicle yaw and roll stability.  As shown 
in Figure 1, the elements of the control system are: 

• Sensors for monitoring vehicle motion and for 
monitoring driver inputs 

• Actuators to influence tire forces (specifically an 
active brake system) and thereby influence 
vehicle motion 

• Software code implementation of algorithm 
functions for a state estimator, a reference 
model, feedback control, and feed-forward 
control, which are further explained below 

The state estimator generates the estimates of 
variables which cannot be measured directly at 
acceptable cost, but are important for the control 
algorithm.  The estimated variables include vehicle 
speed, surface coefficient of friction, vehicle and tire 
side slip angles, and road bank angle.  This process 
will be described in detail in subsequent sections.  
Vehicle roll angle relative to the road surface can 
also be estimated within this block. 

The reference model generates the desired response 
of the vehicle in terms of the yaw rate, which 
represents the driver’s intention and should be 
tracked by the vehicle, except when the vehicle is in 
danger of losing stability in yaw or roll planes.  The 
primary signals used are the hand wheel angle and 
vehicle speed, which is estimated from wheel speed 
sensors.  In addition, the bank angle estimate and the 
surface friction estimate are utilized.  The first one is 
used to compensate the desired yaw rate for the bank 
angle of the road, the second to limit the desired yaw 
rate depending on road friction. 

The vehicle level feedback control includes closed 
loop control of vehicle yaw rate and side slip angle.  
The output control signal is the corrective yaw 
moment.  It is determined to provide a proper 
balance between the yaw response and stability.  
When the side slip angle is small, tracking the 
desired yaw rate is the primary goal of control.  The 
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emphasis shifts to control of the side slip angle if its 
magnitude and/or rate of change become excessive.  
Conceptually, the control law can be described by the 
following equation. 

      ( ) ( ) ( )[ ]Ω−Ω+Ω−Ω−=∆ ΩΩ
&&

dddpz KKwM 1  

            ( )rdrp KKw ββ ββ
&++                                     

(1). 

Here ∆Mz is the desired change in the yaw moment 
due to feedback correction, Ωd and Ω are the desired 
and measured yaw rates, βr is the rear axle slip angle 
and symbols KΩp, KΩd, Kβp, and Kβd are the 
proportional (P) and derivative (D) gains on yaw rate 
and side slip angle and w is a weighting factor.  The 
control law (1) represents a combination of PD 
tracking control of yaw rate and PD regulation of the 
side slip angle of the rear axle.  The latter is the most 
direct indicator of vehicle stability in the yaw plane.  
The control gains are adapted to vehicle speed and 
surface coefficient of friction.  For example, side slip 
angle gains increase with increasing vehicle speed 
and as surface becomes more slippery. 

The weighting factor w, which determines the 
balance between the yaw rate tracking and side slip 
control depends primary on a term combining the 
estimated rear axle side slip angle and its derivative.  
When this term is below a first threshold value, then 
w = 0 and only yaw rate tracking control is 
performed.  When it is above a second larger 
threshold, then w = 1 and only side slip angle control 
is performed.  When the term is between the two 
thresholds, the weighting factor is assigned a 
proportionate value between 0 and 1.  In this case, 
both feedback control terms (yaw rate tracking and 
side slip regulation) are used with appropriate 
weighting.  The thresholds depend on the surface 
coefficient of friction and vehicle speed.  In effect, 
this logic gives more emphasis to side slip control 
when the rear side slip angle is large or is becoming 
large, and more emphasis to yaw rate when side slip 
angle is small.  The weighting function is continuous, 
thus providing a smooth blending of control terms. 

In addition, the side slip angle control term is 
gradually attenuated when bank angle increases 
beyond a specified threshold.  This is done in order 
to improve robustness of the control algorithm on 
large banks.  Since driving on large banks does not 
occur often and very large bank angles may occur 
only on roads with high coefficient of friction, where 
yaw rate control is quite effective, this is an 
acceptable compromise. 

The feed-forward control generates control actions 
which depend primarily on the driver input signals 
(e.g. handwheel angle, brake pedal force) and vehicle 
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speed, but do not depend on the response of vehicle 
measured by inertial sensors.  One example of feed-
forward control is the rollover mitigating intervention 
in dynamic maneuvers (e.g. NHTSA’s “fishhook” 
road edge recovery maneuver [7] ) which aims at 
preventing the loss of vehicle stability caused by 
large and rapid driver’s steering inputs. 

The outputs of both the feed-forward and feedback 
control blocks are the corrective yaw moments and 
they are combined into one total yaw moment 
command.  The total yaw moment command is an 
input to the actuator control function.  In this 
function, the wheels to which active braking is 
applied are determined, and the desired level of 
brake force or change in wheel velocity for each 
wheel is determined to generate the desired yaw 
moment.  Since the sensitivity of vehicle yaw 
moment to changes in brake slip depends on the 
operating point of the vehicle and tires, the 
knowledge of tire slip angle and surface friction is 
very helpful in this determination.  A tracking control 
is used to regulate wheel brake pressure such that the 
actual wheel slip tracks the desired wheel slip.  
Finally, the actuator control is activated only when 
certain conditions are satisfied in order to prevent the 
frequent activations of the brake system in response 
to very small errors.  In effect, control is disabled 
when the total corrective moment is small in 
magnitude. 

SIDE SLIP ESTIMATION ALGORITHM 
OVERVIEW 

In this section the side slip angle estimation 
algorithm is briefly described.  Since the main 
purpose here is to develop an understanding of how 
the sensor errors, parameter variations, changes in 
road friction, etc., affect the side slip estimates and 
consequently the control of the vehicle, only a 
simplified version of the algorithm is presented.  
Certain details not instrumental to achieving this goal 
have been omitted in the interest of brevity and 
clarity. 

Several approaches to the estimation of vehicle side 
slip angle have been initially developed and 
evaluated in simulation and vehicle testing.  They 
included: 1) an estimator using a kinematic 
relationship between lateral acceleration, derivative 
of lateral velocity, yaw rate and vehicle speed to 
obtain an estimate of lateral velocity through pseudo-
integration, 2) an estimator based on algebraic 
equations derived from a linear bicycle model of 
vehicle and the parametric adaptation of cornering 

stiffness coefficients, 3) an observer based on a 
linear dynamic bicycle model and parameter 
adaptation, 4) an observer based on a two-track 
model of vehicle and estimated longitudinal forces 
from tire brake pressures, 5) a reduced-order 
observer based on a non-linear bicycle model and 
empirically-determined tire lateral force 
characteristics.  The last approach proved to yield the 
most consistent performance and used only readily 
available measurements, hence it was selected.   

There are several difficulties in designing a robust 
observer of vehicle side slip angle, which can provide 
good estimates over the entire operating range.  The 
most fundamental difficulty is the trade off between 
the tracking performance and robustness to errors 
and other variations.  In order to be robust, the 
observer must be stable.  Vehicle behavior, however, 
can become marginally stable or unstable under 
certain conditions.  Since the response of an unstable 
system cannot be tracked precisely by a stable 
observer, a possibility exists that very large side slip 
angle may be underestimated if a level of robustness 
is to be achieved.  This trade-off is acceptable, since 
with the ESC system enabled, very large slip angles 
will be achieved only in extremely rare 
circumstances and the full control authority will be 
directed at reducing the side slip angle after it 
exceeds a certain threshold, regardless of its 
magnitude. 

When vehicle is near or at the limit of adhesion, tire 
forces and consequently yaw dynamics, depend 
strongly on surface coefficient of friction.  For 
example, limit tire forces on ice can be about ten 
times smaller than on dry surface.  The vehicle 
model used within the observer should therefore be 
adapted to the changing surface friction.  The 
coefficient of friction, however, is unknown and has 
to be estimated.  Thus the estimation of side slip 
angle depends on another estimate, which increases 
the potential for errors.  In addition, the effect of 
road bank angle on the measured lateral acceleration 
is similar to the effect of changes in lateral velocity 
of vehicle.  Consequently, estimating bank angle 
which, with the given set of sensors, cannot be made 
completely independent of estimating side slip 
velocity, is helpful in estimating lateral velocity.  
Longitudinal velocity of vehicle, which is estimated 
primarily from wheel speed sensors, is also used in 
the estimation of slip angle.  These influences are 
illustrated in Figure 2. 
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Figure 2.  Signal flow within the side slip 
estimation algorithm. 

In addition to directly measured variables of steering 
angle and yaw rate, the side slip angle estimator uses 
estimated vehicle speed, surface coefficient of 
friction and the estimated road bank acceleration (i.e. 
bank angle).   

The estimator of side slip velocity used in this paper 
is derived from a non-linear single track model of 
vehicle.  Combining the equation expressing the 
second law of dynamics for lateral forces:  

     yrfyfy FFMa += δcos                     (2). 

with the kinematic relationship 

          Ω+= xyy vva &                                (3). 

yields the following equation 

 
M

FF
vv

yrfyf
xy

+
+Ω−=

δcos
&               (4).      

Here M is vehicle mass, ay is lateral acceleration, Fyf 
is the lateral tire force sum for the two front tires, Fyr 
is the lateral tire force sum for the two rear tires, δf is 
the front wheel steering angle, vy denotes the lateral 
velocity at the vehicle center of gravity, vx is the 
longitudinal velocity, and Ω is vehicle yaw rate.  
Equation (4) is the key equation describing the 
vehicle lateral dynamics.  A critical step in 
constructing an observer is modeling of lateral tire 
forces per axle, Fyf and Fyr.  They depend primarily 
on the tire slip angle and surface coefficient of 
adhesion.  The tire lateral force characteristics used 
in the observer are determined empirically.  First, the 
steady-state characteristics on two extreme surfaces, 

dry concrete and ice, are determined once per vehicle  
by testing the vehicle under nominal load conditions 
in approximately steady-state maneuvers performed 
on level surfaces. These two characteristics form an 
envelope containing all others.  An example plot of 
the tire lateral force per axle determined from the test 
data on dry surface is shown in Figure 3.   

 

Figure 3. Example lateral tire force per axle 
determined from test data. 

The estimates of actual forces are then determined 
within the estimation algorithm through interpolation 
based on the estimated surface coefficient of friction 
in lateral direction.  This process is illustrated in 
Figure 4 where the index i refers to either front or 
rear axle.    

Fyi

αi

Fyimax (dry, µ=1)

Fyimin (ice, µ=0.1)

Fyi = Fyi(Fyimax, Fyimin, µ)

 

Figure 4.  Example axle lateral force 
characteristics. 

The lateral force for any surface friction, µ, is 
determined in real time by interpolating between the 
two extreme characteristics obtained for µdry 
(typically 1.0) and µice (typically 0.1) .  That is  
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Once these forces are determined, the estimate of 
vehicle lateral velocity, vy, can be computed from 
equation (5), since other variables (vx, Ω and δf) and 
the parameter M on the right side of equation (5) are 
known.  When the lateral velocity, vy, is determined, 
then the vehicle side slip angle, β, and the front and 
rear tire side slip angles, αf and αr, can be computed 
from the known kinematic relationships.  This yields 
the following set of equations for the observer 

  
( ) ( )

M

FF
vv
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xy

µαδµα ˆ,ˆˆcosˆ,ˆˆ
ˆˆ

+
+Ω−=&    (6). 
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In the above equations, hats denote estimated 
variables, and a and b are the distances of the vehicle 
center of gravity to the front and rear axles, 
respectively.  In practice, the differential equation (6) 
is replaced by a discrete time counterpart, from 
which the lateral velocity estimate, yv̂ , at any time 

instant  is determined using the estimate from the 
previous iteration. The tire slip angles used in 
equation (6) are obtained from the previous iteration.  
The estimated lateral axle forces are determined 
from equation (5), in which the unknown surface 
friction coefficient and slip angles are replaced by 
the estimated values.   

The estimate of surface friction is determined 
primarily from lateral acceleration.  When the vehicle 
is at or near the friction limit and approximately in a 
steady-state turn, the surface estimate can be 
determined from  

                    
max

ˆ
y

y

a

a
=µ                         (10). 

Here aymax is the maximum lateral acceleration, 
which vehicle can develop on dry, level surface in a 
steady-state turn.  More specifically, the surface 
estimator uses three sets of conditions: 

entry conditions – vehicle is at or near the limit of 
adhesion and approximately at steady-state.  The 
surface estimate is determined from equation (10); 

exit conditions – vehicle is in the linear range of 
handling, in which case the estimate is set at the 
default value of 1; 

hold conditions – when neither entry nor exit 
conditions are satisfied.  The most recent estimate is 
held.   

The above conditions are determined using the 
desired and measured yaw rate and measured lateral 
acceleration, in particular the magnitudes of yaw rate 
error (the difference between the desired and 
measured yaw rate) and the magnitude of the 
derivative of lateral acceleration.  Note that 
effectively the surface is not estimated when the 
vehicle is in the linear range of handling.  In this 
case, however, the lateral forces are nearly 
independent of surface friction.   

The observer based on equations (5) through (9) is a 
reduced order observer.  A full order observer, which 
includes the yaw moment equation in addition to the 
lateral force equation, has been investigated, but did 
not offer improved performance, since the yaw rate 
signal is quite accurate.  The observer as illustrated 
in Figure 2 includes bank effect compensation.  This 
feature of the algorithm is discussed in the next 
section.   

SIDE SLIP ESTIMATION ROBUSTNESS 

The observer described in the previous section relies 
on several simplifying assumptions, knowledge of 
vehicle parameters and information from sensors, all 
of which may be inaccurate.  More specifically, the 
observer uses the following information, which 
affects the estimates: 

1) Variables obtained directly or indirectly from 
sensors.  These include:  

- directly measured yaw rate Ω;  
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- vehicle longitudinal speed, vx, which is estimated 
primarily from 4 wheel speeds;  

- front wheel steering angle, δf, which is obtained 
from measured hand wheel angle; 

-  lateral acceleration, ay, affecting the estimate of 
slip angle indirectly through the surface 
estimate.   

 
2) Vehicle parameters:  

- vehicle mass, M,  
- load distribution between front and rear axles 

expressed by the distances a and b from the 
center of gravity to front and rear axles, 
respectively,  

- tire lateral force characteristics 
 

3) Assumptions inherent in the bicycle model  

- the road is level (no bank or inclination),  
- no disturbances in the form of lateral forces or 

yaw moments are considered explicitly,  
- lateral forces per axle are not affected by 

braking or tractive forces or by changes in 
vertical force.   

 
As illustrated in Figure 2, many of the error-
contributing factors described above, for example 
sensor bias and road bank angle, are reduced through 
compensation algorithms.  Disturbances in the form 
of lateral forces and moments and the changes in 
lateral forces due to longitudinal forces, even though 
are not explicitly considered, affect the measured 
yaw rate and lateral acceleration signals, which 
reduces sensitivity of  estimates to these 
disturbances.   

Robustness of the estimation algorithm has been 
evaluated via analysis, testing and simulations.  Each 
one of these methods has its strengths and 
weaknesses.  Analysis is limited to simplified 
models, but provides general insights into the 
predicted direction and often magnitudes of the 
estimation errors resulting from particular influences, 
which apply to all vehicles.  Vehicle testing was used 
for three major purposes: 1) to generate the data 
necessary to validate the vehicle model used in 
simulation; 2) for the initial evaluation of the 
algorithm performance in real world conditions and 
to uncover potential weaknesses; 3) to estimate the 
range of errors in some variables, which are difficult 
to model.  An example is the error in vehicle speed, 
which is estimated from wheel speeds.  Simulation 
performed with a validated vehicle model permits the 

most comprehensive evaluation of algorithm 
robustness.  The sensor errors, parameter variations 
and disturbances in the form of road inclinations, 
braking forces, etc. can be modeled with relative ease 
and included in simulation scenarios.  Maneuvers, 
which may be difficult or dangerous to perform, can 
be simulated without risk.   In what follows, each of 
these three methods of evaluation is illustrated using 
examples due to space limitation.   

Analysis  

Analysis using simplified models has been used to 
provide better understating of propagation of errors 
within the algorithm, to estimate the magnitudes of 
errors in side slip estimation resulting from sensor 
errors, parameter variations and disturbances, and to 
determine the direction of these influences.  The 
analytical method is illustrated here using an 
example of bank angle.  The results of this analysis 
suggest a method of compensating for a bank angle.  
Similar analysis has been performed regarding other 
error factors.   

The presence of bank angle, φ,  and the associated 
gravity component, φsing ,  affects directly the 

equation (4) expressing the balance of lateral forces.  
Consequently, in presence of bank this equation 
becomes 

       φ
δ

sin
cos

g
M

FF
vv

yrfyf
xy +

+
+Ω−=&      (11). 

In the observer equation (6), in contrast, the bank 
acceleration component is disregarded.  
Consequently, in the presence of bank angle the 
estimate of lateral velocity is biased.  The amount of 
bias can be determined during driving in the linear 
handling range.  In this case the lateral axle forces 
are 
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Here Cf and Cr denote the cornering stiffness values 
for both tires of the front and rear axle, respectively.  
Analogous equations hold for the estimated lateral 

forces yfF̂ and yrF̂ using the estimated lateral 

velocity, yv̂ .  Substituting these into equations (11) 
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and (6) and subtracting on both sides yields the 
following differential equation for the estimation 
error: 

   φsinge
Mv

CC
e vy

x

rf
vy −

+
−=&             (13). 

Here evy is the lateral velocity estimation error, which 
is defined as a difference between the estimated and 
actual lateral velocity 

                yyvy vve −= ˆ                           (14). 

Consequently, the steady-state errors in side slip 
velocity, evyss and side slip angle, eβss, are  

     φsing
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Mv
e

rf

x
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−=                    (15). 
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−=                    (16). 

The estimation errors caused by the bank angle 
depend on the values of cornering stiffness per axle, 
which vary with operating point of vehicle and are 
generally smaller in the non-linear handling range 
than during normal driving.  However, the sum of 
cornering stiffness values is always positive, so the 
sign of errors can be predicted.  Knowing the range 
of values for rf CC +  the range of magnitude of 

errors can be estimated.   

The road bank angle is a significant contributor to 
the error in side slip estimation, but it is partially 
compensated for in the algorithm.  This is done as 
follows.  First, an estimate of the bank angle is 
obtained.  Since the measured lateral acceleration, 
aym, includes the component of gravity due to the 
bank angle, φ, it is given by 

                    φsingvva xyym −Ω+= &                 (17). 

The bank acceleration, φsing , can therefore be 

determined from this equation by substituting the 
estimate of the derivative of lateral velocity from the 
observer.  This value is then low pass filtered, with 
the filter constant depending on the operating 
conditions.   

             ( )
filteredymxy avvg −Ω+= &ˆˆsin φ            (18). 

Here the hat denotes an estimate.  Note that since the 
estimate of bank angle is filtered, it may occasionally 
lag behind the actual bank angle, especially when the 
bank angle changes fast.   

In principle, the bank angle could be compensated by 
adding the bank acceleration estimate to the right-
hand side of the observer equation (6).  This, 
however, has the following drawbacks: 1) bank 
estimate uses the estimate of side slip acceleration 
and vice versa, side slip estimate relies on the 
estimate of bank angle; this creates potential for 
divergence of both estimates in some situations; 2) 
the time lag in the bank angle estimate due to 
filtering is increased when the bank angle is 
compensated for dynamically.  This may lead to 
significant errors when bank angle changes quickly.   

Consequently, it was selected to use the observer 
equation (6) without the bank effect to determine the 
initial side slip velocity estimate.  The effect of bank 
angle is compensated for by subtracting from the 
initial estimate the term given by equation (15) 
representing the steady-state bias due to bank.  The 
bank angle estimate uses the estimate of side slip 
acceleration derived from the dynamic observer 
equation, without bank compensation.  This approach 
avoids both problems associated with the dynamic 
approach.  The bank compensation term, however, 
depends on the values of cornering stiffness per axle, 
which vary with operating point of vehicle.  To 
improve the estimation, these values are adjusted 
depending on the operating point of vehicle and tires.  
This quasi-static bank compensation proved more 
robust than the dynamic approach.   

Vehicle Testing 

Vehicle testing was performed on three surfaces: dry 
asphalt, snow and ice using a variety of maneuvers 
and vehicle speeds.  Initially, vehicle test data was 
used to develop and validate vehicle model in 
CarSim for simulation.  It was found that scaling 
down the tire characteristics obtained on dry surface 
by the surface friction coefficient and applying them 
to snow or ice, as is commonly practiced, did not 
produce a good match between simulation and test 
data in these conditions.  This is primarily because 
the shapes of these characteristics on different 
surfaces change in a manner that is different than 
that modeled by the tire characteristics used by 
CarSim.  This is especially true for the data 
corresponding to the large longitudinal or lateral 
slips.  On some surfaces the tire forces continue to 
rise as slip increases, on others they reach a peak and 
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then decline.  Therefore distinct tire force 
characteristics were used for each surface. 

Analysis of speed data indicated that in maneuvers in 
which vehicle remained stable and the ABS and TCS 
systems were enabled, the errors in vehicle speed did 
not exceed 2 kph or 3%, whichever is greater, for any 
significant period of time.  As expected, within the 
above limitations, the estimates were the worst on 
ice, especially during braking or when vehicle slip 
angle was large.  (Of course the estimate deteriorated 
when ABS or TCS systems were disabled, but then 
ESC would also be disabled).   

Preliminary test evaluation of the side slip estimation 
algorithm was designed to detect potential problems.  
Therefore, the main focus was on maneuvers and 
conditions presenting difficulties in estimation.  A 
significant portion of testing was performed on low 
friction surfaces, where lateral acceleration and 
sometimes yaw rate are often low in magnitudes, 
which may lead to significant error to signal ratios.   
Figure 5 shows one example of a vehicle test result 
for a lane change maneuver on a snow surface at 60 
kph with ESC disabled.  A Datron optical speed 
sensor was used to measure the actual side slip angle 
for comparison to the estimate.  The data shows 
close correlation of the estimate and the 
measurement. 

 

Figure 5.  Vehicle test data for lane change 
maneuver on snow at 60 kph. 

 

Many test maneuvers included a steady-state portion 
where the effect of errors may be integrated over 
time.  Testing on banked surfaces was limited due to 
safety concerns.  Parameters of vehicle were 
subjected to variations through changes in weight 
distribution, tire pressure variation between front and 
rear axle, changes in type of tires, acceleration and 

deceleration during maneuvers and trailer towing.  
Overall, the test results demonstrated very good 
performance and robustness of the side slip 
estimation algorithm.  One notable exception were a 
few instances of maneuvers performed on snow 
when the surface estimate did not drop early enough, 
resulting in under estimation of slip angle.  As a 
result, improvements in the surface estimation 
algorithm were made.   

One example of evaluation of robustness of the 
algorithm is testing performed with a 5000 lb trailer.  
The test vehicle with a trailer is shown in Figure 6.   

 

Figure 6.  Test vehicle with a trailer. 

The presence of the trailer results in a hitch force at 
the rear of vehicle, which is not accounted for in the 
model and may have significant lateral component 
during cornering maneuvers.  Hence, a significant 
deterioration of the quality of estimates in the 
presence of trailer was expected.   This concern 
proved to be unjustified.  A representative example 
of test results is shown in Figure 7, where the 
estimates of vehicle speed, side slip angle and road 
bank angle are shown.   



Hac 10

 

Figure 7.  Estimates of vehicle slip angle, speed 
and road bank angle for vehicle with trailer 

during lane changes on snow.   

In this severe maneuver, the estimate of side slip 
angle tracks the actual value very well, even at the 
side slip angle exceeding 20 degrees.  The speed 
estimate is accurate most of the time with deviations 
occurring during relatively short periods of time 
when vehicle side slip angle is large.  The estimate of 
bank angle is small throughout this maneuver 
performed on level surface.  In other maneuvers with 
the trailer, including steady-state maneuvers, the 
estimator of side slip angle also performed very well, 
contrary to initial expectations.  The main reason for 
this good performance is that even though the 
unknown lateral force at the hitch point is not 
explicitly used by the estimator, it is reflected in the 
measured yaw rate and lateral acceleration, which are 
both used in the estimation.  In severe transient 
maneuvers, when the lateral force at the hitch tends 
to be large, the yaw rate of the vehicle is also 
significant and changing fast, which provides enough 
feedback to the observer to render the estimation 
error small due to this force disturbance.  During 
steady-state maneuvers, on the other hand, when the 
presence of un-modeled lateral force at the hitch 
could lead to significant error due to integration, the 
lateral force is small.  This can be shown using a 
free-body diagram of vehicle with trailer in Figure 8.   
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Figure 8.  Simple model of vehicle with trailer. 

If the hitch angle is small, then the lateral force at the 
hitch, Yh, in a steady state turn is  

              2
2

2
2 yh a

l

b
mY =                       (19). 

Here m2 denotes the total mass of the trailer, b2 is the 
distance of the trailer center of mass to the trailer 
axle, l2 the distance of the hitch point to the axle and 
ay2 is the lateral acceleration of the trailer.  Since the 
distance b2 is usually much smaller than l2, the lateral 
force at the hitch is much smaller than the inertial 
force m2ay2.  In the special case when b2 = 0 (i.e. the 
trailer center of mass is directly above the axle), the 
lateral hitch force is 0 since the inertial force is fully 
balanced by the lateral tire force (without an 
unbalanced yaw moment).  The effect of the lateral 
hitch force, Yh, on the estimated side slip velocity can 
be evaluated analytically as described in the previous 
section for the bank angle.  This yields the following 
value of the steady-state error in lateral velocity: 
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Simulation 

The most comprehensive evaluation of estimation 
robustness was performed through simulation using a 
validated vehicle model.  Since the vehicle and the 
observer are non-linear systems, both performance 
and stability of the estimation algorithm depend on 
driver inputs, vehicle speed and environmental 
conditions, in particular the surface coefficient of 
friction.  Simulations have been performed using 
different steering inputs, vehicle speeds and road 
surfaces.  The set of handling maneuvers consisted 
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of five steering patterns: ramp steer, step steer, open 
loop lane change, slalom and fishhook.  The steering 
amplitudes, rates of change and frequencies 
depended on the speed and surface friction.  The 
following initial speeds of vehicle were used: 30, 50, 
70, 120, 140 and 180 kph.  Maneuvers were 
simulated on dry surface, snow and ice.  Some 
combinations of steering amplitudes and initial 
speeds were eliminated, for example when the 
combination of speed, steering angle and surface 
friction resulted in vehicle being well within the 
linear handling range.   

The individual factors contributing to the estimation 
errors were as follows: 

- errors in lateral acceleration measurement, 
including bias and micro-gradient errors 

- errors in yaw rate measurement, including bias 
and micro-gradient errors 

- errors in estimated vehicle speed 
- payload variations 
- variations in tire characteristics, including 

cornering stiffness and ultimate grip 
- variation in road bank angle 
- variation in front/aft road inclination 
- vehicle deceleration due to braking 
- vehicle acceleration 

For each of these factors, reasonable ranges of 
variations were estimated.  For example, the ranges 
of sensor errors are known from specifications and 
the sensor test data.  For the sensors considered here, 
the errors consist of two largely independent 
components: bias, which is an error when the 
measured signal is zero and micro-gradient error, 
which is an error due to changes in the scale factor, 
resulting in an error proportional to the magnitude of 
the measured signal.  The range of errors is 
illustrated conceptually in Figure 9.   

measured
variable

sensor
output

total
error

bias

perfect
characteristic

gradient
error

 

Figure 9.  General sensor error characteristic. 

Since the bias is constant or slowly varying, it can be 
partially compensated for most sensors.  The errors 
in the steering angle are so small that they have no 
meaningful effect on side slip estimation and are not 
considered.  For other contributing factors, the range 
of variations was selected based on experience.  In 
the case of bank angle, the maximum angle of 20 
degrees was used.  While the road grade on public 
roads is limited to 12%, which corresponds to bank 
angle of about 7 degrees [8], larger bank angles are 
possible when vehicle leaves the road.  For obvious 
reason a lower value was assumed on ice.   

First, simulation study was performed using only 
single factors defined above.  Note that in the case of 
sensor errors, a “single factor” here means a 
combination of both bias and micro-gradient errors.  
In each case the maximum errors or parameter 
variations from both sides of the spectrum were 
considered.  For each contributing factor a variety of 
maneuvers on different surfaces, amplitudes of the 
steering angle and entry speeds were used.  
Representative simulation results are discussed next.  

In Figure 10 the results of simulations for a Fishhook 
maneuver performed at 90 kph on dry surface are 
shown with variations in the tire cornering stiffness 
as an error-contributing factor.  Two extreme cases 
are shown: 1) front stiffness reduced by 20% and 
rear stiffness increased by 20% compared to nominal 
values and 2) vice versa, that is front stiffness 
increased by 20% and rear stiffness reduced by 20%.  
In the first case the vehicle develops significantly 
smaller, and in the second much larger side slip angle 
than the nominal vehicle.  In spite of very large 
difference in the slip angles between the two 
extremes, the side slip angle estimator tracks the 
actual slip angle very well in both cases.   
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Figure 10.  Estimation of slip angle in a Fishhook 
maneuver performed with tire cornering stiffness 
variations: 1) -20% front, +20 rear , 2) +20 front -

20 rear vs.  nominal. 

In Figure 11 the results of simulations in an 
aggressive lane change on snow at 70 kph are shown.  
The error factor was the road inclination: in the first 
case the road was flat, in the second there was -10 
degree (e.g.  downhill) inclination.  In the first case 
the vehicle remained stable, in the second it spun out, 
yet the observer tracks the actual slip angle in both 
instances.  In the case of vehicle spin out, the 
absolute error of estimation is quite small when the 
slip angle is below 15 degrees; after that it is 
underestimated.   

 

Figure 11.  Side slip angle in a lane change 
maneuver on snow without and with 10 degree 

road inclination. 

As a result, the influence of each factor on the side 
slip angle estimation error was quantified in terms of 
average increase in estimation error over the entire 
set of maneuvers and in terms of maximum increase 
in estimation error for all maneuvers without spin 
outs.  The former result is summarized in Figure 12.   
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Figure 12.  Average maximum increases in 
estimation errors due to individual factors (effect 

of 10 degree bank corresponds to 1). 

The bank angle of the road has the largest 
contribution to the side slip estimation error, while 
road inclination and payload variations have 
relatively modest influences.  The remaining factors 
have medium effect on average, but they may differ 
substantially among maneuvers.   

In addition to the magnitudes of the estimation 
errors, the direction of the side slip angle error 
resulting from each individual factor were 
determined.  These findings were confirmed by 
simplified analysis and are summarized in Table 1.   

Factors contribute to over-estimation either because 
the estimate increases more than the actual vehicle 
response or the vehicle response decreases more then 
the estimate.  An analogous statement is true in the 
case of under-estimation tendency.  One possibly 
surprising result is that both heavy braking and heavy 
acceleration usually contribute to overestimation.  
Braking has primarily two effects, which have 
opposite influences on the vehicle slip angle.  It 
increases the front axle normal load, which tends to 
increase front lateral force and the vehicle slip angle.  
Braking also introduces longitudinal slip of front and 
rear wheels, which reduces lateral forces.  During 
heavy braking the brake slip of the front wheels is 
significantly larger than that of the rear wheels, 
which decreases vehicle slip angle.  Under heavy 
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braking, the second effect is typically larger than the 
first, hence vehicle slip angle is reduced as compared 
to the case without braking, leading to overestimation 
tendency. 

Table 1.  Single factors contributing to over- and 
under-estimation of side slip 

Factor contributing to 
side slip over-estimation 

Factor contributing to 
side slip under-

estimation 

Bank angle in the 
direction that reduces 

measured lateral 
acceleration 

Bank angle in the 
direction that reduces 

measured lateral 
acceleration 

Lateral acceleration 
errors reducing the 
magnitude of lateral 

acceleration 

Lateral acceleration 
errors increasing the 
magnitude of lateral 

acceleration 

Yaw rate errors 
increasing the magnitude 

of yaw rate 

Yaw rate errors reducing 
the magnitude of yaw 

rate 

Vehicle speed errors 
increasing the magnitude 

of speed 

Vehicle speed errors 
reducing the magnitude 

of speed 

Heavy braking (usually)  

Reducing front tire 
cornering stiffness and 

increasing rear cornering 
stiffness 

Increasing front tire 
cornering stiffness and 
reducing rear cornering 

stiffness 

Front payload bias Rear payload bias 

Uphill road inclination Downhill road 
inclination 

Heavy acceleration 
(usually) 

 

  

During acceleration, the normal load of the rear axle 
is increased, which increases lateral force capability 
and reduces vehicle slip angle.  At the same time 
longitudinal slip on driven wheels is present, which 
reduces the lateral force capability of these wheels.  
For front wheel drive vehicle, this further contributes 
to the reduction in side slip angle, for the rear wheel 
drive it increases the side slip angle, but for vehicle 
with traction control this increase usually does not 

dominate the first effect.  Thus in most cases heavy 
acceleration reduces side slip angle as compared to 
the case without acceleration.   

After studying the effect of single factors, the effect 
of multiple factors was considered.  In order to 
reduce the number of cases to a manageable level, 
only the worst cases were considered.  Based on the 
single factor study, the worst combinations of 
multiple factors were determined.  The underlining 
principle was to stack up the factors, which have the 
largest effect on estimation error and act in the same 
direction.  When two or three factors were 
considered, the extreme errors were used for each 
one of them in the direction that produce the 
estimation error in the same direction.  However, 
since most of the factors can be considered 
independent random variables, stacking up the 
maximum errors of more than three factors is too 
conservative.  As the number of factors increases, it 
becomes increasingly unlikely that each one of them 
is at the extreme of the range.  In order to keep the 
same confidence level in the case of multiple factors 
as for single factors, the maximum errors for each 

factor in the multiple-factor analysis, mult
iemax  is 

     1/maxmax −= Nee ind
i

mult
i                      (21). 

Here ind
iemax is the maximum error used in the single 

factor analysis and N is the number of contributing 
factors in the multiple factor analysis.   

Two important findings of the robustness analysis 
were that the single largest factor contributing to 
errors in side slip estimate was a large bank angle of 
the road.  At the same time, it was observed that the 
bank angle estimates were quite reliable.  
Consequently two ways of increasing robustness 
have been pursued: improvement in compensation 
for bank angle during estimation and gradually 
eliminating side slip angle control when very large 
bank angles are detected. 

CONTROL SYSTEM ROBUSTNESS 

By definition, the robustness of a system is related to 
its sensitivity to parameter variations.  A 
fundamental advantage of a closed loop control 
system is its ability to have low sensitivity, i.e. high 
robustness, to internal variations.  For vehicle 
handling control systems, typical variations are due 
to changes in tires, load conditions, sensors, road 
friction, speed, and others.  To verify the robustness 
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of the entire control system, an extensive analysis 
was performed to evaluate the impact of internal 
variations along with input variations. 

The control system robustness analysis consisted of 
two phases.  The intent of the first phase was to 
provide exposure to a wide variety of maneuvers on 
several road surfaces and various speeds.  Both 
vehicle tests and simulations were used in this phase.  
The variable elements included driver inputs 
(steering, braking, and throttle), surface coefficient 
of friction, and vehicle speed.  The other vehicle 
parameters were held constant at nominal values 
throughout this analysis phase.  The test matrix is 
shown in Table 2. 

Table 2.  Test matrix for phase 1 

 

 

In the second phase of the control robustness study, 
sensitivity to variations in vehicle parameters, sensor 
errors, and variations in environment was evaluated.  
Simulation analysis was a primary approach used in 
this phase.  The evaluation was performed after the 
side slip estimation robustness analysis was 
completed, and it proceeded along the same lines.  
One exception was that in order to reduce the total 
number of simulations, only the worst among the 

single factors and the worst combinations of multiple 
factors were considered.  Specific maneuvers were 
limited to the ramp steer, step steer, fishhook, and 
sine-with-dwell lane change. 

As intended, the overall process to design and tune 
the control algorithm and to evaluate its robustness 
was an iterative sequence.  In the first iteration, the 
results of the phase 1 analysis showed the need to 
make improvements through tuning and through 
some minor algorithmic modifications.  After 
modifications were implemented, the robustness 
analysis was repeated to confirm the improvements.  
Specifically improvements were made in the way the 
feedback and feed-forward control terms are merged 
to form the total yaw moment command.  Still other 
improvements were made in the surface friction 
estimation algorithm. 

The following figures show representative data from 
vehicle tests and from simulations as part of the 
robustness analysis.  Figure 13 shows a vehicle test 
result for a sine-with-dwell lane change maneuver at 
50 MPH on dry asphalt, with overlay comparison for 
ESC Off and On.  A steering robot was used to 
generate the NHTSA-specified steer input [9].  
Comparing the results, the side slip angle is held to 
an appropriately small magnitude and the yaw rate 
and lateral acceleration decay more quickly with ESC 
On, indicating an improvement in the stability 
margin. 

 

Figure 13.  Vehicle test data for sine-with-dwell 
lane change maneuver at 50 MPH 

Figure 14 shows a simulation result for a step-steer 
maneuver at 50 MPH on snow, with overlay 
comparison for ESC Off and ESC On.  With ESC 
On, the side slip angle is well regulated and the 
vehicle’s handling response is stable.  With ESC Off, 
the side slip angle diverges quickly which indicates a 
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spin-out condition, demonstrating a loss of handling 
stability. 

 

Figure 14.  Simulation data for step steer 
maneuver at 50 MPH on snow 

Lastly, in this investigation it was found that 
attenuating the side slip angle control on roads with 
large banks was very effective in improving 
robustness with respect to errors in side slip angle 
estimation in these conditions.  Additionally it was 
found that the control was always appropriate when 
active, and the weighting factor worked very well to 
balance vehicle responsiveness (tracking of the 
desired yaw rate) versus stability (side slip angle 
control). 

CONCLUSIONS 

In this paper a systematic process of evaluating 
robustness of a side slip angle estimation and control 
algorithm has been described.  The side slip angle 
estimator is a nonlinear reduced order observer with 
compensation for road bank angle.  The control 
algorithm combines tracking control of vehicle yaw 
rate with regulation of rear axle side slip angle and 
blends these tasks smoothly depending on the 
operating conditions.  Evaluating robustness of the 
algorithm was an iterative process, in which initial 
results of robustness investigation provided 
motivation for improvements in algorithms providing 
sensor bias compensation, road bank angle 
compensation, surface friction estimation and 
blending of control terms.  Robustness was evaluated 
using a set of maneuvers performed at different 
speeds and different surface conditions.  The effects 
of single error-contributing factors on estimation 
errors was first evaluated.  This provided information 
regarding the magnitude and direction of errors 

resulting from single factors, which in turn was used 
to identify the worst combinations of factors for 
multiple factor evaluation.  The study involving 
multiple factors was reduced to the worst case 
scenarios, which helped keep the number of 
combinations manageable.  Modifications in the 
control laws were made to maintain robustness in 
rare conditions when the side slip angle estimation 
error could be significant due to large bank angle.   
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ABSTRACT 

This paper summarizes the development activities on 
the finite element full human body model, improving 
upon last 19th ESV publication (ESV 05-0399). The 
updated Takata Human Model for an average adult 
male has anatomical details of skeleton and major 
soft tissues in all the body parts—head, neck, 
shoulder, thorax, abdomen, pelvis, lower and upper 
extremities. The arteries and veins as well as sciatic 
nerves in pelvis, thigh and tibia regions were also 
modeled. The model’s responses of all the body parts 
were validated against published or in-house PMHS 
test data of twenty tissue material tests and forty-
seven pendulum, drop or sled tests under frontal, side 
and oblique and rear impacts. A method similar to 
those defined in the ISO-TR9790 lateral biofidelity 
rating procedures was applied for evaluation of the 
model biofidelity. The overall biofidelity rating of the 
model is good (8.1). 

Biomechanical analysis using this model has been 
made on fractures of femur, tibia, clavicle and lumbar 
vertebra under different test conditions. The bone 
fractures were assessed by both, the localized stress-
strain characteristics as well as the global force-
deflection responses. This analysis indicates that the 
maximum Von-Mises stress (MVMS) should be a 
good injury indicator for the bones with high cortical 
indices, independent of load directions. For the 
vertebral bodies with very low cortical index (1-3%), 
the ultimate strain of the trabecular bone may be 
considered as indicator for the bone fractures. 

INTRODUCTION 

Occupant injury assessment tools are essential to 
research and development of advanced occupant 
restraint systems. Traditionally, Anthropomorphic 
Test Devices (ATDs) have been used in laboratories 
to evaluate the restraint system performance. In 
recent years human body models have been 
developed as an important tool to help assess 
restrained occupant injuries which could not be 
evaluated by the ATDs due to their biofidelic 
deficiencies. The human body finite element model 

for an average adult male reported earlier [1], was 
one such tool for injury analyses of the thorax, 
abdomen and shoulder of a belted occupant. 
However, this model was not fully biofidelic and 
thus needed to be further developed. 

A biofidelic full human body model requires two 
essential elements: the anatomical structures and the 
material characterization of human. All the human 
(hard and soft) tissues of which injuries were 
observed in field should be modeled in the 
anthropometrical details and their physical material 
properties should be investigated. 

As an applicable occupant injury assessment tool the 
human model was required to be fully validated for 
its biofidelity. Such validations, as per Yang et al. 
[2], should be carried out against the cadaveric or 
human volunteer tests data in a variety of impact 
conditions such as frontal, side, rear, and oblique for 
all the body regions at three levels: the component 
(tissue), the subsystem (body part), and the system 
(whole-body), to ensure their predictive accuracy for 
human responses and computation robustness.  

Human hard tissues are those that have become 
mineralized, or having a firm intercellular 
substance, e.g., cartilage and bone. The human 
model should have predictive capabilities for their 
fractures. Although great efforts have been made so 
far to develop the modeling techniques and fracture 
prediction capabilities for such human bony parts as 
skull [3], cervical spine [4], thoracic ribs [5], bones 
of the pelvis and the lower limb [6], the injury 
measures and thresholds in terms of strain or stress 
at the local tissue level were still not well 
established, and the co-relationship between the 
injury measures and tolerances in terms of 
measurable global indicators and those in terms of 
local strain or stress were not fully understood.  

From the existing biomechanical research results we 
knew that two kinds of human bones—the trabecular 
and the cortical have much different microstructures, 
material properties and strengths. The modulus of the 
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cortical bones can be 100-1000 times higher than that 
of the trabecular bones. The stiffness, strength and 
tolerance of a piece of bone are dependent on the 
cortical index which is the combined cortical 
thickness divided by the thickness of the bone. The 
thickness of the cortical shell, again, varies from 
bone to bone, region to region, and even varies with 
age and gender. For example, the shafts of femur and 
tibia have the cortical index of 1, on the other hand, 
the lumbar vertebral bodies (L1-L5) have average 
cortical thickness of only 0.3mm (or about 1% of 
cortical index) [7]. In between, the clavicle cortical 
index decreases from 0.6 at 25 years-old to about 
0.38 at 80 years-old for female, and from 0.5 at 25 
years-old to about 0.3 at 80 years-old for male [8]. 
Studying these bones whose cortical indices vary 
from 0.01 to 1 could help us understand better the 
fracture mechanisms and tolerances of the human 
hard tissues. 

This research pursued the following objectives: 

1. to construct a full human body model including 
the anatomical details of skeleton and major soft 
tissues in all the body parts (head, neck, 
shoulder, thorax, abdomen, pelvis, lower and 
upper extremities); and  to complete full 
validations on the model’s biofidelity at the 
component, subsystem and system levels under 
various loading/impact conditions;  

2. using the model to analyze the fracture 
mechanisms and tolerances of femur, tibia, 
clavicle and lumbar vertebra in terms of both 
global measures and local strain or stress in 
order to better understand injury mechanisms 
and tolerances of the human hard tissues.     

CONSTRUCTION OF A BIOFIDELIC MODEL 

Great efforts have been made to update the earlier 
version of the 50th% male human model [1] to a full 
biofidelic model. The completed development work 
can be explained in three sections: the anatomical 
modeling, the tissue material modeling, and the 
model biofidelity validation.   

Anatomical Modeling 

Additional modeling work for the anatomical 
structures in all the following body regions is 
described briefly below. 

The Head - The skull, modeled in three layers 
(inner, diploe, outer) in solid elements, was 
partitioned as multiple zones representing bones of 

Frontal, Parietal, Occipital, Temporal, Sphenoid, 
Maxilla+Ethmoid, and Mandible. The finer element 
sizes of the average 2.5mm were meshed in the 
whole brain region. Currently, the Cerebrospinal 
fluid (CSF) was modeled in three layers of solid 
elements materialized with the fluid-like behavior 
defined by LSDYNA MAT_ELASTIC_FLUID 
material type. However, different modeling methods 
are being explored for local failure estimations.   

The Neck - The occipital condyle was modeled, 
adding more ligaments and membranes (Alar, 
Cruciate, Alantooccipital, Tectorial, Apical). The 
Capsule of zygapophyseal joints between C2-3, C3-
4, C4-5, C5-6, C6-7 were defined as combination of 
solids contact interfaces and 2D membrane 
ligaments. Five cervical ligaments (anterior 
longitudinal, posterior longitudinal, joint capsules, 
ligamentum flavum, interspinous) were modeled as 
2D membrane elements. Ten pairs of neck muscles 
(Sternocleidomastiod, Sternothyroid, Sternohyoid, 
Thyrohyoid, Omohyoid, Trapezius, Scalene, 
Splenius, Levator scapulae, Platysma) were modeled 
as combination of solids and 1D Discrete element 
with the LSDYNA Hill-type muscle material model.    

The Thorax - The original rib cage model was 
divided into anterior, lateral, and posterior segments 
as the same defined by Stitzel et al. [9] to take into 
account of the regional variation of stiffness and 
strength of the rib cortical bone.  

The Shoulder – The clavicle bones were re-
modeled in the finer mesh sizes of average 1.2 mm 
to better predict the fracture. All the ligaments, 
tendons, and muscles connecting the Clavicle, 
Sternum and Ribcage, Acromion, Scapula and 
Humerus were thus re-meshed to ensure integrity of 
the whole shoulder structures.   

The Abdomen – The lower abdomen were 
reconstructed to adapt to the updated pelvis. The 
abdominal aorta and inferior vena cava were 
modeled. 

The Pelvis and The Upper and Lower 
Extremities – New full finite-element sub-models 
for the pelvis, the lower extremities and the upper 
extremities were constructed. The anthropometrical 
data of all the bony parts in these three body regions 
were obtained from two resources: 1) the full-color 
cross-section image data of the Visible Human Male 
Subject segmented by in-house 3D-Doctor software; 
or 2) the MRI male subject data from Wayne State 
University. Additional tissues segmented by using 
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the 3D-Doctor and meshed by using Hypermesh 
included the Sciatic nerves coming from the lower 
spines (L4-5, S1-3) through its Common fibula 
division and Tibial nerve in the thigh and knee 
regions, the main arteries of thigh and knee 
(External Iliac, Femoral, Deep, Anterior and 
Posterior Tibial), and all the knee ligaments (ACL, 
PCL, MCL, LCL). All the segmented data were 
scaled to 50th% male size based on the UMTRI 
data.  

The hard tissues modeled in the pelvis region 
included lumbar, sacrum and coccyx, ilium, 
ischium, pubis, symphisis pubica, and acetabulum. 
The sacroiliac joint was modeled as tied surfaces. 
The hip joints were modeled as combination of the 
hip joints ligaments (ligament of femur head, the 
capsular ligaments), the synovial membranes and 
contact between the femur head and acetabulum. 
The pelvis bones were directly connected to lower 
abdomen hollow organs, fats and outer skins. Two 
joints in each of the knee were carefully modeled: 
the femoro-patellar joint consisting of the patella, 
patellar and quadriceps tendons, and the patellar 
groove; the femoro-tibial joint consisting of the 
femur condyle and articular cartilage, the tibia and 
fibula and meniscus, as well as the ligaments of 
ACL, PCL, MCL, LCL. The synovial membranes 
were modeled as surfaces for soft contacts. 
 

All pieces of bones and major ligaments in the body 
regions of lower leg, ankle/foot, upper and lower 
arms and elbow, wrist and hands were modeled. The 
cortical bones in the shaft of the long bones (femur, 
tibia and fibula) were modeled as solid elements, 
and those in the head/condyle region were modeled 
as shells with varying regional thickness measured 
by using 3D-Doctor software or from the literature. 
All the trabecular bones were modeled in solid 
elements.  

Along their routes, the branches of the main 
arteries/nerves were modeled as discrete spring 
elements, and the connections among these 
nerves/arteries and their surrounding muscles were 
modeled with the method of tied nodes. The skins 
and muscles of the lower limb were meshed as solid 
elements which were tied with the bony structures.  

The updated human model is fully deformable 
representing an average adult male with weight of 
77.8Kg. It consists of 154,142 elements, 113,349 
nodes, and 701 components for the tissues. Figure 1 
shows this model. 

 

 

 

 

 

Figure 1. The updated Takata Human Model. 
Left-Skeleton; Right-Full body. 

Tissue Material Modeling  

There are 589 material cards in total with sixteen 
material models (constitutive laws) defined in this 
updated human body model. Table 1 summarizes the 
material models used for the tissue components.  

Table 1 The Material Models and Cards in the Model 

 The material properties or parameters in the 
material models were determined in three ways: 1) 
directly from the published tissue material tests data; 
2) from our tissue test component model 
correlations; and 3) from our body impact 
subsystem model correlations.  

The directly applied tissue material property data 
were selected from the cadaver or live porcine tissue 
coupon tests. Examples of such coupon tests were 
for the rib cortical shells [9], the cervical and lumbar 

Material Model Tissues Total 

01-Elastic The connective tissues 
being not easily injured 

275 

01-Elastic Fluid CSF 1 
03-Plastic Kinematic Other connective tissues 37 
06-Viscoelastic Brain, abdominal solid 

organs 
13 

09-Null Internal contact interfaces 7 
20-Rigid Local coordinate base 1 
24-
PiecewiseLinearPlasticity 

Ligaments, tendons 133 

34-Fabric Capsule membranes 6 
57-LowDensityFoam Hollow organ inserts 3 
62-ViscousFoam Skin, body fats 18 
81-
PlasticitywithDamage 

Cortical bones 28 

105-Damge 2 Trabecular bones, 
cartilages 

37 

129-LungTissue Lungs, heart 2 
SB1-Seatbelt Tendons 13 
DS4-
SpringNonlinearElastic 

Artery branches 5 

DS15-SpringMuscle Neck Muscles 10 
ALL -- 589 
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spine ligaments [10, 11], the scalp and brain tissues 
and the skull (inner and outer tables and diploe) 
[12], the shoulder ligaments of OC, CC, SC joints 
[13], the auricular and costal Cartilage [14], and the 
cortical shells of Femur, Tibia, Fibula, Humerus, 
Radius, and Ulna [15], etc.  

However, quite a few biomechanical tests were 
performed at the tissue component (consisted of a 
group of tissues) level. In addition, the existing 
published tissue material property data, especially of 
the soft tissues, varied in wide range due to different 
subjects, test conditions and methods. Considered 
these uncertainties we selected the biomechanical 
tests for those tissues which were primary load 
carriers inside the body or easily sustained injuries. 
FE models for each of the test configurations were 
constructed and the test procedures were simulated. 
The model outputs defined according to the 
measurements were correlated with the test data. 
Through this process the material properties of these 
tissues were determined or estimated. Table A-1 in 
Appendix A lists all such simulated material tests in 
total of 20 that came from 10 studies involving 2 
skull/brain tissue tests, 4 neck tissue tests, 4 thorax 
tissue tests, 3 abdomen organs tests, 1 clavicle tests, 
4 lower extremity long bone tests, and 2 lumbar 
vertebra and disc tests. Table A-1 provides the 
information of the test conditions, the correlated 
responses and correlation quality grades (1-5, 1-
unacceptable; 5-best; determined as explained in 
notes of Table A-1), and the references.  

From the two ways described above, most of the 
tissue material properties defined in the model could 
be determined or estimated. For those of the 
modeled human tissues which were not tested in 
either coupon or component material tests, their 
material properties were estimated from the body 
impact subsystem model correlations.  

Model Biofidelity Evaluation 

Seven body regions (head, neck, shoulders including 
upper extremities, thorax, abdomen including 
lumbar, KTH, lower leg including ankle/foot) were 
validated against a set of the PMHS drop or 
pendulum and sled tests. These biomechanical tests 
included 47 in total from 22 studies that involved 5 
head tests, 7 neck tests, 5 thorax tests, 5 abdomen 
tests, 5 shoulder tests, 5 KTH tests, 2 lower leg tests, 
5 ankle tests, 6 lumbar tests, and 2 whole body sled 
tests. The selected tests data covered in a variety of 
impact energies and directions (frontal impacts-25; 
side/oblique impacts-16; rear impacts-3; axial-4). 

The method for evaluation of biofidelity of the 
human model was similar to those defined in the 
ISO-TR9790 lateral biofidelity rating procedures 
[16]. The biofidelity rating calculation of each body 
region was defined by ISO as expressed in Eq. (1) 
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where Vi,j were the weighting factor for each test 
condition for a given body region; Wi,j,k were 
weighting factor for each response measurement for 
which requirement was given; Ri,j,k were the rating 
of how well a given response meets its requirement. 
R=10 if response meets requirement; R=5 if 
response is outside requirement but lies within one 
corridor width of requirement; R=0 if neither of the 
above two is met. The overall rating for a given 
model was calculated via Eq. (2)  
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where B was the overall rating which have a value 
between 0 (unacceptable) and 10 (excellent); Bi 
were the biofidelity rating of each of body regions; 
Ui were the weighting factors for the biofidelity 
rating of each of body regions. 

To simply the rating calculation procedures we 
assigned all of the weighting factors Vi,j, Wi,j,k and  
Ui equal to 1, which means that all the measured 
responses in each of the selected tests were equally 
treated, and that each of all the body regions were 
considered equally important. 

All the test conditions, the measurements, the 
model’s responses and the ratings Ri,j,k, as well as 
test data resource are summarized in Table A-2 and 
A-3 in Appendix-A. In Table A-3 the ratings of each 
response for a relevant body region were included in 
Eq.(1) while the external force measurements 
(marked NA in Table A-3) were excluded from the 
rating calculation. Table A-4 summarizes the 
biofidelity rating results for the body regions of the 
human model.  

According to the ISO five biofidelity rating 
classifications, the biofidelity is considered as 
excellent if the rating scale is between 8.6+-10, and 
as good if the scale between 6.5+-8.6. The model 
achieved excellent biofidelity rating scores in the 
body region of Thorax (9.4). All the other body 
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regions (scored 7.2-8.6) achieved good biofidelity 
score. The overall biofidelity rating of the human 
model is good (8.1).  

HARD TISSUE INJURY ANALYSIS 

Based on the results of the bio-tests simulations listed 
in Table A-1, A-2, A-3, we summarize our findings 
from the hard tissue injury analysis particularly for 
femur, tibia, lumbar vertebra, and clavicle. The 
material properties of these bones in the sub-models 
are tabulated in Table B-1 in Appendix B.  

Analysis of the 3-Point A-P Bending Tests on 
Femur and Tibia 

In this study, static 3-point anterior-posterior (A-P) 
bending tests on femur and tibia were simulated. The 
model-predicted force-displacement curves of these 
bones were compared with the measured data [15], as 
shown in Figure 2.   

 

 

 

 

 

 

 

 

Figure 2. Comparison of the model predicted and 
the measured load force vs. displacement curves 
of the femur and tibia under quasi-static 3-point 
bending. The test data referred to [15]. 

 

 

 

 

 

 

 

Figure 3. The stress contour of the femur under 
quasi-static 3-point bending at the failure time. 

The simulations showed that corresponding to each 
of the peak forces in Figure 2 failure occurred in the 
shaft center of the femur or the tibia, where 

maximum stresses of the femur or tibia occurred as 
shown in Figures 3-4.  

 

 

 

 

 

 

Figure 4. The stress contour of the tibia under 
quasi-static 3-point bending at the failure time. 

Table 2 summarizes the calculated failure forces, 
maximum Von-Mises stresses and the failure strains 
of femur and tibia under the simulated A-P 3-point 
bending test conditions.  It is noted here that in both 
cases the failure stresses are around 130MPa while 
the failure strains are around 1.3%. 

Table 2 The calculated failure forces, stresses, and 
strains of the femur and the tibia  

Tissue Failure 
Force (KN) 

Failure 
Stress (MPa) 

Failure 
Strain (%) 

Femur 3.3 136.8 1.4 
Tibia 3.2 133.5 1.3 

Analysis of the Compression Tests on the Lumbar 
Vertebrae  

In this study, the compression tests on isolated 
lumbar vertebrae L1-L5 reported by Yoganandan et 
al. [17] were modeled. In the test set-up, a 
compressive load was uniformly applied to the 
vertebral body at a constant speed of 2.5 mm/s to 
about 50% of its original height.  Figure 5 shows the 
model predicted force-deformation curve compared 
with the measured ones of L2, L3, L4 and L5 [17]. It 
was seen that the force-deformation curve of the 
vertebra had a plateau in which the large plastic 
deformation of the trabecular bone occurred.  

Force-displacement curves for femur under A-P 3-p
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Compressive Force-Deformation Curves 
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Figure 5: Comparison of the model predicted and 
measured force-deformation curves [17] of the 
lumbar vertebral bodies under quasi-static 
compressive loading. 

Figure 6 shows that the maximum stresses were in 
the circumferential edge of the endplate where failure 
occurred.   

 

 

 

 

 

 

 

 

Figure 6. The stress contour of the lumbar 
vertebral body under quasi-static compressive 
loading at the failure time. 

Table 3 summarizes the calculated failure force (the 
value when the force dropped significantly), 
maximum Von-Mises stresses of the vertebral bones 
and the failure strains of the trabecular bone under 
the compressive loading. It was interesting to see 
from the simulation that before the failure force a few 
percent of cortical and trabecular bone elements had 
already failed. The vertebral trabecular bone along 
carried about 70% of the total loads. Thus the failure 
stress and strain reflected dominantly the material 
characteristics of the trabecular bone. 

Table 3 The calculated failure forces, stresses, and 
strains of the vertebra L3 

Tissue Failure 
Force 
(KN) 

Trabecular 
Failure 
Stress 
(MPa) 

Trabecular 
Failure 

Strain (%) 

Cortical 
Failure 
Stress 
(MPa) 

Vertebra 
L3 

2.8 4.8 25.4 112.7 

Clavicle Fracture Analysis 

     Clavicle three-point bending tests analysis   

Quasi-static cadaver clavicle three-point bending 
tests were simulated. Table 4 compares the model 
outputs with the test results reported by Bolte et al. 
[43] and Probasta et al. [18].  

Table 4 compares the model predicted maximum 
load force, stiffness, average failure stress and 
maximum deflection with the test data [18, 43].   

Source 
Maximum 
Force (N) 

Stiffness 
(N/mm) 

Max. 
Deflection 

(mm) 

Failure 
Stress 
(MPa) 

Bolte’s 
Average [43] 

681.7 147.2 4.6 N/A 

Proubasta’s 
Average [18] 

485.6 94.8 5.0 N/A 

Model 529.9 99.6 5.3 125.0 

 

 

 

 

 

 

 

 

Figure 7. The stress contour of the clavicle under 
3-point bending.  

Figure 7 shows the stress contour of the clavicle 
under 3-point bending at the failure moment. The 
clavicle fractured in the center of shaft body where 
the maximum Von-Mises stress was 125MPa.   

     Analysis of pendulum side impacts to shoulders  

The tests of the pendulum side impacts to PMHS 
shoulders conducted by Bolte [43] and Compigne 
[19] were simulated. In Compigne’s test set-ups, the 
PMHS were struck using a 23.4kg impactor fitted 
with a rigid rectangular shaped impacting plate in 
lateral and oblique (±15o) directions at different 
impact velocities (1.5-6 m/s). In Bolte’s test set-ups, 
the left shoulder of PMHS was impacted with a 23 kg 
pneumatic ram (20cmX15cm, padded with a 5cm 
thick piece of Arcel foam) in lateral and oblique (15o, 
30o) directions at impact speeds from about 4 to 7.5 
m/s.    

Figures 8-9 show the correlation of the model 
predicted acromion-to-sternum deflections and the 
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impact forces with the Bolte’s [43] and Compigne’s 
test results [19].  

 

 

 

 

 

 

 

Figure 8. Comparison of the model predicted 
Acromion-to-Sternum deflections varying with 
impact velocities with the test data [19, 43]. 

 

 

 

 

 

 

 

 

Figure 9. Comparison of the model predicted 
forces varying with impact velocities with the test 
data [19,43]. 

 

Table 5. Model Predicted Injury Numbers for 
PMHS Pendulum Side Impact Tests 

Table 5 correlates the maximum forces, the 
acromion-to-sternum deflections and the model-
predicted maximum Von-Mises stresses of the 
clavicle responding to different pendulum impact 
speeds. At 6.5 m/s impact speed, the calculated 
acromion-to-sternum deflection was 50.3 mm while 
the maximum Von-Mises stress exceeded 120MPa, at 
which the bone fractured in the simulation. The past 
research concluded that under lateral impacts to 
PMHS shoulders 47 mm of the acromion-to-sternum 
deflection predicted a 50% probability of clavicle 

fracture or AIS 2+ shoulder injury. This study 
indicated that at failure the clavicle experienced the 
Von-Mises stress of more than 120 MPa.      

DISCUSSION 

In this study, all the investigated three bones (femur, 
tibia, clavicle) with high cortical indices (above 0.4) 
fractured consistently in the range of 120-130MPa of 
maximum Von-Mises stress (MVMS) of the cortical 
bones. This suggested that the MVMS can be a good 
injury indicator for these high cortical index bones, 
independent of load directions. The threshold of 120-
130 MPa matched Stitzel’s ultimate stress data from 
the rib cortical bone coupon tests [7].   

For the vertebral bodies with very low cortical index 
(1-3%), the ultimate strain of the trabecular bone may 
be considered as indicator for the bone fractures.  

More experimental studies are needed to confirm 
these analytical findings.   

CONCLUSIONS 

The updated Takata Human Model for an average 
adult male has the detailed bony and soft tissues in all 
the body regions. The overall biofidelity rating of the 
model is good (biofidelity rating score 8.1). 

The results of simulated 3-point bending tests for the 
bones (femur, tibia, clavicle) with high cortical 
indices (0.4-1.0) showed that all of them fractured at 
120-130MPa of the maximum Von-Mises stress 
(MVMS). Additional simulations for the lateral 
impacts to PMHS shoulders at different speeds of 
4.5-7.6m/s concluded that 47 mm of the acromion-to-
sternum deflection corresponded to 120MPa of the 
MVMS in the clavicle. All these results suggested 
that the MVMS be a good injury indicator for these 
high cortical index bones, independent of load 
directions.  

The results of simulated compression tests on isolated 
lumbar vertebral body L3 with very low cortical 
index (~0.01) showed that the deformation pattern 
and fracture characteristics of the vertebral body were 
very similar to those of the trabecular bone of the 
body. The ultimate strain of the trabecular bone may 
be considered as indicator for fractures of the low 
cortical-index bones.  

These analytical findings are worthy to be further 
investigated experimentally. 
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APPENDIX A    Results of Material Modeling and Biofidelity Evaluation of the Takata Human Model 

Table A-1 Summary of the bio-tissue test simulations for determining the material properties 
 

* The correlation quality grades (1-5) are defined as follows: 1-unacceptable: the peaks and phases of the two curves 
behaviors totally different.  2-poor: the peaks and phases of the two curves do not match but trends are similar. 3-
fair: both peaks and phases of the two curves differ within the range of 30%. 4-good: both peaks and phases of the 
two curves differ within the range of 20%. 5-excellent: both peaks and phases of the two curves differ within the 
range of 10%. 

 

 
 

Body 
Region  

Tissue Test conditions Correlated Responses Correlation 
quality* 

Ref 

Head Cerebrum, 
Brainstem 

Oscillating shear test over 20-100Hz  
and stress relaxation test at 7.5% 

Stress-strain curve and 
Stress relaxation curve 

4 [20] 

Neck OC-C1-C2 FSU Quasi-static flexion and extension 
loadings. 

Moment My vs. Rotation 
angle measure at C2. 

4 [21] 

Neck C5-C6 FSU Quasi-static flexion and extension 
loadings. 

Moment My vs. Rotation 
angle measure at C6. 

4  [21] 

Thorax Rib 3-point bending at quasi-static rate of 
2.5 mm/min. 

Max. load and deflection 4 [22] 

Thorax Heart Biaxial tensile tests for cadaver heart 
samples 

Average stress-strain 
curve 

5 [23] 

Thorax Aorta Biaxial tensile tests for cadaver aorta 
samples 

Average Stress-strain 
curve 

4 [23] 

Thorax Lungs Biaxial tensile tests for cadaver lung 
samples 

Average Stress-strain 
curve 

5 [23] 

Abdomen Liver Uniaxial compression to porcine liver 
at three loading rates *0.001/s, 0.05/s, 
0.5/s) 

Average Stress-strain 
curve 

5 [24] 

Abdomen Kidney Uniaxial compression to porcine 
kidney at three loading rates *0.001/s, 
0.05/s, 0.5/s) 

Average Stress-strain 
curve 

5 [24] 

Abdomen Spleen Uniaxial compression to porcine 
spleen at three loading rates *0.001/s, 
0.05/s, 0.5/s) 

Average Stress-strain 
curve 

5 [24] 

Shoulder Clavicle 3pt bending tests at 0.5 mm/sec Stiffness and failure load 5 [18,
43] 

KTH Femur Shaft Quasi-static 3-pt bending tests Load force vs. Deflection 
curve  

5 [15] 

KTH Femoral head Quasi-static loading to femoral head. failure load 3 [25] 

Lower 
Leg 

Tibia & Fibula Quasi-static 3-pt bending tests Load force vs. Deflection 
curve  

5 [15] 

Lumbar 
Spine 

Vertebra Compressive loading at 2.5 mm/sec  Load force vs. 
Deformation curve 

4 [17] 

Lumbar 
Spine 

Disc Quasi-static compressive loading 
cyclically at 15.Hz up to 3mm.  

Stiffness 4 [26] 
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Table A-2 Summary of the PMHS drop or pendulum tests and biofidelity rating results for the body regions 

Body 
region 

Impact 
direction 

Test conditions Response Requirement Results Rating Ref. 

Head F 14.5kg 20mm rod impact to frontal bone 
at drop height of 460-915mm. 

Force-Deformation 
curves 

(2.5KN, 5.5KN) at 
5 mm deformation 

5.4 KN at 
5mm 

10 [27]  

Head F 14.5kg 20mm rod impact to Zygoma 
bone at drop height of 305-610 mm. 

Force-Deformation 
curves 

(1.4kN, 2.0KN) at 
20mm 

1.9KN at 
20mm 

10 [27]  

Head F 14.5kg 20mm rod impact to Maxilla 
bone at drop height of 305-610 mm. 

Force-Deformation 
curves 

(0.8KN, 1.8KN) at 
20mm; 

1.3KN at 
20mm 

10 [27]  

Head L Head drop laterally to a 40-durometer 
padding place (50mm-thickness) at 6.5 
m/s 

Average peak force 
and displacement 

Force: 8.4±1.4KN; 
Displ: 

15.0±2.3mm 

7.9KN, 
16.4mm 

10 [28] 

Head F A rod impact to face in the antero-
posterior direction at 7m/s. Test#MS428-
2. 

Intracranial 
pressures: Frontal 

87KPa at 11ms  91.7 KPa 
at 10ms 

10 [29]  

Head F A rod impact to face in the antero-
posterior direction at 7m/s. Test#MS428-
2. 

Intracranial 
pressures: Occipital 

 -11.4KPa at 9ms  -13.4KPa 
at 9ms 

5 [29]  

Head F A rod impact to face in the antero-
posterior direction at 7m/s. Test#MS428-
2. 

Intracranial 
pressures: Lateral 

39.8KP at 11ms 40.5KPa 
at 10ms 

10 [29]  

Head F A rod impact to face in the antero-
posterior direction at 7m/s. Test#MS428-
2. 

Intracranial 
pressures: 3rd 

Ventricle. 

30KPa at 10ms 27.8KPa 
at 10ms 

10 [29]  

Head F Suspended Head accelerated and 
impacted to a padded linear-piston 
impostor at 2 m/s. Test#C755-T2:  

Brain targets X-Z 
displacements at 

sagittal plane 

Figure 6 in [26] maximum 
difference 

28%  

0 [30]  

Neck A Eccentricity tensile loading to cervical 
spine at 2mm/s at free cranial end 
condition 

Force vs 
Displacement 

225KN at 7.5 mm  270KN at 
7.5mm 

5 [31] 

Neck A Compressive loading to cervical spine  
by a padded plate at 2.5 m/s. 

Force-deformation  Force-deformation 
corridor in Figure 

6 [32] 

Stay in 
between 

the 
corridors 

10 [32] 

Neck F Analyzed test data of head-neck to T1 
relative motion responding to the 15.6G 
frontal sled pulse.   

Head CG to T1 
relative 

displacements X,Z 

Head X 
(140mm,165mm)    

Head Z 
(200mm,225mm) 

Head X 
190 mm 
Head Z 
235 mm 

5 [33] 

Neck L Analyzed test data of head-neck to T1 
relative motion responding to the 7g 
lateral sled pulses.   

Head CG to T1 
relative 

displacements Y,Z 

Head Y 
(120mm,141mm)    

Head Z 
(60mm,90mm) 

Head Y 
120 mm 

Head Z 51 
mm 

10 [34] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 4.4 m/s. 

Impact force history (2.5KN, 3.8KN) in 
8.5-10.0 ms 

3.7KN at 
13mm 

5 [35] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 4.4 m/s. 

Head CG X-
displacement 

(125mm, 200mm) 
at 120ms 

195mm at 
120ms 

10 [35] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 4.4 m/s. 

Head CG Z-
displacement 

(-24mm,45mm ) at 
120ms 

 35mm at 
120ms 

10 [35] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 4.4 m/s. 

Head rotation (15deg, 65deg) at 
120ms 

31deg at 
120ms 

10 [35] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 6.6 m/s. 

Impact force history (4KN, 6KN) at 
10ms 

5.8KN at 
13ms 

5 [35] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 6.6 m/s. 

Head CG X-
displacement 

(80mm, 280mm) 
at 80ms 

160mm at 
80ms 

10 [35] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 6.6 m/s. 

Head CG Z-
displacement 

(-35mm,30mm ) at 
70ms 

 65mm at 
70ms 

0 [35] 

Neck R 23.4 kg 150mm disk impact to rear skin 
at the level of T1 at 6.6 m/s. 

Head rotation (20deg, 75deg) at 
120ms 

33deg at 
80ms 

10 [35] 

Thorax F 23.4kg 152mm disk at 6.5 m/s to center 
of thorax 

Force-Deflection 
curve 

Corridor  4.17KN at 
72.1mm.  

10 [36, 
37] 

Thorax L 23.4kg 152mm disk at 30 degree oblique 
at 6.7 m/s to left side of thorax 

Force-Deflection 
curve 

Corridor  2.93KN at 
73.3mm.  

10 [38] 

Thorax F UVA hub loading to thorax Force-Deflection 
curve 

Corridor  2.3KN at 
65mm.  

10 [39] 
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Thorax F UVA diagonal belt loading to thorax Force-Deflection 
curve 

Corridor  2.1KN at 
37mm.  

10 [39] 

Thorax F UVA distributed loading to thorax Force-Deflection 
curve 

Corridor  4.1KN at 
56mm.  

10 [39] 

Abdomen F 32 kg bar at 6.1 m/s to lower abdomen. Force-Deflection 
curve 

Corridor: 
(2.16KN,4.2KN) 

at 120mm 

4.5KN at 
120mm 

5 [40] 

Abdomen F 48kg rigid bar rigid-bar test at 9 m/s to 
free back cadavers 

Force-Deflection 
curve 

Corridor: 
(7KN,11.5KN) at 

140mm 

9.7KN at 
137mm 

10 [41] 

Abdomen L 23.4 kg disk at 30 degree oblique at 6.5 
m/s to right side of upper abdomen. 

Force-Deflection 
curve 

Corridor: 
(3KN,4.5KN) at 

100mm 

5KN at 
98.4mm 

5 [38] 

Abdomen F Close proximity surrogate airbag loading 
to midabdomen of fixed-back cadaver. 

Force-penetration 
curve 

Corridor: (2.5KN, 
5KN) at 10mm 

3KN at 
10mm 

10 [41] 

Abdomen F Seat belt loading at 3.2m/s maximum to 
midabdomen of free-back cadaver. 

Force-penetration 
curve 

Corridor: (3.5KN, 
4.4KN) at 50mm 

3.8KN at 
48.3mm 

10 [41] 

Shoulder F 23 kg 150mm disk impact to left 
shoulder at 4.5 m/s. 

Force-time history Corridor: (1.6KN, 
2.7KN) at 11ms 

1.8KN at 
11ms 

10 [42]  

Shoulder L 23 kg 200X1500mm ram impact to left 
shoulder at 4.4 m/s. 

Force vs Acromion-
Acromion Deflection 

Corridor: (2.1KN, 
2.8KN) at 25mm 

2.1KN at 
25mm 

10 [43] 

Shoulder O 23 kg 200X1500mm ram 15-Deg oblique 
impact to left shoulder at 4.4 m/s. 

Y-Force vs 
Acromion-Acromion 

Y-Deflection 

Corridor: (1.1KN, 
1.7KN) at 15mm 

1.8at 
15mm 

5 [43] 

Shoulder O 23 kg 200X1500mm ram 15-Deg oblique 
impact to left shoulder at 4.4 m/s. 

X-Force vs 
Acromion-Acromion 

X-Deflection 

Corridor: (0.4KN, 
0.6KN) at 27mm 

0.35KN at 
27mm 

5 [43] 

Shoulder O 23 kg 200X1500mm ram 30-Deg oblique 
impact to left shoulder at 4.4 m/s. 

Y-Force vs 
Acromion-Acromion 

Y-Deflection 

Corridor: 
(1.28KN, 1.44KN) 

at 15mm 

1.56at 
15mm 

5 [43] 

Shoulder O 23 kg 200X1500mm ram 30-Deg oblique 
impact to left shoulder at 7.6 m/s. 

X-Force vs 
Acromion-Acromion 

X-Deflection 

Corridor: 
(0.79KN, 0.92KN) 

at 50mm 

0.67KN at 
50mm 

5 [43] 

KTH/Pel
vis 

L 23.4 kg rigid pendulum impact at 5.2m/s 
laterally to pelvis of seated cadavers. 

Force-Deflection 
curve 

Corridor: 
(5KN,8KN) at 

40mm 

4.6KN 
at40mm 

10 [38] 

KTH/Pel
vis 

L 23.4 kg rigid pendulum impact at 9.8m/s 
laterally to pelvis of seated cadavers. 

Force-Deflection 
curve 

Corridor: 
(10KN,15KN) at 

50mm 

17KN at 
50mm 

5 [38] 

KTH/Pel
vis 

L 3.4 kg rigid ball impact to the 
acetabulum of isolated cadaver pelvic 
bones at 4 m/s. 

Force-time history Corridor: (1.7KN, 
3.5KN) at 2.5ms 

2.2KN at 
2.5ms 

10 [44] 

KTH/Pel
vis 

F 270kg padded pendulum impact to KTH 
complex at 1.2m/s. 

Force-time history Corridor: (4KN, 
10KN) at 30ms 

6.6KN at 
30ms 

10 [45] 

KTH/Kne
e 

F 4.5 kg rigid pendulum impact to isolated 
knee with 6 different velocities from 1-
6m/s. 

Max. Force vs. 
Impact energy 

2KN at 3J; 8KN at 
61J 

2.3KN at 
3J; 8.2KN 

at 61J 

10 [46, 
47] 

LLF/Low
er leg 

L 1.84 kg 145X45mm bar impact laterally 
to the lower leg below knee at 2.56 m/s. 

Max Force & 
Penetration 

5.96 KN at 22 mm 5.88KN at 
19mm 

10 [48] 

LLF/Low
er leg 

R 1.72 kg 145X45mm bar posterior-
anterior impact the lower leg at 2.56 m/s. 

Max Force & 
Penetration 

0.48 KN at 34mm 0.45KN at 
28mm 

5 [48] 

LLF/Ank
le 

F Quasi-static dosiflexion loading to ankle. Moment vs Angle 
curve 

69 N-m at 45deg 68N-m at 
45deg 

10 [49,5
0] 

LLF/Ank
le 

F Quasi-static plantarflexion loading to 
ankle.  

Moment vs Angle 
curve 

37 N-m at 65deg 39N-m at 
65deg 

10 [49] 

LLF/Ank
le 

L Quasi-static Inversion loading to ankle. Moment vs Angle 
curve 

12 N-m at 45deg 13 N-m at 
45deg 

10 [49] 

LLF/Ank
le 

L Quasi-static Eversion loading to ankle.  Moment vs Angle 
curve 

40 N-m at 40deg 33 N-m at 
40deg 

5 [49] 

ABD/Lu
mbar 

A Quasi-static compressive loading to 
lumbar spine at 8mm/s. 

Z-Force-
Displacement 

corridor 

(0.4KN,1.5KN) at 
3mm 

0.9KN at 
3mm 

10 ** 

ABD/Lu
mbar 

A Quasi-static tensile loading to lumbar 
spine at  8mm/s. 

Z-Force-
Displacement 

corridor 

(0.08KN,0.22KN) 
at 2 mm 

0.26Kn at 
2 mm 

5 ** 
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ABD/Lu
mbar 

F Quasi-static anterior shear loading to 
lumbar spine at  4mm/s. 

X-Force-
Displacement 

corridor 

(0.1KN,0.37KN) 
at 10mm 

0.18KN at 
10mm 

10 ** 

ABD/Lu
mbar 

F Quasi-static posterior shear loading to 
lumbar spine at  4mm/s. 

X-Force-
Displacement 

corridor 

(0.15KN,0.5KN) 
at 10mm 

0.22KN at 
10mm 

10 ** 

ABD/Lu
mbar 

F Quasi-static flexion loading to lumbar 
spine at 5deg/s. 

y-Moment vs Angle 
corridor 

(30NM,80NM) at 
6 deg 

37NM at 
6deg 

10 ** 

ABD/Lu
mbar 

F Quasi-static extension loading to lumbar 
spine at 5deg/s. 

y-Moment vs Angle 
corridor 

(20NM,75NM) at 
6 deg 

33NM at 
6deg 

10 ** 

* KTH--Knee Thigh & Hip; LLF--Lower Leg & Foot; ABD—Abdomen. 

** In-house data 

Table A-3  Summary of the PMHS sled tests and biofidelity rating results for the whole body 

Test conditions Response measurement Test Results Model Body 
Region 

Rating Ref.  

Driver case1 Upper Shoulder belt force (3.59KN,4.24KN) 3.58KN NA 10 [51] 

Driver case1 Lower Shoulder belt force (2.39KN,2.65KN) 2.49KN NA 10 [51] 

Driver case1 Lap belt force (1.72KN,2.18KN) 1.67KN NA 5 [51] 

Driver case1 Left Knee bolster force (1.84KN,3.42KN) 3.2KN NA 10 [51] 

Driver case1 Right Knee bolster force (1.6KN,3.3KN) 3.6KN NA 10 [51] 

Driver case1 Head CG X-displacement (254mm,325mm) 335 mm Head 10 [51] 

Driver case1 Head CG Z-displacement (45mm,60mm) 64 mm Head 5 [51] 

Driver case1 Shoulder X-displacement (164mm,278mm) 242mm Shoulder 10 [51] 

Driver case1 Shoulder Z-displacement (-8 mm,-24 mm)  -40mm Shoulder 5 [51] 

Driver case1 Pelvis CG  X-displacement (65mm,158mm) 88mm KTH 10 [51] 

Driver case1 Pelvis CG Z-displacement (64mm,66mm) 46 mm KTH 5 [51] 

Driver case1 Knee X-displacement (20mm,54.3 mm) 64 mm KTH 5 [51] 

Driver case1 Knee Z-displacement (38 mm,85mm) 32 mm KTH 5 [51] 

Driver case1 Chest Deflection from Upper chest band (40 mm,60mm) 33 mm Thorax 10 [51] 

Driver case1 Right Rib8 compression from Lower chest band (12.5 mm,55mm) 21 mm Thorax 10 [51] 

Passenger case2 Upper Shoulder belt force (2.9KN,4.5KN) 3.88KN NA 10 [51] 

Passenger case2 Lower Shoulder belt force (2.1KN,2.65KN) 2.5KN NA 10 [51] 

Passenger case2 Lap belt force (1.83KN,2.04KN) 1.87 KN NA 10 [51] 

Passenger case2 Head CG X-displacement (254mm,329mm) 335 mm Head 10 [51] 

Passenger case2 Head CG Z-displacement (225 mm,267 mm) 200 mm Head 5 [51] 

Passenger case2 Shoulder X-displacement (115mm,230mm) 180 mm Shoulder 10 [51] 

Passenger case2 Shoulder Z-displacement (-60mm,100mm)  -25 mm Shoulder 10 [51] 

Passenger case2 Pelvis CG  X-displacement (-25 mm, 60mm) 75 mm KTH 5 [51] 

Passenger case2 Pelvis CG Z-displacement (0mm,-18mm)  -21 mm KTH 5 [51] 

Passenger case2 Knee X-displacement (-20 mm,60mm) 80 mm KTH 5 [51] 

Passenger case2 Knee Z-displacement (30mm,80mm) 50 mm KTH 10 [51] 

Passenger case2 Chest Deflection from Upper chest band 42 mm 32 mm Thorax 5 [51] 

Passenger case2 Right Rib8 compression from Lower chest band (17.5mm,40mm) 21.5 mm Thorax 10 [51] 

1--PMHS in a driver position, restrained with force limited 3 point belts plus airbag (FLB+AB), under 48 kmph 
mid-size sedan crash pulse 
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2 -- PMHS in a passenger position, restrained with traditional (no force limit) 3 point belt (SB), under 29.8 kmph 
mid-size sedan crash pulse. 

 

 

Table A-4 The biofidelity ratings of the Takata Human Model 

Index Body Region Biofidelity Rating 

1 Head 8.3 

2 Neck 7.5 

3 Shoulder 7.5 

4 Thorax 9.4 

5 Abdomen 8.6 

6 KTH 7.3 

7 Lower Leg 8.3 

Overall 8.1 

 
 

 
  APPENDIX B  

Table B-1 The Material Properties of the modeled femur, tibia, lumbar vertebra, and clavicle 
Tissue Material 

Model 
Density(kg

/mm^3) 
E (GPa) Poisson 

Ratio 
Yield Stress 

(GPa) 
Ep 

(GPa) 
Failure 
Strain 

Thickne
ss (mm) 

Clavicle cortical 24 2.00E-06 6.26 0.3 0.0626 4.78 0.0225 2.75 

Clavicle trabecular 105 1.00E-06 0.010 0.35 0.002 0.005 0.22 -- 

Clavicle cartilage 24 1.10E-06 0.020706 0.45 0.0062 0.001  -- 

Lumbar vertebra 
trabecular 

105 1.00E-06 0.02 0.3 0.00319 0.0 0.244 
-- 

Lumbar vertebra 
cortical 

81 1.41E-06 7.46 0.3 0.056 0.23 0.03 0.3 

Femur shaft cortical 24 1.95E-06 17.6 0.315 0.088 4.8 0.014 5.0 
(solid) 

Femur condyle 
trabecular 

105 1.00E-06 0.292 0.3 0.035 0.106 0.14 -- 

Femur condyle 
cortical 

81 1.95E-06 17.6 0.315 0.0668 4.5 0.02 2-4 vary 

Tibia shaft cortical 81 1.95E-06 20.3 0.315 0.0964 4.5 0.013 4.75 
(solid) 

Tibia condyle 
trabecular 

105 1.00E-06 0.292 0.3 0.035 0.09 0.14 -- 

Tibia condyle 
cortical 

81 1.95E-06 17.6 0.315 0.0668 4.5 0.02 2-4 vary 
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ABSTRACT 
 
The human neck is a remarkable device for its 
function, flexibility and strength.  It supports the 
head while permitting a wide range of motion 
and sustains itself under some vigorous head 
impacts in violent sports and accidents.  
Nevertheless, the neck has limits both of motion 
and of the forces it can sustain.  In rollovers, the 
neck is usually loaded through the top or back of 
the head with the torso providing an inertial 
reaction mass.  Skull fractures, head and brain 
injuries generally involve higher impact 
velocities than are necessary to fracture the 
cervical spine, but which can also load and 
critically injure the neck. 
 
Accident injury statistics, tests of living and 
post-mortem human subjects (PMHS), analysis 
of athletic impacts, tests of anthropometric 
dummies and computer simulations of human 
and dummy kinematics, illustrate injury 
mechanisms and suggest injury criteria 
measurements for the human neck.  Using this 
data a simple head impact measure as a neck 
injury criterion was developed to address the 
problem of neck injury in vehicle rollovers and 
to help identify appropriate vehicle design 
considerations for rollover occupant protection.   
 

The analysis defines a head impact speed of 3 
m/sec. (7 mph) which produces a neck load of 
7,000 N in a 50th percentile male Hybrid III 
dummy, as the onset of serious neck injury, and 
that a head impact speed of 4.5 m/sec (10 mph) 
which produces a dummy neck load of 10,000 N 
represents the onset of severe to fatal neck 
injury.  NHTSA has already accepted that a head 
impact velocity of 7 m/sec (16 mph) is the 
threshold for the onset of serious head and brain 
injury.  These criteria are shown to reasonably 

represent available human injury accident and 
experimental statistical distributions. 
 
DISCUSSION 
 
The human neck is a remarkable device for its 
function, flexibility and strength.  The cervical 
spine serves to transmit the brain�s detailed 
instructions to the body that can provide the 
exquisite dexterity needed to play a musical 
instrument, the coordination for sports and 
dancing, and the capability of a myriad of 
motions used by people every day.  It also 
transmits the feelings of touch and bodily 
pleasure back to the brain. 
 
The neck is strong and flexible, supporting the 
head while permitting a wide range of motion 
and sustaining itself under some very vigorous 
head impacts in violent sports and accidents.  
Nevertheless, the neck has limits both of motion 
and of the forces it can sustain.  Paraplegia and 
quadriplegia are consequences of the most 
severe, non-fatal injuries that the neck can 
sustain, and lesser injuries can result in 
substantial long-term disability and pain. 
 
Critical neck injuries typically result from falling 
from heights, diving into a shallow pool and 
motor vehicle rollover accidents.  In rollovers, 
the neck is usually loaded through the top or 
back of the head with the torso providing the 
inertial reaction mass.  Skull fractures, head and 
brain injuries generally involve higher impact 
velocities or more concentrated loading.  Neck 
injuries are generally a consequence of lower 
velocity, longer stroke forces on the head. 
 
Despite the importance of head/neck injuries and 
fatalities in rollovers, there are no generally 
recognized injury criteria.  NHTSA established 
head/neck injury criteria as part of its air bag 
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standard, but these were set at very conservative 
levels that can easily be met under the particular 
test conditions defined by the agency.    
 
In a rollover the position and orientation of the 
human head (whether the occupant is belted or 
not) can only be specified as being in the vicinity 
of the seat, longitudinally between the A and B 
pillars and laterally between the outside of the 
roof rail and the middle of the seat.  Roof 
impacts with the ground can result in very non-
linear distortion and buckling of the roof panel 
and supporting structure.  Therefore to chose a 
position and orientation for a dummy (or to 
presume that a restrained dummy will stay in the 
FMVSS 208 designated seat position) prejudices 
the ability of the test to evaluate the injury 
potential and risk of the roof design.  
 
To circumvent these problems and facilitate 
dynamic rollover test evaluations, a simple 
head/neck injury criteria based on the best 
available data is necessary.  
 
There is a substantial amount of data available 
based on tests of cadavers (post-mortem human 
subjects, or PMHS) and on experiments using 
anthropometric test devices (principally the 50th 
percentile male Hybrid III dummy).  A recent, 
unpublished paper by Viano summarized and 
analyzed this data[1].  That paper summarized 
research conducted by a variety of biomechanics 
researchers and presented statistical summaries 
of the available data.  In his paper, Viano 
estimated that a neck fracture was probable with 
a head impact speed in excess of 3 m/sec and an 
impact force of 4,000 N.  In comparisons 
between cadavers and Hybrid III dummies that a 
3 m/sec head impact will produce a reaction 
force of just under 4,000 N on the cadaver, but 
approximately 7,000 N on the dummy (see 
Figure 1).  Viano�s.  His statistical conclusions 
were strongly challenged as having 
methodological flaws by a knowledgeable and 
experienced statistical academic analyst [2].  
However, other studies including a review of 
dummy and specimen head/neck speeds and 
forces by Sances [3] the data from 16 Malibu 
rollover tests [4], volunteer human drop tests [5] 
and studies of NFL football impacts [6] all 
suggest that Viano�s conclusion is reasonable, 
and suggest a 4.5 m/sec head impact (which 
would produce a 10,000 N neck force in a 
Hybrid III dummy) would be the limit for 
producing severe to fatal neck fractures. 

Viano claimed that in general human head 
impact speed, neck force, and neck injury 
(classified only as serious or fractures) are poorly 
correlated.  Nevertheless, he showed that the 
cadaver data demonstrated a low probability of a 
serious neck fracture for head impacts below 2 
m/sec (4.5 mph) and high probability in head 
impacts above 4 m/sec (9 mph) as shown in his 
Figure 13 (our Figure 1).    
 
In deriving the probability function Viano 
assumed all injuries were serious and did not 
differentiate among serious to fatal injuries.  As 
can be seen, all of the cadavers that sustained a 
�serious� neck injury in the available data had a 
head impact at a speed greater than 4 m/sec, but 
there was a dearth of data from head impacts 
below this level.   
 
The available PMHS (cadaver) data comes from 
a wide range of impact circumstances and a 
variety of head impact modes and mostly from 
the bodies of people who were older or diseased. 
 
It is well known that the probability of serious 
injury increases dramatically with age.  Thus, 
this data establishes a lower limit for the 
probability of serious injury as a function of 
resultant head impact speed.  Viano describes his 
figure as follows: 
 
�Figure 1 shows the 68 tests plotted with serious 
injury = 1 and no injury = 0. A Logistic 
regression model was fit to the data. This gives a 
sigmoidal injury risk function that is typically 
used in biomechanics research to determine 
human tolerances.  The Logistic functions are 
plotted in Figure 1.  For the upper curve, there is 
a weak relationship with a 32% probability for 
neck fracture at 2,000 N impact force, 50% at 
3,472 N, 57% at 4,000 N and 85% probability of 
fracture at 7,000 N.”  Viano found no detailed 
relationship between head impact speed and neck 
force while classifying all the cadaver tests as 
either serious or non injuries. 
 
Contrary to this general statistical analysis, 
single mode cadaver drop tests (most closely 
related to rollovers) of Sances, Yogananda and 
Nuscholz analyzed by Sances[3] found that 
severe to fatal (clinical fracture) injuries 
occurred at drop heights of 1 meter (4.4 m/s or 
10 mph) and in tests of 1.2 to 1.5 meters (4.8 to 
5.4 m/s or 11 to 12 mph) as shown in Viano�s 
Figure 5 below, Figure 2. 
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Figure 1 – PMHS data from Viano. 
 
 

 
 
Figure 2.  Figure 5 from Reference [1]. 
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Viano also conducted research into football 
player injuries from head impacts.[4]  For this 
work, videos of such impacts in actual football 
games were analyzed for impact speed, angle, 
point of contact, and other variables.  Then, the 
impacts were emulated using fully instrumented 
Hybrid III dummies to determine the head 
acceleration and neck responses.  Most important 
about this work is the insight it provides on the 
healthy human head impact velocity in which no 
head or neck injury occurs. 
 
Although 22 of the 27 struck players whose 
impacts were studied suffered concussions (at 
16.1 ± 4 mph) none sustained a neck fracture.  
Struck players were uninjured at impact speeds 
of 11.2 ± 2.5 mph.  None of the striking players 
suffered significant head or neck injury at 9 ± 2.7 
mph.  As the study points out, �There are many 
reasons why the striking player is not injured, 
including the collision mechanics, strength and 
ability of the players and strength training of the 
neck musculature to maintain alignment during 
impact.�  These players were all young men. 
 
We can conclude that these athletes define the 
opposite end of the spectrum of injury 
susceptibility from the cadavers discussed above.  
The impact velocities of the striking players 
involved ranged to above 11 m/sec and the 
change in velocity of their heads in most cases 
ranged from about 3 to over 6 m/sec (there were 
4 with change in head velocity under 3 m/sec and 
one with a change in head velocity of 7.3 m/sec). 
 
Another source of human non-injury data comes 
from tests conducted with volunteers in 19965 
and 19986 in rigidized roof fixtures.  In these spit 
and drop tests, belted occupants whose heads 
when inverted were at the rigidized roof, fell or 
were dropped at distances of 7.6 cm (3� 
producing an impact speed of 2.7 mph), 23 cm 
(9�, 4.7 mph), 30.5 cm (12�, 5.4 mph), 50 cm 
(20�, 7 mph) and 91 cm (36�, 9.5 mph).  None 
was injured in these tests. 
 
It is important that a neck injury criterion not be 
set at unrealistically low levels.  To do so would 
unnecessarily constrain the design of products in 
which neck injuries might occur.  In a motor 
vehicle rollover, for example, occupant head 
contact with the roof is likely, and the occupants 
of the vehicle may actually be falling toward the 
ground at a small velocity (rarely more than 1.5 

m/sec) at the time of roof impact with the 
ground.  Thus, the injury criteria should 
recognize that a human can survive such an 
impact without serious injury. 
 
Because Hybrid III dummies are generally used 
in motor vehicle crash research and testing, it is 
important to understand the relationship between 
dummy measurements and the probability of 
human injury. 
 
Viano�s tests varied according to the impact 
surface, orientation and the use of helmets.  
Viano�s Figure 22 (below) provides a summary 
of these previously reported test results.   
 
Again Viano didn�t differentiate between 
top/back impacts and more general orientations.  
Although these general results show substantial 
scatter, the data points obtained from tests with 
the same focused test conditions (top and back of 
the head impacts) are highly regular. 
 
This suggests that for given test conditions, such 
as in a rollover, there is a linear relationship 
between dummy top/back of the head impact 
speed and neck force.   
 
Sances[5], in 2002 addressed this problem.  He 
compared his cadaver drop tests with Hybrid III 
dummy drop tests as well as various tests 
conducted to determine the neck compression 
force measured on the dummy as a function of 
head impact speed.  He also considered recent 
evaluations under the similar rollover conditions 
of the Malibu dolly rollover tests, which 
measured and plotted the neck forces versus both 
neck compression velocity and roof intrusion 
velocity on the Hybrid III dummies.  These 
results were also linear and of somewhat lower 
slope than the lower neck forces he originally 
measured. 
 
He concluded that:  �The data indicated that the 
hybrid III system transmits about 70 to 75% of 
the applied force from the head or upper neck to 
the lower neck area.  In contrast, the cadaver 
studies showed for drops from 0.9 to 1.5 meters, 
about 20 to 30% of the applied force was 
transmitted from the head to the lower neck.�  In 
effect the human neck is at least twice as good an 
absorber of forces from the head as the dummy 
neck.   
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Figure 3.  Figure 22 Dummy Tests: Neck Compression Force as a Function of Head Impact Velocity, 
from unpublished study [1]. 
 
To compensate when using the hybrid III 
dummy in rollover testing, the dummy force 
criteria at the upper neck sensor would be twice 
as high as the human criteria.  Applying Sances 
cadaver to dummy conversion, an impact to a 
human at 3 m/sec would produce a force of 
around 3,500 N at the human neck while a 
dummy would measure a neck force of 7,000 N 
under the same head impact conditions.  
 
Both of Sances� human and dummy comparisons 
were in drop tests to a solid surface, while the 
Malibu neck compression and intrusion velocity 
data was taken during vehicle rollovers.  For 
rollover test purposes then, choosing the lower 
Malibu Hybrid III neck force versus velocity 
would err on the side of caution as shown below. 
 
The data analyzed in the Viano paper strongly 
suggest that a simple, general mode, biomedical 
neck injury criterion, based on the probability of 
serious (AIS = 3) neck injury, is that the 
occupant�s head not sustain an impact at a 
resultant speed greater than around 3 m/sec 
(7mph) and a force of 7,000 N.  This is the level 
at which the probability of a serious neck injury 
or fracture (but not necessarily a spinal cord 
injury) to the most vulnerable members of 
society is around 50 percent.  The probability of 
injury to a younger, healthier individual would 
be substantially lower than 50 percent. 

 
Similarly, the single mode (rollover related) drop 
tests of Nuscholz, Yogananda and Sances as 
analyzed by Sances, establish the biomedical 
likelihood of severe to fatal neck injury or 
clinical fractures (involving spinal cord injury) 
occurring at 4.5 m/sec (10 mph) or more to more 
vulnerable members of society.  The likelihood 
of such injury to a young, healthy individual 
would be lower. 
 
A reality check on these criteria come from 
NHTSA accident data [2002 NASS] and the 
Malibu series of experimental rollovers.  The 
accident data indicates that 91.4% or about 
427,000 people are not seriously injured in 
rollovers, while about 18,000 (3.9%) are 
seriously injured, an estimated 12,000 (2.6%) are 
severely or critically injured and ten thousand are 
killed (2.1%).  As shown in figure 5 and 6 there 
were 94 potentially injurious impacts among the 
two dummies in the 16 Malibu rollovers.  In 
those tests, there were 87 (93%) impacts at less 
than 7,000 N (from a 7 mph impact), there were 
3 (3%) impacts at over 7,000 N (7 mph) and 3 
(3%)  at over 10,000 N (10 mph), and 1 that was 
greater than the 16 mph head injury criteria.  All 
of the impacts greater than 7,000 N (7 mph) were 
in production vehicles and their distribution is 
consistent with the accident data. 
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Figure 4.  Various Hybrid III neck force vs. impact speed sources. 
 

3 mph Head impact speeds with 2� or less intrusion
 

 
Figure 5.  Malibu roll caged vehicle head impact speeds. 
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Red Bars are Head Impacts that Exceed 7 mph
 

 
Figure 6.  Malibu production vehicle head impact speeds. 
 

APPLICATION 
 
Rollover crashes, according to NHTSA, account for 
about 10% of towaway accidents, but are 6 times 
more  lethal and 3 times more serious than frontal 
and other accidents.  There are about a quarter 
million rollover crashes involving cars, pickups, vans 
and SUVs with nearly a half million occupants, more 
than ninety percent of whom are not seriously 
injured.  About 3% are seriously injured and recover, 
3% are severely or critically injured and are 
permanently debilitated and 2% die.   
 
Within each of those categories a significant number 
of occupants are partially or totally ejected.   
Cumulatively, eighty percent of all rollovers and 65% 
of the serious to fatal injuries occur in a one-roll 
event, and 95% of such injuries occur within 2 roll 
events.   
 
In 2001, the non-profit Center For Injury Research 
and Xprts, LLC developed the Jordan Rollover 
System or JRS, a machine for conducting repeatable 
dynamic rollover roof impact tests.  More than forty 
tests have been conducted on the JRS that have 
explored the effect of varying the test parameters and 
protocols.   
 

The JRS holds the vehicle on an axis that goes 
through its center of gravity.  It is rotated and 
dropped in coordination with the movement of a road 
segment under it.  After impacts with the initially 
leading (near) side and the initially trailing (far) side, 
the vehicle is caught so that it sustains no further 
damage.  In Figure 7, the vehicle rotates toward the 
left as the road surface moves along the rails below 
from left to right. 
 
To quantify the roof crush during the roll there are 
thin cables that run from 6 points on the driver�s side, 
the far side of the roof, to the center of rotation of the 
vehicle.  Those cables measure the change in inches 
and the speed of the roof towards the vehicle center. 
 
The JRS can facilitate the development and 
evaluation of occupant protection alternatives under a 
wide, but range of dynamic rollover conditions.  With 
the proposed injury criteria, it can also provide 
comparisons and objective rankings of the injury 
potential of different vehicles and alternative designs. 
 
The severity of the JRS test increases with the 
vehicle�s pitch.  We have conducted tests at both 5° 
and 10° of pitch.   Increasing the roll rate of the 
vehicle increases the severity of the initially leading 
side (near) impact (which is less important because 
head and neck injuries rarely occur to occupants 
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seated on this side) but decreases the severity of the 
initially trailing (far) side. 
 
The roll angle at initial impact strongly affects the far 
side impact.  A greater roll angle will impose a 
greater force on the far side and is therefore a more 
severe impact.  A lower roll angle will impose a 
greater force on the near side, but if the roof is strong, 
it will lift the vehicle and reduce the force on the far 
side.    
 
We have tested vehicles that have minimal strength 
roofs (i.e. those that just meet the requirements of 
FMVSS 216) and vehicles with strong roofs on the 
JRS.  A vehicle with a minimal strength roof, such as 
the  2000 Ford Explorer, show structural buckling 
and collapse even when tested at 5° of pitch  and 
other lower severity conditions.  The maximum 
intrusion speed was over 5 m/sec.  Many other 
vehicles that we have tested show similarly poor 
performance in this test.   
 
We have also tested vehicles with relatively strong 
roofs.  The strongest production roof vehicle, the 
Volvo XC90, did well in a series of three runs.  In the 
first two runs, at 5° pitch, there was no roof collapse 
or buckling and roof intrusion was only a couple of 

inches with an intrusion speed of only 1.4 m/sec. (3 
mph), see Figure 8.   
 

 
 
Figure 7.  JRS Test Setup 
 
Since the injury criteria is that serious injury is 
probable at head impact speeds of 3.6 to 5.4 m/sec (7 
to 10 mph) and severe to fatal injury is probable at 
more than 5.4 m/sec (10 mph), it is easy to see which 
vehicle is safer. 
 

 

 
 
Figure 8.  JRS Test Results. 
 
CFIR and XPRTS have also conducted two roll, 
15 mph JRS tests at 5° of 8 other production 
vehicles, see Figure 9.   These equal severity 
tests provide the basis for an injury potential 

ranking system shown here.  Note that a one mph 
allowance for the occupants falling speed has 
been made, higher rankings are not directly 
related to increased roof strength to weight ratio 
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(SWR), and that the best ranking is awarded only 
to those vehicles that meet the crush speed 
criteria and do not create ejection portals. 
 
In conjunction with the proposed test injury 
criteria, the JRS can rank and compare the injury 

and ejection potential of vehicles in rollovers and 
can definitively identify vehicle safety 
component defects and their causal relationship 
to death and injury in accidents.   
 

 

JRS 15 mph Low Severity Dynamic Rolls Ordered by Max. Roof JRS 15 mph Low Severity Dynamic Rolls Ordered by Max. Roof 
Crush Speed at any Point for Injury Potential EvaluationCrush Speed at any Point for Injury Potential Evaluation

(Criteria: Best = < 6mph and no ejection portals; Good = < 6 mph; 
Fair = < 8 mph; Poor = < 10 mph; Not Acceptable = > 10mph)

Fatal
Not 

Acceptable
12.17.62.5Mitsubishi Eclipse1994-1999

Quadriplegia
Not 

Acceptable
12.111.51.6Ford Explorer SUV1995-2001

Fatal
Not 

Acceptable
11.29.92.2C2500 HD Reg Cab Pickup2001-2006

Brain Injury
Not 

Acceptable
11.16.8NAIsuzu VehiCross SUV1999-2001

Quadriplegia
Not 

Acceptable
10.19.62.4Chevy Blazer SUV1995-2005

QuadriplegiaPoor9.86.72.4GMC Jimmy SUV1995-2001

QuadriplegiaPoor9.69.13.2Nissan Sentra Sedan1995-1999

QuadriplegiaPoor9.06.91.9Kia Sorrento SUV2003-2006

QuadriplegiaFair8.06.41.8Hyundai Sonata Sedan1999-2005

NABest3.73.23.6Volvo XC90 SUV2002-2006

Case Injury
Injury

Probability
Maximum 

Speed (MPH)
Max Crush 

(Inches)
216 

SWR
Make/Models

Model 
Years

 
 
Figure 9.  JRS Test Results. 
 
The proposed injury criteria is validated by being 
consistent with the actual injury suffered by the 
victim for whom the test was conducted.   
 
CONCLUSIONS 
 
These injury criteria are appropriate and valid for 
use in research, design and testing of a vehicle�s 
injury potential in rollover accidents.  
Specifically, a 3.6 m/sec (7 mph, 7,000 N head 
impact as measured by a Hybrid III dummy) 
resultant head impact speed represents the onset 
of serious neck injury and a resultant 5.4 m/sec 
(10 mph, 10,000 N) represents the onset of 
severe to fatal neck injury.   NHTSA specifies 
that a head impact velocity in excess of 15 mph 
must not produce a HIC that represents the onset 
of serious head and brain injury.  On the other 
hand the head and torso may be tilted and the 
serious injuries are not just in Fz.  
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ABSTRACT 
 
The networking of active and passive safety 
(APIA) is the fundamental basis for comprehensive 
vehicle safety. Situation-relevant information 
relating to driver reactions, vehicle behaviour and 
traffic environment are fed into a crash probability 
calculator, which continually assesses the current 
crash risk and intervenes when necessary with 
appropriate measures to avoid a crash and reduce 
potential injuries. APIA provides effective 
protection not only for vehicle occupants but also 
for other, vulnerable road users. As this 
functionality up till now only relates to the vehicle 
itself, the next logical step is enhancement leading 
to the ultimate goal in safety performance, 
telematics. The integration of this embedded, in-
vehicle wireless communication system allows 
Car-to-Car (C2C) and Car-to-Infrastructure (C2I) 
functionality for, e.g. hazard warning. This is an 
integral element of the cascaded Active Passive 
Integration Approach. 
This paper describes the current status in the 
functional potential attained by networking active 
and passive safety systems (APIA) and introduces 
the next ultimate step towards global vehicle and 
traffic safety, telematics. 
 
 
INTRODUCTION 
 
It is still common practice to develop passive safety 
systems – which help mitigate crash-related injuries 
– as autonomous units, in a separate process from 
the development of active safety systems that help 
avoid crashes. The first decisive improvements in 
vehicle safety came in the mid-1960s with the 
introduction of the safety passenger cell, the three-
point seat belt, and the optimized crumple zone – 
all focused on passive safety. With increasing 
numbers of ABS systems as standard equipment in 
the late 1980s, the foundations for active electronic 
safety systems (preventing the accident from 
happening) were laid.  
Just how effective the networking of active vehicle 
safety systems can be, was first demonstrated by 
Continental in a primary phase in 2000, through the 

Reduced Stopping Distance (RSD) project. In what 
was called the “30-meter car”, the tires, air springs, 
variable dampers and electro-hydraulic brakes were 
linked to form an optimized overall system. As a 
result, the car’s braking distance from an initial 
speed of 100 kph was cut from 39 meters to 30 
meters, and the total stopping distance was reduced 
by up to 13 meters, compared in each case with a 
standard production model. 
 

Figure 1.  Zero fatalities Vision?  Active safety 
to come. 
 
Since then, important electronically controlled 
systems in both the active and passive safety areas 
have become standard specification in a broad-
based vehicle population, systems such as ABS, 
ESC, belt tensioners, and airbags. These are, 
however, designed as stand-alone systems (Figure 
1). Active and passive safety developments have 
remained two separate domains.  
In order to attain optimum protection, however, 
these systems must be networked by collecting 
information on vehicle behaviour, vehicle 
environment, and driver reactions, merging the 
data, evaluating it, and translating it into 
coordinated protection measures.  
Today, Continental’s know-how in the fields of 
active and passive safety, innovative driver 
assistance systems, and tire technology is being 
channelled into the company-wide APIA (Active 
Passive Integration Approach) philosophy, in order 
to achieve a decisive step closer to the vision of a 
vehicle that can prevent crashes and mitigate 
injuries (Figure 2). 
 
 



Dr. Rieth 2 

 
 
Figure 2.  Active Passive Integration Approach 
APIA. 
 
Integrating active and passive safety 
 
APIA brings together the vehicle’s active and 
passive safety systems to form a network. The 
basic principle is the networking of the driving 
dynamics data supplied by the Electronic Stability 
Control ESC with the signals describing the 
driver’s behaviour and the APIA´s environmental 
sensors. 
 
The key integration component of the APIA 
software is the crash probability calculator, which 
constantly processes and evaluates incoming data. 
For any given situation, the calculator computes a 
hazard potential that reflects the current crash 
probability. 
Should the hazard potential exceed defined limits, 
the crash probability calculator initiates a function 
and time staged protection strategy (Figure 3). If, 
for example, two vehicles are driving nose to tail, 
various levels of crash probability and pre-crash 
protection measures can be determined from their 
relative speeds and the distance between them. 
Beginning with an acoustic, visual or haptic 
warning, these can extend from prophylactic 
(reversible) belt tensioning, adjustment of seat 
(anti-submarining), backrests and head restraints, to 
closing the windows and sunroof. 
 

 
Figure 3.  Crash Probability Calculator. 
 
 
Simultaneously, the brake system is preconditioned 
by boosting the system pressure from pre-fill all the 

way to limited automatic pre-braking and extended 
brake assist function.  
 
The full range of measures described above is only 
available if the vehicle is equipped with a full-
power brake system including Electronic Stability 
Control ESC designed to accept external control 
signals and distance monitoring sensors such as 
those featured in ACC systems.  
 
Sophisticated anti-lock brake systems with brake 
assist functions and adaptive cruise control systems 
give the driver greater and more comfortable 
control over the forward dynamics of the vehicle. 
Modern stability management systems such as ESC 
can now prevent many skid-related crashes. In 
addition, electronic control units for airbags, seat 
belts and rollover protection have significantly 
improved occupant protection over the last few 
years. 
Advanced environmental sensors will play a key 
role in the development of the car of the future 
designed to prevent crashes and mitigate injuries. 
Continental has developed a pre-crash Closing 
Velocity (CV) sensor. This highly dynamic sensor, 
which features a wide short-distance detection 
range, is ideal for detecting events very near to the 
vehicle and enables precise predictions of the 
severity and direction of an impending crash. This 
information enables the crash probability calculator 
to activate the multi-stage Smart Airbags 
appropriately. Apart from improving occupant 
protection, the CV sensor in combination with 
additional contact sensors mounted on the front end 
of the vehicle can also serve to enhance pedestrian 
protection. 
 
For the short to mid-range vehicle environment, in 
addition to the existing radar and infrared sensors, 
Continental is currently working on the 
development of ISF – the Infrared Sensor Family. 
The sensors have the potential to cover both the 
short- and mid-range environment, so that APIA’s 
active safety systems (preconditioning of the brake 
system, extended Brake Assist, …) and passive 
safety systems (reversible occupant positioning and 
retention, vehicle interior preconditioning, Smart 
Airbags, …) can be realized..  
 
Another step towards greater safety will occur with 
the integration of image-processing camera 
systems. Continental is currently working 
intensively on such systems, which for the first 
time will be able not only to detect objects but also 
to classify them. The appropriate safety systems for 
a given situation can then be activated even more 
effectively, providing optimum protection for 
vehicle occupants and other road users. 
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Telematics integration 
 
The "seeing" car of the future will feature onboard 
intelligence, data interchange with other vehicles, 
and telematics information, allowing it to actively 
avoid a large proportion of potential crashes 
(Figure 4). 

 
Figure 4.  APIA-Functions. 
 
With comprehensive vehicle safety and traffic 
management becoming more and more critical 
aspects of global mobility, the essential cornerstone 
Telematics will play an important role in efforts to 
integrate embedded, in-vehicle wireless 
communication systems into our Active Passive 
Integration Approach (APIA), which focuses on 
creating cars that avoid crashes, prevent injuries 
and provide immediate assistance if a crash proves 
unavoidable.  
 
Telematics – eCall 
 
Continental’s Telematics systems help to make cars 
safer and provide a “wireless life-line” to 
emergency assistance the critical seconds after a 
crash occurs. In case of an accident, the eCall 
Telematics Control Unit (TCU) in the car will 
transmit an emergency call that is automatically 
directed to the nearest emergency service. eCall can 
be triggered in two ways. Manually operated, the 
voice call enables the vehicle occupants to 
communicate with the trained eCall operator. At 
the same time, a minimum set of data will be sent 
to the eCall operator receiving the voice call. 
In case of a severe accident the information on 
deployment of e.g. airbags or in-vehicle sensors 
will initiate an automatic emergency call. When 
activated, the in vehicle eCall device will establish 
an emergency call carrying both voice and data 
directly to the nearest emergency services 
(normally the nearest 112 Public Safety Answering 
Point, PSAP). 
The life-saving feature of eCall is the accurate 
information it provides on the location of the 
accident site: the emergency services are notified 
immediately, and they know exactly where to go. 
This results in a drastic reduction in the rescue 
time. 

Estimations for eCall carried within the E-MERGE 
project and the SEiSS study indicate that in EU-25 
up to 2.500 lives can be saved per year, with up to 
15 % reduction in the severity of injuries. 
 

 
Figure 5.  eCall – Rescue Chain. 
 
Telematics – Car-to-Car (C2C) and Car-to-
Infrastructure (C2I) Communication 
 
Under development is Dedicated Short Range 
Communication (DSRC) for vehicles, which allows 
receiving of traffic and warning information 
directly from other cars, even those not visible to 
today’s environmental sensors. Examples for 
DSRC applications are shown in the following. 
(Figures 6 to 9) 
 

 
Figure 6.  Hazard Warning. 
 
Hazard Warning 
 
The driver is warned if his vehicle approaches a 
potentially hazardous situation on the road ahead. 
Hazards can be construction zones, breakdown 
situations, accidents, end of traffic jams, imminent 
forward collision, black ice, etc. 
 

 
Figure 7.  In Vehicle Signing. 
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In Vehicle Signing 
 
Display or announcement of localized traffic sign 
information such as speed limits, temporary right of 
way changes, traffic routing, etc. It is of particular 
relevance for, but not limited to, dynamic 
information. 
 

 
Figure 8.  Traffic Rule Violation Warning. 
 
Traffic Rule Violation Warning 
 
The driver is warned if he is about to violate a 
traffic rule. This includes traffic signal violations, 
stop sign violations, right-of-way violation and 
cross-traffic collision avoidance, etc. It is of 
particular relevance for, but not limited to, dynamic 
traffic sign information. 
 

 
Figure 9.  Emergency Vehicle Warning. 
 
Emergency Vehicle Warning 
 
The driver is warned of approaching emergency 
vehicles which claim the right of way. 
 
Shadowing by other vehicles, as with 
environmental sensors, will be less of a problem 
and therefore further increase the range achieved in 
typical driving situations. In addition, information 
from the infrastructure can be provided, such as 
traffic light status, position of road works, local 
weather information, etc. DSRC will reduce the 
driving risk by providing local hazard warnings and 
bring active safety to a new dimension. 
 
Combining DSRC and environmental sensors will 
lead to cascaded information and actions resulting 

in a system capable of providing a safe driving 
state, helping to prevent crashes and in case needed 
reduce the severity of a crash. Therefore, the 
information from DSRC is taken into account first, 
validated via environmental sensors and 
accordingly supported by actions such as provided 
by ESC systems. 
Telematics – Connectivity 
 
On the comfort side this next generation of 
telematics systems will soon offer the motorist 
even greater freedom at the wheel. Any portable 
device connected to the vehicle by Bluetooth or 
USB can be operated either by voice command or 
from the controls in the steering wheel or 
instrument panel. In addition, the new telematics 
systems use wireless connectivity to load address 
books from the cell phone into the car; they can 
read out incoming short messages and support 
personalized ringtones and stored speed dialling 
numbers. An optional, integral telephone module 
allows both internet access and service and 
assistance functions, including automatic 
emergency calls.  
 
CONCLUSION 
 
Today’s vehicles have already reached a high 
safety standard thanks to current, state of the art 
technologies such as Airbags and the Electronic 
Stability Control System ESC. Networked active 
and passive safety is starting to be equipped to 
premium class vehicles and will be enhanced by 
telematics – in this case by eCall. But telematics 
also offers possibilities for safety related vehicle 
communication in the future,  namely C2C and 
C2I. The information cascade for safety systems 
improves the range of APIA. Cascading starts with 
DSRC, is validated by environmental sensors and 
the performed actions are supported by 
electronically controlled safety systems e.g. ESC. 
Telematics integrated together with APIA offers 
comprehensive traffic safety and can be combined 
with service providers with the aim to provide 
intelligent mobility. 
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ABSTRACT 
 
In an attempt to find a test protocol that characterizes 
the rollover occupant protection capability of a 
passenger vehicle better than the test used in Federal 
Motor Vehicle Safety Standard 216, we developed 
equipment and protocols for a modified, quasi-static 
roof crush test (M216, a test conducted sequentially 
on both sides of the roof over the A pillars at a pitch 
angle of 10º and roll angles of 25° and 40° 
respectively) and for a repeatable, dynamic rollover 
test called the Jordan Rollover System (JRS).   
 
We have conducted M216 and JRS tests on 17 
production vehicles to determine roof crush and crush 
velocities at a number of points in the interior.  These 
tests included complete production vehicles, body 
bucks at reduced weight to increase the effective roof 
strength-to-weight ratio, and pairs of identical 
vehicles where one has had the roof reinforced in a 
manner that is entirely hidden by the vehicle’s sheet 
metal and upholstery.  Data from the JRS tests and 
the M216 tests are compared with the results of 
FMVSS 216 tests.   
 
Analyses of the data highlight the relative value and 
validity of each test methodology, its ability to 
predict roof performance in actual rollovers, its use in 
vehicle roof structure design, and its potential 
contribution to regulation or consumer information.  
Based on the roof crush and crush speed in the 
vicinity of front seat occupants’ heads, we propose a 
rollover crashworthiness ranking system.  While 
static tests measure the force and deformation of the 
roof on the outside, the dynamic tests measure the 
crush on the inside during the sequence of rollover 
roof impacts, where it is directly related to the 
occupant’s survival space and injury potential. 

 
INTRODUCTION 
 
One third of all light vehicle fatalities are in 
rollovers.  In rollovers, roof crush causes side 
window failures creating ejection portals.  The largest 
number of casualties in rollovers are from ejection.  
Roof crush also causes a significant number of head 
and neck injuries: typically the most severe 
consequences of rollovers.  These two key issues in 
rollover were recognized by auto safety specialists in 
the 1960s.  They were formally recognized in 1970 
when NHTSA established the FMVSS 208 unbelted 
dolly rollover test[1] (ejection) and proposed FMVSS 
216 (roof crush).[2]  Current accident statistics which 
are a basis for this research are shown in Figures 1, 2 
and 3. 
 
SUVs have the highest rollover rate and rollover 
fatality rate.  The unbelted front seat dummy in the 
FMVSS 208 dolly rollover test was intended to be 
contained by passive means, such as with laminated 
side window glazing, as was demonstrated in the 
1978 Minicars Research Safety Vehicle[3].  A 
popular misconception, created to encourage belt 
usage, is that ejection injury is an inevitable 
consequence for unbelted occupants.  The fact is that 
in typical weak roof vehicles, roof crush creates 
ejection portals by breaking tempered glass side 
windows, allowing partial or complete ejection.  In 
addition, weak roof vehicles make belted occupants 
more vulnerable to serious head, face and spinal 
injuries from intruding roof components in rollovers.  
On the other hand, serious injuries to other body parts 
such as thorax, pelvis, limbs and soft tissue injuries 
may be the result of an unbelted body position in 
close proximity to the roof at the moment of roof 
impact, crush and crush speed.  
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The U.S. Rollover Injury ProblemThe U.S. Rollover Injury Problem

• Annual Number of Rollovers 258,000
• Number of Occupants Involved    467,000
• Number of Fatalities 10,000   (2.1%) 

Severe to Critical injuries**     12,000   (2.6%) 
• Serious Injuries** 18,000   (3.9%)   

(90% of serious to fatal injuries occur within two rolls.*)

• Not Seriously Injured 427,000 (91.4%)

*NHTSA 2003 estimates.           **estimated distribution from Ciren and GWU  

 
Figure 1.  Rollover Accident Statistics. 
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Figure 2. Rollover Injury and Fatality Rates 
(2001). 
 
Still another quantitative misconception is that 
accident severity is the cause of injury.   NASS data 
makes clear that 80% of rollovers and 65% of serious 
to fatal injuries occur in less than 4 quarter turns and 
95% of rollovers and 95% of serious to fatal injuries 
occur in 8 quarter turns as shown in Figure 4. 
Rollovers of less than 4 quarter turns involve trip 
speeds of less than 15 mph and 8 quarter turn rollover 
trip speeds are in the range of 20+ mph.  Further 
more many of these low speed rolls are the result of 
pre-rollover collision as indicated in another 
companion paper in this conference “What NASS 
Rollover Cases Tell Us” by Nash[4].   This data 
makes clear that if there are serious injury 
consequences in 15 to 20+ mph, one or two roll 
accidents, something is wrong with the occupant 
protection system and the number of additional rolls 
adds opportunity but is irrelevant.    
 

 
Figure 3.  Ejections in the United States. 
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Figure 4.  Rollover Frequency and Fatalities.  
 
The most common perception about injury in a 
rollover accident is that injury increases with the 
amount of roof crush damage.  Actually injury, as in 
all other accident modes, is caused by the speed of 
the occupant’s second collision with the vehicle 
interior.  In a rollover, that second collision speed is a 
combination of the structural intrusion or crush speed 
in combination with the occupants falling (or as 
manufacturers like to say “diving”) speed creating a 
much higher contact speed at the injury site.  This 
subject is discussed in some detail in a companion 
paper at this conference “Human/Dummy Rollover 
Falling (Excursion) Speeds” by Friedman, et. al.[5] 
 
Another misconception comes from the lack of 
reliable data from accident statistics separating 
serious (non-permanently debilitating) injury and 
severe to fatal (permanently debilitating) injury.  
Several attempts from NASS data suggests (with 
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substantial uncertainty) that serious injury accounts 
for about 45% (of the 40,000 serious to fatal injuries) 
or 18,000 and severe to fatal about 55% or 22,000 
(including 10,000 known fatalities) of what otherwise 
are considered “serious to fatal” injuries.  These 
numbers are important since the economic loss and 
emotional consequences of these two levels of injury 
differ greatly.  This subject is discussed in some 
detail in two companion papers in this conference “A 
Rollover Human/Dummy Head/Neck Injury Criteria” 
by Friedman and Nash,[6] and “What NASS 
Rollover Cases Tell Us” by Nash[4]. 
 
Crash tests and accident data have clearly shown that 
the greatest roof damage in a rollover is typically on 
the initially trailing or far side of a vehicle in a 
rollover.  This coincides with the frequency of head, 
neck and spinal injuries to occupants seated on the far 
side of the vehicle.  Roof strength designs which 
limit dynamic roof crush to less than 4” avoid 
creating side window ejection portals and reduce the 
potential for complete and partial ejection as well as 
exposure to external injury. 
 
This paper addresses the issue of head impact on 
head, neck and thoracic spine injury from roof crush. 
We will present new data from dynamic rollover tests 
conducted on the Jordan Rollover System (JRS) on a 
selection of vehicles that show the mechanisms of 
roof crush in contemporary vehicles, the mechanisms 
of injury, and the criteria that can be used to assess 
the injury potential in dynamic rollover tests.  
Properly designed vehicles that show the portal 
creation ejection problem are also discussed.  The 
vehicles tested included those with typical 
contemporary roof structures and with structures that 
have been reinforced to improve crush resistance.  
 
SELECTION OF VEHICLES FOR TESTING 
 
Because of their substantial overrepresentation in 
rollover crash statistics and their use as private 
passenger vehicles, we instrumented and tested 
eleven different SUVs. We also tested four different 
passenger cars and two pick-ups. Their FMVSS 216 
Strength to Weight Ratios (SWR) ranged from 1.6 to 
3.6.   
 
There have been three series of tests.  The first series 
of six vehicles was for general and regulatory SWR 
research and was documented in a paper 
“Observations from Repeatable Dynamic Rollover 
Tests” in the proceedings of the International Journal 
of Crashworthiness [7].  Some of those vehicles were 
tested on the two-sided M216 static roof crush fixture 

and then on the JRS.  Photos of the M216 and JRS 
fixtures are shown in Figures 5 and 6. 
 

 
 
Figure 5.  Vehicle in M216 test fixture.  
 

 
 
Figure 6.   Vehicle in JRS fixture. 
 
Some of the SUVs that were tested were equipped 
with roof racks.  Testing vehicle bucks at reduced 
weight simulated testing vehicles with higher SWRs. 
The tests were conducted at a low severity 15 mph 
and most at 5 degrees of pitch. For comparison 
purposes we also tested three similar vehicles with 
reinforced roofs.   
 
A second series of 10 vehicles were tested only on 
the JRS with a similar low severity 15 mph, 5 degree 
of pitch protocol.  A third series of vehicles is in 
process to develop a real world protocol suitable for 
regulatory compliance or NCAP testing with the 15 
mph low severity protocol but with the pitch 
increased to 10 degrees.  Three pre-tested vehicles 
were retested to preliminarily investigate this 
protocol  
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The reinforced vehicles and the production XC90 
might be considered as the current state of the art 
reference standard roof: one that performs well and 
doesn’t buckle under known rollover conditions. 
 
DESCRIPTION OF M216 TESTING 
 
The M216 test presses a 30.5 cm wide 61 cm long 
platen into the corner of the roof over the A-pillar at 
10° pitch and 25° roll.  It is pressed to a depth of 12.7 
cm while measuring roof resistance.  Then a similar 
platen is pressed into the opposite corner of the roof 
over the A-pillar at 10° pitch and 40° roll to a depth 
of 12.7 cm. 
 
The test on the second side emulates the impact of 
the far side of the roof (after a near side impact in an 
actual rollover) because when the far side is in 
contact with the ground, the vehicle is rolling onto its 
side.  This test provides a measure of roof strength 
which is expressed as the strength-to-weight ratio 
(SWR) which is the ratio of the maximum roof 
resistance force to the curb weight of the vehicle. 
Figure 7 compares the second side forces of tested 
vehicles as a percentage of weight (strength to weight 
ratio). 
 
The generic effect of these measurements in 
comparison to FMVSS 216 measurements are shown 

in Figure 8.  The far side strength of the roof is about 
half of that indicated in the FMVSS 216 test and 
therefore often only comparable to the weight of the 
vehicle.  This results from the increased pitch angle 
of the loading platen (which exerts force primarily on 
the A-pillar) and the fracturing of the windshield 
which acts as a shear web between A-pillars and 
header.    
 
The large size of the FMVSS 216 platen and the 
shallow 5 degree pitch angle combine to transfer the 
initial loading of the A-pillar to the roof rail and B-
pillar within a couple of inches of platen 
displacement.  Since the SWR requirement must be 
reached in five inches, the A-pillar design strength 
can be limited in spite of the fact that when the 
vehicle is rolling with 10 degrees of pitch the A-pillar 
takes most of the load (2 to 3 times the vehicle 
weight) to about 5 inches by which time the roof 
panel buckles from far side lateral forces.  
Unfortunately we can’t predict the way and the extent 
to which the buckle will propagate from a static test. 
 
A further limitation of the FMVSS 216 test is that 
roof racks and other appurtenances are removed 
before the test because they interfere with the large 
 

Modified FMVSS 216 Test: Second Side End of Test Strength to Weight 
Ratio
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Figure 7. Second side M216 Strength to weight ratio highlighting 2 generations of Toyota Corollas 
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Comparison of FMVSS 216 and m216 Test Results
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Figure 8.  Comparison of FMVSS 216 and M216 tests at peak and 5” of displacement. 
 
platen and shallow angle.  In a crash or a dynamic 
test these things are pushed into the roof panel by the 
ground and precipitate a buckle whose intrusion 
speed is then amplified by lateral forces.     
 
The size of the M216 platen was chosen to limit 
bending loads on the single hydraulic cylinder which 
provides the platen force. We have run a validation 
test using a standard FMVSS 216 machine in which 
the vehicle was attached and supported to the ground 
at 5 degrees pitch to create a 10 degree platen pitch 
angle.  The conclusion was that the platen size can be 
as large as is convenient as long as it doesn’t 
compromise the measurement of roof strength in an 
orientation representing contact with the ground of 
modern front wheel drive vehicles which roll with 
increased pitch. 
 
M216 and FMVSS 216 performance has been 
roughly correlated through XC90 JRS testing.  Volvo 
had an objective to achieve, but did not achieve, a 
SWR of 3.5 in 2” of platen displacement and at least 
maintain it to 5” in a FMVSS 216 test.  This is 
roughly equivalent to increasing A-pillar strength as 
required to resist 10 degree pitch forces.  Had it 
achieved its objective the M216 SWR would have 
been 2.5 and the ability to maintain structural 
integrity and low injury potential in 10 degree pitch 
rollovers would be significantly enhanced.  Should 
NHTSA in its final FMVSS 216 rulemaking require 
such performance, roof buckles are unlikely and 

quasi-static test performance can continue as a 
regulatory requirement. Such static tests could then 
be verified by dynamic repeatable NCAP tests using 
the JRS.   
 
HEAD AND NECK INJURIES 
 
The current compressive neck injury criteria value is 
based on studies by Mertz and Nyquist conducted in 
1978.[8]  That study examined two high school 
football practice cervical spine injuries from contact 
with a tackling block that had 15 cm of foam 
padding.  Based on 1990 and more recent Hybrid III 
dummy experiments, the consensus catastrophic level 
of force neck injury measures of 2003 authored by 
Mertz and Prasad [9], correspond to a Hybrid III 
dummy impact speed of 3 mph, a level which no one 
currently claims is seriously injurious. 
 
Accordingly the authors have used six different 
studies as the basis for head and neck injury potential 
and criteria in these repeatable dynamic rollover 
(JRS) experiments.  Those studies and conclusions 
are in a companion paper at this conference [6]. 
 
From these studies, we concluded that for rollover 
research, design and occupant protection evaluation 
tests the following Injury Criteria should be used: 

The onset of serious neck injury occurs at a head 
impact speed of 3.1 m/sec (7 mph) which produces a 
force of 7,000 N at the base of a Hybrid III dummy’s 
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head.  The onset of severe to fatal neck injury is 4.5 
m/sec (10 mph) which produces a force of 10,000 N 
at the base of a Hybrid III dummy’s head.  The onset 
of head and brain injury occurs at an impact speed of 
around 7 m/sec (16 mph).   
 
DESCRIPTION OF REPEATABLE DYNAMIC 
JRS ROLLOVER TESTING 
 
The test conditions for the original JRS research test 
series [10] were derived from various sources.  The 
conditions of a typical next-to-last and last roll of 
dolly rollover tests (which, in the Malibu tests 
produced the most serious head/neck injuries) as 
recorded from instruments and on film suggested 
testing parameters.  Examination of the conditions of 
actual rollovers from the National Accident Sampling 
System (NASS) and other sources also suggest 
aspects of test conditions.  
 
The vehicle to be tested (either the complete vehicle 
or just the occupant compartment with weighting to 
emulate a complete vehicle) is balanced around its 
longitudinal roll axis with the approximately correct 
roll moment of inertia.  It is suspended from drop 
towers at a fixed pitch and yaw above tracks 
supporting a mobile roadbed segment that can move 
under the vehicle as shown in Figure 6. 
 
When the test is initiated, the vehicle is rotated at a 
fixed speed, freely falling a fixed distance to contact 
the near side of the roof at a given roll angle on the 
roadbed moving at a fixed speed under it.  The 
vehicle continues to roll, moving freely as the 
roadbed moves beneath it so that the far side of the 
roof strikes the roadbed.  After the far side impact, 
the roadbed moves beyond and the vehicle is caught 
by the drop towers so that it suffers no further 
damage.[10]  The roadbed is instrumented to record 
vertical and lateral impact loads.  String 
potentiometers record resultant roof displacement and 
speed during roof impacts at several roof locations 
inside the vehicle.  A number of high speed and real 
time cameras record the impact. 
 
Qualification tests in the range and at the limits of the 
various angles and speeds of the flexible impact 
parameters were conducted.  Since the basic 
functions are controlled by coordinated  mechanical 
linkages and triggers, repeatability of impact 
conditions are very good [11].  Repeatability of 
injury measure potential however is governed by the 
non-linearity of typical weak roof designs which 
buckle in unpredictable ways.  Based on the research 
results (with underweight compartment bucks), roofs 
with M216 far side SWRs in the range of about 2.5 

and/or  FMVSS 216 SWRs in the range of 3.5 within 
2 inches of platen displacement would not be 
expected to buckle and should be highly repeatable in 
JRS measured injury potential.  
 
Preliminary examples are the XC90, Xterra and 
Corolla tests of Table 1.  Although these are 
sequential tests on the same vehicle notice that the 
first two XC90 and Corolla tests are within about 
30% of each other and well under the injury criteria.  
Both suffer from inadequate A-pillar strength when 
sequentially subjected to a 10 degree of pitch test 
although the geometry of the XC90 causes it to roll at 
5 degrees while the geometry of the Corolla causes it 
to roll at 10 degrees.  The Xterra when M216 and 
JRS tested, buckled at the roof rack panel mounting 
and performed consistently poorly independent of 
pitch, indicating that the buckle rather than the pillar 
strength caused the injury potential. 
 

Table 1 
JRS Tests at 5 and 10 degrees of pitch. 

 
 

 
 
These research tests were not all conducted with 
identical protocols.  The tests were designed to 
maximize the collection of experimental data.  The 
road speed, drop height and roll rate were kept the 
same but the impact angle and weight were varied as 
was the sequence and number of rolls.  Some 
judgment therefore was involved in combining and 
generalizing the results. 
 
An occupant’s head position and the location of roof 
crush buckles are relatively unpredictable.  The 
preferred protocol therefore was to study the over-
the-seat potential injury environment with an array of 
several string potentiometers measuring the crush of 
roof elements relative to the rotational axis of the 
vehicle.  Even so, the measurements were usually not 
at the peak of the buckles. 
 
 
 
 
 

Vehicle

FMVSS 
216 

SWR

Initial  
Pitch  
Angle  
(deg) 

Dynamic  
Maximum  
Crush (in) 

Maximum 
Residual 
Crush (in)

Maximum 
Crush 
Speed 
(mph)

2004 Volvo XC90 Roll 1 3.6 5 1.5 0.4 2.3
2004 Volvo XC90 Roll 2 3.6 5 2.6 0.7 3
2004 Volvo XC90 Roll 3 3.6 10 7.0 4.1 7.0
2000 Nissan Xterra Roll 1 3.3 5 5.8 2.8 10.4
2000 Nissan Xterra Roll 2 3.3 10 5.9 2.9 10.2
2000 Nissan Xterra Roll 3 3.3 5 5.2 2.0 9.1
2002 Toyota Corolla Roll 1 4.2 5 3.0 1.6 4.1
2002 Toyota Corolla Roll 2 4.2 5 3.5 1.0 5.1
2002 Toyota Corolla Roll 3 4.2 10 5.1 1.8 7.1
2002 Toyota Corolla Roll 4 4.2 10 6.7 2.9 10.2
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BASIC RESEARCH RESULTS FROM JRS 
TESTING 
 
An examination of the early test results gives insight 
into the rollover protection capabilities of several 
roof structures over a variety of test conditions.  The 
data includes the crush and crush speed at several 
points on both the near and far side of the roof 

structure and the vertical loads as measured on the 
roadway. 
 
Although there were some differences in the test 
protocol for each of the seventeen vehicle tests, a 
comparison can be made between peak roof crush 
speed and roof strength for the same point on each 
vehicle.  Figure 9 and 10 illustrates these analyses 
respectively. 

 

15 mph JRS Rollover Research Test Results: Comparison of FMVSS 
216 Based SWR vs. Near and Far Side Roof Crush Speed
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Figure 9.  Peak roof crush speed of near and far side measurements vs. SWR at test weight. 
 

 
There is some correlation between the SWR in 
FMVSS 216 testing and the results of JRS testing.  
Since the FMVSS 216 test does not initiate the 
buckles and collapse that are common in actual 
rollovers (and in JRS tests) it does not give results 
that correspond to the actual behavior of a roof in a 
rollover.  However, if the roof were required to be 
strong enough to preclude buckling the correlation 
would be good.  
 
The roof crush speed and roof crush indicated in 
Figure 9 and 10 is as measured in each impact and is 
not cumulative.  From these tests it becomes very 
clear, that different roof structure designs have 
grossly different cumulative and residual crush 
characteristics, which are unknowable and 
misrepresented by post crash investigators without 
such JRS one roll at a time dynamic measurements.  
 

As expected, the stronger the roof, as measured by 
the current FMVSS 216 test, the lower the far side 
roof crush speed as measured at the middle of the 
roof rail.  For the near side as measured at the A-
pillar the average crush speed is low and constant 
with SWR. 
  
The near side roof crush at the 5 degree pitch impact 
angle was typically less than 4 inches, a level at 
which tempered glass resists fracturing and at which 
retained security (composite) glazing precludes portal 
creation (even when fractured by the side mirror). 
 
Increasing the SWR, as demonstrated in either the 
FMVSS 216 or M216 test, does not necessarily 
ensure that the roof will not intrude to a dangerous 
degree in a rollover.  A dynamic test (either the dolly 
rollover or the JRS test) will demonstrate whether a 
roof will buckle or collapse.  The conclusion was 
reached that the failure mode (whether plastic or 
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elastic deformation) is more important than the actual 
SWR so long as the latter is above a threshold level. 

 
 

 

15 mph JRS Rollover Research Test Results: Comparison of FMVSS 
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Figure 10.  Comparison of Vehicle SWR and Far and Near Side Crush. 
 
In the 5 degree pitch testing, it was found that the 
peak far side roof impact force in a JRS test in which 
roof crush is minimal, correlates with a SWR as 
measured in the FMVSS 216 test of at least 3.5, and a 
SWR as measured in the far side M216 test of at least 
2.2.   
 
The M216 near side peak roof strength is about three-
quarters of that found in an FMVSS 216 test.  The far 
side roof strength of a typical contemporary vehicle 
at 12.7 cm is roughly equal to its weight and about 
half the FMVSS 216 measured peak strength.  For a 
production vehicle with a FMVSS 216 SWR of two, 
the near side strength may be adequate, but the far 
side strength is about one third of that needed to limit 
crush and crush speed.  
 
SPECIFIC RESULTS FROM THE SECOND 
SERIES OF PRODUCTION JRS TESTING  
 
A Production Vehicle Comparison 
 

The test of the most popular SUV in the US (the 2000 
Explorer) is compared to the Volvo XC90 claimed to 
be specifically designed to be reasonably safe in all 
accident modes.  The XC90 in these tests shows that 
multiple roof impacts at 5 degrees pitch (a geometric 
rolling characteristic of the XC90 design) can be 
sustained by a well designed roof structure without 
compromising its ability to protect occupants. 
 
The Explorer and the XC90 vehicles after two rolls 
are shown in Figure 11. 
 
A comparison of the crush and crush speed between 
the two Ford production vehicles shows a dramatic 
difference between the rollover designed XC90 and 
the Explorer roof structures.  In the XC90 there was a 
dramatic decrease in both of these crucial metrics; 
82% in crush and 50% in crush speed.  Figure 12 
illustrates the reduction in crush speed and crush that 
is possible with a rollover designed vehicle (the 
XC90) as compared to a typical production roof 
vehicle (the Explorer). 
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Post Test 2000 Ford 
Explorer 4dr

Post Test 2004 
Volvo XC90

 
 
Figure 11.  Post-Test Photographs of the Explorer and XC90.  

 

2000 Ford Explorer 2 Roll JRS Tests
Peak Dynamic Crush – 11.5 inches

Peak Cumulative Crush – 14.5 inches
Peak Crush Speed – 12.1 mph

2004 Volvo XC90 2 Roll JRS Tests
Peak Dynamic Crush* – 2.6 inches

Peak Cumulative Crush* – 1.1 inches
Peak Crush Speed* – 3.0 mph

* Far side only

2000 Ford Explorer 4dr Roll 1
Peak Crush 

Speed
Location Peak End of Test (mph)

A-Pillar -8.7 -5.9 -6.3
Mid Point Between A and B Pillar -9.1 -5.9 -6.7
B-Pillar -6.7 -3.9 -5.5
Inboard of A-Pillar -7.0 -4.9 -5.8
Inboard of Roof Rail Midpoint -11.5 -8.5 -12.1
Inboard of B-Pillar -8.7 -6.2 -9.1
Center of Roof -8.2 -6.3 -7.6
Near Side A-Pillar -4.2 -2.0 -3.8

Crush (in)

2000 Ford Explorer 4dr Roll 2
Peak Crush 

Speed
Location Peak End of Test Cumulative (mph)

A-Pillar -9.2 -6.4 -12.3 -9.6
Mid Point Between A and B Pillar -9.9 -7.0 -12.9 -9.3
B-Pillar -9.9 -6.7 -10.6 -8.8
Inboard of A-Pillar -6.3 -4.2 -9.1 -7.0
Inboard of Roof Rail Midpoint -9.5 -6.0 -14.5 -9.9
Inboard of B-Pillar -8.9 -5.6 -11.8 -8.1
Center of Roof -5.7 -3.1 -9.3 -8.5
Near Side A-Pillar -2.4 1.0 -1.0 -4.1

Crush (in)

2004 Volvo XC90 Roll 1
Peak Crush 

Speed
Location Peak End of Test (mph)

A-Pillar -1.0 -0.1 -1.5
Mid Point Between A and B Pillar -1.5 -0.3 -2.2
B Pillar -1.2 -0.1 -1.9
Header Inboard of A-Pillar -0.6 0.0 -1.2
Front of Sunroof -1.1 -0.4 -1.8
Side of Sunroof -1.5 -0.3 -2.3
Near Side A-Pillar -2.1 -0.9 -3.3
Near Side B-Pillar -3.2 -1.1 -3.7

Crush (in)

2004 Volvo XC90 Roll 2
Peak Crush 

Speed
Location Peak End of Test Cumulative (mph)

A-Pillar -1.9 -0.5 -0.6 -2.0
Mid Point Between A and B Pillar -2.6 -0.7 -1.0 -2.9
B Pillar -2.6 -0.7 -0.9 -3.0
Header Inboard of A-Pillar -1.2 -0.3 -0.3 -1.4
Front of Sunroof -1.6 -0.5 -0.8 -2.1
Side of Sunroof -2.5 -0.7 -1.1 -2.9
Near Side A-Pillar -0.3 0.2 -0.7 -1.1
Near Side B-Pillar -0.9 0.3 -0.8 -1.8

Crush (in)

 
 
Figure 12 Comparison of XC90 and Explorer test results. 
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In the production and reinforced vehicle tests the 
maximum crush speed and corresponding crush 
values were selected from the six locations measured 
on the far side.  Any of the points where roof crush 
was measured could have been used.  However, the 
roof crush and crush speed is not uniform between 
vehicles and is affected by localized buckling and 
component failure, sometimes between measuring 
locations.   
 
A Production Comparison by maximum crush 
speed  
 
Given the Injury criteria previously described a 
sample rollover crashworthiness injury potential 
ranking system was developed as indicated in Figure 

13.  For this comparison we chose 10 tests conducted 
with equal severity on full production vehicles and 
the same initial conditions and test protocol.  Since 
most of these tests were conducted on behalf of 
victims of rollover crashes the victim’s injury under 
the deformed roof is indicated.  For many of these 
vehicles such as the Explorer and Blazer the results 
are representative of dozens of cases the authors have 
investigated.  The ranking basis was to assign labels 
of Unacceptable for a maximum crush speed of 10 or 
more mph, Poor for more than 8 and less than 10 
mph, Good for less than 6 mph and Best for less than 
6 mph and no created ejection portals. 
 
 

 

JRS 15 mph Low Severity Dynamic Rolls Ordered by Max. Roof JRS 15 mph Low Severity Dynamic Rolls Ordered by Max. Roof 
Crush Speed at any Point for Injury Potential EvaluationCrush Speed at any Point for Injury Potential Evaluation

(Criteria: Best = < 6mph and no ejection portals; Good = < 6 mph; 
Fair = < 8 mph; Poor = < 10 mph; Not Acceptable = > 10mph)

FatalNot 
Acceptable12.17.62.5Mitsubishi Eclipse1994-1999

QuadriplegiaNot 
Acceptable12.111.51.6Ford Explorer SUV1995-2001

FatalNot 
Acceptable11.29.92.2C2500 HD Reg Cab Pickup2001-2006

Brain InjuryNot 
Acceptable11.16.8NAIsuzu VehiCross SUV1999-2001

QuadriplegiaNot 
Acceptable10.19.62.4Chevy Blazer SUV1995-2005

QuadriplegiaPoor9.86.72.4GMC Jimmy SUV1995-2001

QuadriplegiaPoor9.69.13.2Nissan Sentra Sedan1995-1999

QuadriplegiaPoor9.06.91.9Kia Sorrento SUV2003-2006

QuadriplegiaFair8.06.41.8Hyundai Sonata Sedan1999-2005

NABest3.73.23.6Volvo XC90 SUV2002-2006

Case InjuryInjury
Probability

Maximum 
Speed (MPH)

Max Crush 
(Inches)

216 
SWRMake/ModelsModel 

Years

 
 
Figure 13.  Comparison of far side maximum crush and crush speed of production vehicles. 
 
PRELIMINARY RESULTS FROM THE THIRD 
SERIES OF JRS REAL WORLD PROTOCOL 
TESTING   
 
Having demonstrated the repeatability of the JRS in 
accurately duplicating initial impact conditions and 
the ability to distinguish between roofs with and 

without acceptable injury potential crush speed, the 
next step is to develop a realistic real world protocol 
useful for regulatory compliance, New Car  
Assessment Program (NCAP) and crash victim injury 
severity investigations.  The alternative protocols 
considered were: 
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A two roll test emulating a two roll crash 
encompassing 95% of serious to fatal Injuries is:  
• 18mph, 240°/s Roll Rate, 10° pitch, 4” drop, 

125° initial Roll angle.  Stresses the leading side. 
• 12mph, 180°/s Roll Rate, 10° pitch, 4” drop, 

145° initial Roll angle.  Stresses the trailing side. 
 

A one roll test to emulating a one roll crash 
encompassing 65% of serious to fatal Injuries:  
• 15mph, 200°/s Roll Rate, 10°  pitch, 4” drop, 

135° Roll Angle.  Stresses both sides equally 
(similar road load). 

 
Concerns about repeatability of injury measures, 
interest in matching or correlating the JRS and M216 
performance for a minimum regulatory requirement, 
and a desire for simplicity, suggest the one roll test, 
possibly with a 145° roll angle.  The study is ongoing 
with very preliminary results shown in Table 1, 
comparing the dynamic crush and crush speed results 
of 5 and 10 degree tests for two SUVs and a 
passenger car. 
 
Injury potential repeatability may be inferred from 
the sequential results at 5 degrees of pitch with these 
high SWR roofed vehicles.  A buckle in the Xterra 
roof accounts for the dangerous injury potential. 
 
The study is now considering the correlation between 
FMVSS 216, M216, the JRS tests and with NASS 
residual crush.  The main issue is the inability of a 
static test to induce buckling.  Preliminarily, if the 
static 216 SWR criteria were high enough, say 3.5 in 
two inches of platen displacement, or the M216 SWR 
were 2.5, the likelihood of a buckle forming in a one 
roll real world JRS compliance test is unlikely unless 
induced by a roof rack or similar object.   
 
  
 
WEIGHT AND COST OF ROOF STRENGTH 
IMPROVEMENT 
 
Two generations of Toyota Corolla roof structures 
(1994 to 1997 and 1998 to 2002) were carefully 
inspected and compared. The FMVSS 216 and M216 
test results are shown in Table 2.   
 
The second generation roof structure was JRS tested 
with both 5 and 10 degree pitch protocols as shown 
in Table 2, although this front wheel drive vehicle is 
known to roll at 10 degrees of pitch.  The roof 
structure inspection and comparison showed that the 
two roof structures were identical except that the 
inner surface of the 2002 roof rail had been 
reinforced on either side of the B-pillar to just before 

the A and C pillars with a single stamped steel panel, 
probably of high strength steel, 41 inches long, 3 
inches wide and 0.038 inches thick.  The estimated 
weight for both sides is approximately 3 pounds.  The 
1994 FMVSS 216 test SWR was about 2.5 and the 
2002 SWR was about 4.2.  The 1994 M216 test 
results are a little low because of rear test damage, 
since the vehicles seem identical.  The far side 1994 
SWR was 1.2 and the 2002 M216 test SWR was 1.3.  
The JRS tests with the 5 degrees of pitch resulted in 
4.1 and 5.1 mph crush speeds and confirmed the 
FMVSS 216 SWR improvement at the B-pillar.  The 
JRS tests with the 10 degree protocol resulted in a 7 
mph crush speed at the A-pillar (amplified by a 
buckle at the header and rain gutter which was not 
measured) that confirmed the M216 lack of 
improvement at the A-pillar.  It was estimated that 
had the reinforcement been carried around the roof 
rail, A-pillar intersection and across the header, at an 
additional weight of 1.5 pounds and a cost of a few 
dollars, the crush speed of 4 mph could have been 
maintained when rolling with 10 degrees of pitch. 
 

Table 2 
Toyota Corolla SWR results 

 
 

10%1.251.13M216 2nd side – 5”

9%1.331.24M216 2nd side – Peak

25%1.81.43M216 1st side – 5”

21%2.31.89M215 1st side - Peak

28%2.952.3FMVSS 216  - 5”

68%4.22.5FMVSS 216 - Peak

Percent 
Increase

1998-2002 
Toyota Corolla 
SWR

1994-1997 
Toyota Corolla 
SWR

 
OTHER JRS TEST OBSERVATIONS  
 
Approximately 50 JRS tests have been conducted 
with a wide variety of vehicles and under a wide 
range of test conditions.  The focus and scope of this 
paper precludes detailed discussion of those 
observations but they include: 
 
ROOF STRENGTH, GLAZING AND PORTAL 
CREATION AS IT EFFECTS PARTIAL AND 
COMPLETE EJECTION 
 
M216 and JRS tests indicate that near and far side 
tempered glass windows break after about 4” of roof 
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crush.  Near side crush in these tests seldom reached 
this level even in a vehicle with a SWR as low as 2.5 
but windows often broke from side mirror impacts.  
Far side windows almost always break even in bucks 
simulating a 3.5 SWR.  Vehicles reinforced or 
simulated at SWR of 4+ that we tested with tempered 
windows rarely broke except for side mirror impact.   
Side window breakage can be reduced by redesigning 
the window frame shape, size, location and strength 
and relocating the side mirrors.  
 
OCCUPANT SIZE AND RESTRAINT EFFECTS 
In spit tests using the JRS at rates to 220 degrees per 
sec with various size restrained humans and several 
different conventional belt systems, most 50th% and 
95th% occupants reached the roof panel adjacent to 
the middle of the roof rail.  Fifth percent females 
were able to reach the underside of the roof rail. 
When the sum of the excursion in the belts and the 
occupants seated height was greater than the head 
room the neck flexed such that it could not be 
effectively loaded axially. 
 
PITCH EFFECTS ON ROOF LOADING AND 
CRUSH SPEED. 
All tests have been conducted with 10 degrees of 
yaw.  Variations in pitch from 10 degrees to zero 
resulted in similar far side crush and crush speed at 
the middle of the roof rail.  Higher initial pitch angles 
resulted in more window breakage as well as roof 
panel and open section roof rail buckling over the far 
side occupant.    
 
IMPACT ROLL ANGLE AND VEHICLE 
GEOMETRY AS THEY AFFECT ROAD LOAD 
AND CRUSH  
The peak road load force and energy for far side roof 
crush varied as a function of roll angle.  At 135 
degrees the near and far sides were about equal, 
while at 155 degrees the far side load and duration 
(energy) was 2 to 4 times higher than the near side.  
Due to the web strength of the compartment rear 
closure panel and bonded rear window as well as the 
high aspect ratio of the corners of the roof in some 
pickups, only high initial near side roll angles will 
result in far side collapse. 
 
CONCLUSION 
 
A strong roof is critical both to prevent head impacts 
at a speed above 11.3 to 16.1 km/h (7 to 10 mph) that 
can cause head or neck injury.  A strong roof will 
also protect side glazing so that it continues to 
provide a barrier to partial or complete ejection.  
Both the Malibu and JRS tests show that the basic 
conditions of a rollover are sufficiently benign that 

even if there is some head contact with the roof under 
rollover conditions, it will not produce serious injury 
so long as the roof performs well.  This will 
particularly be true if the vehicle has the head impact 
area padding now required by FMVSS 201.  
 
The performance of the Volvo XC90 and the Toyota 
Corolla shows that there is no inherent problem in 
providing this level of protection in a light passenger 
vehicle.  In fact, the use of advanced materials such 
as high strength steel and plastic inserts to control 
buckling of structural elements, could mean that 
adequate roof strength could be achieved with little 
or no net weight increase.   
 
It is clear that we now have the testing tools and the 
vehicle technology to achieve a major reduction in 
rollover casualties even if rollover rates do not 
change significantly.  In fact, the use of electronic 
stability controls will reduce the rate of rollovers in 
the future as well. 
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ABSTRACT 

To protect occupants during a rollover event, restraint 
control modules with integrated Rollover Sensing 
(RoSe) function have been developed. These devices 
are able to trigger belt tensioners and curtain airbags 
if the vehicle’s roll angle and roll rate indicate that 
the vehicle is going to tip over. Especially in the case 
of tripped rollovers, however, the optimum 
deployment time for curtain airbags is before the 
vehicle has build up a significant roll angle. To cope 
with this challenge the advanced rollover sensing 
function from Bosch uses the lateral velocity of the 
vehicle as additional input to its deployment decision. 

Based on a new crash test setup developed by Dekra 
the performance benefit of this advanced rollover 
sensing system can be shown under realistic 
circumstances. The test does not only cover the 
rollover phase but also the skidding phase before the 
vehicle passes onto the soil and rolls over. First tests 
have been performed to investigate both the 
repeatability of the movement and the behaviour of 
the vehicle during such tests. To steer the car, an 
optically controlled guidance is used combined with a 
time-based activation of the steering without braking. 
The vehicle with rightwards steered front wheels runs 
for a short time on a µ-split path. Several sensors are 
used to measure the relevant kinematics (velocity, 
acceleration, yaw-, roll- and pitch-rate). Additionally 
the movement is filmed by several high-speed 
cameras. 

In the article the authors describe the test method and 
the results and discuss the benefit of this new method 
to assess the performance of an algorithm for 
advanced rollover protection. 

 

INTRODUCTION 

According to the NHTSA Traffic Safety Report 2005 
[1] rollover crash events still contribute significantly 

to the crash fatalities on the roads of the United 
States. Although only 2.6% of all vehicle crashes can 
be attributed to rollovers, 21.1% of the occupant 
fatalities in 2005 are related to vehicles having a 
rollover crash. These statistics dramatically illustrate 
the severity of this crash type. 

 

RESTRAINT DEVICES FOR OCCUPANT 
PROTECTION DURING ROLLOVERS 

The best way to protect occupants from any rollover 
injury is to prevent a rollover. Electronic stability 
control (ESC) systems can help to reduce the risk of 
rolling over. However, such systems mainly address 
so called on-road rollovers induced by lateral tire 
friction occurring e.g. in massive skidding situations. 
In case of a vehicle leaving the roadway, stability 
control systems come to the limit, since they cannot 
prevent wheels from furrowing into the ground 
resulting in a rollover. As crash statistics show these 
so-called soil trip rollovers account for a significant 
number of the rollovers in the USA. 

In case a rollover cannot be prevented, the vehicle’s 
passive safety design has to prove of value: A high 
roof stability as well as intelligent restraint devices 
like rollover curtains and belt tensioners can help to 
reduce the occupants’ injury level. Special rollover 
curtains that remain inflated for several seconds can 
prevent occupants from being fully or partially 
ejected during a rollover. Belt tensioners can fix a 
buckled occupant in the seat thereby keeping the 
occupant’s head at the maximum possible distance 
from the side windows and from the vehicle’s roof 
which might be subject to intrusion. 

 

ROLLOVER SENSING - MAKING A TRIGGER 
DECISION FOR ROLLOVER RESTRAINTS 

The protection potential of rollover related restraint 
devices like rollover curtains or belt tensioners is 
strongly correlated to the time they are triggered: The 
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earlier these devices are deployed, the higher their 
protection effectiveness can be. On the other hand an 
inadvertent deployment must be avoided under all 
circumstances, even in the case that a vehicle already 
has started to roll but doesn’t roll over completely in 
the end, i.e. not reaching a roll angle ≥ 90°. Making 
an early but robust deployment decision is a question 
of the rollover sensing performance. Today the RoSe 
function is an integral (but for most vehicles still 
optional) part of the restraints control module. 

Existing RoSe systems typically calculate a 
deployment decision using a roll rate sensor that is 
integrated into the restraints control module. The 
deployment decision is based on a comparison of the 
vehicle’s actual roll rate with a critical roll rate 
threshold. This threshold depends on the vehicle’s 
current roll angle and on its physical properties such 
as mass, centre of mass, track width and moment of 
inertia. 

If the vehicle’s roll rate exceeds the critical threshold, 
the rollover sensing system can predict whether the 
vehicle will roll over, see Figure 1. In case a 
complete rollover is certain the restraints control 
module deploys occupant restraint devices 
accordingly. This approach generally produces early 
and robust deployment decisions in rollover 
situations that do not involve tripping. 
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Figure 1. Example of standard rollover criterion 
for the deployment decision of rollover restraints 

 

In the case of tripped rollovers, however, the rollover 
event is primarily induced by lateral forces. In this 
case a deployment decision is needed very early. This 
is due to the fact that the lateral forces can push the 
occupant’s head into the deployment zone of a 
curtain airbag before the vehicle has built up a 
significant roll angle. Thus in the case of tripped 
rollover events, existing RoSe algorithms must be 
calibrated accordingly in order to produce an optimal 
trade-off between the requirements for early 
deployment and the need for high robustness against 
misuses. Investigations of rollover test data have 

shown that this conflict can effectively be resolved by 
incorporating information about the vehicle’s driving 
state into the deployment decision [2]. 

 

ADVANCED ROLLOVER SENSING 

Today’s RoSe system analyze the roll movements of 
the car in order to make deployment decision. 
However, valuable information about a rollover risk 
can be derived before the vehicle has build up a 
significant roll angle. In the specific case of tripped 
rollovers the vector of the vehicle’s velocity changes 
from longitudinal direction to lateral direction as the 
vehicle starts to skid, see Figure 2. 
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Figure 2. Change of vehicle velocity direction 
relative to the vehicle in a pre-roll phase 

 

The kinetic energy thereby takes effect on the car’s 
lateral movement, and is finally transformed into 
rotational energy as the wheels furrow into the soil 
and decelerate the car laterally. The higher the lateral 
velocity vy of the car and the lateral deceleration ay, 
the higher the amount energy Ekin which can be 
transformed into rotational energy Erot. To 
differentiate how the lateral velocity indeed is 
inducing a roll movement, the so-called “roll 
effectiveness”, is introduced: 

( )xyroll vfe ϕ∆∆= ,  

This roll effectiveness describes the relation between 
the decrease of lateral velocity ∆vy (due to the lateral 
deceleration) and the building up of a roll angle ∆ϕx. 

Taking into account that the transformation from Ekin 
to Erot is caused by the lateral forces (represented by 
ay) and presuming that eroll determines how these 
lateral forces contribute to a roll movement in that 
situation, together with vy (indicating how much 
kinetic energy is left to be transformed into rotational 
energy) a deployment criterion can be defined as 
follows: 

( )yrollcrityy vefaa ,, =>  

Figure 3 shows an exemplary embodiment of the 
Equation above corresponding to the calibration for a 
generic sedan. The rollover and non-rollover events 
are separated by the ay,crit-surface in the  
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(eroll, vy, ay)-plane. If the vehicle’s lateral velocity is 
below the critical sliding velocity (CSV), the 
deployment is inhibited by an asymptotic threshold 
for the lateral acceleration. A similar situation occurs 
if the roll effectiveness is zero (e.g. during a side 
crash). In the case of a high lateral velocity and a 
high roll effectiveness, the deployment threshold 
converges to the static stability factor (SSF) of the 
vehicle. 
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Figure 3. Illustration of an advanced rollover 
sensing and deployment criterion 

 

ESTIMATION OF THE VEHICLE’S LATERAL 
VELOCITY 

Having a rollover criterion incorporating the lateral 
velocity vy leads to the need to calculate vy during all 
driving situations. Based on vehicle dynamics 
formulas this can be achieved by using the following 
signals: 

1. Yaw rate 
2. Lateral acceleration 
3. Steering angle 
4. Longitudinal vehicle velocity  
5. Longitudinal acceleration 

All of these signals except the last one are available 
in vehicles equipped with a Vehicle Dynamics 
Control system, such as ESP. While the first three 
signals are provided from sensors dedicated to the 
ESP function, the longitudinal vehicle velocity is an 
estimate that the ESP system calculates by means of a 
model-based approach that incorporates information 
from all ESP sensors including the wheel speed 
sensors. 
 

ROLLOVER TESTS TO VALIDATE THE 
SYSTEM PERFORMANCE 

To validate the performance and robustness of this 
new approach, a realistic rollover test setup is 
necessary. A test setup that does not only cover the 
rollover phase alone, but also the pre-roll phase. 

 

Established rollover crash tests 

Today several rollover crash test setups are 
established for different purposes: to analyse the 
stability of the vehicle’s structure, to analyse the 
biomechanical loads on the occupants and to develop 
and test deployment algorithms for rollover 
protection systems like curtain airbags. Using these 
tests, different aspects of real-world rollovers can be 
considered. 

Figure 4 gives a simplified view of the motion 
sequences of interest. The triggering is the first 
crucial event. When a rollover occurs, the car can 
either tilt to the side only or run into one or even 
multiple rolls. With regard to occupant protection it is 
of interest how the car is damaged and how the 
occupants move, receive impacts and sustain injuries 
during the rollover. 

 
Triggering? Number of rolls? Final position? 

Figure 4. Points of interest to describe rollover 
kinematics 

 

For the calibration of conventional rollover protection 
systems as well as for the evaluation of their 
robustness, tests are carried out in the transition zone 
between “roll-events” and “no-roll-events”. The 
boundary between these two events helps to find the 
optimum compromise between performance and 
robustness. 

In order to cover as many real world rollover 
situations as possible, several rollover crash tests are 
in use today (for example: Embankment rollover 
tests, corkscrew rollover tests, curb-trip rollover tests 
and sand-pit rollover tests, see Figures 5 to 8.) 

The only rollover test procedure, which is regulated 
by law so far is the so-called “FMVSS-208 rollover 
test”, Figure 9. In this test, a car is inclined under 23° 
on a sled. Test velocity is 49 kph. 
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Dekra and Bosch as well as other suppliers have been 
using all of these tests for many years [3, 4, 5]. 

 

Figure 5. Embankment rollover test 

 

 

 

Figure 6. Corkscrew rollover test 

 
 

 

Figure 7. Curb-trip rollover test 

 

Figure 8. Sand-pit rollover test 
 

Figure 9. FMVSS-208 rollover test 

 

New rollover test setup and procedure 

Although the above mentioned tests cover a wide 
range of rollover aspects, none of these tests is able to 
address the vehicle’s skidding behaviour prior to a 
real-world soil-trip rollover. Since the advanced 
rollover sensing approach described above is 
dedicated to analyse the vehicle’s behaviour not only 
during the roll-phase but already in the critical 
driving situation leading to the rollover, a new test 
setup was necessary. 

The goal of Dekra and Bosch was to develop a test 
addressing the driving dynamics in the pre-rollover 
phase in a realistic and reproducible way as well as 
the rollover event itself. This new set up has been 
validated by a roll test, a non-roll test and several 
reproducibility tests to analyse the repeatability of the 
vehicle’s kinematics. 

 

Test vehicle 

The tests presented in this paper were carried out with 
an SUV-type Opel Monterey RS 3.2 (see Figure 10.) 
with Electronic Stability Control system. The overall 
length of this vehicle was 4.330 mm. It was 
1.835 mm wide and 1.825 mm high. The wheelbase 
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was 2.320 mm and the wheel track 1.410 mm (front 
wheels), respectively 1.462 mm (rear wheels). 

 

Figure 10. Test vehicle Opel Monterey RS 3,2 

The fuel tank of the vehicle was filled up to 10% of 
its volume. 196 kg of additional load (measurement 
equipment, etc.) was fixed in the trunk area and on 
the rear seats. The wheel loads of the fully equipped 
car (without dummies) are shown in Table 1. The 
total weight was 2,094 kg. The distance between the 
vehicle’s centre of gravity (without dummies) and the 
front axle was 1,205 mm. All four wheels were 
equipped with General Tyre XP 200, 
Dimension 245/70 R16. The tread depth was 1.5 mm. 
The tyre pressure was 2.3 bar for the front wheels and 
3.0 bar for the rear wheels. 

The test vehicle was equipped with a yaw-, pitch- and 
roll-rate sensor (IMAR sensor) near to the centre of 
gravity, see Figure 11. Tri-axial acceleration sensors 
(x, y, z) were installed at the foot of the B-pillars. 
Additional unidirectional low-g and high-g 
acceleration sensors were installed at the housing of 
the IMAR sensor . 

 

Table 1. 
Wheel loads of the test vehicle (without dummies) 

 tire left 
[kg] 

tire right 
[kg] 

axle  
[kg] 

front 494 512 1,006 
rear 538 550 1,088 

 

Figure 11. IMAR sensor near the centre of gravity 

 

The occupants of the vehicle were represented by two 
50th percentile male Hybrid-III dummies. Both 
dummies were belted in position in the driver and 
passenger seat, Figure 12. Since the test was mainly 
dedicated to observe the vehicle’s behaviour, no 
dummy loads have been measured. However, to 
indicate direct contacts of the dummy’s body parts 
with the interior of the car, colour paintings were put 
at the head, shoulders, arms and upper legs. 

 

Figure 12. Dummies for driver and passenger 

 

Test setup and vehicle path 

The test setup comprises three different phases:  
A guided acceleration phase, a skidding phase and a 
rollover phase. In the first phase the vehicle is guided 
by an optically controlled steering system at a 
distance of 250 meters. The vehicle is guided into 
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straight forward direction while accelerating by its 
own engine to the predefined velocity. With this 
velocity the test vehicle enters the second phase of 
the test setup: the skidding area. In this area the 
ground is prepared to offer specific high/low-friction 
conditions. The low-friction conditions are achieved 
by using synthetic foils which had been watered, see 
Figure 13. 

As the vehicle enters the low-friction area, the 
vehicle’s front wheels are steered rightwards to the 
maximum possible steering angle as fast as possible. 
As a result of the steering manoeuvre the vehicle 
turns slightly to the right with a superimposed yaw 
motion. In the next step the right front wheel passes 
the high-friction part of the ground for a short 
distance. This helps to further increase the yaw 
motion with the vehicle hurling. At the end of the low 
friction area the vehicle enters the third phase of the 
test setup, a sand pit. The vehicle enters the sand pit 
with a yaw angle of approx. 40 °. 

A top view of this motion sequence is given with 
Figure 14. Figure 15 illustrates the rollover occurring 
in the sand pit from a side view perspective. 

 

Figure 13. Test vehicle reaching the special 
prepared part of the test ground 

 

With this motion path of the vehicle prior to the 
rollover and with the characteristics of the sand pit, 
the requirements for a realistic rollover crash test 
scenario have been met. Before the rollover, the 
vehicle trajectory is similar to a driving situation in a 
curve in which the vehicle is not following the turn 
line intended by the driver. After entering the soil the 
vehicle shows a relatively slow roll motion onto the 
side and roof which is typical for a rollover in soil. 
There was also a movement of the vehicle in forward 
direction when the rollover began. 

 

Figure 14. Movement of the test vehicle on a 
special prepared part of the test ground into a 
sand pit (rollover test) 

 

Figure 15. Rollover of the test vehicle on the sand 
pit 

 

Figure 16 shows the vehicle laying on the roof in 
final rest position. 

 

Figure 16. Vehicle in final position 
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Reproducibility aspects 

To achieve a good comparability of different test runs 
and of different vehicles a test setup should ensure a 
good reproducibility. This aspect was addressed by 
analyzing the vehicle’s trajectories in four test runs. 
These reproducibility tests were carried out using the 
same test vehicle. 

Figure 17 shows the trajectories of a target point on 
the roof representing the vehicle’s centre of gravity. 
The trajectories of all four tests are close together. 
The velocity of the test vehicle at the reference point 
entering the skidding area was in a range of v = 55.0 
– 55.6 km/h with a side-slip angle β = 0°. At the 
reference line which represents the border of a sand 
pit, the velocity of the vehicle was in the range v = 
44.5 – 48.7 km/h, and the side-slip angle in a range of 
β = 31° - 40°. 

 

Sand pit 
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Figure 17. Reproducibility tests analyzing the 
vehicle’s movement prior to rollover 

 

Measurements taken at the vehicle 

Rollover 

The final rollover test was performed with the vehicle 
reaching the sand pit at a velocity of v = 41.8 km/h 
with a side-slip angle β = 39°. Figure 18 shows the 
signals of the roll rate, the pitch rate and the yaw rate 
sensor for this test with the vehicle rolled over onto 
the roof. These signals have been measured with the 
IMAR Sensor, and filter class CFC 60 was used. 

The yaw rate begins to increase shortly after the 
vehicle enters the skidding area (defined as t = 0.0 s). 
As the right front wheel reaches the high-friction area 
(t = 0.2 s). This is due to the fact that a yaw force is 
induced by the high steering angle of the front wheel 
when entering the high-friction area. The yaw rate 
starts to increase strongly here and reaches its 

maximum of 59 °/s at t = 2.56 s as the vehicle’s right 
front wheel digs into the sand. At this point of time 
the yaw rate decreases down to 25 °/s (t = 3.1 s) and 
increases again up to 41 °/s (t = 3.4 s). This is 
followed by an abrupt inversion to -30 °/s at t = 3.6 s. 
Finally the yaw rate increases again and comes to 
zero as the vehicle reaches its final position. 

Both pitch rate and roll rate oscillate near zero until 
the sand pit is reached (at t = 2.4 s). There the pitch 
rate decreases down to –66 °/s (t = 3.4 s) and drops 
abruptly back near to zero. The roll rate decreases 
down to –148 °/s (t = 3.2 s) followed by a relatively 
smooth changeover into a steep increase to –70 °/s 
(t = 3.45 s). After that it takes several seconds until 
the roll movements of the car come to an end and the 
roll is zero. 
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Figure 18. Time histories of roll rate, pitch rate 
and yaw rate for the rollover test. 

 

The results of the integration of the signals are shown 
in Figure 19, which demonstrates the roll angle, the 
pitch angle and the yaw angle. Corresponding to the 
characteristics of the appropriate rates of angle 
velocity, the yaw angle began to increase while the 
vehicle was entering the special prepared test ground 
with the inclination of the steering angle of the front 
wheels to the right and reached a maximum of 90 °at 
t = 3.4 s. Pitch and roll angle remained at zero until 
the vehicle reached the sandpit (t = 2.4 s). 
Subsequently, the pitch angle decreased to -45 ° (t = 
3.9 s) and the roll angle decreased to -171 ° (t = 
6.5 s). 
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Figure 19. Time histories of roll angle, pitch angle 
and yaw angle for the rollover test. 

 

No-roll event 

Prior to the final rollover test and after the 
reproducibility tests, a dedicated no-roll test was 
performed using the same test setup with different 
friction conditions. This test was performed to find 
out test parameters for a non-deployment test. The 
starting velocity of the vehicle was 54.5 km/h. At the 
point where the vehicle entered the sand pit, the 
velocity was 42.5 km/h. While entering the sand pit 
the side-slip angle was β = 22°. This is 17° less than 
for the rollover test. Due to the lower side-slip angle 
the car did not come to a complete rollover. 

Figure 20 shows the top view of the test vehicle’s 
movement on the skidding area until it enters the sand 
pit. The no-roll event of the vehicle on the sand pit is 
illustrated by a side view to the scene in Figure 21. 

In Figure 22 the time histories of the roll rate, the 
pitch rate and the yaw rate are shown as measured by 
the IMAR Sensor and filtered with class CFC 60. 

It can be seen that the yaw moment induced by the 
high friction area (t=0,2s) is lower than in the roll-
test. This is correlated to a higher friction coefficient 
at the low-friction area. So the transition of the 
inclined front wheel from low friction to high friction 
did not induce such a high increase of the yaw rate as 
it was the case for the final rollover test. Thereby also 
the yaw angle with which the vehicle enters the sand 
pit is affected positively. Most decisive for the roll 
behaviour, however, is the roll rate. It reaches a 
maximum of 32°/s at t=2,2s indicating that the 
rotational energy is not high enough to make the 

vehicle roll over. The vehicle reaches a maximum roll 
angle of approx. 20° and than falls back onto the 
wheels. 

From this test is can be shown that a definition of roll 
and no-roll events can easily be achieved by changing 
the friction conditions, without the need to change the 
general test setup. 

 

Figure 20. Movement of the test vehicle on a 
special prepared part of the test ground into a 
sand pit (no-roll event) 

 

Figure 21. No-roll event of the test vehicle on the 
sand pit 

The roll angle, pitch angle and yaw angle as results of 
an integration of the signals shown in Figure 22 are 
demonstrated in Figure 23. 
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Figure 22. Time histories of roll rate, pitch rate 
and yaw rate for the no-roll event on the sandpit. 
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Figure 23. Time histories of roll angle, pitch angle 
and yaw angle for the non-roll event. 

 

BENEFITS OF THE NEW ROLLOVER TEST 
SETUP 

With the new rollover test setup it is possible for the 
first time to simulate soil trip rollover situations 
under a realistic circumstances. With this setup not 
only the rollover phase on a sandpit but also the 
skidding phase before the vehicle passes into the soil 
is covered. Thereby, advanced rollover sensing 
systems can be tested in a realistic and 

comprehensive way. The test setup is easy to 
accomplish and delivers reproducible results. For this 
reasons Bosch has added this test to list of it’s final 
validation tests for the new Bosch advanced rollover 
sensing system which started in to series production 
in 2006. 

 

SUMMARY 

A significant improvement of occupant safety during 
tripped rollovers can be achieved by incorporating 
information about the vehicle’s driving state before 
the rollover crash into the rollover sensing system. By 
estimating the vehicle’s lateral velocity, important 
information can be gained to better judge a rollover 
risk and come to a reliable deployment decision on 
the basis of the lateral acceleration, roll rate and roll 
angle. This enables the advanced rollover systems to 
make a deployment decision for restraint devices 
more quickly while increasing the robustness against 
misuses. 

To calibrate such advanced rollover sensing systems 
and to test their robustness a new kind of rollover test 
has been developed. In contrast to existing rollover 
tests this new test incorporates not only the roll phase 
of the vehicle but also the pre-roll phase. The new 
test setup shows a good reproducibility. The test 
setup offers parameters allowing for an easy pre-
definition of roll- and no-roll events. 
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ABSTRACT 

Abdominal injuries occur seldom but are often of 
high severity. Various proposals for the assessment 
of the abdominal injury risk have been made. 
Nevertheless only a few dummies are equipped 
with abdominal sensors. 
With support from the European CHILD and 
APROSYS projects abdominal surface force 
sensors for Q child dummies and the Hybrid III 50 
percentile dummy were developed. The surface 
matrix force sensors are able to assess the time 
history of the applied force and the location of the 
load, which is important as different abdominal 
regions are meant to require different load limits. 
The sensors for the Q dummies were used in the 
CHILD project reconstruction programme. The 
analysis of 14 accident reconstructions indicates a 
very good correlation between the applied load 
assessed by the proposed sensor and the AIS 3+ 
injury risk. However, the number of cases is still 
small. Additional reconstruction cases should be 
able to validate the described results. 

INTRODUCTION 

Abdominal injuries do not occur very frequently 
but when they do occur they are often very severe. 
Although measures against submarining, which 
was the main cause for abdominal injuries in the 
past, were established (e.g., seat ramps, belt 
pretensioners and improved belt geometry), recent 
accident investigations by LAB (common research 
institute of Peugeot and Renault) show that there 
are still abdominal injuries in real world accidents, 
especially in rear seat occupants [Walfisch, 2002]. 
Based on the study of US accidents with air bag 
deployment, Digges et al. [Digges, 1996] proposed 
the measurement of abdominal injury risk to be a 
matter of priority. Within the combined work 
programme of EEVC WG 12 (Crash Dummies) 
and 18 (Child Safety) the abdomen was defined as 
an important body region for children using booster 
seats [Jager, 2005]. However, abdominal injuries 
were also observed in children using a seat with 
integral harness.  
The current dummies offer various possibilities to 
measure injury related loads. To assess abdominal 
injuries, various criteria and possibilities have been 
proposed. Nevertheless, only a few of them are 

used in current adult dummies (e.g., EuroSID, 
THOR). Furthermore, there are currently no 
appropriate sensors being used in child dummies to 
measure abdominal injury related loads, even 
though children have a considerably higher 
abdominal injury risk compared to adults. 

ANATOMIC BACKGROUND  

Abdominal organs are either, thin-walled and 
hollow (stomach, intestine, urinal bladder etc.) or 
sponge-like and blood-filled (liver, kidneys, spleen 
etc.), these are the so-called solid organs. It is 
important to know that solid organs are located in 
the upper abdomen, while the hollow ones are 
generally located in the lower abdomen. However, 
hollow organs can be found in the upper abdomen 
as well (e.g., stomach). Hollow and solid organs 
behave totally different under mechanical loads. 
Subgroups to be considered in the field of 
abdominal injuries are children and pregnant 
women. The latter subject is not discussed in this 
paper. 
There are some differences between adults and 
children to be considered. One of the main 
differences is that children’s ribs and musculature 
provide less protection of the organs. For example, 
the liver is almost completely covered by the ribs in 
adults, but is only partially covered in children. In 
addition to this, the abdomen of a child is bigger in 
relation to height than that of an adult. The function 
of the organs is the same for children as it is for 
adults. 

ACCIDENT STATISTICS 

Based on GDV (association of the German 
insurance institutes) accident investigations, frontal 
accidents between 1993 and 2000 with air bag 
equipped cars Roselt et al. [Roselt, 2002] showed 
that the abdomen is the second priority for critical 
injuries (AIS 4/5). In the analysed sample cars with 
model years up to the year 2000 were analysed. 
60% of the sample included models between the 
years1996 and 1998, and 80% between 1995 and 
1999. This means that more recent models of cars 
were included in this sample. Figure 1 shows that 
injury frequency decreases significantly with injury 
severity for most of the regarded body regions. 
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However, the abdomen shows more AIS 4 injuries 
than AIS 3 injuries.  
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Figure 1. Injury frequency and severity in 
airbag equipped cars (288 driver) [Roselt, 2002]. 

The analysis of the AIS 3+ injuries shows that the 
thorax is most often affected by severe injuries, 
while legs and abdomen are more or less at an 
equal level at the second rank. A comparable 
situation can be observed when the weighted injury 
frequency (harm) is considered (Figure 2). The 
abdomen is at an equal level with arms and head, 
while the thorax is the most affected body region 
followed by the legs. 
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Figure 2. Injury frequency and harm in 
airbag equipped cars (288 driver) [Roselt, 2002]. 

Comparison of the drivers and passengers with AIS 
3+ injuries shows that the injury severity for 
passengers is generally lower than for the drivers 
(Figure 3).  
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Figure 3. Comparison of AIS 3+ injuries for 
drivers and passengers [Roselt, 2002]. 

An earlier study in the UK based on accidents 
between the years 1984 and 1986 shows that 11% 
of the occupants sitting on the struck side of the car 
received abdominal injuries of which 52% were 

AIS 3+ rated [Harms, 1987]. The contacts causing 
abdominal injuries in lateral impacts are doors, 
door furniture and, in the more severe accidents, 
intruding objects. In frontal collisions, 20% of the 
restrained occupants receiving AIS 3+ injuries were 
hurt at abdomen or lower back. However, it is not 
possible to divide these injuries into two separate 
categories; abdominal injuries and lower back 
injuries. Newer data from the UK and Germany are 
presented below in the section concerning 
comparison of airbag-equipped cars with cars 
without airbag. 
To discuss the influence of airbags on the injury 
distribution amongst body regions, the next chapter 
compares accidents with and without airbags. 

Comparison with/without Airbag 

To investigate the differences between airbag 
equipped and non-airbag equipped cars, Frampton 
et al. [Frampton, 2000] analysed UK accident data 
from the year 1992 to 2000 and German accident 
data from the year 1996 to 1999. The sample inclu-
ded front seat occupants in frontal crashes only. It 
can be seen, that abdominal injuries occur slightly 
more often in airbag equipped cars than in those 
without airbags (Figure 4). Because of the signifi-
cant reduction of head and spine injuries in the 
airbag cases, the relative injury outcome of abdo-
minal injuries is now higher for cars equipped with 
airbags than for those without. 
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Figure 4.  AIS 2+ body region rates for belted 
drivers with MAIS 2+ (UK) [Frampton, 2000]. 

Children 

Children must be regarded separately because of 
their biomechanical differences regarding pelvis 
and abdomen. 
Based on GDV data of German accidents during 
1990 and 1991 [Langwieder, 1997] it is obvious 
that children using a CRS properly received the 
majority of their severe injuries to the head, neck, 
chest and abdomen (Figure 5).  
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Figure 5. Injuries of 415 children 
[Langwieder, 1997]. 

Regarding only those children restrained with a 
CRS (harness type), there is almost the same 
distribution of injuries (Figure 6).  
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Figure 6. Injuries of 200 children using a CRS 
[Langwieder, 1997]. 

Taking into account the “harm” of the different 
body regions, the abdomen is again shown to be the 
second ranking region followed by the extremities, 
neck and chest (see Figure 7). 
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Figure 7. Calculated “harm” for different 
body regions (415 children) [Langwieder, 1997].  

An older study based on the same accident data of 
the years 1990 and 1991 shows that wearing a 3-
point belt or lap belt only was the main problem 
resulting in abdominal injuries to children 
[Langwieder, 1994]. However, even children using 
a CRS suffer abdominal injuries, see Table 1.  
 

Table 1. 
Number of injuries to different body regions 
depending on restraint system [Langwieder, 

1994] 

 Number of injuries AIS 1 – 6 
 CRS 3 point only Lap only 
Head 34 26 4 
Neck 13 11 1 
Chest 6 6 - 
Abdomen 12 17 5 
Arms 5 9 1 
Legs 5 5 2 
T/L Spine - 2 1 
Total 75 76 14  

 
Based on French accidents of the years 1992/1993 
and 1995/1996, Trosseille et al. [Trosseille, 1997] 
came to the conclusion that abdominal injuries 
occur mainly in older children, with an age above 
three years, using either boosters or car belt without 
any CRS.  

INJURY PATTERN 

Most of the abdominal injuries are located at the 
skin, the musculature and organs. While the 
severity of skin and musculature injuries is mostly 
minor, the severity of organ injuries can be serious.  
The main injuries to solid organs are crushing or 
bursting of the organ, laceration and rupture. 
Hollow organs sustain contusion, haematoma, 
perforation and laceration, as well as rupture of 
organs. Besides the risk of bacterial contamination 
of the abdominal cavity with the intestine content, 
rupture of organs leads to massive bleeding.  
The most affected abdominal organs are liver, 
spleen and kidneys. All of these are solid organs, 
which have a higher injury risk [Cavanaugh, 1986]. 
The injuries are caused mainly by contact with lap 
belt, steering wheel, armrests, etc.  
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Figure 8. Distribution of the injured 
abdominal organs for the years 1993 – 1998 
[Yoganandan, 2000]. 

The distribution of injuries amongst the abdominal 
organs was, for example, investigated by Yoganan-
dan et al. [Yoganandan, 2000], based on NASS 
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data of front occupants in all accidents except 
rollover of the years 1993 to 1998. Based on this 
study, the liver and spleen are the most common 
abdominal organs involved, followed by the 
kidneys and the digestive system (Figure 8).  
The same study shows that abdominal injuries are 
most common in belt restrained occupants, which is 
true for frontal, lateral and oblique impacts 
[Yoganandan, 2000]. 
The distribution of abdominal injuries for different 
accident types shows almost an equal share of 
frontal and lateral impacts (Figure 9).  
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Figure 9. Abdominal injuries dependent on 
impact direction [Yoganandan, 2000]. 

In the following part, injury patterns for frontal 
impacts are described in more detail based mainly 
on case studies and biomechanical tests.  
The main causes for abdominal injuries are the belt 
system for belted occupants and the steering wheel 
for unbelted occupants. However, because of the 
increased amount of equipment in cars with 
airbags, the number of steering wheel induced 
injuries is decreasing. On the other hand, very little 
data of abdominal injuries in airbag-equipped cars 
exists in the literature. Therefore, it is difficult to 
assess the injury pattern in these cars. 
According to accident investigations in the UK, 
abdominal injuries in frontal car accidents between 
1984 and 1986 are caused mainly by steering wheel 
and belt webbing (see Figure 10) [Harms, 1987]. 
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Figure 10. Contact location for abdominal 
injuries for 594 restrained front occupants 
[Harms, 1987]. 

Because of the different loading conditions the belt, 
steering wheel and airbag induced injuries are 
described separately. 

Belt Induced Injuries 

After the introduction of lap belts in cars a new 
injury pattern was observed. The abdominal 
injuries induced by the belt were called seat-belt 
injuries. Under this heading injuries to the abdomen 
and lumber spine were summarised. Due to 
improvements of the belt geometry and the 
introduction of the automatic three-point belts the 
situation has changed during the last decades. 
Abdominal injuries in frontal impacts are mainly 
caused by the deceleration of the abdominal viscera 
(here tears, wounds or rupture of the viscera can be 
observed), flexion of the trunk around the pelvis 
(which causes pressure injuries by compression 
between thighs and trunk) and submarining [Leung, 
1982].  
The most important problem of belt induced abdo-
minal injuries is the phenomenon known as subma-
rining. Submarining describes the situation when 
the lap belt intrudes the abdomen. There are differ-
rences in submarining. In the normal case of sub-
marining, the lap belt rides above the iliac crest 
during the accident. Another kind of submarining is 
when the lap belt is positioned above the iliac crest 
prior to the accident. In submarining cases injuries 
to liver, spleen, kidney and digestive system are 
reported [States, 1987]. Although submarining was 
mainly reported in the more distant past, there are 
still submarining cases seen in today’s accident 
statistics; e.g., reported by Walfisch [Walfisch, 
2002] for rear seat occupants.  
However, seatbelt induced injuries seem to be pos-
sible without submarining. For example, Witte 
[Witte, 1968] reported 5 cases of abdominal inju-
ries without submarining. Intestinal injuries seem 
to be possible because of acceleration of the diges-
tive content against the seatbelt. The acceleration of 
the digestive content leads to longitudinal ruptures 
of the intestine, while the acceleration of the intes-
tine itself leads to laceration of the attachments.  
The risk of submarining is higher for the rear seat 
because of inclined knees and better-restrained 
torso. The higher risk for the rear seat was 
confirmed by an accident analysis in the UK from 
1992 to 1995 [Cuerden, 1997]. 
One serious reported problem is misuse when the 
shoulder belt is worn under the arm. This is inten-
ded to increase comfort but decreases the efficiency 
of the belt system.  
In Heidelberg, in cadaver tests, reported by 
Schmidt et al. [Schmidt, 1974], abdominal injuries 
were either caused by the shoulder belt (liver rup-
tures, spleen ruptures and kidney contusion) or by 
the lap belt (fat tissue and muscle tissue ruptures, 
mesentery ruptures and intestinal ruptures). 
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However, Leung et al. [Leung, 1982] reported 
cadaver tests in which only a few injuries were 
caused by the shoulder belt.  
Cadaver tests conducted by APR showed 47 out of 
70 cases received abdominal injuries [Leung, 
1982]. Only 23 of these 47 cases with abdominal 
injuries were submarining cases. For the non-
submarining cases, no intestine, colon or mesentery 
injuries were reported. Liver injuries were on an 
equally low level for submarining cases and non-
submarining cases. Based on this study, 68% of the 
abdominal injuries are caused by the lap belt. 
In a review of the US NASS data from 1988 to 
1994 Elhagediab et al. [Elhagediab, 1998] it was 
found that about 17% of the abdominal injuries 
were belt induced. These injuries are mainly to the 
digestive system (Figure 11). In the data set, frontal 
collisions with un-ejected occupants were 
investigated. 
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Figure 11. Injury frequency for belt induced 
injuries [Elhagediab, 1998]. 

Children need to be regarded separately, because of 
the lap belt positioning problems and the reduced 
protection provided for the abdominal organs. 
Based on French accident data from 1992/1993 and 
1995/1996, abdominal injuries to children only 
occur in older children (age above 3 years) re-
strained with a booster, or without any CRS, using 
only the vehicle’s belt [Trosseille, 1997]. The 
affected organs were mainly liver, spleen and 
intestine. Generally, children restrained by a 3-
point belt and booster were injured at the abdomen 
because of the lap belt position [Walfisch, 2002].  

Steering Wheel 

Abdominal injuries induced by the steering wheel 
are mainly a problem for unbelted drivers. This is 
the reason why there are considerable differences 
between US and Europe. These differences can be 
found in accident statistics and is also reflected in 
research programmes.  
Based on the review of the US NASS data from 
1988 to 1994 Elhagediab et al. [Elhagediab, 1998] 
mentioned above, it was found that about 69% of 
the abdominal injuries are steering wheel induced. 
These injuries are mainly to the liver (Figure 12). 

In the data set, frontal collisions with un-ejected 
occupants were investigated. 
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Figure 12. Steering wheel induced injury 
frequencies [Elhagediab, 1998]. 

Liver injuries, due to contact with the steering 
wheel, are mainly laceration of the liver or lace-
ration of the central venous junction between the 
liver lobes [Lau, 1987]. 

Airbag 

As previously explained, the number of accidents 
with airbags is too small to assess the injury me-
chanism in a reliable manner, but trends can be 
observed. 
Augenstein et al. [Augenstein, 1996] investigated 
frontal accidents with airbag deployment. The most 
severe injuries occurred in drivers (restrained by 3-
point belt, shoulder belt only or without belt) at 
chest and abdomen. Abdominal injuries were 
observed in all restraint conditions. They were 
rated between AIS 2 and AIS 5. Most of the 
abdominal injuries in this sample were reported for 
the liver, but spleen, kidneys, pancreas and 
intestine were also injured. Liver injuries were 
mainly to the front lobe in severe crashes and to the 
rear lobe in less severe accidents.  
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Figure 13. Harm distribution within abdominal 
region [Augenstein, 1998]. 

In a later study, Augenstein et al. [Augenstein, 
1998] came to the conclusion that about 30% of the 
injury weighted harm is related to abdominal 
injuries. Again the liver is the most affected 
abdominal organ, see Figure 13. 
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Based on the above-mentioned review of the US 
NASS data of the years 1988 to 1994, Elhagediab 
et al. [Elhagediab, 1998] reported that airbag indu-
ced abdominal injuries are quite rare and only 
spleen injuries are associated with the airbag. 
Dishinger et al. [Dishinger, 1996] came to a differ-
rent result concerning airbag induced abdominal 
injuries. Although most abdominal injuries could 
be reduced by an airbag the number of kidney inju-
ries increased, Figure 14. These findings were 
again based on data from US accidents collected by 
the Maryland Hospital in 1993 and 1994. However, 
accidents with airbag deployment are normally of 
higher severity than those without (if the car is 
equipped with an airbag). Accident severity is not 
considered in this sample. 
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Figure 14. Comparison of selected injuries 
depending on airbag deployment (belted 
drivers) [Dishinger, 1996]. 

Synthesis of Injury Pattern 

Most of the analysed data are either old or are 
coming from the US. Car occupants in the US are 
often not restrained by belts. For the data outside 
the US, the restraint system changed over the years 
– modern cars are equipped with airbags, three 
point belts with pretensioner and load limiter. 
Abdominal injuries could be caused by the belt 
system, steering wheel and airbag. With respect to 
steering wheel induced injuries, differences 
between US and European data need to be 
considered, because the steering wheel impact 
location is mainly only relevant for unbelted 
drivers. 
Taking into account the injuries caused by the belt 
system, most of the reported cases are submarining 
cases. Due to the improvements of the belt system 
this kind of injury mechanism will decrease with 
modern cars. However, for rear seat passengers it is 
still relevant because of the worse belt geometry 
and lower equipment rates with pretensioner and 
load limiter. Besides the submarining cases abdo-
minal injuries were reported to be caused by the 
shoulder belt or the lap belt without submarining. 
Steering wheel induced abdominal injuries are 
seldom for belted occupants. Due to improved 
equipment rates of cars with airbags they are likely 
to disappear completely. 

There are indications that airbags could induce 
abdominal injuries as well. Due to the low number 
of airbag-equipped cars included in the accident 
databases, it is not yet possible to prove this 
situation.  

INJURY CRITERIA 

Three mechanisms causing abdominal injuries are 
possible: blunt trauma, penetration and accele-
ration. Injuries caused by acceleration are generally 
ruptures of organs and blood vessels. Bones (e.g., 
broken ribs) and vehicle parts can cause 
penetrations. Because of the improvement of the 
vehicle interior, penetration of abdomen is of less 
importance.  
Impact location, direction and magnitude have a 
significant influence on injury severity due to 
mobility, location and natural protection of the 
abdominal organs. 
Most of the abdominal injuries observed after road 
accidents are caused by blunt trauma. For more 
detailed answers concerning an appropriate injury 
criterion a lot of tests with surrogates (e.g., human 
cadavers, living anaesthetised and cadaver animals) 
have been conducted. But mostly it remains unclear 
whether force, intra-organic pressure, compression 
of abdomen, velocity or a combination of these 
correlate well with the injury severity. In fact, there 
is a correlation between force, pressure and 
compression. The impact speed seems to have an 
important influence on injury severity. In addition 
to that, the stiffness of the abdominal organs and, 
therefore, the stiffness of the abdomen itself is 
dependant on the impact velocity.  
Besides dummy abdominal measurements, other 
criteria were proposed. For example the EEVC 
subgroup on Biomechanics came to the conclusion 
that the risk of injuries to the lower part of the 
abdomen could be reduced by lap belt positioning 
criteria. In addition, hard parts of the belt (e.g., the 
buckle) should not come into contact with the 
abdominal wall. Upper abdominal injuries were 
thought to be covered by thorax protection criteria 
[Halpern-Herla, 1976].  
In addition, it could be necessary to have different 
injury criteria for localised loads (e.g., by belts) and 
distributed loads (e.g., by airbags) [Elhagediab, 
1998].  
Within the following chapters the findings 
explaining a selection of possible injury 
mechanisms (e.g., compression, force, impact 
speed) will be described. It is important to consider 
the test conditions. The pre-test body posture and 
the preparation of test subjects have an important 
influence on the abdominal behaviour and the 
possibilities to detect abdominal injuries. The type 
of organ (hollow or solid) and impact direction are 
also important. In addition, the available 
measurement techniques are of importance.  
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Compression 

Going back in history, compression was the first 
proposed abdominal injury criterion. From today’s 
point of view it worked well as long as the com-
pression rate was more or less at the same level 
(e.g., for belted occupants). In the context of 
abdominal injuries, compression means the relative 
abdominal deflection for frontal impacts and the 
relative half width abdominal deflection in lateral 
impacts. 
This chapter summarises findings which do and do 
not support compression as an appropriate 
criterion. 
In fixed back tests of anaesthetised canine subjects 
a correlation of intestine compression and the 
occurrence of abdominal injuries was found by 
Wiliams [Wiliams, 1966].  
Experiments with anaesthetised primates and 
human cadavers showed that abdominal 
compression was related to injury severity 
[Stalnacker, 1973]. 
Miller [Miller, 1989] found a correlation between 
maximum compression and injury severity in tests 
with anaesthetised porcine subjects loaded with a 
safety belt. 
In steering wheel tests with anaesthetised swine 
compression was found to correlate “also” good to 
injury severity [Miller, 1991]. But in the tests with 
impact velocities between 1.7 and 12.4 m/s VCmax 
(see below) it was found to correlate better.  
A “quite good” correlation of compression to injury 
severity (correlation factor 0.64) was found in 
frontal steering wheel impacts to anaesthetised 
porcine subjects [Lau, 1987]. The viscous criterion 
was found to correlate better.  
Investigation of hepatic injuries with unembalmed 
human cadavers showed that tolerance levels based 
on velocity, compression or combination of both 
seemed to be inappropriate [Nusholtz, 1985]. But it 
has to be considered that several tests were applied 
to the same cadaver.  
In tests with anaesthetised swine subjects, Lau et al. 
[Lau, 1988] found that the compression was 
inappropriate. The probability analysis of liver 
laceration risk shows a poor result, Figure 15. 
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Figure 15. Analysis of liver laceration [Lau, 
1988]. 

Lateral impactor tests to the right side of anaesthe-
tised New Zealand White Rabbits showed better 
correlation of compression for liver injuries than 
for kidney injuries [Rouhana, 1986]. 
In lateral impact tests to exposed human livers and 
PMHS with different velocities and compressions, 
deflection was found to be a better parameter than 
compression. Deflection is measured in cm and not 
normalised. For the tests with an impactor disc with 
a diameter of 15 cm, the correlation of deflection to 
injury severity was R = 0.85 [Talantikite, 1993]. 
Walfisch et al. [Walfisch, 1980] found no obvious 
relation between compression and injury severity in 
lateral drop tests of unembalmed human cadavers; 
this was explained to be caused by the pre-impact 
body posture. The drop height was 1 and 2 m, 
which correlates to 4.4 m/s and 6.2 m/s 
respectively. However, there were no injuries 
observed for compression below 28% and compres-
sion was found to be more easily measured with a 
dummy. Therefore, a switch which activates at 
compression above 28%, was proposed for the 
EuroSID. 
The main criticism on compression as an injury 
criterion is that the abdominal viscera behaves rate 
sensitive. This means that the abdomen is able to 
deform without any injury when the blunt loading 
is applied slowly [Penberthy, 1952]. Crushing of 
organs is possible with high anteroposterior 
compression (40 – 60%) and low speeds while fast 
loading (> 12 m/s) can lead to severe injury with 
low compression (10 – 20%) [Lau, 1981]. 
Compression was found to be a good predictor with 
low impact velocities (< 3 m/s, e.g., for belted 
occupants) but in sports and for unbelted occupants 
or belted occupants in high speed accidents 
compression is not appropriate [Viano, 1988]. 

Viscous Criterion (VC) 

The viscous criterion was initially proposed for 
thoracic injuries. The product of compression (C) 
and velocity (V) takes into account the rate 
sensitive behaviour of the abdominal organs. 
Dependent on the measurement capabilities of the 
different authors, either the product of the 
maximum velocity (normally the initial velocity) 
and the maximum compression (VmaxCmax) or the 
maximum of the continuously calculated product of 
compression and velocity were regarded as VC. In 
some publications, modifications to the pure VC 
criterion were proposed.  
Rouhana et al. [Rouhana, 1984 and Rouhana, 1985] 
found a good correlation of injury severity and 
VmaxCmax in lateral impact tests with anaesthetised 
rabbits. Based on these experiments, the Bounded 
Abdominal Injury Criterion (v*C /(1-C)) was 
proposed.  
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Stalnaker et al. [Stalnaker, 1985] confirmed the 
relevance of VmaxCmax for the prediction of injuries 
in subhuman primates. 
In steering wheel tests with anaesthetised swine, 
VCmax was found to correlate best with injury 
severity [Miller, 1991]. The impact velocity was 
varied between 1.7 and 12.4 m/s in these tests. 
A good correlation of VCmax with injury severity 
was found in frontal steering wheel impacts to 
anaesthetised porcine subjects [Lau, 1987] (Figure 
16). Within these tests, only liver injuries were 
observed. 
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Figure 16. Correlation between abdominal 
injury severity and VCmax [Lau, 1987]. 

Tests with different velocities and a defined 
compression of 16% with anaesthetised rabbits 
showed good correlation of injury severity with 
VmaxCmax [Lau, 1981]. The test speed varied 
between 5 and 20 m/s. 
Investigation of hepatic injuries with unembalmed 
human cadavers showed that tolerance levels based 
on velocity, compression or a combination of both 
(VCmax) seemed to be inappropriate [Nusholtz, 
1985]. But it has to be considered that several tests 
were applied to the same cadaver. Therefore, the 
allocation of injuries to the impact conditions does 
not seem to be clear.  
In tests with anaesthetised swine subjects, Lau et al. 
[Lau, 1988] found good correlation of VCmax and 
injury severity in frontal, lateral and oblique 
impacts. 
Comparison of tests with liver laceration and those 
without showed clear differences between the 
maximum viscous criteria (VCmax) assessed in the 
tests, Figure 17. 
 

 

Figure 17. Tests with minor liver laceration 
versus no injury [Lau, 1988]. 

In right side lateral impactor tests to anaesthetised 
New Zealand White Rabbits, Rouhana et al. found 
good correlation of VmaxCmax with injury severity 
[Rouhana, 1986]. 
Lateral pendulum tests with unembalmed human 
cadavers to chest, abdomen or pelvis showed the 
best correlation for VCmax with abdominal injury 
severity [Viano, 1989]. The tests were conducted to 
cadavers in an upright position. It has to be consi-
dered that several tests were conducted with one 
cadaver. Therefore, the allocation of injuries to 
impact condition seems to be problematic although 
different body regions were impacted.  
Based on frontal steering wheel impact tests with 
anaesthetised swine Viano et al. [Viano, 1988] pro-
posed VCmax as an appropriate injury criterion. 
Impactor tests with a 15 cm diameter disc impactor 
to exposed fresh human livers and fresh human 
cadavers showed a correlation coefficient of VCmax 
with injury severity of 0.71 [Talantikite, 1993]. In 
the PMHS tests, the impactor hit the side of the 
body approximately at the COG of the human liver. 
Comparing the measurement results of VCmax and 
force each showed a correlation coefficient of 0.78. 

Force 

Most of the published studies are focussing on peak 
force and do not regard the time history of the load. 
Force was often found not to be a useful indicator 
of abdominal injuries because the measurement of 
abdominal forces was considered to be too compli-
cated [Rouhana, 1987 and Walfisch, 1980]. 
In impact tests to different anaesthetised primates 
and porcine subjects, impactor force and duration 
correlated to injury severity [Trollope, 1973]. The 
tests were conducted with different impactor pro-
perties, of which the impactor size influenced the 
injury severity (smaller impactor causes higher 
injury severity). In addition, the subject weight had 
an important influence. 
Stalnaker [Stalnaker, 1973] found a correlation of 
abdominal injury severity and the logarithm of 
impact force and time duration squared. 
Peak force showed best correlation with AIS 4+ 
injuries of all biomechanical measurements in rigid 
lateral pendulum tests to the mid abdomen of 
cadavers [Viano, 1989].  
Miller [Miller, 1989] showed that peak force is 
well correlated with AIS 3+ injuries and AIS 4+ 
injuries in belt loading experiments. 
In steering wheel tests with anaesthetised swine, 
force was found to correlate “also” well to injury 
severity [Miller, 1991]. But in the tests with impact 
velocities between 1.7 and 12.4 m/s, VCmax was 
found to correlate better.  
Comparison of tests with pregnant baboons showed 
that the belt tension was the only indicator, which 
differentiates between tests with and without 
injuries [Snyder, 1966].  
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Investigation of submarining tests with human ca-
davers showed that injuries were observed when 
the belt tension after submarining exceeded a 
certain limit [Leung, 1982].  
In right side lateral impactor tests to anaesthetised 
New Zealand White Rabbits a correlation of impact 
force and VmaxCmax to injury severity was found 
[Rouhana, 1986]. Dependent on the boundary con-
ditions, advantages were found for one or the other. 
In lateral impact tests to exposed human livers and 
PMHS with different velocities and compressions, 
maximum force was found to “strongly correlate” 
to the impact velocity. For the tests with an impact-
tor disc with a diameter of 15 cm the correlation of 
maximum force to injury severity was R = 0.73 
[Talantikite, 1993]. The deflection of the abdomen 
also correlates with the impact force. However, the 
correlation of force and velocity is better. 
In lateral drop tests of unembalmed human cada-
vers Walfisch et al. [Walfisch, 1980] found that the 
normalised force is a reliable indicator for injury 
severity (R = 0.98). 

Comparison of Different Criteria 

The outcome of the different studies, concerning 
abdominal injury criteria described above, are sum-
marised in Table 2. Within this table “+” means 
that the author felt that the criterion is a good 
predictor of the abdominal injury risk, while “-” 
stands for the opposite. When a criterion was not 
investigated the cell is left blank.  
Nusholtz et al. [Nusholtz, 1994] compared the 
different injury criteria in impactor tests with 
unembalmed, pressurised, sitting, human cadavers. 

In these tests, a part of a steering wheel rim contac-
ted with the abdomen at the height of the 2nd lum-
bar vertebra. The comparison covers compression, 
deflection, energy loss, velocity, force and spinal 
acceleration. Most of the different measurements 
are dependent on each other (within 10% 
tolerance), except the spinal acceleration. This 
seems to be the main reason why the review of 
proposed injury criteria shows a blurred picture 
with different proposals for the injury criteria, 
depending on the type of test and the measured 
quantities in these tests.  
One good source for the comparison of different 
criteria is tests conducted by Hardy et al. [Hardy, 
2001]. These tests comprise human cadaver tests 
using seatbelt impactors, rigid bar impactors and 
airbag deployment. Compression, impact velocity 
and impactor force were measured for most of the 
tests. The main goal of this study was the 
assessment of force-deflection characteristics of the 
abdominal region. For the comparison within this 
study, only subjects that were impacted once were 
considered. Due to the different injury sensitivity of 
the different abdominal regions tested in this study, 
a comparison of different injury criteria based on 
these tests is not possible. However, a comparison 
of these tests does allow for analysis to see if the 
criteria are robust against other load conditions 
than originally defined for. Because of the available 
data, the VmaxCmax criterion has to be analysed. 
Concerning the belt tests, mainly injuries of the rib 
cage were reported. This includes rib fracture up to 
rib two. This is the reason why the seat belt tests 
were not considered within this study. 

Table 2.  
Summary of different results concerning abdominal injury criteria in frontal impact conditions 

 
Source Test subject Test type C VC F Remark 
[Wiliams, 1966] Anaesthetised canine  Frontal impactor tests +    
[Trollope, 1973] Anaesthetised primates 

and swine 
Frontal impactor tests   + F and duration 

[Lau, 1981] Anaesthetised rabbits Frontal impact tests with 
different V and constant C 

 +   

[Stalnaker, 
1985] 

Anaesthetised primates Frontal impactor tests  +   

[Miller, 1991] Anaesthetised swine Frontal steering wheel 
tests (1.7 < v < 12.4 m/s 

“also 
good” 

+ “also 
good” 

 

[Lau, 1987] Anaesthetised swine Frontal steering wheel 
impact 

“quite 
good” 

+   

[Nusholtz, 
1985] 

PMHS Frontal steering wheel 
impact 

- -  Several tests to one 
subject 

[Viano, 1988] Anaesthetised swine Frontal steering wheel 
impact 

 +   

[Miller, 1989] Anaesthetised swine Frontal belt loading +  +  
[Lau, 1988] Anaesthetised swine Frontal and oblique - +   
[Snyder, 1966] Pregnant anaesthetised 

baboons 
Frontal sled tests   + Belt force 

[Leung, 1982] PMHS Frontal sled, submarining   + Belt force after 
submarining 
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The abdominal AIS was coded based on the injury 
description published by Hardy et al. [Hardy, 
2001], the VmaxCmax value was calculated from the 
impact velocity and maximum compression. It is 
clear that the abdominal injury severity depends on 
the location of the load and the Hardy tests were 
conducted at different abdominal levels (mid 
abdomen, lower abdomen). Nevertheless, the injury 
severity of these tests is compared with the 
measured load, the abdominal compression and the 
VmaxCmax criterion in Figure 18. 
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Figure 18. Re-evaluation of Hardy tests (data 
[Hardy, 2001]). 

This comparison shows that in the airbag tests 
higher VC and lower compression is necessary to  
cause injuries of a certain level, while the force 
criterion seems to be independent from the load 
case. Analysis of the AIS 3+ injury risk of the tests 
leads to the same conclusion, Figure 19. 
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Figure 19. Re-evaluation of AIS3+ injury risk 
of Hardy tests (data [Hardy, 2001]). 

Based on tests of Lau et al. [Lau, 1981], Talantikite 
et al. [Talantikite, 1993] and Nusholtz et al. 
[Nusholtz, 1994] it can be noticed that the impact 
force and VC are more or less linearly dependent 
on each other.  
Another issue to be considered is the application 
range for which the criterion is applicable. Lau et 
al. [Lau, 1986] described the compression as valid 
for compression rates up to 2 m/s and the VCmax 
criterion to be valid in the range between 2 m/s and 
30 m/s, see Figure 20.  
 

 

Figure 20. Range of validity for the viscous 
criterion and compression criterion [Lau, 1986]. 

While compression rates of 30 m/s and more are 
unusual in automotive accidents, low compression 
rates (submarining) are still possible. 
From the theoretical point of view, airbag induced 
loads show a high compression rate combined with 
a distributed low compression. This combination 
seems to be problematic for a reliable VC measure-
ment as small measurement mistakes of the com-
pression measurement lead to considerable mis-
takes when computing the velocity (derivation of 
the compression).  
In conclusion, it can be noticed that all three crite-
ria can be considered as more or less equivalent. 
However, compression and VC do not seem to be 
valid for all kinds of load conditions for the abdo-
men (slow submarining, fast steering wheel and 
distributed airbag loading). Regarding the surface 
force, no constraints are known.  

SENSOR DEVELOPMENT 

The sensor development is based on a detailed state 
of the art review of proposed and currently realised 
sensor concepts; see [Johannsen, 2006]. These 
concepts are assessed based on the following 
criteria.  

Requirements for Abdominal Sensors 

The abdominal sensor should be able to cope with 
the following criteria and properties: 
 

• Measurement of appropriate injury criteria 
(either contact force or VC) 

• Time history measurement 
• Detection of location of load  
• Ability to assess loads applied by lap and 

shoulder belt, steering wheel (for adult 
dummies only) and airbag 

• Reliable measurement in the sense of ro-
bust sensor and repeatable measurements 

• Applicable for existing dummies without 
major changes to the dummy 
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• No significant influence on dummy 
behaviour 

• Low purchase and operation costs (easy 
calibration and long calibration intervals)  

• Usable with normal crash equipment (no 
additional data acquisition system or 
computing of the signals necessary) 

 
The requirements mentioned above are a maximum 
design goal. For the first phase of the development, 
which was focussing on existing technologies, it 
seemed to be impossible to achieve all require-
ments. Therefore it was necessary to find a suitable 
compromise, which should take into account future 
development possibilities. 

Sensor Description 

The standard FlexiForce® A102 sensor is a thin 
(0.1 mm), flexible printed circuit. It is 14 mm wide 
and 203 mm in length (standard version). The 
active sensing area is a 9.5 mm diameter circle at 
the end of the sensor. The sensors are constructed 
of two layers of substrate, i.e., a polyester film. On 
each layer, a conductive material (silver) is applied, 
followed by a layer of pressure-sensitive ink. 
Adhesive is then used to laminate the two layers of 
substrate together to form the sensor. 
The FlexiForce single element sensor acts as a 
resistor in an electrical circuit. When the sensor is 
not loaded, its resistance is approximately 20 MΩ. 
When a force is applied to the sensor, this 
resistance decreases. For the use in crashes, it is 
possible to connect the sensors to a Wheatstone´s 
Bridge by operating the sensor parallel to one of 
the resistors.  
For the use as abdominal sensor, a matrix of a num-
ber of single sensors has to be designed taking into 
account a compromise concerning requirements for 
maximum distance between the sensors and the 
number of channels. 

Abdominal Sensor for Q-Dummies 

This chapter describes the Q-dummy family with 
emphasis on the abdominal region first and then the 
final abdominal sensors for the Q3 and Q6, which 
represent a 3 years old child and a 6 years old child, 
respectively.  
The accident statistics shows that there is no risk 
for abdominal injuries for children using a rear 
facing CRS and a very low risk for children using a 
seat with integral 5-point-harness. Four-point-
harness seats, which caused abdominal injuries in 
the past, are not available any more. Therefore, it is 
reasonable to limit the sensor development at the 
first stage to the Q3 and Q6, which represent 
children, which can be restrained by booster seats. 

The sensors were developed within the CHILD 
project framework. They were used for the CHILD 
accident reconstruction programme. 
 

Q-Dummy Family - The next generation of 
European child dummies – the Q family – offers 
the following dummies: Q0 (newborn), Q1, Q1.5, 
Q3, Q6 (the numbers are meant to give the age of 
the child that the dummies represent). The dum-
mies are designed for multidirectional use, which 
requires abdominal sensors able to cope with at 
least frontal and lateral impacts. The modular 
design of the dummies allows using the same 
philosophy of the abdominal sensors for different 
dummy sizes. 
Except for the Q0, the design of the “extended 
abdominal region” of all Q-dummies is composed 
of a rigid thoracic spine, which fixes the rib cage, 
houses a chest accelerometer and a chest deflection 
measurement device (capable of measuring either 
in X or in Y direction). An elastomer lumbar spine 
is mounted at the lower end of the thoracic spine, 
which connects the thorax to the pelvis. Between 
lumbar spine and pelvis a load cell can be installed. 
In addition, the pelvis houses another accelero-
meter. An abdominal block made of PU foam and 
covered with skin simulates the abdomen itself. 
The dummy is clothed with a wet suit.  
 

Sensor Design - The chosen dummies are 
usually restrained by the vehicle belt with or 
without a booster seat or with a CRS with integral 
belt system. In addition to the belts, abdominal 
injuries can be caused by parts of the seat – in 
lateral and oblique impacts – and by the passenger 
airbag. The minimum width of CRS-belts is 
30 mm, the average between 35 and 40 mm. 
Therefore, the distance between two “neighbour” 
sensors must be smaller than this width. In 
addition, it is necessary that the sensors be spaced 
equally to ensure a good coverage and efficient 
evaluation of the results. 
For both dummies, 20 sensors are arranged in an 
array across the surface of the abdominal block. 
The array complies with the requirements mention-
ned above and the geometry of the abdominal 
surface.  
The dummy design allows placing the sensors 
directly at the surface of the abdominal block. This 
allows assessing the loads applied to the “soft” part 
of the abdominal region. The chest deflection 
measurement device can assess the loads applied to 
the “hard” part of the thorax. 
The following Figure 21 shows the sensor array for 
the Q3 dummy. The distance between two sensor 
centres is 35 mm; because of the diagonal 
arrangement of the sensors, the vertical and the 
horizontal distance are below 30 mm each.  
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Figure 21. Sensor matrix for the Q3 dummy 
(front view). 

Due to the different shape of the abdominal block 
for the Q6 the sensor arrangement is slightly 
different to that of the Q3. Except for four sensors, 
the distance between two neighbour sensor centres 
is 30 mm because of the diagonal allocation of the 
sensors that means a horizontal and a vertical 
distance of 25 mm.  

Abdominal Sensor for the HIII 50th Percentile 
Dummy 

This chapter summarises the Hybrid III design with 
emphasis on the abdominal region and the relevant 
load conditions as well as the sensor design for that 
dummy. 
 

Description of the Hybrid III 50th Percentile 
Dummy - The Hybrid III dummies are designed for 
frontal, frontal oblique and frontal off-set 
collisions. Besides the 50th percentile dummy, a 5th 
percentile female and a 95th percentile male version 
of the HIII adult dummies exist. 
The dummy is built of a metal skeleton and foam 
flesh material. It can house various sensors at head, 
neck, chest, pelvis and legs, consisting of mainly 
accelerometers and load cells. Regarding the 
“extended abdominal region” – from chest to pelvis 
– the dummy has a metal thoracic spine, which 
houses an accelerometer. Six metal ribs compose 
the rib cage. A sternum connects the ribs. A chest 
compression measurement device is fixed between 
spine and sternum. Soft tissue is simulated by a 
chest jacket, which offers different thicknesses at 
different locations of the chest. The thoracic spine 
is connected to the metal pelvis by a rubber lumbar 
spine. The pelvis is covered by foam material. An 
abdominal insert fills the abdominal cavity between 
chest and pelvis. 

 

Figure 22. Relevance of the chest jacket for the 
abdominal response.  

Although the chest jacket covers the abdominal 
region, it does not seem to have any abdominal 
function, see Figure 22. The jacket is quite thin 
below the dummy’s rib cage. In the upper region, 
there is additional foam between jacket and ribs 
and the jacket itself is thicker. The pelvis flesh also 
does not seem to perform any abdominal suppor-
ting function. 
 

Relevant Load Conditions for the Abdominal 
Sensor - Abdominal injuries for the adult driver in 
frontal accidents are induced by lap and shoulder 
belt, steering wheel and airbag – either separately 
or by a combination of them. The steering wheel is, 
of course, not relevant for the front seat passenger; 
while at the rear seat, lap belt and shoulder belt are 
the only source of abdominal injuries in frontal 
accidents today. Frontal accidents include frontal 
oblique and frontal off-set collisions. Although 
every new car is equipped with a driver air bag, 
steering wheel loading is applicable for 
reconstruction cases with older cars and multiple 
collision accidents, even with newer cars.  
While loads applied by steering wheel or belt are 
local, airbags apply distributed loads to either the 
entire abdomen or large parts of it. Steering wheels 
have a diameter of about 380 mm – the rims of 
steering wheels have a diameter of approximately 
30 mm. Standard belts have a width of 45 mm, but 
one has to take into account that the belt material 
bends along the longitudinal direction when the 
belt is tightened.  
 

Sensor Description - Based on the loading cases 
mentioned above (lap belt, shoulder belt, steering 
wheel and airbag) the distance between two sensors 
should not exceed 25 mm in Y and in Z direction. 
Recognising this distance would prevent missing 
the load applied by a steering wheel with a rim 
diameter of 30 mm. As mentioned above, steering 
wheel loading is not valid for new cars in single 
collision accidents (as simulated by compulsory 
crash tests). If this load case is considered not to be 
necessary, the distance of two sensors should not 
exceed 35 mm for the belt loading cases. This 
distance would show enough overlap with the belt 
width, even when the belt is bent. 
The sensors are to be applied at the anterior surface 
of the abdominal insert. This is the only part that 
covers the entire abdominal cavity. The chest jacket 
does not influence the abdominal function and the 
pelvis flesh does not reach the upper end of the 
dummy abdomen. For the assessment of the injury 
risk of the “hard abdomen” covered completely by 
ribs for the HIII dummy, it is reasonable to measure 
the rib compression. Although the localised 
compression measurement for the abdomen is felt 
to be a disadvantage it should not be a problem for 
the “hard thorax”. The disadvantages are problems 
in localised measurement of compression of soft 
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material, if the load is applied at a different location 
than the localised measurement device is situated.  
The following Figure 23 shows the sensor matrix 
for the Hybrid III 50th dummy in a two-dimensional 
view. For this dummy, 26 sensors are used; in 
comparison to 20 sensors for Q3 and Q6 dummy. 
The horizontal and the vertical distance between 
two sensors is 22.5 mm.  
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Figure 23.  Sensor matrix for HIII 50th 
percentile.  

ASSESSMENT OF THE ABDOMINAL 
SENSOR 

The sensor concept has been assessed by a feasibi-
lity study, analysing the sensor behaviour under 
different load conditions and in the accident recon-
struction programme of the EC funded CHILD 
project. 
Amongst other criteria the average surface pressure 
was analysed regarding the correlation of the abdo-
minal injury severity and the measured load.  
The probability to sustain an injury of a certain 
severity level depending on the abdominal average 
surface pressure was analysed using the logistic 
regression method. Using this analysis method, one 
is looking for a clear shift in the injury risk. This 
clear shift allows the definition of a load limit at the 
location of the shift. 
Figure 24 shows the probability for the AIS 2+, 
AIS 3+ and AIS 4+ injury risk in relation to the 
measured abdominal average surface pressure. 
While this injury criterion seems to be appropriate 
to predict the AIS 2+ and AIS 3+ injury risk, it is 
not for the prediction of the AIS 4+ risk. 
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Figure 24. Probability analysis of abdominal 
injury risk depending on the average surface 
pressure. 

The poor predictability of the AIS 4+ risk is likely 
to be caused by one of the fourteen analysed cases, 
where a very high load corresponds to AIS 3 inju-
ries. Going into more detail, it becomes obvious 
that there is only a little information available in 
this case. The described intraperitoneal bleeding 
normally occurs secondary to an organ trauma. It is 
likely that more information could justify an injury 
severity coding of AIS 4. 
The injury risk curves shown above indicate a load 
limit for 50% probability of AIS 2+ injuries of 
0.13 N/mm² and for 50% probability of AIS 3+ 
injuries of 0.175 N/mm².  
However, the chosen FlexiForce sensor shows 
considerable disadvantages with respect to reliabi-
lity. Sensor sensitivity is not stable. The calibration 
results can differ by 20% between two calibration 
procedures. The maximum deviation recognised 
during this study was 74%, which is not acceptable. 
Accelerometers, for example, show a deviation 
below 1% within one year.  
Additional problems recognised within this study 
are the considerable amount of channels, the effort 
for the calibration and the durability of the wiring. 
Comparing these problems with the sensor reliabi-
lity shows that they are less severe. 
In principle, the number of channels could be signi-
ficantly reduced by electrical combination of single 
sensors. In the literature, different load limits for 
the upper middle and lower part of the abdomen as 
well as for the left and the right side were discus-
sed. Taking these regions into account the number 
of channels could be reduced to nine (three rows 
and three columns). The main effort involved in the 
calibration of the sensors is their removal from the 
dummy, and the following reapplication of the 
sensors to the dummy. It is necessary to perform 
the calibration when the sensors are mounted at the 
abdomen, in order to reduce the calibration effort. 
It is then necessary to analyse the quality of this 
procedure. 
The durability issues are limited to the wiring at the 
abdominal surface. The compression of the parts of 
the abdominal insert leads to high tension of the 
cables. To avoid damage caused by the tension, it is 
possible to pass the wiring in curves. Another 
option could be the use of more flexible wiring.  
In summary, the measurement principle is good, 
but better sensors need to be developed. 

CONCLUSION 

In automotive accidents liver, spleen and kidneys 
are the most affected abdominal organs. All these 
organs are solid ones. Usually abdominal injuries in 
frontal accidents are induced by the belt system or 
the steering wheel. The steering wheel is mainly 
responsible for injuries of unbelted drivers. Injuries 
caused by both the lap belt and by the shoulder belt 
were reported. There are some indications that the 
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airbag also causes abdominal injuries, but because 
of the low number of cases analysed in the litera-
ture no clear evidence exists. For children, it is the 
belt system only (either the car belt or the CRS 
harness). 
Based on biomechanical tests, different injury cri-
teria have been proposed. In addition to compres-
sion, velocity and force combinations of either of 
them are in discussion. The most promising injury 
criteria are the force applied to the abdominal 
surface and the compression (relative deflection) 
multiplied by the compression rate (the so-called 
viscous criterion, VC). The comparison of VC and 
applied force shows that these two criteria often 
correlate in a linear way.  
Taking into account that abdominal injuries can be 
caused by steering wheel, lap and shoulder belt, as 
well as airbags, it is necessary to develop a sensor, 
which is able to cope with all of these loading 
cases. Due to high accuracy requirements concer-
ning compression measurement in high speed loa-
ding cases with low compression (airbag), the 
measurement of the surface force offers general 
advantages. Accuracy of compression measurement 
is necessary because compression velocity has to 
be derived from the compression.  
The FlexiForce foil sensor was selected as a very 
promising technology, which can be combined to a 
sensor matrix. The FlexiForce transducers are flexi-
ble pressure sensors with a sensitive area with a 
diameter of 9.5 mm. They can be used with normal 
crash equipment and behave sufficiently linearly. 
In comparison to accelerometers and load cells, 
they are very cheap. For child dummies of the Q 
series, namely the Q3 and Q6, 20 of these force 
sensors cover the entire abdominal insert. In addi-
tion to these two dummy sensors, another sensor 
was developed for the 50th percentile Hybrid III 
adult dummy using 26 sensors.  
Finally, the child dummy sensors were used in a 
number of detailed accident reconstructions using 
complete vehicles and fully instrumented dummies 
within the EC funded CHILD project. The number 
of cases does not allow a final statistical analysis. 
However, investigations indicate that the average 
surface pressure correlates well with injury seve-
rity. Additional tests are necessary.  
The chosen FlexiForce sensor does not fulfil basic 
requirements with respect to reliability and repeata-
bility. A considerable change in sensor sensitivity 
was recognised within a short period of time. 
Therefore, it is necessary either to improve the 
sensors used with respect to their performance or to 
develop new sensors. 
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ABSTRACT 
 
Whiplash injuries and their associated cervical 
symptoms are a critical problem resulting from rear 
impact motor vehicle collisions.  Although the exact 
injury mechanisms remain elusive, recent 
biomechanical research has suggested that relative 
motion between the head and torso, or more precisely 
between adjacent vertebrae of the neck, may be the 
primary cause for such injuries.  Currently available 
test dummies have limited biofidelity and 
functionality in the assessment of head restraint 
performance.  The challenge to the automotive safety 
community is to select a dummy that can 
discriminate between seat designs with varying levels 
of performance in terms of their whiplash injury 
mitigation.  The objective of this study was to 
evaluate the responses of various 50th-percentile male 
dummies, namely the BioRID II, Hybrid III, RID III, 
and THOR, under rear impact conditions to 
determine their sensitivities to seat design parameters 
believed to be critical to the mitigation of whiplash 
injuries.  Seat and head restraint design features 
studied included seatback recliner stiffness, head 
restraint height, and head restraint backset.  A variety 
of biomechanical measurements related to whiplash 
injury risk were used in the comparison of dummy 
responses, including relative head-to-torso extension 
rotations, extension moments measured in the lower 
neck, and tension and shear forces measured in the 
upper neck.  Results indicated significant differences 
between the dummy responses and their sensitivities 
to critical seat design features.  Sensitivity was also 
found to vary greatly depending on the specific 
dummy and injury measure selected. 
 
INTRODUCTION 
 
Although typically classified as AIS 1, whiplash 
injuries can result in long-term and even permanent 
disabilities, with an annual societal cost in the US of 
approximately $2.7 billion associated with rear 
impacts as estimated by the National Highway 
Traffic Safety Administration (NHTSA) [1].  

Although these injuries can occur in any crash 
direction, rear impact collisions produce a higher 
incidence rate than other types of crashes. 
 
During a typical rear impact collision an occupant 
will initially move rearward with respect to the 
vehicle interior as the vehicle is accelerated forward.  
The occupant’s head and torso will contact the head 
restraint and seatback, respectively, causing the 
seatback to rotate and deform rearward.  The 
occupant will then rebound off the seatback and 
begin to move forward relative to the vehicle interior.  
For a belted occupant, the forward rebound motion is 
stopped by the force of the seatbelt acting across the 
torso and hips.  Motion of the occupant depends on a 
number of parameters, including their height and 
weight, position and design of the head restraint, 
seatback recliner stiffness, seatbelt usage, and motion 
of the vehicle.  The entire sequence of events 
typically takes less than 200 milliseconds, or two-
tenths of a second. 
 
Loading on the body during a rear impact collision is 
a complex, multi-directional event, even for an in-
line bumper-to-bumper collision.  As the seat moves 
forward and makes contact with the occupant’s back, 
the normal kyphotic curve of the thoracic spine is 
straightened, resulting in a compressive load applied 
to the spine.  This spinal compression was noted by 
Ono and Kaneoka [2,3] during their volunteer studies 
using high-speed x-ray imaging.  Shear forces and 
localized flexion and extension bending moments are 
also sustained by the spine, resulting in a complex 
combination of forces and moments incurred at each 
level of the spine and on the head. 
 
Although there is currently no consensus on cervical 
spine injury criteria, most researchers agree that 
whiplash injuries are related to the relative motion 
between the head and torso, and that the reduction of 
this relative motion will lead to a decrease in the 
incidence and severity of these injuries.  Further, it 
has been shown that the relative motion between the 
head and torso is greatly affected by various seat 
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design parameters, including the position of the head 
restraint relative to the head [4] and the seatback 
recliner stiffness [5].  Head restraint position is 
typically quantified using the height and backset 
(horizontal distance between the head and head 
restraint) as measured in accordance with the FMVSS 
202a standard using the SAE J826 manikin and the 
ICBC Head Restraint Measuring Device (HRMD), 
respectively.  Recliner stiffness is typically measured 
in accordance with the procedures established in the 
FMVSS 207 standard. 
 
Injury Criteria 
 
Several different injury criteria have been proposed 
by researchers in an attempt to predict the occurrence 
of whiplash injuries.  Bostrom et al [6] proposed the 
Neck Injury Criterion (NIC), which is based on the 
Navier Stokes equations and the assumption that fluid 
flow within the spinal canal causes pressure gradients 
that are injurious to the nerve roots.  Kleinberger et al 
[7] proposed the Nij neck injury criteria, which 
combines the effects of forces and moments acting at 
the occipital condyles normalized by a set of critical 
threshold values.  Schmitt et al [8] proposed a 
modified version of the Nij criteria, called the Nkm 
Criteria, which combines the effects of shear force 
and flexion-extension moment acting in the upper 
cervical spine.  Prasad et al [9] suggested using 
extension moments measured at the lower neck load 
cell because it was found to be more sensitive to seat 
design and crash severity.  Viano et al [10] proposed 
a Neck Displacement Criterion (NDC), which is 
based on the relative displacement and rotation 
between the occipital condyles and the T1 vertebrae 
as compared with the natural range of motion.  This 
criterion was proposed as a supplement to other 
existing criteria until the mechanisms of whiplash 
injury are better understood.  More recently, Kuppa 
et al [11] proposed a relative head-to-torso extension 
rotation criterion, which has been adopted in the 
newly upgraded FMVSS 202a standard. 
 
It is important to note that each of the proposed 
injury criteria mentioned above has been developed 
using a specific anthropomorphic test device (ATD).  
Application of these criteria to other ATDs would 
require the determination of a new set of critical 
values or thresholds, which would be a difficult task 
due to significant differences in dummy designs. 
 
The objective of this study was to evaluate the 
relative performance of various ATDs currently 
being used to investigate occupant responses to rear 
impact.  Dummy performance was compared using 
measures of the relative head-to-torso extension 

rotation, lower neck extension moment, upper neck 
tension force, and upper neck posterior shear force 
(head moving posteriorly relative to the neck) for 
various combinations of head restraint position and 
recliner stiffness. 
 
EXPERIMENTAL METHODS 
 
A production automotive seat (1999 Toyota Camry) 
was modified to allow the rotational recliner 
stiffness, head restraint height, and backset to be 
adjustable over a wide range.  The normal recliner 
mechanism was replaced with a simple pin joint to 
provide free rotation at the hinge joint.  Rotational 
stiffness was provided by two spring-damper 
assemblies externally mounted to the rear of the 
seatback.  Stiffness was varied by changing the set of 
coil springs and/or their location relative to the hinge 
joint.  To provide a repeatable test system and avoid 
any permanent deformation, the seatback frame was 
structurally reinforced with steel channels to provide 
attachment points for the spring assemblies.  The 
head restraint supports were also modified to allow 
adjustment in both the horizontal and vertical 
directions.  Figure 1 shows the modified seat with the 
attached spring-damper assemblies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Modified seat providing adjustable 
recliner stiffness and head restraint position. 
 
 
Rear impact tests were conducted on a Via Systems 
deceleration sled using four different mid-sized male 
ATDs, including the Hybrid III, BioRID2, THOR, 
and RID3.  A sinusoidal sled pulse with a nominal 
impact speed of 17 kph was used that fit within the 
FMVSS 202a dynamic testing corridor. The nominal 
peak acceleration and duration of the pulse was 9.0 
g's and 90 msec, respectively.  Seatback angle was 
initially set at 25 degrees relative to vertical; head 
restraint height was set at either 750 mm or 800 mm; 
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and head restraint backset was set at either 50 mm or 
75 mm.  Head restraint height is the distance from the 
H-point to the top of the head restraint measured 
parallel to the torso line, as prescribed in FMVSS 
202a. Backset is defined as the horizontal distance 
between the posterior aspect of the head and the front 
surface of the head restraint. This distance was 
measured using the ICBC’s HRMD attachment to the 
SAE J826 manikin.  Seatback recliner stiffness was 
set at either a baseline value of 35 Nm/deg or at 105 
Nm/deg (300%).  The baseline recliner stiffness 
value of 35 Nm/deg represents a relatively compliant 
single recliner automotive seat [12]. 
 
Sensor arrays for the various dummies varied slightly 
due to differences in dummy design.  However, all 
tests included a core suite of instrumentation, 
including triaxial accelerometers at the head CG and 
thorax CG, a single accelerometer at T1, angular rate 
sensors mounted in the head and upper spine, 6-axis 
load cells in the upper and lower neck, and a 3-axis 
load cell in the lumbar spine.  All sensor data were 
collected using an on-board TDAS-Pro data 
acquisition system.  In addition to the sensor output, 
dummy kinematics were recorded for each test using 
an on-board IMC Phantom 4 digital video camera 
operating at 1000 frames per second.  The two 
components of a custom designed head contact 
switch were attached to the posterior surface of the 
head and front surface of the head restraint to serve 
as a switch to determine head contact times. 
 
RESULTS 
 
Measured responses for the different ATDs varied 
considerably under identical test conditions.  In 
addition, the sensitivity of each dummy to changes in 
the critical seat design parameters varied greatly.  An 
overall comparison of the dummy responses to rear 
impact is shown below in Figures 2-5 for tests with a 
baseline recliner stiffness and a relatively good head 
restraint position with a height of 800 mm and a 
backset of 50 mm.  Clear differences in responses are 
readily observable between dummies.  Relative head-
to-torso extension rotations (Figure 2) range from a 
maximum of 11 degrees for the Hybrid III down to 
almost zero for both the BioRID2 and THOR.  Lower 
neck extension moments (Figure 3) also varied 
considerably from 96 Nm for the Hybrid III down to 
almost zero for THOR.  Upper neck tension forces 
(Figure 4) ranged from roughly 1100 N to 1700 N, 
but the differences were not as dramatic between 
dummies.  Upper neck posterior shear forces (Figure 
5) varied from 287 N for the RID3 down to almost 
zero for THOR. 
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Figure 2.  Measured relative head-to-torso 
rotation for the various dummies at baseline 
stiffness and good head restraint position. 
 
 
 

0

20

40

60

80

100

BioRID2 Hybrid3 RID3 THOR
Dummies

M
om

en
t (

N
m

)

 
Figure 3.  Measured lower neck extension moment 
for the various dummies at baseline stiffness and 
good head restraint position. 
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Figure 4.  Measured upper neck tension force for 
the various dummies at baseline stiffness and good 
head restraint position. 
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Figure 5.  Measured upper neck posterior shear 
force for the various dummies at baseline stiffness 
and good head restraint position. 
 
 
The time until the initial contact between the head 
and head restraint was also found to vary 
significantly between the various dummies, ranging 
from 83 ms for the THOR dummy to 113 ms for the 
BioRID2 dummy.  Figure 6 shows a comparison of 
these initial contact times, and Figure 7 shows the 
position of each dummy at the point of contact.  It 
should be noted that the contact location on the 
posterior surface of the head is different for each 

dummy, and is affected by the overall dummy design.  
For example, the BioRID2 and THOR dummies were 
found to have a higher initial seated height than the 
Hybrid III and RID3 dummies, which resulted in 
head contact on the inferior aspect of the skull cap. 
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Figure 6.  Measured initial head contact times for 
the various dummies at baseline stiffness and good 
head restraint position. 
 
 

    
      BioRID2         Hybrid III 
 

    
   THOR      RID3 
 
Figure 7.  Dummy positions at point of initial head 
to head restraint contact. 
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The effects of head restraint position are shown in 
Figures 8-11 for each of the dummies.  In these 
figures, the head restraint positions are shown on the 
horizontal axes, where H represents the “High” 
height of 800 mm and L represents the “Low” height 
of 750 mm.  Similarly, the backset position is 
represented by the number, where “5” represents a 
backset of 50 mm and “7” represents a backset of 75 
mm.  Therefore, in these figures, H5 represents the 
best case head restraint position with an 800 mm 
height and 50 mm backset, while L7 represents the 
worst case head restraint position with a 750 mm 
height and 75 mm backset. 
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Figure 8.  Effect of head restraint position on 
measured head-to-torso rotation for a baseline 
stiffness. 
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Figure 9.  Effect of head restraint position on 
measured lower neck extension moment for a 
baseline stiffness. 
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Figure 10.  Effect of head restraint position on 
measured upper neck tension force for a baseline 
stiffness. 
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Figure 11.  Effect of head restraint position on 
measured upper neck shear force for a baseline 
stiffness. 
 
The effects of seatback recliner stiffness are shown in 
Figure 12 for each of the dummies using the best case 
head restraint position (H5) with a height of 800 mm 
and a backset of 50 mm.  The baseline (100%) 
recliner stiffness of 35 Nm/deg represents a relatively 
compliant single recliner automotive seat, while the 
105 Nm/deg recliner stiffness represents a seat that is 
nominally three times stiffer (300%).  Figure 13 
shows similar data for the worst-case head restraint 
position (L7) with a height of 750 mm and a backset 
of 75 mm.  It is important to note in Figure 12 that 
even though the relative head-to-torso rotations 
measured with the Hybrid III dummy were larger 
than the other dummies, the values were below the 
12-degree threshold established for the dynamic 
option within the FMVSS 202a standard for both the 
baseline and 300% recliner stiffnesses with the best 
head restraint position.  Conversely, the head-to-torso 
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rotations of the Hybrid III dummy exceeded the 12-
degree threshold for the worst-case head restraint 
position as shown in Figure 13. 
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Figure 12.  Effect of seatback recliner stiffness on 
measured head-to-torso rotation for best-case 
(H5) head restraint position. 
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Figure 13.  Effect of seatback recliner stiffness on 
measured head-to-torso rotation for worst-case 
(L7) head restraint position. 
 
 
Data from all of the tests in this study are shown in 
the Appendix in Table A1.  This includes a summary 
of results from a total of 32 tests, including all 
combinations of four dummies, two head restraint 
heights, two head restraint backsets, and two recliner 
stiffness levels. 
 
 
DISCUSSION 
 
Results from this series of testing clearly demonstrate 
the complexity of the occupant response to rear 

impact, and also the difficulty of designing an 
automotive seat when there is no consensus on injury 
criteria and thresholds, or even on which dummy is 
most appropriate.  However, history has shown us 
that effective vehicle design does not require an 
absolutely biofidelic dummy, rather a dummy and 
test protocol that can distinguish between good and 
bad vehicle and component designs.  Therefore, the 
analysis of these results will focus on the sensitivity 
of each dummy and associated injury criteria to the 
seat design parameters that have been shown to be 
important to providing protection against whiplash 
injuries to the occupants.  The three seat design 
parameters that will be evaluated include head 
restraint height, head restraint backset, and seatback 
recliner stiffness.  For the purpose of these analyses, 
a head restraint position that is higher and closer to 
the occupant’s head is considered to be preferable to 
one that is lower with a larger backset. 
 
In an attempt to quantify the sensitivity of the various 
dummies and injury criteria to the critical seat design 
parameters, a “sensitivity score” was used to rank the 
dummy responses.  This score quantifies the percent 
difference in measured response for each dummy as 
one of the design parameters is modified.  Sensitivity 
values are assigned for each test comparison using 
the criteria shown below in Table 1. 
 

Table 1.  Definition of Sensitivity Values 
Percent Change Sensitivity Value 

< 15 percent 0 

15 – 50 percent 1 

> 50 percent 2 
 
 
The Sensitivity Score for each injury criteria is 
obtained by adding up the individual sensitivity 
values for each seat design parameter, while the 
remaining parameters are held constant.  This 
Sensitivity Score will therefore be based on the 
summation of four individual test comparisons, 
representing the different combinations of the 
remaining two design parameters.  Since each 
individual sensitivity value can range from 0 to 2, the 
Sensitivity Score for each injury criteria can range 
from 0 to 8 for each dummy.  An Overall Sensitivity 
Score is also calculated for each dummy as the sum 
of the four individual Sensitivity Scores for each 
injury criteria, namely head-to-torso rotation, lower 
neck extension moment, upper neck tension, and 
upper neck shear.  The value of the Overall 
Sensitivity Score can therefore range from 0 to 32. 
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Effects of Head Restraint Height 
 
To obtain the Sensitivity Score for a particular 
dummy and injury criteria to head restraint height, a 
total of four individual sensitivity values will be 
added.  Responses will be compared for data from 
tests with High versus Low head restraint heights for 
each combination of head restraint backset and 
recliner stiffness.  This process is repeated for each of 
the four injury criteria under consideration to obtain 
the Overall Sensitivity Score.  Table 2 shows a 
summary of the sensitivity results with respect to 
head restraint height. 
 
Table 2.  Dummy Sensitivity Scores for head 
restraint height. 

Criteria 
L5-
H5 

(100) 

L7-
H7 

(100) 

L5-
H5 

(300) 

L7-
H7 

(300) 
SS

BioRID II Dummy 
Rotation 2 2 2 2 8 
LN Ext. 1 0 0 0 1 
Tension 1 1 1 1 4 
Shear 2 2 2 2 8 

Overall Height Sensitivity Score 21 
Hybrid III Dummy 

Rotation 1 0 1 0 2 
LN Ext. 1 1 1 1 4 
Tension 1 1 1 1 4 
Shear 0 1 1 0 2 

Overall Height Sensitivity Score 12 
RID-III Dummy 

Rotation 2 1 2 1 6 
LN Ext. 0 0 0 0 0 
Tension 1 0 2 2 5 
Shear 0 0 0 0 0 

Overall Height Sensitivity Score 11 
THOR Dummy 

Rotation 2 2 2 2 8 
LN Ext. 2 2 0 0 4 
Tension 1 1 1 2 5 
Shear 2 2 0 0 4 

Overall Height Sensitivity Score 21 
 
Based on the analysis of test results for the sensitivity 
of each dummy to head restraint height, it can be seen 
that the BioRID II and THOR dummies were found 
to be the most sensitive ATDs to distinguish this seat 
design parameter.  It is important to once again note 
that the objective of these analyses is not to make a 
determination relative to the biofidelity of each 
dummy, but only to determine which dummies are 
suitable to distinguish between differences in critical 
seat design parameters.  It is also important to note 

that the calculated sensitivities depend on the injury 
criteria selected, and that the values presented in 
Table 2 are specific for the four criteria under 
investigation.  Figure 14 shows the sensitivity of each 
dummy to head restraint height. 
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Figure 14.  Overall sensitivity of various dummies 
to changes in head restraint height. 
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Figure 15.  Breakdown of head restraint height 
sensitivity by injury criteria. 
 
The results presented in Table 2 can also be analyzed 
to examine the sensitivity of each dummy to head 
restraint height based on the individual injury criteria.  
Figure 15 shows a breakdown of the height 
sensitivity scores for each injury criteria.  It can be 
clearly seen from this breakdown of the data that the 
selection of a specific dummy does not guarantee 
sufficient sensitivity to the seat design parameters.  
The selection of a particular injury criterion is also an 
important determinant.  For example, even though the 
BioRID II dummy was found to have one of the 
highest sensitivities to head restraint height, this 
dummy would not be a good choice if lower neck 
extension was selected as the distinguishing injury 
criteria.  Likewise, although the RID-III dummy was 
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found to be the least sensitive dummy overall to head 
restraint height, it might prove to be a useful dummy 
if head-to-torso rotation or upper neck tension was 
selected as the injury criteria. 
 
As shown in Table 2 and Figure 15, the BioRID II 
and THOR dummies had the highest sensitivities to 
relative head-to-torso rotations.  This may be due 
largely to the fact that these dummies had higher 
initial seated heights than the other dummies.  Since 
the 750 mm head restraint height is located roughly at 
the CG of the Hybrid III 50th percentile male dummy 
head, this height should be sufficient to effectively 
limit the rearward movement of the Hybrid III head 
and neck.  Increasing the height to 800 mm with no 
change in backset would offer only slight 
improvements in limiting the rearward movement of 
the head and neck.  In contrast, since the 750 mm 
head restraint height may be located below the head 
CG for the BioRID II and THOR dummies due to 
their higher initial seated heights, an increase in 
height to 800 mm would be expected to significantly 
increase the level to which the head restraint limits 
the rearward motion of the head and neck. 
 
Effects of Head Restraint Backset 
 
In a manner similar to the analysis of head restraint 
height, the sensitivity of each dummy to head 
restraint backset can be calculated by comparing data 
from tests with Far (75 mm) versus Close (50 mm) 
head restraint backsets for each combination of head 
restraint height and recliner stiffness.  This process is 
repeated for each of the four injury criteria under 
consideration to obtain the Overall Sensitivity Score.  
Figure 16 and Table 3 show a summary of the 
sensitivity results for head restraint backset.  A 
breakdown of sensitivities by injury criteria is shown 
in Figure 17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Overall sensitivity of various dummies 
to changes in head restraint backset. 

Table 3.  Dummy Sensitivity Scores for head 
restraint backset. 

Criteria 
L7-
L5 

(100) 

H7-
H5 

(100) 

L7-
L5 

(300) 

H7-
H5 

(300) 
SS

BioRID II Dummy 
Rotation 2 0 2 0 4 
LN Ext. 0 1 1 1 3 
Tension 0 0 0 0 0 
Shear 1 1 1 0 3 

Overall Backset Sensitivity Score 10 
Hybrid III Dummy 

Rotation 1 1 1 2 5 
LN Ext. 1 1 1 1 4 
Tension 1 1 2 1 5 
Shear 1 1 1 2 5 

Overall Backset Sensitivity Score 19 
RID-III Dummy 

Rotation 0 2 1 2 5 
LN Ext. 1 0 0 0 1 
Tension 0 1 0 2 3 
Shear 0 0 0 0 0 

Overall Backset Sensitivity Score 9 
THOR Dummy 

Rotation 1 0 2 0 3 
LN Ext. 2 2 0 0 4 
Tension 1 1 1 0 3 
Shear 2 0 0 0 2 

Overall Backset Sensitivity Score 12 
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Figure 17.  Breakdown of head restraint backset 
sensitivity by injury criteria. 
 
 
Based on the analysis of test results for the sensitivity 
of each dummy to head restraint backset, it can be 
seen that the Hybrid III dummy is most sensitive to 
this seat design parameter.  Furthermore, the 
sensitivity of the Hybrid III dummy for backset was 
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fairly consistent across the four different injury 
criteria.  The RID-III dummy was equally sensitive to 
relative head-to-torso extension rotation but had low 
sensitivity to lower neck extension moment and 
upper neck shear force. The BioRID-II dummy was 
reasonably sensitive to backset, except for the case 
where upper neck tension force is selected as the 
criteria.  The THOR dummy had the second highest 
sensitivity to backset with a relatively consistent 
response to all four injury criteria. 
 
 
CONCLUSIONS 
 
Results from this study clearly demonstrate the 
difficulty of selecting an optimal dummy and injury 
criteria by which to evaluate the performance of 
automotive seats in rear impact.  Each of the tested 
dummies showed differences in sensitivities for the 
various seat design parameters and injury criteria 
under consideration.  Since there is currently no 
consensus on injury criteria, nor on which design 
parameter is most critical, the selection of the most 
appropriate dummy should be based on which one 
provides the best overall sensitivity to all of these 
factors.  Combining the results from Tables 2 and 3, 
we can determine the Combined Sensitivity Score for 
each dummy, which has a potential range from 0 to 
64.  These results are shown in Table 4. 
 
 
Table 4.  Combined Sensitivity Scores for the 
various dummies. 

Sensitivity Dummy 
Height Backset Combined 

BioRID II 21 10 31 
Hybrid III 12 19 31 

RID-III 11 9 20 
THOR 21 12 33 

 
 
Based on these combined findings, it appears that the 
BioRID II, Hybrid III, and THOR dummies are all 
suitable ATDs for the evaluation of seat design 
parameters.  Again, it must be pointed out that these 
sensitivity scores are dependent on the injury criteria 
selected and may change if other criteria are chosen.  
Of these three potential dummies, the Hybrid III had 
the least number of test comparisons with a low level 
of sensitivity (<15% difference).  In fact, the Hybrid 
III dummy showed at least a moderate level of 
sensitivity (15+ percent) for 28 out of the total 32 
individual test comparisons, although only three of 
these 28 cases showed a high level of sensitivity 

(>50%).  This finding implies that the Hybrid III 
dummy may be suitable for the evaluation of rear 
impact protection for a broader set of test conditions 
than the other dummies despite the fact that it may 
not have the same level of sensitivity to certain 
variables as the BioRID II or THOR dummies. 
 
The THOR dummy showed reasonably consistent 
Overall Sensitivity Scores for each of the various 
injury criteria considered, although this dummy 
showed low sensitivity (<15%) values in 12 of the 32 
individual test comparisons.  Another 13 of the 21 
comparisons showed a high level of sensitivity, with 
the remaining 7 showing moderate sensitivity. 
 
The BioRID II dummy showed reasonably good 
sensitivity to the various injury criteria, except for the 
cases of lower neck extension moment during the 
evaluation of head restraint height and upper neck 
tension during the evaluation of head restraint 
backset.  The finding that this dummy showed a 
sensitivity value of zero for tension during backset 
evaluation may be a consequence of the more flexible 
spine design of this dummy.  Additional testing is 
needed to further explore this finding. 
 
If we consider the suitability of the various dummies 
and injury criteria for ranking the different seat 
design parameters, assuming again that increased 
height and decreased backset provide increased rear 
impact protection, then we find that the combination 
of the Hybrid III dummy with head-to-torso rotation 
correctly ranks the various seat designs for all 
combinations of height, backset, and recliner 
stiffness.  In fact, our data suggests that the Hybrid 
III dummy can properly rank seat designs using all 
four of the injury criteria under consideration in this 
study.  This is based on a comparison of the specific 
values in Table A1 of the Appendix without 
consideration of the relative sensitivities of the 
measured responses.  In contrast, the BioRID II and 
THOR dummies are able to properly rank the seat 
designs only using the upper neck tension criteria, 
which may again be related to the fact that these 
dummies have a higher initial seating height.  The 
RID III dummy was not able to properly rank the seat 
designs using any of the injury criteria considered in 
this study. 
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APPENDIX 
 
Table A1.  Summary of results for all tests in this study. 
 

Head-To-Torso Rotation 
(Degrees) 

Lower Neck Ext. Moment 
(Nm)† 

Upper Neck Tension Force 
(N) 

Upper Neck Post. Shear Force 
(N) Recliner 

Stiffness Dummy 
L7 L5 H7 H5 L7 L5 H7 H5 L7 L5 H7 H5 L7 L5 H7 H5 

BioRID2 10.1 2.9 * * 13.0 13.7 11.6 8.6 2766.3 2379.6 1830.7 1700.3 1571.0 1020.7 89.5 69.8 
Hybrid3 18.2 14.4 17.1 11.1 192.9 155.0 122.5 96.2 2423.5 1990.6 1306.0 1097.0 102.0 64.9 75.1 57.2 

RID3 11.7 15.8 7.5 2.5 1.3 1.0 1.8 3.2 2093.0 2055.2 2097.8 1317.5 169.5 146.4 213.9 286.8
100% 

THOR 13.4 8.5 * * 15.9 2.3 2.9 * 2339.1 1628.5 1836.4 1217.6 129.5 41.2 * * 
BioRID2 7.0 3.0 * * 11.4 8.7 12.0 8.3 2227.3 2145.8 1411.9 1275.1 1463.2 1144.2 20.6 22.7 
Hybrid3 19.3 12.2 17.4 8.5 131.2 69.6 81.5 46.5 1589.8 774.7 809.9 466.9 127.9 69.7 115.5 48.2 

RID3 19.1 15.6 15.9 5.6 6.5 6.8 5.7 6.4 1625.1 944.1 750.1 304.3 275.4 284.0 264.7 325.4
300% 

THOR 7.0 2.9 * * * * * * 1247.1 675.9 502.4 480.1 * * * * 
  † = Lower neck extension moment values are as recorded by the load cell and have not been corrected to the T1 location. 
  * = These measured values were either zero or negative, indicating that the measured response was in the opposite direction. 
  (Flexion rotation, flexion moment, or anterior shear) 
 
Notes: 

1. Recliner Stiffness: 
  100% = baseline stiffness of 35 Nm/deg 
  300% = Nominal 3 times increase from baseline stiffness at 105 Nm/deg 
2. Head Restraint Positions: 
  L7 = 750 mm height with 75 mm backset 
  L5 = 750 mm height with 50 mm backset 
  H7 = 800 mm height with 75 mm backset 
  H5 = 800 mm height with 50 mm backset 
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ABSTRACT 

The increasing trend towards fractional aircraft ownership 

has seen a rise in the number of babies and children being 

transported on corporate and private aircraft. Occupant 

protection policies for children younger than 2 years on 

aircraft are inconsistent with all other national policies on 

safe transportation. Children younger than 2 years are not 

required to be restrained or secured on aircraft during 

takeoff, landing, and conditions of turbulence. The National 

Transportation Safety Board 2005-2006 Most Wanted 

Transportation Safety Improvements state that all occupants 

should be restrained during takeoff, landing, and turbulent 

conditions, and that all infants and small children should be 

restrained in an approved child restraint system appropriate 

to their height and weight. 

Current Federal Aviation Administration recommendations 

for child restraints are based on Federal Motor Vehicle 

Safety Standards and typically involve the use of child 

safety seats restrained by aircraft lap belts. Newer 

automotive restraint standards use the vehicle structure to 

restrain the child safety seat. These standards differ 

between North America (LATCH) and Rest of the World 

(ISOFIX). Development and testing to determine the 

optimum means of child restraint and a solution that works 

in both North America and Rest of the World is needed. 

Based on the results from the dynamic sled tests conducted, 

in this study there is sufficient data to conclude that the 

ISOFIX and LATCH system can solve the interface issues 

found in the past between the CRSs and aircraft seats. Both 

the ISOFIX and the LATCH attachment methods offer 

similar level of safety for the 12 month and 3 YOLD 

occupants.  

While this study provides an overview of the viability of the 

ISOFIX and LATCH system, additional research needs to 

follow in order to develop aerospace standards and 

recommendations. 

 

INTRODUCTION 

The increasing trend toward fractional aircraft ownership 

has seen a rise in the number of babies and children being 

transported on corporate and private aircraft. Occupant 

protection policies for children younger than two years of 

age on aircraft are inconsistent with all other national 

policies on safe transportation. Children younger than two 

years old are not required to be restrained or secured on 

aircraft during takeoff, landing, and/or conditions of 

turbulence. In the National Transportation Safety Board 

(NTSB) 2005-2006 Most Wanted Transportation Safety 

Improvements [1], NTSB states that all occupants should be 

restrained during takeoff, landing, and turbulent conditions, 

and that all infants and small children should be restrained 

in an approved child restraint system appropriate to their 

height and weight. 

 

A child restraint system (CRS) provides specialized 

protection for small occupants whose body structures are 

still immature and growing. Child restraint designs vary 

with the size of the child, the direction the child faces, the 

type of internal restraining system, and the method of 

installation. Current Federal Aviation Administration 

(FAA) recommendations for child restraints are based on 

Federal Motor Vehicle Safety Standards (FMVSS) and 

typically involve the use of child safety seats restrained by 

aircraft lap belts. Newer automotive restraint standards use 

the vehicle structure to restrain the child safety seat. These 

standards differ between North America (Lower Anchors 

and Tethers for Children or LATCH) and the rest of the 

world (International Organization for Standardization FIX 

or ISOFIX). Development and testing to determine the 

optimum child restraint and a solution that works with both 

the ISOFIX and LATCH system is needed. 

 

CRS-AIRCRAFT SEAT INTERFACE ISSUES 

According to NIAR CRS fitting studies and previous 

research conducted by van Gowdy & DeWeese [2], 

interface issues were found using conventional aircraft 

restraint systems to anchor the CRS. 

The most common type of CRS/Aircraft seat interface 

issues are: 

- Interference with the lap belt latching mechanism  

- Insufficient belt webbing length  

- Two-point aerospace belt geometry issues  
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- Lack of adjustment features for aerospace 2-point belts 

- CRS dimensional compatibility with aircraft seat 

structure 

 

Figure 1. Typical Aerospace/CRS Interface Issues. 

 

The dimensions shown in table 1 and 2 were taken for 

typical CRS and Part 23 (General Aviation) and 25 

(Business Jet) seats. 

 

Table 1. 

Typical child restraint dimensions 

Height Width Depth

(inches) (inches) (inches)

Convertible – 1 26.8 17.7 16.3

Convertible – 2 24.2 18.9 17.7

Booster 26.4 16.5 13

Infant 18.1 10.2 21.3

Seat Type

 

 

Table 2. 

Typical aircraft seat dimensions 

Seat 

Configuration

Width 

Between Arm 

Rests (inches)

Width of Seat 

Cushion 

(inches)

Depth of Seat 

Cushion 

(inches)

1 17.5 19.5 21

2 18.5 20.5 21

3 18.5 20.5 21

4 16.5 20.5 21

5 18 22 21

6 19 19

7 18.5 19

8 19.5 19

9 19.5 19

10 18.5 22.6

11 20 22

AVG 17.9 19.8 20.5

MIN 16.5 18.5 19

MAX 18.5 22 22.6  

The Lower Anchors and Tethers for Children (LATCH) 

and the ISOFIX System are designed to make installation of 

child safety seats easier by requiring child safety seats to be 

installed without using the vehicle’s/aircraft seat belt 

system. 

LATCH System 

According to FMVSS 213 [3]; as of September 1
st
  2002, 

two rear seating positions on all cars, minivans and light 

trucks are equipped with lower child safety seat anchorage 

points located between a vehicle’s seat cushion and seat 

back. New child safety seats have two attachments which 

will connect to the vehicle’s lower anchorage attachment 

points. In addition, all new vehicles have top anchor points 

that connect to a child safety seat’s top tether strap. 

Together, the lower anchors and upper tethers make up the 

LATCH system [4].  

 

Figure 2. LATCH Equipped Seat. 

 

ISOFIX System 

The International Organization for Standardization FIX 

constitutes a standardized quick rigid connection system for 

CRS. This rigid interface between the CRS and motor 

vehicle permits proper installation in all cases, regardless of 

the vehicle’s seat belt system. The child restraint system is 

attached to vehicle anchorages by means of two rigid 

attachments at the bottom of the CRS [5].  

It should be noted that for the aircraft seat tested, the upper 

tether was not used in order to reduce the complexity of the 

aircraft installation, and to asses whether or not this feature 

is necessary to prevent large ATD excursions and CRS 

rotation in the aircraft environment. 

Anchorage System Specifications 

Per FMVSS 225 [6] and ISO 13216-1 [5], anchorages shall 

be 6 mm + 1 mm in diameter transverse horizontal round 

bars with a minimum effective length of 25 mm. The 

transverse spacing of the bars shall be 280 mm, center to 
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center. They shall be supported to extend from the adjacent 

vehicle or seat structure so they are readily accessible. Note 

that the general dimensions are compatible with both the 

ISOFIX and the LATCH standards. 

 

Figure 3. ISOFIX Equipped Seat. 

 

DYNAMIC SLED TESTS EVALUATIONS 

In 1982, the Department of Transportation (DOT) had two 

standards for CRS. CRS for use in motor vehicles were 

required to be certified as complying with the requirements 

of FMVSS No. 213. CRS for use in aircraft were required 

to be certified as complying with the requirements of FAA’s 

Technical Standard Order (TSO) C100. In 1983 it was 

proposed that NHTSA would be the sole agency 

responsible for administering the new FMVSS No. 213, 

which would be applicable to both CRS designed for use in 

motor vehicles and CRS designed for use in aircraft (Title 

49 of the Code of Federal Regulations (49 CFR) part 571, § 

213) [7]. 

For a CRS to be approved to be used on aircraft, it must 

meet the dynamic sled test requirements, and an inversion 

test (simulate turbulence condition) as specified in FMVSS 

213 and ECE R44. As shown in figure 7, automotive pulses 

exhibit higher decelerations and changes of velocity than 

those specified in aircraft interior regulations described in 

FAR 23/25.562. 

A series of sled tests without upper tether were conducted at 

the National Institute for Aviation Research Crash 

Dynamics Laboratory in order to evaluate the dynamic 

performance of child restraint systems when subjected to 

Parts 23 and 25.562 emergency landing conditions. 

Description of Aircraft Passenger Seat Test Articles 

Two types of aircraft seats were used for testing. A rigid 

seat was used to study occupant behavior and interface 

loads with the CRS, and a modified (ISOFIX attachments) 

part 25 business-jet seat was used to evaluate the 

implementation and performance of the ISOFIX interface 

on a production aircraft seat. 

Description of Child Restraint Seat Test Articles 

The following child restraint devices were provided for 

evaluation: 

- Rear Facing Infant Seat: These seats are designed to be 

installed facing the rear. They are recommended for infants, 

from birth to at least age one and weighing less than 20 

pounds. These seats have an integrated five-point restraint 

system. The seats used in these tests were fitted with either 

an ISOFIX base or a LATCH interface (see figure 4). 

- Forward Facing Convertible Seat: Children over one year 

old and weighing at least 20 pounds may ride in a front-

facing child safety seat. The maximum recommended 

occupant weight for these CRSs is 40 pounds. These seats 

have an integrated five-point restraint system. The seats 

used in these tests were fitted with either an ISOFIX base or 

a LATCH interface (see figure 4). 

 

Figure 4. Convertible and Infant Seat. 

 

Anthropomorphic Test Dummies 

Two types of child ATDs were utilized in these tests: 

- CRABI 12-Month: This ATD was developed to 

evaluate a small child restraint system in automotive 

crash environments, in all directions of impact, with or 

without air bag interaction [8]. The ATD weighs 22 

pounds (10 kg), has a seating height of 18.9 inches 

(0.48 m), and a stature of 29.4 inches (0.75 m). The 

instrumentation used for testing is summarized in table 

3. 

- 3 YOLD Hybrid III: This ATD was developed by SAE 

and NHTSA to evaluate child restraint systems and 

airbag aggressiveness (out-of-position) in automotive 

crash environments. It weighs 34.5 pounds (15.6 kg), 

and has a seating height of 21.5 inches (0.55 m) and a 

stature of 37.2 inches (0.94 m) [8].   
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Table 3. 

ATD instrumentation 

Instrumentation CRABI  3YOLD 

Head Accelerometer √ √ 

Upper-Neck Load Cell √ √ 

Thorax Accelerometer √ √ 

Lumbar Spine Load Cell √ √ 

Pelvis Accelerometer √ √ 

 

Dynamic Sled Pulse Definition 

Tests with the rigid seat were conducted per FAR 23.562 

Emergency Landing Conditions [9]: 

- For the first test, the change in velocity may not be less 

than 31 feet per second. The seat/restraint system must be 

oriented in its nominal position with respect to the airplane 

and with the horizontal plane of the airplane pitched up 60 

degrees, with no yaw, relative to the impact vector. For the 

seat/restraint systems, peak deceleration must occur in not 

more than 0.06 second after impact and must reach a 

minimum of 15 g. 

- For the second test, the change in velocity may not be less 

than 42 feet per second. The seat/restraint system must be 

oriented in its nominal position with respect to the airplane 

and with no 10 degree yaw and no pitch relative to the 

impact vector. For the seat/restraint systems, peak 

deceleration must occur in not more than 0.06 second after 

impact and must reach a minimum of 21 g. 

 

Figure 5. Type I Test setup with PART 25 Aircraft Seat. 

Tests with the FAR 25 aircraft seat were conducted per 

FAR 25.562 Emergency Landing Conditions [9]: 

- For the first test, the change in downward vertical velocity 

may not be less than 35 feet per second, with the airplanes 

longitudinal axis canted downward 30 degrees with respect 

to the horizontal plane and with the wings level. Peak floor 

deceleration must occur in not more than 0.08 second after 

impact and must reach a minimum of 14 g. 

  

Figure 6. Type II Test setup with PART 25 Aircraft 

Seat. 

- For the second test, the change in forward longitudinal 

velocity may not be less than 44 feet per second, with the 

airplanes longitudinal axis horizontal (no 10 degree yaw). 

Peak floor deceleration must occur in not more that 0.09 

second after impact and must reach a minimum of 16 g. 

Where floor rails or floor fittings are used to attach the 

seating devices to the test fixture, the rails or fittings are not 

misaligned (no 10 degree pitch and no 10 degree roll). 

 

 

Figure 7. Automotive vs. Aerospace Crash Pulses. 
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Evaluation Criteria 

The following factors extracted from FMVSS 213, ECE 

R44, FAR 23.562, and FAR 25.562 were applied to 

evaluate the dynamic performance of the child restraints. 

 

Table  4. 

Evaluation criteria 

Criteria/Regulation ECE R44 FMVSS 213
FAR 23 and 

25 *

HIC 36 NA 1000 1000

Chest Z + Acc 3 ms 30 g's NA NA

Chest Res Acc 3 ms 55 g's 60 g's NA

Lumbar Force Z NA NA 1500 lbf

Head Excursion 21.65 / 23.6 in 28.34 in NA

Knee Excursion NA 36.02 in NA

* This value corresponds to a 50th percentile occupant, further research is required to find the 

appropriate scaling factor for children  

 

12-Month-Old FAR 23.562 Rigid Seat Type I Dynamic 

Performance Comparison: ISOFIX vs. LATCH   

As shown in the following figures in this section and in 

table 5, the dynamic performance of the 12-month-old CRS 

with either the ISOFIX or LATCH attachment is very 

similar. Forty three milliseconds into the crash event, there 

is a slight difference in the CRS horizontal acceleration due 

to the flexible construction of the LATCH system. This 

instantaneous increase in acceleration level induces a small 

increase in head-x acceleration, neck moments and seat pan 

reaction forces.  

Table  5. 

Summary injury values type I test 12 month 

ISOFIX LATCH

Test No. 06074-4 06074-5

Pulse Part 23.562 Part 23.562

Seat Type Rigid Rigid ECE R44
FMVSS 

213
Unit

HIC 36 120 86 NA 1000

Chest Z + 

Acc 3 ms 
0.7 2.2 30 NA g

Chest Res 

Acc 3 ms 
31 31 55 60 g

Lumbar 

Force Z
-76 -72 NA NA lbf

Seat 

Excursion
25.86 28.32 NA NA in

Knee 

Excursion
NA NA NA NA in

TYPE I

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. LATCH and ISOFIX Configurations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Head, Chest, and Pelvis Acceleration. 
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Figure 10. Lumbar Load. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Seat Pan Reaction Forces 

 

12-Month-Old FAR 23.562 Rigid Seat Type II Dynamic 

Performance Comparison: ISOFIX vs. LATCH 

The dynamic performance of the 12-month-old CRS with 

ISOFIX or LATCH attachment is very similar. Thirty 

milliseconds into the crash event, there is a slight difference 

in CRS horizontal acceleration due to the flexible 

construction of the LATCH system. This instantaneous 

increase in acceleration level induces a small increase in 

head, torso, and pelvis accelerations, neck moments, and 

seat pan reaction forces. 

 

 

 

Table 6. 

Summary injury values type II test 12 month 

ISOFIX LATCH

Test No. 06074-3 06074-12

Pulse Part 23.562 Part 23.562

Seat Type Rigid Rigid ECE R44
FMVSS 

213
Unit

HIC 36 233 340 NA 1000

Chest Z + 

Acc 3 ms 
26 29 30 NA g

Chest Res 

Acc 3 ms 
33 40 55 60 g

Lumbar 

Force Z
-5 -14 NA NA lbf

Seat 

Excursion
27.57 31.37 NA NA in

Knee 

Excursion
NA NA NA NA in

TYPE II

 

 

 

 

 

 

 

 

Figure 12. Infant Seat Type I Test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Seat Pan Reaction Forces. 
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Figure 14. Head, Chest, and Pelvis Acceleration. 

 

Three-Year-Old FAR 23.562 Rigid Seat Type I 

Dynamic Performance Comparison: ISOFIX vs. 

LATCH 

As shown in the following figures in this section and in 

table 7 the dynamic performance of the 3 YOLD CRS with 

ISOFIX or LATCH attachment is very similar. Sixty five 

milliseconds into the crash event, there is a slight difference 

in CRS horizontal acceleration (see figure 17) due to the 

flexible construction of the LATCH system. This 

instantaneous increase in CRS acceleration level induces a 

small increase in occupant head, torso, and pelvis 

accelerations. 

Table 7. 

Summary injury values type I test 3 YOLD 

 

ISOFIX LATCH

Test No. 06074-8 06074-6

Pulse Part 23.562 Part 23.562

Seat Type RIGID RIGID ECE R44
FMVSS 

213
Unit

HIC 36 71 93 NA 1000

Chest Z + 

Acc 3 ms
3 4 30 NA g

Chest Res 

Acc 3 ms
36 41 55 60 g

Lumbar 

Force Z
-654 -716 NA NA lbf

Head 

Excursion
10.8 17.84 23.6 28.34 in

TYPE I

 

 

 

Figure 15. Three YOLD ISOFIX and LATCH Setup. 

 

 

 

 

 

 

 

 

 

 

Figure 16. Lumbar Load. 
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Figure 17. CRS Accelerometers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Seatpan Reaction Forces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Head, Torso, and Pelvis Resultant 

Acceleration. 

 

Three-Year-Old FAR 23.562 Rigid Seat Type II 

Dynamic Performance Comparison: ISOFIX vs. 

LATCH 

As shown in the following figures in this section and in 

table 8, the dynamic performance of the 3 YOLD CRS with 

ISOFIX or LATCH attachment is very similar. Fifty five 

milliseconds into the crash event, there is a slight difference 

in CRS horizontal acceleration, which induces a small 

increase in occupant, torso, and pelvis accelerations (see 

figures 21 and 22). 
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Figure 20. Three YOLD Type II Test Configuration. 

 

Table 8 

Summary injury values type II Test 3 YOLD 

ISOFIX LATCH

Test No. 06074-16 06074-11

Pulse Part 23.562 Part 23.562

Seat Type RIGID RIGID ECE R44
FMVSS 

213
Unit

HIC 36 221 NA NA 1000

Chest Z + 

Acc 3 ms
7 8 30 NA g

Chest Res 

Acc 3 ms
32 36 55 60 g

Lumbar 

Force Z
NA NA NA NA lbf

Head 

Excursion
10.75 15.01 23.6 28.34 in

TYPE II

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Seatpan Reaction Forces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Head, Torso, and Pelvis Resultant 

Acceleration. 

 

Three-Year-Old FAR 23.562 Type I Dynamic 

Performance Comparison: Aircraft Seat 

The ISOFIX system provided a stable interface for the 

CRS. This test meets all FMVSS 213 and ECE R44 criteria. 

According to the video data, the CRS did not have any 

interaction problems with the aircraft seat cushion during 

the crash event. This test shows that, for this aircraft 

installation, it is not necessary to use the upper tether to 

prevent large CRS rotations or large head excursions. 

Further work is required to quantify lumbar load values on 

occupants other than at the 50th percentile. Even though the 

-458 lbf lumbar load is less than the -1500 lbf specified in 

the FARs for the 50th percentile, a proper scaling factor 

needs to be defined in the future for the 12-month-old, 3 

YOLD, and 6 YOLD occupants. 
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Table 9. 

Summary Injury Values 3 YOLD Type I Test  

VALUE
FMVSS 

213

ECE 

R44

FAR 23 

AND 25
Units

HIC 36 70 1000 NA 1000

Chests Acc 3 ms  

Z +
9.81 NA 30 NA g

Chest Acc 3ms 

RES
28 60 55 NA g

Lumbar Force Z -458 NA NA 1500 lbf

Head Excursion 17.6 28.34 23.6 NA in

Knee Excursion NA NA NA NA in
 

 

 

 

 

 

 

 

Figure 23. Three YOLD Test Setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. CRS Accelerations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Head, Torso, and Pelvis Resultant 

Acceleration. 

 

 

 

 

 

 

 

 

Figure 26. Lumbar Load. 

 

Three-Year-Old FAR 23.562 Type II ISOFIX System 

Dynamic Performance: Aircraft Seat 

The ISOFIX system provided a stable interface for the 

CRS.  This test meets all FMVSS 213 and ECE R44 
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criteria. Note that no upper tether was used for the test in 

order to reduce the aircraft installation. 

Table 10. 

Summary injury values 3 YOLD Type II 

VALUE
FMVSS 

213

ECE 

R44

FAR 23 

AND 25
Units

HIC 36 435 1000 NA 1000

Chests Acc 3 ms  

Z + 
9.8 NA 30 NA g

Chest 3ms RES 25 60 55 NA g

Lumbar Force Z -59 NA NA 1500 lbf

Head Excursion 23.32 28.34 23.6 NA in

Knee Excursion 23.2 36.02 NA NA in
 

 

 

 

 

 

 

 

Figure 27. 3YOLD Test Setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. CRS Acceleration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Head, Torso, and Pelvis Acceleration. 

 

 

 

 

 

 

 

 

 

 

Figure 30. Lumbar Load. 
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Figure 31. Three YOLD Kinematics. 

CONCLUSIONS AND FUTURE RESEARCH 

Based on the results from the dynamic sled tests conducted 

in this study, there is sufficient data to conclude that the 

ISOFIX and LATCH systems can solve the interface issues 

found in the past between the CRS and aircraft seats due to 

aircraft seatbelt incompatibilities.  If aircraft seats in the 

future would be equipped with rigid anchors, the new CRS 

systems will provide the appropriate level of safety, and 

issues such as the large CRS excursions found in the past 

when the CRSs were secured by the aircraft two point belt 

system will be eliminated.  

While this study provides an overview of the viability of the 

ISOFIX and LATCH systems, the following additional 

research needs to occur in order to develop aerospace 

standards and recommendations: 

a) Additional dynamic and static testing with production 

Part 23 and 25 aircraft seats in order to address the 

following issues: 

- Implementation of ISOFIX/LATCH anchor points in 

various Part 23/ 25 aircraft seat structure 

- Effect of seat back break-over features found in current 

commercial aircraft seats 

- Effect of different aircraft seat cushion materials in 

CRS performance 

- The interaction with other occupants sitting in the row 

behind the CRS 

- CRS/aircraft seat dimensional compatibility studies 

b) Studies involving the application of FAR 25.561, 

23.561, 25.785, and 23.785 inertial requirements on 

aircraft CRS attachments or the definition of new static 

requirements for the seat anchors. 

c) Evaluation of CRS products of various manufacturers 

d) Definition of a retrofit procedure to implement fixed 

anchorages on current aircraft seats, and the effect on 

their current certification status 

e) Study the impact of requiring the usage of CRS on 

commercial aircraft operations and passengers, from 

both economic and ergonomic points of view 

f) Definition of dynamic test criteria for CRS used in 

aircraft seats 

g) Definition of lumbar load injury criteria to evaluate 

CRS performance 
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ABSTRACT  
 
State of the art frontal airbag systems provide 
adaptive features such as multi-stage deployment and 
active or passive venting based on occupant position, 
stature, crash mode and severity. Research was done 
to understand the potential of reducing injuries and 
fatalities by applying a similar methodology to side 
impact protection.  
 
Adaptive restraints have been proposed for side 
impact protection, however, the sensors and 
discrimination methods available for side crash 
detection, have, in general, not provided sufficient 
time and information to effectively apply these 
adaptations. However, recent analysis of an 
alternative magnetic field based crash sensor (MSI) 
has shown that this sensing concept provides crash 
mode and severity at very fast times which could 
allow a second triggering event for situation adapted 
protection. Using CAE tools it is shown how the 
improved triggering times can be employed and how 
much potential protection benefit can be gained by 
using various active adaptive restraint concepts.    
 
To demonstrate the concept, MSI sensor data was 
analyzed for a series of crash and abuse tests to 
determine estimates of crash severity and mode at 
practical airbag deployment times for several 
deployment situations. The paper reviews the 
techniques used to process the MSI Data. The derived 
deployment times, along with severity and mode 
estimates, are used to demonstrate the effectiveness 
of several candidate active adaptive restraints 
compared with standard restraints.   
 
In conclusion it is seen that adaptive side protection 
is worth consideration, and not only because the 
future requirements are expected to become more 
complex and demanding. However, these 

improvements do not come free of cost and therefore 
the pro and cons will have to be balanced very well.  
 
INTRODUCTION  
 
Frontal occupant restraints have evolved steadily in 
time, as new restraint and sensing innovations have 
been introduced. This evolution has directly benefited 
car occupants through improved safety, despite 
increasing traffic volume, compatibility issues and 
increased speeds.  New and useful crash sensor, 
occupant classification and vehicle status information 
is often available on cars which can be used to 
optimize occupant protection for classes of 
occupants, crash modes and impact severity. For 
example, dual frontal crash detection sensors are 
often mounted on cars to quickly detect impact 
location, mode and severity; weight based 
classification systems discriminate occupant class, 
and multi-stage or variable stage airbag inflation or 
venting systems can be controlled.  Often, safety 
benefit can be obtained with minor system 
adaptations. Such improvements have been slowly 
and steadily introduced in the market, resulting in 
continuing reductions in death and injury [1,2,3]; this 
is the primary motivation for improved frontal 
protection through adaptation. However, an important 
secondary factor must also be considered. As car 
buyers increasingly use safety performance as a key 
factor in model selection, and regulatory agencies 
evolve test standards to match real-world trends, in 
parallel, OEMs and suppliers must continue to study 
cost effective ways to improve and distinguish frontal 
occupant protection.  
 
Side impact adaptive restraints have also been 
considered. Lessons learned in frontal protection can 
be directly applied to designing improved side 
systems. However, the long and complex mechanical 
side structure and close proximity of occupants to 
impact barriers, makes it more difficult to quickly 
and accurately discriminate crash mode and severity. 
Due to the very fast door intrusion times experienced 
in side impacts, the algorithms and methods available 
to improve protection through adaptation have been 
limited.  
 
This paper attempts to revisit the topic of improved 
side impact protection through airbag adaptation 
using an alternative sensor which discriminates side 
impact crashes through door intrusion in proximity to 
the occupant.  The Magnetic Side Impact (MSI) 
sensor is described fully in [4].  Subsequent testing 
and CAE analysis has shown the potential of the MSI 
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to provide faster average crash detection for 
deploying restraints than conventional accelerometer 
based crash detection systems. Because MSI senses 
average intrusion and not acceleration, CAE can be 
reliably used for analyzing not only the effectiveness 
of restraints, but also to derive the sensor signal early 
in the crash. To date, the effectiveness of CAE 
modeling of accelerometer data has been very 
limited, particularly in side impacts where even 
minor structural variations influence the detected 
signals early in the crash.  
 
Additional analysis of actual crash data has shown 
that the MSI sensor provides information on crash 
mode and severity sufficiently soon after impact to 
consider side thorax airbag adaptation. CAE analysis 
was used to estimate the potential benefits of several 
basic forms of airbag adaptation including faster 
deployment, increased airbag volume and two stage 
inflation. Other forms of adaptation can be based on 
occupant classification, variable inflation, timed 
venting and variable venting. These are also 
discussed, but not yet supported through CAE 
analysis. In a similar way, adaptations could be 
considered for other forms of restraint such as belt  
pre-tensioners, side curtain airbags or reversible 
restraints (e.g. Motorized Seat Belts); however these 
topics fall outside the scope of this paper. 
 
For completeness it should also be mentioned that 
there are passive methods to adjust restraint 
properties. In such cases, the settings are controlled 
by the variables that exist during the deployment of 
the airbag and progress of the crash and occupant. 
For example, an airbag may have a vent which is 
affected by the size and or stature of an occupant 
through direct or indirect interaction. In the case of 
passive adaptation, no additional sensors, signal 
processing or restraint actuators would be needed.  
 
Figure 1 shows that the fatality rate per million 
vehicles that had been gradually decreasing over time 
has leveled off. This suggests that the current 
generation of restraint systems have reached the 
limits of their capabilities. At the same time demands 
for side impact protection are on the rise. New 
devices such as the Magnetic Side Impact (MSI) 
sensor allow for a breakthrough that can bring side 
impact protection to the next level. The earlier crash 
event detection and crash severity assessment offered 
by this sensor allow for more sophisticated and 
adaptable side restraint devices to be deployed. This 
will facilitate energy absorption at higher severity 
levels, providing better protection to more occupants 
in regulatory and consumer program testing as well 
as in real world accidents. 

 

Figure 1.  Fatality Rate per 100 Million Vehicle 
Miles Traveled, 1966-2005 [5] 
 
REGULATORY FACTORS  
 
Currently, the criterion for side protection varies 
globally. While harmonization is being pursued, it is 
not expected to take effect in the near future. Figure 2 
depicts the wide range of requirements and priorities 
for regulatory tests in the future. Restraint designers 
must try to provide systems that function optimally 
for this wide range of tests and all classes of 
occupants. This can result in contradictory 
requirements, leading to different restraint systems 
for each global region.  Selective adaptation provides 
a possible solution to achieve adequate protection 
over the widest range of tests and occupants with the 
same or similar system components. 
 

 
Figure 2.  Plurality of global side crash 
requirement and new proposals [6] 
 
As a first step in trying to meet this goal, a 
comprehensive investigation of the cooperation 
between adaptive restraints and side crash sensors 
using CAE is necessary. Crash simulations tend to be 
very time consuming, so the number of cases must be 
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selected in a systematic approach, to provide 
representative results in the end. 
While other papers are available, which compare the 
benefits of different restraint systems for frontal 
crashes [7,8], this paper focuses strictly on side 
impacts. 
 
The crash matrix considered in this paper is formed 
along two variables. The first variable is crash mode: 
 

• 50km/h IIHS (90° IIHS MDB) 
• 54 km/h FMVSS 214 MDB (27° crab) 
• 50km/h ECE R95 (90°  ECE R95 MDB) 
• 32km/h FMVSS 214 NPRM pole (75°, 10 

inch pole) 
 

The crash modes from the above list are hashed in 
Figure 2, to allow an overview of which part of the 
global requirements is subject to investigation in this 
paper. The second variable combines sensor and 
protection type: 
 

• standard airbag with accelerometer 
• standard airbag  with MSI 
• enlarged airbag with MSI 
• adaptive airbag  with MSI (2nd stage) 

 
DEFINITION OF TERMS  
 
When talking about adaptive restraints, it is important 
to clearly define the key times in the sequence 
starting from first contact of the impacting barrier 
through deployment of the airbag and any adaptive 
components.  
 
Time “0” 
 
In a side impact it is the first contact of the impacting 
object with the vehicle (e.g. the falling edge of the 
trigger switch mounted on the vehicle door). This 
defines the origin for all subsequent times. 
 
TTF1 (Time To Fire) 
 
The time, when any crash detection system, detects a 
crash and deploys a protective restraint (airbag). 
Since this time can depend significantly on the kind 
of crash detection system, all deployment times 
originating from an accelerometer are labeled with 
the index A (TTF1A), while all deployment times 
originating from the MSI sensor are labeled with the 
index M (TTF1M). Any kind of restraint initiates at 
TTF1, a conventional restraint will be completely 
deployed, while an adaptive restraint will be 
deployed at its first stage. 

TTS (Time To Severity)  
 
This is the time when the MSI sensor can classify the 
crash mode (pole/barrier type) and estimate crash 
severity. For this paper, only the MSI is considered to 
provide this estimation. 
 
TTF2 
 
This is the time when a second stage of an adaptive 
restraint is deployed. Since knowledge about crash 
severity is important for the deployment of the 
second stage, the relation TTF2 ≥ TTS must hold. 
For lower speed crashes, a second restraint stage may 
not be needed, i.e. TTF2 → ∞. There is no index 
necessary for TTF2, because in the scope of this 
paper, only MSI provides a TTF2. 
 
Crash Severity 
  
Side impact crashes are often categorized into 
severity levels. In fact, many crash sensor 
discrimination algorithms simply classify impacts as 
ON (restraints are deployed) or OFF (restraints are 
suppressed).  To consider adaptive restraints, a more 
precise crash severity measure is required. For side 
impact crashes, the intruding door or impacting 
object poses the biggest injury threat to the occupant. 
MSI is a door intrusion sensor [4]. While regulatory 
barrier and pole tests are carried out to evaluate 
restraint performance because they are repeatable, it 
is useful to have a method to relate the intrusion 
(severity) of any real-world crash to that of a 
regulatory test. For this paper, the term equivalent 
speed will be used to define crash severity. It is 
defined as the speed that a standard regulatory 
reference test must be run to duplicate the intrusion 
profile that occurs in any crash. For example, if the 
severity of a real world car-to-car crash is rated with 
an equivalent speed of 50 km/h, then the intrusion 
profile (in the sensing timeframe) could be similarly 
reproduced in a FMVSS 214 MDB regulatory test at 
an impact speed of 50km/h.  While any regulatory 
tests could be considered as a reference, for this 
paper, the FMVSS 214 MDB crash mode is the 
reference for barrier type crashes and the FMVSS 
214 NPRM pole test is the reference for pole type 
crashes. 
 
ESTIMATING TTF AND TTS  
 
The MSI coil measures the distance to conducting 
material in its proximity. In a crash, as the outer door 
skin starts to move relative to the sensor, the MSI 
signal increases. Figure 3 shows the normalized MSI 
signal and slope response for a regulatory ECE R95 
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crash. Since the MSI coil measures average door 
intrusion, the slope of the MSI signal is a good 
indicator of crash severity (intrusion speed). 
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Figure 3.  MSI Signal and Slope for an ECE R95 
Crash Mode 
 
The calculation of the slope starts right at TTF1 and 
is averaged over the ongoing signal. The calculation 
of the slope terminates at the derived TTS, if one of 
the following conditions is met: 
 

1. The variance of the averaged slope is lower 
than a pre-determined, platform dependant 
threshold. 

 
2. Time is greater than (TTF1 + 5ms) 

 
3. A short term average of the slope decreases 

to zero. In this case the last 1ms of the signal 
is ignored for the final result, to make sure 
the result is not influenced by the plateau. 

 
 

Table 1. 
TTF1 and TTS for All Crash Modes Considered  

 
Crash mode TTF1M  TTF1A TTS equiv. 

speed 
MDB Crashes: 

50km/h 
IIHS 

3.0ms 5.8ms 7ms 50km/h 

54km/h 
FMVSS 
214 MDB 

 
2.8ms 

 
7.4ms 

 
6ms 

 
54km/h 

50km/h 
ECE R95 

4.5ms 7.0ms 8ms 34km/h 

Pole crashes: 
32km/h 
FMVSS 
214 NPRM 
pole 

 
6.0ms 

 
11.4ms 

 
10ms 

 

 
32km/h 

 

Table 1 shows a compilation of TTF1 and TTS for 
sensors and crash modes considered in this paper. 
The table also shows the derived equivalent speed for 
each mode. All MSI slope calculations were 
terminated by the variation criteria (Condition 1). 
The TTF1 values in the table above were derived 
from full calibrations (crash and abuse tests 
included); the times were averaged over several crash 
series using mid-size sedans. The actual restraint 
deployment times that can be achieved on any 
specific platform must be derived through a full crash 
and abuse test set, where target TTF1 requirements 
vary by OEM and platform. The numbers used here 
are representative. 
Further analysis of MSI signals shows the potential 
for classification of crash events into pole and barrier 
types, with unique equivalent speeds resulting from 
the dynamic differences in intrusion for poles and 
barriers.  In practice, different adaptive restraint 
measures could be taken to reduce injury risk for 
each type. 
 
CAE MODELS AND METHODOLOGY 
 
A model of a typical mid size sedan, developed and 
validated for side impact studies in the research 
domain, was used for this study. The vehicle model 
comprises approximately 80,000 elements, providing 
a reasonable compromise between accuracy and 
computational efficiency. 

 
Figure 4.  Vehicle Model in Pole Impact 
 
Individually validated barrier models, representative 
of the FMVSS 214 MDB, IIHS MDB and ECE R95 
MDB were utilized as well as a model of the rigid 
pole of the FMVSS 214 NPRM dynamic oblique pole 
impact. The CAE analysis further incorporates 
dummy models representative of the Mid Size Adult 
Male (50th percentile) and Small Adult Female (5th 
percentile). While regulatory tests specify the size 
and type of dummy to be used, this study uses the 
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same dummy models throughout for ease of 
comparing results. 
 

 
Figure 5.  IIHS MDB Model 
 
For Out of Position (OOP) injury risk assessments a 
model of the 3-year old Hybrid III dummy was used 
in ISO-2 position. The side airbag model used for this 
study is a typical single chamber airbag, typical for 
that used in vehicles of this class.  
 

 
Figure 6.  3-Year Old Dummy in ISO-2 OOP 
 
The airbag and inflator used in this study was 
designed to meet European regulatory MDB test 
standards and will not protect optimally in IIHS or 
the FMVSS 214 NPRM pole tests. For any airbag 
system, there is always a crash severity and/or 
occupant load where airbag protection potential is 
maximized. However, through active adaptation, the 
balance of internal pressure and venting can be 
controlled to best dissipate the impact energy.  
 
The combination of two sensor types, four impact 
scenarios, and two adult dummy models allows for 
16 permutations. Different restraint configurations 
and crash severity modes made for a total of 144 
unique analysis models. To perform this study the 

LS-Dyna solver and an 8-node Linux cluster was 
utilized.  
 

 
Figure 7.  Baseline Side Airbag Model 
 
CAE ANALYSIS  
 
A first baseline CAE simulation set was performed to 
evaluate the possible benefits of the MSI sensor 
compared to an inertial sensor (accelerometer), using 
a standard airbag. Subsequent cases can be compared 
against the previous result to measure any level of 
incremental improvement. While many injury criteria 
are available to evaluate restraint effectiveness, rib 
deflection was chosen as the primary measure for this 
analysis. This measure is often the most critical for 
the vehicle size used in this analysis. A reduction in 
rib deflection represents an improvement in occupant 
protection. Note that in all subsequent figures, a 
value of one represents the peak rib deflection 
occurring on the Mid Size Adult Male dummy in the 
FMVSS 214 NPRM pole test.  All other deflections 
are normalized to this level.  Since this is a generic 
car, airbag and dummy model, absolute deflection 
levels cannot be cross validated against actual crash 
tests. Accordingly, normalization allows for a simple 
relative comparison of rib deflection levels across the 
crash, dummy and adaptation variables.  
 
MSI Sensor and Accelerometer Comparison 
 
The first question addressed in the CAE analysis was: 
would the faster MSI deployment times improve or 
degrade the performance of an airbag system 
designed for an inertial sensor? Keeping all other 
variables the same, the baseline airbag was deployed 
at TTF1A and TTF1M respectively.  
 
Figure 8 and Figure 9 show the rib deflection 
measures, for Mid Size Male and Small Female 
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respectively. Figure 8 shows that the earlier MSI 
deployment times reduce peak rib deflection for the 
less severe ECE R95 and FMVSS 214 MDB crash 
modes, while the values for the more severe IIHS and 
FMVSS 214 NPRM pole crash modes are almost 
identical. The bag has been optimized for all current 
global requirements which are less severe than the 
IIHS test, so faster deployment shows little benefit 
for the IIHS and FMVSS NPRM pole crash. Figure 9 
shows the deflection situation for a Small Female and 
the faster MSI deployment times show some 
measurable benefit. However, for the lower severity 
crash modes the deflection results are nearly 
identical. 
 

 
Figure 8.  MSI vs. Inertial Sensor - Mid Size Male 
 

 
Figure 9.  MSI vs. Inertial Sensor - Small Female 
 
In no case analyzed, did a faster deployment result in 
higher peak rib deflections. This result suggests that 
the MSI could be effectively exchanged with an 
accelerometer in a conventional airbag system with 
no degradation in performance, and some measurable 
gains in reducing peak rib deflections. 
 

Enlarged Bag Triggered by MSI 
 
The second question addressed in the analysis is: Can 
a larger airbag deployed at the faster MSI TTF1 
improve rib deflection? To simplify the analysis, only 
the width of the cushion was increased. Figure 10 
shows the baseline cushion in red and the enlarged 
cushion in green. The resulting volume increase was 
25%. Enlarging the cushion volume, while keeping 
the inflator constant results in a lower initial inflation 
pressure, and possibly less venting losses. With the 
larger contact area it was hypothesized that the 
overall contact forces of the higher volume airbag 
would be effectively the same as the original.  

 
Figure 10.  Baseline and Enlarged Cushions 
 

 
 
Figure 11.  Cushion Adaptation - Mid Size Male 
 
Figure 11 shows a comparison of dummy injury 
measures for the baseline cushion and enlarged 
cushion, both using MSI sensor trigger timing. A 
bigger bag is beneficial for all crash modes, except 
the low severity ECE R95 crash mode, where results 
are almost identical.  
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Figure 12.  OOP Chest Deflection Comparison 
 
One potential risk in simply enlarging the airbag 
cushion was how it would affect OOP performance. 
Therefore, a comparison was made, using the 3 year 
old child dummy in ISO-2 position. Figure 12 and 
Figure 13 show the comparative risk in terms of 
induced chest and head injury. In both figures, the 
solid black signal trace (Baseline Side Airbag) 
represents a known acceptable OOP performance. 
The dotted line represents the larger airbag. 
 

Figure 13.  OOP Head Acceleration Comparison 
 
Based on these figures, the effects of a larger airbag 
on OOP performance are minor and well within 
acceptable limits.  
 
Enhanced Protection  
 
Having established that the performance of the 
enlarged cushion is at least on-par with the baseline 
cushion, we next looked at further benefiting the 
occupants under high severity side impact conditions 
by adapting the restraints to the severity predicted by 

the MSI. Following the trends established for frontal 
impact restraints, the first adaptation considered here 
was the inclusion of a second inflation stage. 
This approach brings many possible variables,   
including peak inflation level, stage delay, and active 
venting; where any or all of these are valid options 
for optimizing restraint effectiveness. As a first step, 
this study simply considered enhancing inflation 
through a second stage load at a level of 25% of the 
primary stage. 
 
Figure 14 shows the rib injury measures for the Mid 
Size Male for the enlarged airbag cushions that were 
inflated by either the primary stage only or the 
primary and secondary stages. The secondary stage is 
deployed at the time the MSI has established crash 
type and severity. (i.e. TTF2 equals TTS) as shown in 
Table 1.  
 

 
Figure 14.  Inflator Adaptation - Mid Size Male 
 
Clearly, the dual stage inflator shows a benefit for the 
higher severity cases (Pole and IIHS), while there is 
no perceived benefit for the lower severity cases. It is 
clear from Figure 14, that the threshold severity 
where a second stage should be deployed is 
somewhere between the severity of the FMVSS 214 
MDB and the IIHS crash mode. 
 
Aggravated and Real World Conditions 
 
As discussed in [9,10], real world side impact 
severity on average may be considerably higher than 
current test conditions represent. We therefore 
explored the possibilities of the dual stage side airbag 
system under aggravated impact conditions. These 
comprise impacts with the same set of barrier objects 
but increased impact severity. Table 2 shows a 
compilation of the base line and aggravated speeds 
used in this paper. 
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Table 2. 

Base Line and Aggravated Conditions 
 
Base Crash 
Mode 

Base Line 
Speed 

Aggravated Speed 

MDB Crashes: 
IIHS 50km/h 55km/h 
FMVSS 214 
MDB 

54km/h 63km/h 
(SINCAP) 

ECE R95 50km/h 55km/h 
Pole crashes: 

FMVSS 214 
NPRM pole 

32km/h 35km/h 

 
Figure 15 compares the rib deflections of the Mid 
Size Male for single and dual stage side airbags under 
these aggravated conditions. The figure shows that 
the second stage can be effectively used to improve 
protection in the three most severe tests. 
 

 
Figure 15.  Aggravated Impact - Mid Size Male 
 

 
Figure 16.  Aggravated Impact – Small Female 
 

More benefit is obtained from the dual stage side 
airbag under more severe conditions, with little or no 
adverse effects on the performance for the lower 
severity tests. The peak rib deflection was reduced by 
20% in the pole test with the use of the dual stage 
inflation. Figure 16 shows the results for the small 
female dummy under the increased speed impacts, 
which illustrate that the second stage improves the 
protection moderately for all tests. 
 
DISCUSSION  
 
The CAE analysis presented thus far intends to 
provide a basic starting point for the consideration of 
the potential benefits of adaptation in side impact 
protection. The results indicate that further analysis 
would be beneficial in order to optimize a second 
stage inflator by analyzing the tradeoffs for peak 
inflation levels in each stage, airbag volume, vent 
rate and other influencing factors. The achieved 
system must also show an improved benefit/cost 
ratio. 
  
The MSI signal was used to estimate crash severity to 
derive a 2nd stage inflation decision and TTF2, from 
Table 1. From inspection of the results from figure 
13-15, deployment of a second stage can be effective 
in reducing rib deflections in severe crash impacts. 
However, the severity threshold for deciding to 
deploy or not deploy the second stage must be 
carefully analyzed for each platform. For example, 
the MSI sensor location is chosen to balance fast TTF 
response over all regulatory tests. Inspection of Table 
1 shows that the MSI effectively estimated severity 
for the FMVSS 214 MDB and the ECE R95 crash 
modes. The FMVSS 214 MDB (54km/h equivalent 
speed) crash mode is rated slightly less than two 
thirds as severe as the ECE R95 crash mode (34km/h 
equivalent speed). This same ratio is also 
approximately maintained in the peak values of the 
rib deflection values in those crashes. However, the 
MSI rates the FMVSS 214 MDB crash mode 
(63km/h equivalent speed) more severe than the IIHS 
crash mode (50km/h equivalent speed), but the IIHS 
crash mode produce more rib deflection. The reason 
for this is that the impact location of the IIHS barrier 
and the FMVSS 214 MDB are different.  In the early 
phases of the crash, the IIHS barrier produces about 
the same average intrusion in proximity to the MSI 
sensor as the FMVSS 214 MDB. Therefore the IIHS 
equivalent speed is the same as the actual IIHS 
impact speed. This behavior can be tuned by optimal 
sensor placement to detect intrusion in the crash 
modes causing the worst injuries. This is an elegant 
way to allow the most protection for the most 
vulnerable point of the vehicle structure. 
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Real World Considerations  
 
This analysis utilized a side airbag with greater 
width, which allows for a wider cover of the rib cage. 
This may provide additional benefits under real world 
impact conditions. For example, whereas the FMVSS 
214 NPRM pole standard utilized an oblique impact 
angle of 75 degrees, recent NASS and FARS 
statistics on side impact suggest that the average “real 
world” impact incident angle for car-to-pole and car-
to-car is approximately 63 degrees. The better thorax 
coverage of the enlarged airbag may afford additional 
benefits under such angled impact conditions. Not 
investigated in this study, but of equal perceived 
benefit is that the earlier trigger time afforded by the 
MSI sensor may allow for a more effective utilization 
of the side curtain restraints.  
 
As shown in this paper the MSI can determine 
quickly whether a severe impact occurs. This 
information can be used to set various possibilities of 
adaptable restraints. For this paper, only a two-staged 
inflation of the side bag was considered. This was 
done to keep the number of simulation runs at an 
acceptable level. The ability of the MSI to detect and 
evaluate crash severity could be used for additional 
methods of restraint adaptation. Generally, adaptation 
of side restraints can be achieved by changing the 
properties of any of the following. 
 
• Bag shape variation in x- or y- direction would 

adapt the cushion either to more absorption depth 
by the same deployment pattern compared to a side 
bag with a smaller depth or would improve the 
performance for oblique pole impacts. A 
challenging issue is to maintain the pressure at a 
balanced level during and after the extra expansion 
of the cushion shape. 

 
• Inflation method by either having a 2-(or more) 

stage inflator or through by-passing a certain 
amount of gas generated from an “over-
dimensioned” inflator can change the bag 
characteristics dramatically. This approach would 
cause differences in pressure level dependant on 
the demand necessary for a specific situation.  

 
 
• Active venting on / off or even changing the size 

of the vent hole would generate a drastic 
improvement depending on the situation. It would 
have to be determined if an analog way or just a 
digital on/off function is sufficient. To optimize the 
restraint force-deflection characteristics an active 
adjustment of the vent hole seams to be most 
promising. [11]  

 
Another potential method to improve side impact 
protection is by using information from occupant 
classification sensors in the car. As an example, seat 
weight classification systems can be used by the side 
protection system to selectively deploy or not deploy 
adaptive restraint functions. In the future, more 
sophisticated sensors can provide occupant position 
and stature information in real-time to continuously 
adapt the restraint optimally to the current conditions.  
Ultimately, fast deployment times and crash severity 
measures derived from MSI will be integrated as a 
key element in a holistic system safety approach.  
 
CONCLUSIONS  
 
In the introduction of this paper, a supporting case 
was made to consider new concepts for side impact 
crash protection. This paper has shown that the MSI 
provides fast restraint deployment as well as crash 
severity which can be used in improved protection 
adaptive side restraints. 
 
This paper has also shown that there is still 
significant potential, for transferring more 
information from the crash sensor to the restraint 
system (e.g. crash severity) and by optimizing the 
restraint to make full use of the possibilities offered 
by the crash sensor (e.g. bigger cushion if faster 
TTF’s are available). 
  
If the crash sensor can also provide crash severity, 
adaptive restraints for side crashes are a first new 
path to follow, to further decrease fatalities and 
injuries, particularly in the case of more severe 
impact conditions which are expected to be reflected 
in future regulatory test standards.  
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ABSTRACT 
 
Given the steady growth of the crash problem since the 
late 1990s, a descriptive analysis of motorcycle crashes on 
U. S. roads was performed to gain insight into crash 
causation and investigate opportunities for improving rider 
safety.  Data from the 1992-2004 National Automotive 
Sampling System/General Estimate System (NASS/GES) 
were studied relative to crash configuration and rider, 
motorcycle, and environment characteristics.  Data trends 
before and after 1998 were examined.  Key findings show 
that, in addition to the increase in crash risk due to 
exposure, motorcycle crashes are becoming more deadly.  
Contributing factors to increased severity and higher 
fatalities rates were: increased road departures and 
decreased helmet use for riders, especially those under 19 
or 40-49 years of age, increased alcohol involvement for 
riders ages 30-49;  vehicles turning into the path of the 
motorcycle, and head on crashes; lack of awareness of the 
impending crash;  vulnerability  of over 750cc engine size 
motorcycles in frontal crashes; riding on roads with higher 
speed limits; crashes away from a junction, and riders over 
40 in dark road conditions.  Overall, as compared to all 
crashes, a rider was about two times more likely to be 
killed in a road departure.  Also, riders under age 30 were 
most vulnerable followed by riders over 50 in all 
motorcycle crashes.  Findings support opportunities in 
safety strategies such as rider education, grouped by age, 
relative to speeding, helmet use, and alcohol consumption.  
Findings also support opportunities in countermeasures 
such as improved visibility including enhanced lighting, 
for the motorcycle and/or roadway, and improved 
performance of larger motorcycles in frontal crashes.  
Findings highlight the need to study the vulnerability of 
riders over 50 in motorcycle crashes and the need for a 
more in-depth study of the growing road departure 
motorcycle crash problem.  
 
INTRODUCTION 
 
The number of motorcycle riders killed in traffic crashes 
on United States (U. S.) roads has increased for eight years 
in a row and has more than doubled since 1997 [1].  This 
increase recently overshadowed the decrease in passenger 
car crash fatalities and has led to an overall increase of 

traffic fatalities in the U. S.  In 2005, 4553 motorcycle 
riders died in U. S. crashes, accounting for 10.5% of all 
traffic fatalities.  Given the recent growth of the 
motorcycle crash problem on U. S. roads, there is a critical 
need to gain an understanding of the factors contributing to 
motorcycle crashes.  In this paper, results from a nationally 
representative descriptive analysis of U. S. motorcycle 
crashes are presented, including assessment of problem 
size and examination of recent trends.  The goal of the 
research was to gain insight into crash causation and 
investigate opportunities for improving rider safety.  
 
STUDY POPULATION AND METHODS 
 
Database Selection - In the U. S., there are two national 
traffic crash databases: the Fatality Analysis Reporting 
System (FARS) starting in 1975, and the National 
Automotive Sampling System (NASS) starting in 1988.  
FARS is a census of all fatal crashes and, as such, includes 
motorcycle fatalities.  NASS is a stratified sample of 
police reported crashes of all severities and is composed of 
two systems: the General Estimate System (GES) and the 
Crashworthiness Data System (CDS).  National estimates 
are calculated from NASS data by applying a national 
weight for each case.  This national weight is the product 
of inverse probabilities of selection in a three stage 
sampling process.  
 
Although CDS includes detailed vehicle, crash scene, and 
occupant data that allow study of injury mechanisms, the 
5,000 tow-away crashes that are investigated per year do 
not include motorcycles.  NASS/GES used for this study 
samples around 55,000 cases per year with major property 
damage, injury, or death from the several million police-
reported crashes.  GES data taken from police reports 
include motorcycle crashes and incorporates pre-event, 
rider, vehicle, environment, and limited injury data.  
NASS/GES was the most suitable database for this study.  
FARS was the source of the overall number of crash 
fatalities.  
 
Crash Population - Weighted NASS/GES data from 
1992-2004 of crashes with at least one motorcycle were 
used for this study.  Motorcycles of all engine 
displacements were included.  ATVs (all terrain vehicles) 
were excluded.  The study population involved a national 
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estimate of 1,003,665 riders (motorcycle operators and 
passengers) summarized in Table 1. 
 

Table 1.  1992-2004 NASS/GES Motorcycle Population  

Crash Types Sample Size  
National 
Estimates 

Single-Vehicle:  
one motorcycle 

9,993 
(291) 

437,261 
(9,993) 

Two-vehicle 9,904 
(258) 

536,857 
(9,904) 

Multiple Vehicle 631 
(35) 

29,547 
(631) 

Fatalities in () 
 
Motorcycles made up 2.54% of total vehicle registrations 
in 2005, with a low of 1.86% in 1998 and a high of 3.9% 
in 1981 [1].  Furthermore, motorcycle traffic exposure is 
expected to be far lower than registrations.  In the 
landmark study by Hurt et al of on-scene and in-depth 
investigations of motorcycle crashes in Los Angeles during 
1976 and 1977, motorcycles were reported to be 4% of 
registrations but were only 0.5% of vehicles observed in 
traffic [2].  In effect, seven out of eight motorcycles were 
parked at home in the garage.  This leads to motorcycle 
crashes being a small segment of the police reported 
crashes sampled by GES.  The sparse sample size is 
accentuated when looking at fatal crashes, which occur 
less frequently.  Fatal motorcycle crashes are believed to 
be under-represented in GES.  In the case of motorcycles, 
GES is more suited to look at trends and problem 
characterizations using data collected over several years.   
 
In this paper, crash configuration, rider, motorcycle, and 
environment characteristics were investigated by grouping 
thirteen years of weighted GES data from 1992 to 2004.  
The variables investigated variables are listed in Table 2.  
Although the visual obstruction and speed relation 
variables for the motorcycle rider were examined, results 
were deemed to be less reliable.   

Table 2.  GES Variables Investigated 

Crash Configuration:  
- Accident Type 
 
Environment Related: 
- Speed Limit 
- Relation to Junction 
- Light Condition 
- Visual Obstruction 
- Road Surface Condition 

Motorcycle Related: 
- Make 
- Make (engine size) 
- Vehicle Contribution Factor 

Rider Related:   
- Injury Severity 
- Age 
- Safety Equipment Use 
- Restraint System Use 
(helmet) 
- Police Reported Alcohol 
Involvement 
- Driver Maneuvered to    
Avoid 
- Vehicle Maneuver 
- Corrective Action     
 Attempted 

Motorcycle crashes had a downward trend in 1992-1997 
followed by an upward trend in 1999-2004 as shown in 
Figure 1.  A trend analysis grouping the two ranges of 
years was also performed.  Crash characteristics were 
compared between the two ranges of years to study both 
involvement and severity for motorcycle crashes as shown 
in the sections below.  Injury rates per 100 crash-involved 
occupants were examined and are presented beginning in 
Table 5. 
 
Crash Configuration Groupings - The standard GES 
crash configuration groups were reassigned (Table 3) to 
better define the role of the motorcycle in the crash.  The 
new assignments specify the crash configuration relative to 
the motorcycle.  For example, in the case of rear-end with 
a passenger vehicle, the new groups identify if the 
motorcycle impacted the rear of the passenger car or vice-
versa. 
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Figure 1.  Recent Trends of Motorcycle Crashes (GES) 

 

Table 3. 

GES Category 
Study Crash Configuration: GES 
ACCIDENT TYPE Codes 

Single-Vehicle 
Crash 

Road Departure: 01-10 
Frontal Impact:  11-16 

Pair and 
Multiple 
Vehicle Crashes 

Frontal Impact: 20, 24, 28, 34, 36, 
38, 40, 50-63, 69, 71, 73, 80, 81, 
83, 86, 88 
Sideswipes: 44-49, 64-67, 76-79  
Side Impact: 68, 70, 72, 82, 87, 89 
Rollover: 97 
Rear: 21, 22, 23, 25, 26, 27, 29, 30, 
31, 35, 37, 39, 41 
Other: 92,93,98,99,00 

Note: GES ACCIDENT TYPE codes [3]  
 
Some GES cases were eliminated because the specifics 
were unknown and the role of the motorcycle could not be 
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determined.  Most of these were multiple vehicle crashes.  
This resulted in 18,358 cases lost from 1,003,665 or less 
than 2% of the study population. 
 
Injury Severity Groupings - The GES injury severity 
codes were grouped as non-severe injury, severe injury, 
and fatal injures (Table 4).  
 

Table 4.  Study Injury Groups 

 GES codes 

Fatal Injury= K K : Fatal Injury 
Severe Injury = A A : Incapacitating Injury  
Non-Severe Injury = 
B+C+U 
 

B : Non-incapacitating Injury 
C : Possible Injury 
U : Injured, Severity Unknown 

 
 
 
OVERALL MOTORCYCLE CRASH TREND AND 
RISK ASSESSMENT  
 
Motorcycle crashes and resulting rider fatalities have 
followed a similar trend in the last decade (Figure 2).  In 
fact, since the mid 1980s, both the number of motorcycles 
on U. S. roads (registrations) and rider fatalities were 
decreasing until the reversal of trend in the late 1990s 
(Figure 3).  The increase in motorcycle registrations, 
driven by the rapid increase in sales shown in Figure 3 [4], 
is a main factor contributing to the increase in motorcycle 
crashes on U. S. roads. 
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Figure 2.  Motorcycle Crashes and Fatalities Trend.     
Crashes (weighted GES 1992-2004), Fatalities (FARS). 

 
If we account for the increase in the size of the motorcycle 
fleet by normalizing with the number of registrations from 
the Federal Highway Administration (FHWA) [5], we find 
that motorcycle fatality rates per 100,000 registered 

motorcycles increased from a low of 55 in 1997 to 73 in 
2005 (Figure 4).   
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Figure 3.  Motorcycle Fatalities (FARS), New Unit Sales 
(Motor Cycle Industry Council), Registrations (FHWA) 

Motorcycle fatality rates have been rising since 1997 while, 
in comparison, passenger cars fatality rates have been 
steadily decreasing.  Motorcycle riders represent a very 
vulnerable segment of road users in the U.S.  In 2005, 
riders were 5.4 times more likely to be killed in motor 
vehicle traffic crashes per registered vehicle than 
occupants of passenger cars (who had a fatality rate of 13.6 
per 100,000 registrations). 
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Figure 4.  Fatality Rates per 100,000 Registered Vehicles 
(FARS, FHWA) 

 
Risk Assessment -   Are motorcycle crashes just becoming 
more prevalent and thus resulting in higher fatality rates 
per registered vehicle or are motorcycle crashes also 
becoming more dangerous?  To obtain some insight into 
this question, the number of motorcycle crashes with 
different severity outcome (fatal, severe injury, non-severe 
injury, and no injury) per 100,000 registered vehicles was 
used as a relative measure of risk.  Fatal risk was the ratio 
of fatalities from FARS and the injury risks were based on 
data from GES.  The ratio for the total number of crashes 
was defined as involvement risk.  It is worth noting that 
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miles traveled per registration would be the preferred 
metric for exposure.  However, at this time, there is not 
much confidence in the miles travel data for motorcycle in 
the U. S. [6].  
    
 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

N
o

. p
er

 1
00

,0
00

 R
eg

is
tr

at
io

n
s

Involvement Risk Fatality Risk Non-Severe Injury Risk

1992 = 1.00

 

Figure 5.  Motorcycle Crashes and Fatalities Risk Trend 

 
In 2004, the risk for crash involvement decreased to 87% 
and non-severe injury risk decreased to 81% of 1992 levels, 
while the fatality risk was 18% higher in 2004 than in 1992 
(Figure 5).  This indicates that, although that there seems 
to be fewer crashes per registered motorcycle, the crashes 
tend to be more deadly in recent years. 
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Figure 6.  Ratio of People Killed (FARS) to the Number 
Injured in U. S. Crashes (GES) Trend 

 
As another measure of risk, the ratio of people killed to the 
number injured people in traffic crashes over the last 
fourteen years was considered.  For motorcycles, this ratio 
increased from 3.7% in 1992 to 5.2% in 2005 (Figure 6).  
In contrast, the ratio for passenger cars has more or less 
stayed in the same range with a relatively small increase 
(1% to 1.2%).  This provides further evidence that, in 

addition to becoming more prevalent, motorcycle crashes 
are becoming more severe. 
 
MOTORCYCLE CRASH CHARACTERISTICS 
 
Crash Configuration - Single-vehicle crashes, where only 
the motorcycle was involved, made up 44.2 % of the 1992-
2004 GES population.  Crashes with one other vehicle 
were 52.8% and crashes with multiple vehicles were 3.0%.  
The percent of single-vehicle crashes has been increasing 
in recent years to 47.5% in 2004 (Figure 7). 
 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

50,000

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Single Vehicle Two Vehicle Multiple

 

Figure 7.  Motorcycle Crash Types (GES) 
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Figure 8.  Motorcycle Crash Configurations (GES 1992-
2004) 

Frontal impact and road departure are the most common 
U.S. motorcycle crash configurations; both have been 
increasing in recent years (Figures 8 and 9).  They are also 
the two most common configurations for all injury 
severities, especially fatal crashes, accounting for 75% of 
motorcycle riders killed from 1992-2004 (Figure 10).  
  
However, road departures were especially lethal, 
accounting for 18.7% of all motorcycle crashes but 36.8% 
of the fatalities in the 1992-2004 GES data (Figures 9 and 
10).   
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Figure 9. Motorcycles Crash Configurations Trend (GES) 

As compared to all motorcycle crashes, a rider was about 
twice as likely to be killed in a road departure (ratio of 
1.97 times).  This corresponds to 1675 riders killed in road 
departures crashes from a total of 4553 fatalities in 2005 
based on FARS.  Frontal crashes were 36.3% of the GES 
crashes and resulted in 39.2% of the fatalities (1784 in 
2005 based on FARS). 
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Figure 10.  Injury Severity by Motorcycle Crash 
Configuration (GES 1992-2004) 
 

Table 5.                                                                                       
Injury Rates per 100 Involved Riders in Frontal Crashes 

 1992-1997 GES 1999-2004 GES 

Fatal 2.5 4.3 
Severe Injury 26.2 27.7 
Non-Severe Injury 53.2 48.9 
No Injury 18.1 19.2 

 
When comparing injury rates per crash before 1998 and 
after, GES data shows that both frontal and road departure 
crashes have become more severe in recent years (Tables 5 
and 6).   Deaths and severe injuries were a bigger 
percentage of the total crash population after 1998, while 
the percentage of non-severe injuries declined.  Road 
departures had a higher fatality rate of 6.5 as compared to 
4.3 for frontal crashes after 1998.  

Table 6.                                                                 
Injury Rates per 100 Involved Riders in Road Departures 
 1992-1997 GES 1999-2004 GES 
Fatal 4.5 6.5 
Severe Injury 28.4 30.4 
Non-Severe Injury 57.9 54.5 
No Injury 9.1 8.6 

 

Motorcycle Frontal Crashes - For a more in-depth 
examination, the frontal crash grouping was subdivided 
into six configurations outlined in Figure 11.   
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Figure 11.  Motorcycle Frontal Crash Configurations 

 
�Into Turning-Vehicle� configuration basically involves 
another vehicle turning into or across the path of a 
motorcycle moving straight forward.  It is the most 
prevalent frontal crash configuration from 1992 through 
2004, making up at 48.4% of the frontal crashes (Table 7) 
and 17% of all motorcycle crashes in the GES sample.  .  
�Into Rear of Vehicle� and �Into Non-Vehicle� follow at 
23.4% and 13.5% of all frontal crashes respectively in 
1992-2004.    
 

Table 7.  Motorcycle Frontal Crashes GES (1992-2004) 

 % 
Frontal 

% 
all 
GES 

% 
Frontal 
Fatal 

% all 
GES 
Fatal 

Fatality 
Rate 

Into Non-
Vehicle 

13.5% 4.7% 7.8% 3.0% 1.7 

Into Rear 
of Vehicle 

23.4% 8.2% 17.3% 6.7% 2.2 

Head On 3.1% 1.1% 20.5% 8.0% 19.2 

Into 
Turning 
Vehicle 

48.4% 
17.0
% 

45.0% 17.6% 2.7 

Into Side 
of Vehicle 

12% 4.1% 9.4% 3.7% 2.4 
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Figure 12.   Motorcycle Frontal Crashes by Injury Severity 
(GES 1992-2004) 

 
Head on crashes were only 3% of all the frontal crashes, 
but were vastly over-represented in fatalities, accounting 
for 20.5% of the riders killed.  Crashes, where another 
vehicle turned into or across the path of a motorcycle, 
resulted in 45% of the fatalities for frontal collisions 
(Figure 12).  Crashes where the motorcycle rear-ended 
another vehicle accounted for another 17.3% and crashes 
where the motorcycle crashed into the side of another 
vehicle resulted in 9.4% of the riders killed in frontal 
motorcycle crashes.  
 
�Head On� motorcycle crashes have an exceptionally high 
fatality rate:  22% of head on collisions result in the rider 
being killed.   
 
Rider Age -   In 2004, riders in their twenties were still the 
largest segment (28%) of crash involved motorcycles 
riders; however, riders in their forties and fifties increased 
rapidly while the proportion of teenagers declined (Figure 
13).  In 2004, riders aged 40-49 were 23% of the GES 
crash population.  Riders under 30 years old were 36% and 
riders over 40 were 43% of crash involved riders.   
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Figure 13.   Rider Age in Motorcycle Crashes (GES) 

 

Comparing involvement and fatality rates per crash 
involvement in the two ranges of years (1992-1997) and 
(1999-2004), riders under 30 years old were 42% of crash 
population and 51% of fatalities before 1998 but decreased 
to 36% of the accident population and 38% of fatalities 
after 1998.  On the other hand, riders over age 40 increased 
from 24% of the crash population and 23% of the fatalities 
before 1998 to 38% of crashes and 40% of the fatalities 
after.   
 
Rider Age in Frontal Crashes:  Similar to the overall 
trend, the proportion of riders aged 40�49 and 50�59 
involved and killed has increased in frontal crashes in 
recent years (Table 8 and Figures 14 and 15).  However, 
while the number of crash involved riders in their twenties 
has decreased, they were a larger proportion of frontal 
crash fatalities in later years.  Considering the ratio of 
fatalities to crash involvement, under 30 riders were 1.9 
times more likely to be killed in a frontal crash in 1999-
2004 than in 1992-1997.  Over-50 riders were 1.7 times 
more likely to be killed in later years.  
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Figure 14.  Trend of Frontal Crashes by Rider Age (GES) 

 
Table 8.  GES Frontal Crashes by Rider Age 

 1992-1997 1999-2004 Fatality Rate 

Rider 
Age All  Fatal  All  Fatal  92-97 99-04 

-19 17% 12% 11% 6% 1.9 1.8 

20 - 29 36% 28% 29% 37% 2.1 4.6 

30 - 39 26% 40% 22% 19% 4.1 3.2 

40 - 49 14% 13% 22% 20% 2.3 3.2 

50 - 59 4% 2% 13% 13% 1.3 3.5 

       

Over 40 21% 19% 38% 38% 2.3 3.6 

 
Rider Age in Road Departures:  There were similar 
trends for over-40 riders in road departures (Table 9).  
Riders under 30 were also twice more likely to be killed in 
a road departure in 1999-2004 than in 1992-1997.  Riders 
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aged 40-60 were 1.5 times more likely to be killed in road 
departures in the later years.  
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Figure 15.  Trend in Fatal Frontal Crashes by Rider Age 
(GES)  

Table 9.   GES Road Departures by Rider Age 

 1992-1997 1999-2004 Fatality Rate 

Rider 
Age All  Fatal  All  Fatal  92-97 99-04 

-19 13% 4% 8% 5% 1.5 4.0 

20 - 29 38% 36% 29% 36% 4.3 8.0 

30 - 39 25% 32% 23% 23% 5.9 6.4 

40 - 49 14% 11% 20% 17% 3.3 5.5 

50 - 59 6% 9% 14% 18% 6.8 8.4 

       

Over 40 24% 27% 39% 35% 5.2 5.9 

 
 
Rider Action - In 55% of recent motorcycle crashes, the 
rider was going straight prior to impact or prior to realizing 
an impending harmful event; however, in around 15% of 
the crashes the rider was negotiating a curve (Figure 16).  
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Figure 16.  Motorcycle Rider Pre-Crash Action (GES)  

 

As reported by GES, eighty percent of riders took no pre-
crash evasive action in 1992-1997 (Figure 17) but this 
decreased to 73% in recent years.  The driver attempted to 
brake and/or steer in 20% of the crashes after 1998.   
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Figure 17.  Crash Avoidance Action Taken by the Motorcycle 
Rider (GES) 

 
In the GES data, in most crashes and at all severity levels, 
the rider was not able to or did not attempt any avoidance 
maneuver (Figure 18).  In fatal crashes, 71% of all riders 
killed did not maneuver.  The 50-59 age riders did not 
attempt to maneuver in 77% of fatal crashes.  Given the 
challenges to establishing avoidance maneuvers from 
reports prepared by police officers who often lack any 
training or expertise in motorcycle accident investigation, 
these estimates are suspected to be high. 
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Figure 18.  Situation that the Rider Maneuvered to Avoid 
(GES 1992-2004)  

 
Alcohol Involvement - Most riders who were involved in 
crashes did not drink (Figure 19).  However, alcohol use in 
fatal crashes increased from 18% in 1992-1997 to 22% in 
1999-2004.  This is a conservative estimate of alcohol use 
in fatal crashes because, as shown in Figure 20, alcohol 
use so often goes unreported by the police, particularly 



Samaha 8

when the rider survives more than a few hours after the 
crash. 
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Figure 19.  Alcohol Involvement by Age Group in Motorcycle 
Crashes (GES 1999-2004) 
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Figure 20.  Alcohol Involvement by Age Group for Fatal 
Motorcycle Crashes (GES 1999-2004) 
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Figure 21.   Alcohol Involvement by Age Group for Severe 
Injury Motorcycle Crashes (GES 1999-2004) 

 

Looking at GES data with known alcohol involvement, 
there is marked increase in 30-49 year old riders who were 
drinking in motorcycle crashes at all severity levels  
relative to other riders (fatalities and Severe Injuries shown 
in Figures 20 and 21).   

Helmet Use - Reported helmet use increased from 52% in 
1992-1997 to 57% in the years since 1998 (Figure 22).  
However, some caution is required in interpreting this data, 
because of the growing use in the last 15 years of 
ineffective and unqualified �novelty� head gear that 
provide no protection in a crash [7].  If users of �novelty� 
head gear are classified as �helmeted� it can make head 
protection usage appear higher than it really is.    
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Figure 22.  Helmet Use in GES Motorcycle Crashes 

Taking a look at fatalities by age group, there is marked 
decrease of helmet use for the 40�49 and under-20 age 
groups since 1998, and to a lesser degree in the 20-29 age 
group (Figure 23).  After 1998, fatally injured riders aged 
40-49 were 75% as likely to have a helmet on compared to 
1992-1997 (45% vs. 61%).  Helmet use declined by 22% 
among fatally injured teenage riders after 1998 (from 54% 
to 42%). 
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Figure 23.  Helmeted Riders by Age Group in Fatal GES 
Crashes  
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Speed Relation -   A large percentage of fatal GES 
motorcycle crashes were coded as speed related when 
compared with crashes with less severe outcomes:  39.5% 
of fatal crashes, 27.1% of severe crashes versus 13.7% of 
no injury crashes were coded by police in 1992-2004 with 
speed being a contributing cause of the crash.  Also, a 
larger proportion of fatal crashes were coded as speed 
related for the younger riders.  Actually, 54% of fatal 
crashes for rider under 30 are coded as speed related in 
contrast with 26% of fatal crashes for riders over 40 years 
old. As a caveat, speeding as reported by the police is 
approximate and not determined by rigorous speed 
analysis methods.  Given the cursory nature of reporting 
speeding, it is the judgment of the authors that the type of 
motorcycle involved (sport bike vs. cruiser) or the severity 
of rider injuries may play a major role in the investigating 
officer�s conclusion that speed was a factor in the crash.  
As such, the speed relation data reported in GES is not 
considered to be very reliable.  
 
Motorcycle Engine Displacement - The motorcycle 
engine displacement in cc (cubic centimeters), an 
indication of size, was extracted from the vehicle model 
variable in GES.  The engine size was identified for around 
two-thirds of the GES motorcycle crash population from 
1999-2004 but only for one-fourth of the population in 
1992-1997.  As such, only GES crashes after 1998 were 
further examined by engine size. 
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Figure 24.  Frontal Crashes by Engine Size in cc 

 
The data indicate a relative increase in bigger bikes in both 
frontal and road departure crashes in recent years.  (Frontal 
crashes are shown in Figure 24).  Motorcycles with engine 
displacement over 750cc were dominant in both frontal 
impacts and road departures at all severity levels (Table 
10).  Larger motorcycles had a higher fatality rate per 
crash involvement than the 450-749cc in frontal crashes: 
over 750cc riders were 1.5 times more likely to be killed in 
frontal crashes than those on 450-749cc bikes.  On the 

other hand, both motorcycle sizes had a similar but high 
fatality rate in road departure crashes (riders of over 750cc 
size where 1.1 times more likely to be killed as those on 
smaller motorcycles).  
 
  

Table 10.  Fatal Crashes by Engine Displacement              
GES (1999-2004) 

  
Rate per 100 
Crash involved 

% Total 

Severity 
Engine 
size (cc) 

Frontal 
Road 
Depart 

Frontal 
Road 
Depart 

450-749 3.5 6.4 22% 25% 
Killed 

> 750 5.2 6.8 77% 68% 

450-749 24 32 24% 30% Severe 
injury > 750 29 31 67% 66% 

450-749 51 57 28% 31% Non-
Severe 
injury > 750 48 53 64% 63% 

450-749 - - 27% 29% All 
crashes > 750 - - 64% 64% 

 
 
Motorcycle Contributing Factor - Motorcycle 
components, listed in Figure 29, did not have any failures 
and were not a contributing factor in almost all the crashes 
(Figure 25).  
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Figure 25.  Motorcycle Contributing Factor in GES Crashes 

 
 
Crash Environment Variables 
 
Speed Limit - Motorcycle crashes from 1992-2004 
occurred on roads with all speed limits.  However, there is 
recent increase in number of crashes occurring on roads 
with speed limits of 65 mph and over (Figure 26).   
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Figure 26.  Motorcycle Crashes by Posted Speed Limit in 
Miles per Hour (mph) (GES) 

As expected, there is an increase in crash severity levels on 
roads with higher speed limits as shown in Table 11.  
Fatality rates increased from 1.2% on roads with a speed 
limit less than 25 mph speed limit to 8.1% for roads with a 
limit over 65 mph.   
 
Table 11.  Crashes per Posted Road Speed Limit (mph) 
 - 25 26-35 36-45 46-55 56-65 65 + 

% crashes 14% 28% 21% 18% 3% 1% 

% fatalities 7% 24% 27% 33% 8% 3% 
Fatality 
Rate 1 2 3 5 6 8 
Severe 
Injury Rate 22 23 26 27 26 33 
450-749cc 
fatality rate 1 2 4 6 5 4 
750+  cc 
fatality rate 2 3 5 5 8 9 
   
Motorcycle crashes on roads with 46-55 mph speed limits 
were 18% of motorcycle crashes but resulted in 33% of the 
fatalities on roads with known speed limits.  Crashes on 
roads with 45 mph and 35 mph resulted in 27% and 24% 
of riders killed, respectively (Table 11 and Figure 27).  
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Figure 27.  Injury Severity by Speed Limit for GES 
Motorcycle Crashes (1992-2004) 

Motorcycles with engine displacement over 750cc are 
dominant at all severity levels with percentages increasing 
at higher speeds limits.  However, the 450-749cc size is 
over-represented on 55 mph speed limit roads, making up 
31% of the crashes and 35% of the fatalities (Figure 28).  
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Figure 28.  Fatal Crashes by Speed limit and Engine 
Displacement (GES 1999 - 2004) 

 
Relation to Junction –   GES specifies the location of the 
first harmful event in relation to a road junction.  The point 
of departure is indicated if the first harmful event occurs 
off the roadway.  
 
 

 

Figure 29.  Motorcycle Crashes by Relation to Junction 
(GES) 

 
Overall, in 1992-2004, 48% of motorcycle crashes 
occurred away from a junction while 38% percent were 
within an intersection (Figure 29).  However, a 
disproportionate share of fatalities � about 64% -- occurred 
in non-intersection crashes, while only 27% happened 
within an intersection (Figure 30).  Crashes away from a 
junction had a fatality rate of 4.3 over 1992-2004, about 
72% higher than crashes within an intersection, which had 
a 2.5 fatality rate.  Crashes away from a junction have also 
increased steadily in recent years.   
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Figure 30.  Injury Severity by Relationship to Junction for 
Motorcycle Crashes (GES 1992-2004)  

 
Road Surface Condition -   The great majority of 
motorcycle crashes in 1992-2004 happened on dry roads.  
As such, the increase in crashes on dry roads since 1998 
simply followed the trend of all motorcycle crashes on U. 
S. roads (Figure 34).   
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Figure 31.   Road Surface Condition for Motorcycle Crashes 
(GES)    

 
Visual Obstruction � GES identifies visual circumstances 
that may have contributed to the cause of the crash.  In the 
majority of the motorcycle crashes from 1992-2004 no 
visual obstruction was reported.  However in recent years 
this variable often was not reported.  As such, it was 
impossible to determine any reliable trends relative to 
visual obstruction in this study. 
 
Light Condition - GES also identifies the general light 
condition at the time of the crash, considering the presence 
of external roadway lighting fixtures.  
 
The majority of motorcycle crashes, 69%, occurred in the 
daylight in 1992-2004 (Figure 32).  The number of 

motorcycle crashes occurring in the daylight increased in 
recent years, following the general trend. 
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Figure 32.  Light Condition for GES Motorcycle Crashes 

 
Although 26% of the crashes occurred during hours of 
darkness (dark and dark but lighted), those crashes resulted 
in over 43% of the fatalities (Figure 33).  Crashes in 
unlighted darkness were more likely to result in death than 
those occurring on lighted roadways at night (5.2 vs. 3.8 
per hundred crashes).  Also, crashes on unlighted 
roadways had a lower �no injury� rate than those in the 
dark but lighted condition (9 vs. 15). 
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Figure 33.  Injury Severity by Light Condition for GES 
Motorcycle Crashes (1992-2004) 

 
Riders age 40 and older were over-represented in fatal 
motorcycle crashes that occurred on unlighted dark roads.  
They were 33% of all crash involved riders but 45% of 
riders killed on dark unlit roads (Figure 34).  In contrast 
they were not over-represented on lighted roads at night, 
where they were 29% of crashes and 26% of fatalities 
(Figure 35).  That is, riders over 40 were 1.5 times as 
likely to die if they crashed on a road that was unlighted at 
night compared to night crashes on roads that were lighted. 



Samaha 12

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Fatal Injury Severe
Injury

Non-Severe
Injury

No-Injury Total

60 +
50 - 59
40 - 49
30 - 39
20 - 29
-19

 
Figure 34.  DARK-Unlighted by Injury Severity and Age 
(1999 - 2004) 
 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Fatal Injury Severe
Injury

Non-Severe
Injury

No-Injury Total

60 +
50 - 59
40 - 49
30 - 39
20 - 29
-19

 

Figure 35.  DARK but LIGHTED by Injury Severity and Age 
(1999 - 2004) 

   
 
 
SUMMARY AND CONCLUSIONS 
 
Results from this nationally representative descriptive 
overview of motorcycle crashes in the U. S. roads are 
summarized below.  Key observations derived in this study 
are compared with findings from a recent statistical study 
of motorcycle crashes in the state of Indiana from January 
2003 to October 2005 [8] and the landmark study by Hurt 
et al of on-scene, in-depth investigation of motorcycle 
crashes in Los Angeles during 1976 and 1977 [2].  The 
Indiana study, by Savolainen and Mannering, used nested 
logit and standard multinomial logit probabilistic models 
to show which variables play significant roles in 
motorcycle crash injury outcomes in Indiana.  
 
Motorcycle crashes have been on the rise in the U. S. due 
to increased exposure driven by the rapid increase in sales 
since the late 1990s.  However, motorcycle crashes, when 
they occur, are becoming more deadly.  Relative to 1992 
levels, the risks for being in a crash or in a non-severe 
crash per registered motorcycle decreased  by 13% and 

19% respectively in 2004 while the risk of being in fatal 
motorcycle crash increased by 18%.  This indicates that, 
although that there seems to be fewer crashes per 
registered motorcycle, the crashes tend to be more deadly 
in recent years.  Motorcycle riders also represent a very 
vulnerable segment of road users in the U.S.  Inherently, a 
motorcycle offers little protection to the rider in a crash.  
Riders were over five times as likely to be killed in a 
traffic crash in 2005 as occupants of other motor vehicles.   
 
Crash Configuration: Frontal impacts and road 
departures were the two most prevalent motorcycle crash 
configurations.  They were also dominant in all injury 
severities.  Frontal impacts were 36% of all crashes and 
accounted for a proportionate 39% of fatalities.  However, 
road departure crashes were far more lethal, accounting for 
19% of all crashes but 38% of all fatalities.  These two 
configurations alone accounted for 75% of motorcycle 
death in 1992-2004.  In the Indiana study, road departure 
crashes and collisions with roadside objects were found to 
be much more likely to produce severe injuries, and 
collisions with trees and poles were the most likely to 
produce a fatality.   
 
Both frontal and road departure crashes have become more 
severe in recent years.  When comparing injury rates 
before and after 1998, the fatality rate for road departure 
increased from 4.3 to 6.5 per hundred crashes while the 
fatality rate for frontal crashes  increased from 2.5 to 4.3 
per hundred.  
 
�Head On� motorcycle crashes have an exceptionally high 
fatality rate of 19.2 of riders killed per hundred head-on 
crashes � over 5 times the rate of frontal crashes generally.  
�Head On� frontal crashes accounted for 8% of all riders 
killed, but only 1.1% of all the motorcycle crashes in this 
study.  Similarly, in the Indiana study, head on crashes 
greatly increased the probability of fatalities, resulting in a 
566% higher likelihood of being killed. 
 
Crashes where another vehicle turned into or across the 
path of a motorcycle moving straight ahead were the most 
common frontal crash configuration at 17% of all 
motorcycle crashes and accounted for 18% of all riders 
killed.  Motorcycles running into rear of other vehicles 
were 8% of all crashes and 6.7% of rider fatalities.  
 
The most common crash configurations reported by Hurt 
et al in the Los Angeles study involved another vehicle 
turning left across the path of a motorcycle coming from 
the opposite direction (22% of all crashes) and road 
departure (16%).   
 
Rider Age: The motorcycling population is getting older.  
The proportion of crash-involved riders age 40 and older 
has increased considerably in recent years, from 24% 
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before 1998 to 38% after.  The percentage of riders over 
40 who were killed in motorcycle crashes nearly doubled 
after 1998 to 40% of all riders killed.  In contrast, Hurt at 
al reported a median age of 26 for riders killed in their 
1976-77 crash population, with riders 17-26 years old 
accounting for 50% of the fatalities.   
 
The recent increase in age for the crash involved rider 
follows the trend in motorcycle owner age in the U. S.  
According to the Motorcycle Industry Council Surveys of 
Motorcycle Ownership and Usage, the median age of 
motorcycle owners was 41 years old in 2003 as compared 
to 27 years in 1985 (a 14 year increase in median age over 
an 18 year period) [4].  Motorcycle owners over 40 years 
old were 53% in 2003, steadily increasing from 21% in 
1985, 26% in 1990, and 44% in 1998.  
 
Similar to the trend in all motorcycle crashes, riders 40-59 
years old have increased in both frontal impacts and road 
departures in recent years.  However, while the numbers of 
riders 20-29 in motorcycle crashes have decreased in 
recent years, they were a bigger proportion of the fatalities.  
Considering the ratio of fatalities to crash involvement, 
riders under 30 were 1.9 times more likely to be killed in a 
frontal crash and twice as likely to die in a road departure 
after 1998 as compared to 1992-1997.  The over-50 rider 
was 1.7 times more likely to be killed in recent frontal 
crashes and 1.5 times more likely to be killed in recent 
road departures.  In the Indiana study, the results showed 
that older riders were more likely to be involved in both 
single- and two-vehicle severe crashes, even when 
controlling for all other factors. 
 
Rider Pre-Crash Evasive Action: For most crashes at all 
severity levels, police reported that the motorcycle rider 
was not able to or did not attempt any avoidance 
maneuvers.  The absence of evasive action was reported in 
71% of fatal crashes, and for 77% of all riders aged 50-59.  
Given the challenges to establish avoidance maneuvers 
from police reports, these estimates are suspected to be 
high.  Hurt et al reported nearly the opposite:  Riders took 
evasive action nearly 70% of the time, but often made poor 
choices and executed their chosen action poorly.  Part of 
the problem, according to Hurt, is that riders had little time 
to react before the crash (a median of 1.9 seconds, and less 
than 3 seconds to react in over 90% of crashes).  Overall, 
both the GES and Hurt data indicate that motorcyclists and 
car drivers exhibit a lack of awareness or no expectation of 
impending danger in motorcycle involved crashes. 
 
One of the principle findings from the Hurt study was that 
lack of �motorcycle conspicuity� and lack of caution and 
awareness of both rider and driver were main causes of 
two-vehicle motorcycle crashes.  The driver of the other 
vehicle who violated the motorcycle right-of-way in 64% 
of the crashes explained that he/she never saw the 

motorcycle before the crash.  Lack of motorcycle 
conspicuity is highlighted as a factor contributing to 
increased motorcycle crash severity by several researchers 
[9, 10].  
 
Alcohol Involvement:  Comparing the years before and 
after 1998, the percent of riders who died in a motorcycle 
crash after drinking increased from 18% to 22%.  This is a 
conservative estimate due to large proportion of unknown 
alcohol involvement in GES fatal crashes.  Hurt reported 
alcohol use in 12% of all crashes and 43% of fatalities.  
NHTSA reported alcohol use in 34% 2005 fatal 
motorcycle crashes and a blood alcohol level (BAC) 0.08 
g/dl or higher in 27% of motorcycle fatalities [11].  In this 
study, the GES data showed a marked increase in alcohol 
use among the 30-49 age groups at all severity levels 
relative to other riders.  According to NHTSA, in 2005 the 
age group that had the highest percentage of riders with 
BAC of.08% or higher were those aged 35-50.   

Relative to other parts of the world, the ratio of alcohol 
involvement in 2004 U. S. motorcycle crashes was 6.2 
times higher than Japan and 1.8 times that of the European 
Union (EU).  This is based on comparison of data from U. 
S. GES, EU MAIDS [12], and Japan ITARDA [13]. 

Studies have shown that alcohol has a pervasive and 
detrimental effect on motorcycle crash characteristics, 
including a big increase in road departure crashes (Hurt 
Study [14], Thailand study [15]) and decreased helmet use 
[14].  Alcohol crashes also mostly occur at night in non-
junction areas (Thailand study [15], Hawaii study [16]).  
 
Helmet Use:  Forty-three percent of the 1999-2004 
motorcycle crash population in the U. S. did not wear a 
helmet.  Comparing the years before and after 1998, 
helmet use by riders killed in motorcycle crashes declined 
from 61% to 45% among riders aged 40-49 and from 54% 
to 42% among those younger than 20.   
 
In the Indiana study, results showed 50% increase in no 
injury for helmeted riders in single vehicle crashes.  
Savolainen and Mannering also report that helmet use 
significantly increased the probability of �non-
incapacitating� injuries in crashes with sport utilities 
vehicles and pickup trucks in Indiana.   
 
NHTSA reported that use of a qualified helmet was 37% 
effective in preventing fatalities in motorcycle crashes in 
2005 [11].  Similarly, Ouellet & Kasantikul [17] reported 
that about half of all fatally injured motorcyclists died of 
non-head injuries, usually to the chest and abdomen.  Of 
those who died primarily from head injuries, helmet use 
would have prevented nearly 80% of those deaths. 
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Unfortunately, NHTSA reported that helmet use declined 
from 71% in 2000 to 48% in 2005 based on their National 
Occupant Protection Use Survey (NOPUS).  States in the 
U. S. have been repealing laws that require helmet use for 
all riders.  The number of States with mandatory helmet 
laws has declined from 27 in 1996 to 22 in 2005 [18].  
Many studies comparing the effect of mandatory helmet 
has shown that mandating helmet use for all riders 
increases use to over 90% and reduces fatalities [19, 20, 21, 
and 22].   
 
One caveat is necessary in discussing helmet use.  Since 
the early 1990s, the use of �beanie� or �novelty� headgear 
with no energy-absorbing liner that are incapable of 
providing crash protection has grown in the U. S. [23] 
Roadside observational surveys in Florida by Turner at al 
show that use of �beanie� headgear increased from 15% in 
1992 to 40% in 1999 [7].  It is unclear how often the 
distinction between qualified protective helmets and 
beanie headgear is made in the police reports that make up 
the GES data.   
 
It is also worth noting that riding without a helmet is far 
more common in the U.S. than in Japan or the European 
Union.  The percentage of American riders who crashed 
without a helmet was 36 times greater than Japan and five 
times greater than the EU [12, 13]. 
 
Motorcycle Factor Related: The motorcycle itself did not 
have any failures and was not a contributing factor in 
almost all the GES crashes.  Motorcycles with engine 
displacement over 750cc dominated both frontal impacts 
and road departures at all severity levels in recent 
motorcycle crashes.  They were involved in 77% of frontal 
crashes and 68% of road departures in 1998-2004.   
 
Large-displacement motorcycles have been increasing in 
the U.S.  The Motorcycle Industry Council estimates that 
motorcycles over 749cc increased from 66% of the total 
motorcycle population in 1998 to 76% in 2003 [4].  In the 
same years, the 450-749cc motorcycles decreased from 
21% to 16.5%.  Polk�s National Vehicle Population Profile 
(NVPP) data shows a continued increase in overall 
motorcycle registration in the U. S., particularly for over-
750cc motorcycles (Figure 36) [24]. 
 
The over 750cc motorcycles have a higher fatality rate per 
crash involvement than the 450-749cc in frontal crashes 
(5.2 vs. 3.5%).  Riders on 750+ cc motorcycles were 1.5 
times more likely to be killed in frontal crashes than those 
on 450-749cc motorcycles.  However, both motorcycle 
sizes had a similar but high fatality rate in road departures 
(6.4% for 450-749cc riders and 6.8% for riders of over 
750cc riders).  Hurt et al reported the over 750cc 
motorcycles were under-represented in the crash 
population compared to their exposure on the street while 

their involvement in fatal crashes more closely reflected 
their exposure in street traffic.   
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Figure 36.  Polk NVPP Motorcycle Registration Data by 
Engine Displacement 

 
Posted Speed Limit:  Motorcycle crashes occur on roads 
with all speed limits.  As expected, there is an increase in 
crash severity levels on roads with higher speed limits.  
Thirty percent of the fatal crashes occurred on roads with 
46-55 mph speed limits.  The Indiana study reported a 32% 
higher likelihood of a fatality on roads with speed limits 
over 50 mph.  However, 52% of the GES fatal crashes 
occurred on roads with speed limits less than 45 mph.   
 
Motorcycles with engine displacement over 750cc 
dominated all severity levels with percentages increasing 
at higher speeds limits.  However, the 450-749cc size was 
prominent on roads with 45-55 speed limits and was 
involved in 35% of the fatal crashes.   
 
Relation to Junction:  In 1992-2004, 38% of crashes 
occurred within an intersection and 48% away from a 
junction.  However, crashes away from a junction were 1.7 
times more likely to be fatal than crashes within an 
intersection.  Non-junction crashes accounted for 64% of 
riders killed.  In the Hurt study, intersection crashes were 
also less likely to be fatal than non-intersection:  65% of 
all crashes but only 33% of fatalities occurred in 
intersection crashes.  Hurt et al reported that fatal crashes 
were more likely to involve the rider losing control by 
running off the road, typically on a curve.  In the Indiana 
study, intersection crashes were found to be more likely to 
result in no injury for single vehicle crashes.  
The higher fatality rate for non-junction crashes may be 
related to alcohol use, since road departure crashes are far 
more common among drinking riders and are much more 
likely to be fatal.   
 
Road Surface and Light Conditions:  Motorcycle 
crashes in 1992-2004 occurred primarily on a dry road 
surface, with almost 70% occurring during daylight.  Hurt 
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et al. reported that motorcycles virtually disappear from 
the roads when they are wet, an indication of low exposure 
for motorcycles in inclement weather conditions.  
Kasantikul [25] reported the same thing in Thailand, where 
rain is far more common than in Los Angeles and 
motorcycles tend to be the riders only mode of 
transportation. 
 
While crashes at night were 30% of all crashes, they 
accounted for over 43% of the fatalities.  Fatality rate per 
100 crash involved riders is higher in crashes occurring on 
dark unlighted roads compared to those on dark but lighted 
roads (5.2 vs. 3.8).  Riders over 40 years old were over-
represented in fatal motorcycle crashes on dark, unlighted 
roads, making up 45% of those killed.  In contrast, they 
were only 26% of riders killed on dark but lighted roads.  
Riders over 40 involved in a crash at night were 1.5 times 
more likely to die if they crashed on an unlighted road than 
on a lighted roadway.   
 
In the Indiana study, crashes occurring in darkness were 
95% more likely to result in a fatality in single-vehicle 
crashes and a twice as likely in multi-vehicle motorcycle 
crashes.  The association of darkness and fatalities may be 
related to alcohol and crash type.  Most alcohol-involved 
crashes occur at night [15, 16] and alcohol use greatly 
increases the likelihood of road departure crashes [15].   
 
 
OPPORTUNITIES FOR SAFETY IMPTOVEMENTS  
 
Key findings of this 1992-2004 NASS/GES motorcycle 
crash study are that the doubling of motorcycle fatalities is 
largely due to increasing numbers of motorcycles in use 
and that motorcycle crashes are becoming more deadly in 
recent years.  Road departure crashes are 
disproportionately fatal and they have been increasing, 
possibly because of increasing alcohol use.       
 
Examination of motorcycle crash data trends before and 
since 1998 show that increased severity and higher fatality 
rates in recent years can be mainly attributed to:  
 
• Increase in road departures, vehicles turning into the 
path of the motorcycle, and head-on crashes  
• Decrease in helmet use, particularly for riders under 
19 and 40-49 years old 
• Increase in alcohol use for riders aged 30-49 
• Vulnerability of over 750cc engine size motorcycles 
in frontal crashes 
• Riding on roads with higher speed limits 
• Crashes away from a junction (possibly related to 
alcohol use and road departure crashes) 
• Riders over 40 in dark road conditions (also possibly 
related to alcohol use at night and road departure).   

Findings support opportunities in safety strategies such as 
rider education, focused by age groups, relative to 
speeding, helmet use, and alcohol consumption.  Speed 
risk awareness campaigns can be focused to younger 
drivers.  Alcohol involvement risk awareness education 
can be focused to rider ages 30-50.  Any action that will 
work to increase the use of qualified helmets will reduce 
fatalities.  As compared to other part of the world, there are 
considerable opportunities for improvements to lessen 
alcohol use and increase helmet use for the U. S. 
motorcycle rider. 
 
Countermeasures to improve visibility would reduce 
fatalities, in particular for the rapidly growing population 
of riders over 40 years of age.  This includes enhanced 
lighting, whether for the motorcycle and/or the roadway. 
Although motorcycles of all engine sizes are vulnerable in 
road departure crashes, the over 750cc riders were 1.5 
times more likely to be killed in frontal crashes than riders 
of 450-749cc motorcycles.  It is not clear what factor or 
factors might explain the increasing fatality rate on large 
displacement motorcycles.  Crash speed, helmet use or 
even changes in rider crash motions are possibilities, but 
on-scene, in-depth crash investigations may be required to 
resolve this issue.   
 
Findings also support the need to study the vulnerability of 
riders over 50 in motorcycle crashes, in particular, relative 
to pre-crash behavior and susceptibility to injury.  Finally, 
findings highlight a critical need for an in-depth study of 
the growing road departure motorcycle crash problem.  
 
 
FURTHER STUDIES 
 
Some limitations of this study are as follows.  Overall, 
GES provides a historical perspective of a large number of 
useful crash, rider, motorcycle, and environment attributes.  
However, fatal and high severity crashes are believed to be 
under-represented.  Also, GES does not provide sufficient 
detail to obtain a good understanding of crash causation, 
injury mechanisms, and crash dynamics.   
 
An examination of injury severities in crashes where the 
rider attempted braking or steering corrective actions 
would be useful.  A study of injury severity and other 
attributes in crashes where the rider was negotiating a 
curve is needed.  Also, some rider attributes and crash 
characteristics are interrelated and their linkage requires 
further examination; e.g., alcohol involvement, inattention, 
road departure and pre-crash evasive actions.  While this 
crash study focused on the motorcycle and rider, a study of 
the attributes of the other vehicle and driver would provide 
more insights into motorcycle crash involvement and 
severity in two-vehicle crashes.  In particular, investigating 
the role of visual obstruction, pre-crash actions, vehicle 
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maneuvers, alcohol involvement, speed relation, and 
vehicle class would be useful.   
 
Focused studies based on the more comprehensive U. S. 
state crash data files, such as the Indiana study, can 
provide better insights to crash attributes such as the 
influence of roadway features, environmental factors, rider 
pre-crash actions, and other vehicle characteristics.  In-
depth studies, such as special crash investigations and 
crash reconstructions would be very valuable to understand 
injury mechanisms and crash dynamics.  Such studies 
would also better support the development of engineering 
countermeasures to the rapidly growing motorcycle crash 
problem.  
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ABSTRACT 
 
NHTSA has concluded that there is a relationship 
between roof intrusion and the injury risk to belted 
occupants in rollovers [1].  Roof crush occurs and 
potentially contributes to serious or fatal occupant 
injury in 26% of rollovers [2].  The inverted drop test 
methodology is a test procedure to evaluate the 
structural integrity of roofs under loadings similar to 
those seen in real world rollovers.  Drop test 
comparisons have been performed on over 20 pairs of 
production and reinforced vehicles representing a 
large spectrum of vehicle types. The structural 
modifications in the reinforced vehicles maintained 
the occupant survival space and seat belt geometry.  
This paper analyzes inverted drop testing performed 
on several production and reinforced matched 
vehicles with restrained Hybrid III test dummies.  
Review of neck load data indicates that reduced roof 
crush results in a direct reduction in neck load, 
thereby increasing occupant protection.  Restraint 
loading and performance, relating to roof structure 
integrity, is also evaluated. 
 
INTRODUCTION 
 
The probability of injury in rollovers is increased 
with roof crush as shown by Rains [4], Rechnitzer 
[5], Summers [6] and the U.S. Federal Register [7].  
It is estimated that roof intrusion occurs and 
potentially contributes to serious or fatal occupant 
injury in approximately 26% of rollovers [8].   
 
Previous testing on many different vehicle types 
indicates that damage consistent with field rollover 
accidents can be achieved through inverted drop 
testing from small drop heights [9].  Drop test 
comparisons were performed on over 20 pairs of 
vehicles representing a large spectrum of vehicle 
types.  Each vehicle pair included a production 
vehicle and a vehicle with a reinforced roof structure  

 
dropped under the same test conditions. Several 
examples of post-production reinforcements to roof 
structures that significantly increased the crush 
resistance of the roof were given.  The modification 
methodologies are well-accepted practices in the 
industry, which have been published in previous 
research and/or incorporated in production vehicles.  
The basic approach was to close open-section 
components, add internal reinforcements and/or void 
fill components with structural foam or epoxy 
[10,11,12,13,14].  The results of these modifications 
indicated that roof crush could be dramatically 
decreased, as roof crush was reduced by 44 – 96% 
with only a 1–3.1% increase in vehicle weight.   
 
Previous work by the authors demonstrates that the 
HYBRID III neck lacks biofidelity in rollovers [15].  
The Hybrid III neck has been reported to be up 50 
times stiffer than the human neck in compression 
[16].  Due to its extreme stiffness, the Hybrid III neck 
holds the dummy head straight up which nearly 
eliminates flexion and guaranties high neck axial 
compression loads.  The human neck on the other 
hand, is very flexible, and usually experiences flexion 
injuries instead of compression injuries.  The flexing 
motion of the head can dramatically increase the 
available survival space of the occupant [17,18].  The 
Hybrid III dummy is essentially predisposed to 
produce significant axial neck injuries well before a 
human neck would experience flexion injuries.  
Although the HYBRID III dummy has many 
limitations, it can still be a useful tool.  If the dummy 
neck does not record an axial neck injury in an 
inverted drop test, then the likelihood of a flexion 
injury to a human would be eliminated.  
 
Understanding the known limitations of the Hybrid 
III, several pairs of dummy-equipped inverted drop 
tests were conducted to further investigate the 
relationship between roof crush, survival space and 
neck injury potential.  The dummy axial neck loads 
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were analyzed and compared in each of the drop test 
pairs.   
 
DROP TESTING COMPARISIONS  
 
The vehicles tested for this paper were inverted and 
dropped from a predetermined height and orientation 
based upon damage sustained by similar vehicles in a 
real world accident scenario.  Initial drop conditions 
used were from 12 – 24 in of height, 16 – 25 degrees 
of roll angle, and 5 – 7 degrees of pitch angle.  The 
production drop test vehicles sustained roof damage 
consistent with those sustained by real-world rollover 
accident vehicles.  An equivalent production vehicle 
was structurally modified based on the deformation 
patterns and failure modes seen in the corresponding 
real-world accident vehicles and production drop test 
vehicles.  The modifications were limited to 
reinforcing the existing structure without 
significantly impacting the interior compartment or 
exterior styling.  Each reinforced vehicle was then 
subjected to the same drop test environment as the 
production vehicle with differences in structural 
performances as discussed.   
 
Inverted Drop Test Setup 
 
     1996 Ford Escort With Hybrid III Dummy - A 
pair of 1996 Ford Escort passenger cars, each 
equipped with a test dummy, were subjected to 
inverted drop tests.  One of the cars was a production 
vehicle and the other vehicle had a reinforced roof. 
The angles and drop height for this test set were 
chosen based upon an analysis of a real world 
rollover, resulting in an initial drop height of 18 
inches, 16 degrees of roll angle and 7 degrees of pitch 
angle.  The initial contact point was the top of the 
driver’s side A-pillar.   For these tests, a Hybrid III 
50th Percentile ATD with a modified lumbar spine 
(which reduced the seated height by 2 inches) was 
placed in the right front passenger’s seating position 
and the restraints were normally applied (See Table 
1).   
 
The reinforced Escort roof was strengthened by 
inserting internal steel reinforcements and by filling 
the steel cavities with structural foam.  The additional 
vehicle weight added by the reinforcements was 26.3 
lb (117 N).  All of the reinforcements were internal to 
the existing roof structure and the entire production 
roof structure was retained.  In addition to the 
reinforced roof structure, this vehicle’s upright 
survival space was increased by approximately 3 
inches (80 mm), which was accomplished by 
lowering the seat base frame.  The additional survival 
space could also be achieved through any 

combination of lowering the seat, increased roofline 
and/or improvement the presence of a pretensioner or 
other device that could draw the occupant into the 
seat.   
 

Table 1. 
 1996 Ford Escort Drop Test Conditions 

 
 

Test 
Conditions 

Production 
Ford Escort 

Reinforced 
Ford Escort 

Drop 
Height 

18.1 in 
(460 mm) 

18.1 in 
(460 mm) 

Impact 
Speed 

6.7 mph 
 (10.8 kph) 

6.7 mph  
(10.8 kph) 

Pitch Angle 7 degrees 7 degrees 
Roll Angle 16 degrees 16 degrees 

Test Weight 585 lb  
(1,294 kg) 

585 lb 
(1,294 kg) 

ATD Modified Hybrid 
III 

Modified Hybrid 
III 

Restraint 
Use 

Production  
3 Point Passive 

Restraint 
 

Production  
3 Point Passive 

Restraint 
 

Roof 
Structure Production 

Tubular and 
Structural Foam 

Reinforced 
Upright 
head-to-

roof 
Clearance 

Production 
(approximately 

 3.4 in or 86 mm) 

80 mm greater 
than production 
(approximately 

6.5 in or 165 mm)
Inverted 
head-to-

roof 
Clearance 

Production 
(approximately  

2.2 in or 57 mm) 

Modified 
(approximately 

6.0 in or 152 mm)

 
 
     1998 & 1999 Ford Econoline E-350 15-
Passenger Van With Hybrid III Dummy - A pair 
of Ford E-350 Econoline 15-Passenger Vans, each 
equipped with a test dummy, were subjected to 
inverted drop tests.  One of the vans was a production 
vehicle and the other van had a reinforced roof.  The 
vehicles were set up using the same load application 
angles as those specified in the federal roof strength 
test, FMVSS 216, namely 25 degrees of roll angle 
and 5 degrees of pitch angle.  The initial contact point 
was the top of the driver’s side A-pillar, which is 
consistent with real world rollovers.  A 12-inch drop 
height was chosen as appropriate to produce a degree 
of roof crush consistent with real rollover accidents 
(See Table 2).  For these tests, a Hybrid III 50th 
Percentile ATD with a modified lumbar spine (which 
reduced the seated height by 2 inches and weight by 
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15 pounds) was placed in the driver’s seating position 
and the restraints were normally applied.  The test 
weight for the production vehicle was 6,528 lb (2,960 
kg).  The test weight for the reinforced vehicle was 
6,690 lb (3,034 kg).   
 

Table 2. 
1998 & 1999 Ford Econoline Drop Test Setup 

     
 

Test 
Conditions 

Production 
Ford Econoline 

Reinforced 
Ford Econoline 

Drop 
Height 

12 in  
(305 mm) 

12 in 
(305 mm) 

Impact 
Speed 

5.5 mph 
 (8.8 kph) 

5.5 mph  
(8.8 kph) 

Pitch Angle 5 degrees 5 degrees 
Roll Angle 25 degrees 25 degrees 

Test Weight 6,528 lb   
(2,960 kg) 

6,690 lb 
(3,034 kg) 

ATD Modified Hybrid 
III 

Modified Hybrid 
III 

Restraint 
Use 

Production 
3 Point Passive 

Restraint 
 

Production  
3 Point Passive 

Restraint 
 

Roof 
Structure Production 

Tubular and 
Structural Foam 

Reinforced 
Inverted 
head-to-

roof 
Clearance 

Production 
(approximately  

8.5 in or 216 mm) 

Production 
(approximately 

8.5 in or 216 mm)

 
The reinforced Ford E-350 roof was strengthened by 
inserting internal steel reinforcements and by filling 
the steel cavities with structural foam.  In the 
reinforced vehicle, all of the modifications were 
internal to the existing roof structure and interior.  
Production restraint systems were used in both 
vehicles. 
 
     1999 Ford F-250 F-series Crew Cab Pickup 
With Hybrid III Dummy - Dummy-equipped 
inverted drop tests were conducted on a pair of Ford 
F-250 Crew Cabs, one production vehicle and the 
other with a reinforced roof.  The test set-up for the 
pair is presented in Table 3 below.  The load 
application angles used were the same as those 
specified in FMVSS 216, the federal test for roof 
strength.  In order to evaluate the front roof structure, 
the top of the driver’s side A-pillar was chosen as the 
initial impact location.  The 12-inch drop height was 
chosen to produce the approximate roof crush of a 
real world rollover involving a similar vehicle.  The 
Hybrid III 50th Percentile Male was placed in the 

driver’s seat, which was set to its middle position for 
both tests.  The adjustable D-ring was also placed in 
its middle position for each test.  In the production 
test, the dummy was belted normally using the 
provided OEM 3-point restraint.  In the reinforced 
test, the dummy was 3-point belted with a 
pretensioned restraint system, consistent with belt 
activation prior to the first quarter turn in a rollover 
[19].   
 

Table 3. 
1999 Ford F-series Drop Test Setup 

 
 

Test 
Conditions 

Production 
Ford F-series 

Reinforced 
Ford F-series 

Drop 
Height 

12 in 
(305 mm) 

12 in 
(305 mm) 

Impact 
Speed 

5.5 mph 
 (8.8 kph) 

5.5 mph  
(8.8 kph) 

Pitch Angle 5 degrees 5 degrees 
Roll Angle 25 degrees 25 degrees 

Test Weight 6,131 lb   
(2,780 kg) 

6,373 lb 
(2,890 kg) 

ATD Standard Hybrid 
III 

Standard Hybrid 
III 

Restraint 
Use 

Production  
3 Point Passive 

Restraint 
 

Pretensioned  
3 Point Passive 

Restraint 
 

Roof 
Structure Production 

Tubular and 
Structural Foam 

Reinforced 
Inverted 
head-to-

roof 
Clearance 

Production 
(approximately  
4.75 in or 121 

mm) 

 Production 
(approximately 
6.75 in or 172 

mm) 
 
The reinforced Ford F-250 roof was strengthened by 
inserting internal steel reinforcements and by filling 
the steel cavities with structural foam.  In the 
reinforced vehicle, all of the modifications were 
internal to the existing roof structure and interior. In 
addition to the strengthened roof structure, the 
reinforced vehicle test employed a belt pretensioner, 
which removed 4 inches of the belt with 60-70 lb of 
resulting belt load prior to inversion.  
 
     1986 Ford Econoline E-150 Van With Hybrid 
III Dummy – In addition to the previous three drop 
test pairs, a single reinforced drop test was conducted 
on a 1986 Econoline E-150 Van.  A standard Hybrid 
III test dummy was placed in the front seat 
compartment and was restrained with the production 
3-point belt system.  The vehicle was inverted and 
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orientated such that the pitch angle was 5 degrees, the 
roll angle was 16 degrees, and the initial point of 
contact was the driver’s side A-pillar.  The vehicle 
was then dropped from a height of 24 in (610 mm) 
(See Table 4). 
 

Table 4. 
1986 Ford Econoline Drop Test Setup 

 
 

Test 
Conditions 

Production 
Ford Econoline 

Reinforced 
Ford Econoline 

Drop 
Height N/A 24 in 

(610 mm) 
Impact 
Speed N/A 7.7 mph 

(12.4 kph) 
Pitch Angle N/A 5 degrees 
Roll Angle N/A 16 degrees 

Test Weight N/A 6,373 lb 
(2,890 kg) 

ATD N/A Standard Hybrid 
III 

Restraint 
Use 

N/A 
 

Production 
3 Point Passive 

Restraint 

Roof 
Structure N/A 

Tubular and 
Structural Foam 

Reinforced 
Inverted 
head-to-

roof 
Clearance 

N/A 
Production 

(approximately 
6.0 in or 152 mm)

 
The reinforcements incorporated in the drop test 
vehicle included a B-pillar area tubular reinforcement 
and structural foam filling.  In this test, the 
production restraints were applied in a fashion 
consistent with normal occupant use.  The vehicle 
was then inverted via a vehicle rotational mechanism 
and the occupant was allowed to move towards the 
roof to the degree permitted by the restraint system 
prior to drop. 
 
RESULTS & DISCUSSION 
 
The primary differences between the production and 
reinforced tests were the amount of roof crush and 
seat belt loading, which resulted in different dynamic 
occupant excursion and neck loading.  The reduction 
in neck load in the reinforced vehicle was due to 
increased dynamic head-to-roof clearance resulting 
from reduced roof crush and in some cases improved 
restraint performance (See Figures 1 through 4). 
 
 

 

 
Production 1996 Ford Escort 

 
Reinforced 1996 Ford Escort 

 
Figure 1.  1996 Ford Escort Drop Test Pair 
Comparison Post Test 

 
 

 
Production 1998 Ford Econoline 15 Passenger Van 

 
Reinforced 1999 Ford Econoline 15 Passenger Van 

 
Figure 2.  1998 & 1999 Ford Econoline Drop Test 
Pair Comparison Post Test 
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Production 1999 Ford F-250 Crew Cab 

 
Reinforced 1999 Ford F-250 Crew Cab 

 
Figure 3.  1999 Ford F-250 Crew Cab Drop Test  
Pair Comparison Post Test 
 
 

 
Reinforced 1986 Ford Econoline Van 

 
Figure 4.  Reinforced 1986 Ford Econoline Van 
Post Drop 
 
The results from the seven inverted drop tests are 
summarized in table 5 below.   
 
 
 
 
 
 
 

Table 5. 
1999 Ford F-series Drop Test Setup 

 
 

Vehicle 
Static 

A-Pillar  
Crush 

Neck  
Load 

Belt  
Load 

Production 1996 
Ford Escort 

5.3 in 
(134 mm) 

2,187 lb 
(9,727 N) N/A 

Reinforced 1996 
Ford Escort 

3.5 in 
(89 mm) 

288 lb 
(1,281 N) N/A 

Production 1998 
Ford Econoline 

11.2 in 
(284 mm) 

820 lb 
(3,647 N) 

117 lb 
(520 N) 

Reinforced 1999 
Ford Econoline 

0.6 in 
(15 mm) 

49 lb 
(218 N) 

394 lb 
(1,753 N)

Production 1999
Ford F-series 

8.7 in 
(221 mm) 

1201 lb 
(5,342 N) 

162 lb 
(721 N) 

Reinforced 1999 
Ford F-series 

0.9 in 
(23 mm) 

-61 lb 
(271 N) 

475 lb 
(2,113 N)

Reinforced 1986 
Ford Econoline 

1.5 in 
(38 mm) 

271 lb 
(1,205 N) 

550 lb 
(2,446 N)

 
As shown in this summary table, the injurious neck 
loads experienced by the dummies in the production 
vehicle are directly correlated to the high levels of 
vehicle roof crush.  Similarly, the dummies in the 
reinforced vehicle drop tests consistently recorded 
neck loads well below the artificially low injury 
value of approximately 450 lb (2,000 N) used in the 
Malibu Study.  The neck loads are significantly lower 
in the reinforced vehicles because the survival space 
was maintained during the inverted drop tests.  This 
phenomenon is illustrated in Figure 5 below. 
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Figure 5.  Inverted Drop Test Comparisons With 
Hybrid III Dummies: A-pillar Crush and Neck 
Load 
 
The lap belt loads for the inverted drop test matrix 
were analyzed and compared to the Hybrid III neck 
loads that were recorded.  Lap belt data was not 
recorded for 1996 Ford Escort drop test pairs, so this 
drop test was not included in this analysis.  As shown 
in Figure 6 below, neck loads are inversely correlated 
to the amount of force transferred into the belt 
system.   
 

 
Figure 6.  Inverted Drop Test Comparisons With 
Hybrid III Dummies: Belt Load and Neck Load 
 

In order to further understand the relationship 
between roof crush, belt loads, and neck injury, the 
data was normalized and plotted on the same graph 
for comparison (See Figure 7).   This was 
accomplished by taking the highest value in each of 
the three categories and setting it to 1.0 and then by 
expressing the other values as a percentage of that 
highest value.  While this figure does not reflect any 
numerical data, it allows for a relative comparison 
between the data. 
 

 
Figure 7. Inverted Drop Test Comparisons With 
Hybrid III Dummies: Normalized A-pillar Crush, 
Neck Loads, and Belt Loads 
 
As shown in Figure 7, the production drop test 
vehicles both experienced high levels of roof crush, 
high neck loads, and low belt loads.  In contrast, all 
of the reinforced vehicles experienced low levels of 
roof crush, low neck loads, and high belt loads.  The 
belt loads are high in the reinforced drop tests 
because the strengthened roofs were able to maintain 
the occupant survival space and allow the restraints 
to be loaded dynamically with the occupant weight. 
Even though the belt loads were much higher in the 
reinforced drop tests, it does not necessarily reflect 
the quality of the restraint system.  For example, the 
1998 & 1999 Ford Econoline drop test pair both 
utilize the same production restraint system, yet the 
forces generated in the reinforced drop test are about 
three times higher than in the production drop test.  
This is because in the production drop test the 
survival space was compromised due to roof 
intrusion before the belt system could effectively 
restrain the occupant.  However, in the reinforced 
Econoline drop test, the strengthened roof maintained 
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the survival space, allowing the restraints to be 
loaded dynamically with the occupant weight.   
 
Analysis of the test videos and data have 
demonstrated that the combination of a small amount 
of initial inverted head to roof clearance, a high 
degree of roof crush, and significant occupant 
excursion results in significant neck loads.  In all 
three of the production drop tests the roof crush 
clearly preceded the initial compression neck loading, 
the peak neck loading, and occupant vertical 
displacement (See Figures 8-10). 
 

 
Figure 8.  Production 1999 Ford F-250 Time 
Phasing 
 

 
Figure 9.  Production 1998 Ford Econoline Time 
Phasing 

 

 
Figure 10.  Production 1996 Ford Escort Time 
Phasing 

 
CONCLUSIONS 
 
• Several inverted drop tests from 12 to 24 in (305 

to 610 mm) with corresponding contact speeds 
of 5.5 to 7.7 mph (8.9 to 12.4 kph) produced 
significant roof crush in typical production 
vehicles. 

• Roof crush proceeds initial compression neck 
loading, peak neck loading, and occupant 
vertical displacement. 

• Structural reinforcements to the roof structures 
resulted in significantly reduced roof crush and 
low compression and flexion force levels in 
Hybrid III dummies. 

• High Hybrid III neck compression and flexion 
loads were produced in the production vehicles 
due to a compromise of occupant survival space 
and ineffective occupant restraint.   

• Significant neck compression and flexion forces 
only occur when the survival space is 
compromised by significant roof crush and/or 
when occupant excursion reduces the effective 
head-to-roof clearance.   

• The degree of neck axial compression and 
flexion loads in the Hybrid III dummy and 
therefore, potential for injury, is a function of the 
initial head-to-roof clearance, the restraint 
effectiveness and the extent of roof crush. 

• Strong roofs along with adequate initial 
headroom can maintain occupant survival space 
and will result in increased belt loads and 
reduced neck loads well below injury thresholds. 
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ABSTRACT 

Two new World SID (50th and 5th) FE models were 
developed for providing virtual tools of predicting 
occupant injuries during vehicle side collisions. The 
virtual dummy models have been verified with their 
physical counterparts in aspects of lab certification 
tests, bio-fidelity and sled tests. Many new 
techniques have been utilized in the model 
development including advanced testing and material 
modeling which guaranteed the high fidelity between 
the virtual models and the physical dummies. The 
good model-to-test correlations of various loading 
configurations have shown that the new FE models 
could be used as new tools in virtual simulations of 
vehicle side impact crash worthiness studies as 
options to other side impact dummies to predict 
better occupant injury due to superior bio-fidelity 
performances of the World SID dummies. The new 
dummy models were also tested under vehicle 
FMVSS214 impact conditions. A comparison of 
occupant injury parameters extracted from the 
models between the World SID 5th and SID-IIs 
dummy were also made using the load case.        

                                                           

INTRODUCTION 

In recent years, developments of internationally 
harmonized Anthropomorphic Test Devices (ATDs) 
have been initiated by the International Organization 
for Standardization (ISO). These efforts have lead to 
the birth of two new side impact dummies, i.e. the 
World SID 50th and 5th (representing a 50th percentile 
male and a 5th percentile female), aiming to replace 
the existing worldwide regulatory and research side 
impact dummies. 
  
The World SID 50th dummy has been evaluated by 
organizations around the world such as the US 
OSRP, NHTSA, APROSYS (the European funded 
program) and others against the current 50th 
percentile male side impact dummies such as DOT-
SID, EuroSID-1 and EuroSID-2, and BioSID to 
compare the bio-fidelity ratings. As shown in Table 
1, the World SID 50th (revised prototype) achieved 
the best overall dummy rating and also the best single 
body region ratings for the head, thorax, abdomen 
and pelvis. [1] It can be seen that according to Table 
1, the World SID 50th new dummy exhibits a more 
human-like response in the specified crash events and 
has the highest bio-fidelity rating of any existing side 
impact crash test dummies in the world. 

 
Table 1. Bio-fidelity comparison of side impact dummies 

 
 World SID   50th    BioSID  EuroSID-2  EuroSID-1  DOT SID 
Head 10.0 6.7 5.0 5.0 0.0 
Neck 5.2 6.7 4.4 7.8 2.5 
Shoulder 7.0 7.3 5.3 7.3 0.0 
Thorax 7.9 6.3 5.2 5.4 3.1 
Abdomen 6.4 3.8 2.6 0.9 4.4 
Pelvis 7.8 4.0 5.3 1.5 2.5 
Overall 7.3 5.7 4.6 4.4 2.3 
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The World SID 5th dummy was created by FTSS 
after the successful launch of the World SID 50th 
production dummy. This is a scaled down version of 
the World SID 50th dummy. Like the World SID 50th 
dummy, the World SID 5th dummy (representing a 
woman of small stature and a young adolescent) was 
also developed under the direction of the ISO 
through the APROSYS in consultation with the 
World SID Task Group (ISO). Under current efforts, 
both versions of the World SID dummies will 
endeavor to provide the foundation for future 
common and internationally accepted regulatory test 
procedures. This will also enable automakers and 
researchers worldwide to improve passenger safety 
by facilitating the comparison of crash test results. 

The demand for virtual simulations of vehicle crash 
by CAE has seen rapid increases in recent years 
thanks to the large increase in computing power and 
decrease in cost.  The usage of Finite Element (FE) 
dummy models has been increasing over the years in 
CAE simulations of crashworthiness analysis and 
occupant protection. FTSS has been making great 
efforts on the successful development of virtual (FE) 
dummies since 1995. The World SID 50th and 5th FE 
dummy models have been developed recently to add 
to the ever expanding FE dummy database.  

NEW DEVELOPMENT IN FE DUMMY 
MODELS 

The development of new dummy models have been 
keeping the pace with advancing of new technologies 
available both in computing technique and in 
engineering software such as Ls-dyna3d and 
Pamcrash. Many new FE modeling technologies have 
been adopted in the new virtual dummy model 
development such as laser scanning for accurate 
dummy geometry, finer mesh and increasing use of 
solid (Hexa) elements, more component level model-
to-test validations and better material models.  

In the World SID dummy hardware development, 
many new advanced materials were used. For 
example, Nitinol shape memory alloy was used for 
the rib to replace the high strength steel. The virtual 
dummy development also needs to match the new 
advances in hardware. Since no numerical material 
models for shape memory alloy (in solid elements) 
were available at the beginning of the virtual dummy 
model development, great effort has been made to 
work with the software developer and test the new 
material model to meet the challenge. The outcome is 
shown in Figure 1, the rib deflection in the virtual 
dummy model performed better and closer to test 

results when the new material model (for shape 
memory material) was used. Another example 
showing here is how to use of a numerical material 
model to describe the hyperlast material that was 
used for pelvis flesh. To decide what material model 
to use, firstly the material was tested at quasi-static 
and dynamic loading as well as stress relaxation. 
Then the material behavior was analyzed and 
identified as non-linear elastic with viscous (highly 
strain rate dependent with fast stress relaxation 

 

Figure 1. Rib deflection in dummy certification 
test – material model using latest technology 

behavior). As a result, Ogden material model [2] was 
chosen to model the Hyperlast material in the virtual 
dummy models: 
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This can be simplified further for the hyperlast 
material (ν ~ 0.5): 
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Here p is pressure. In uni-axial case, λ2= λ3= λ1
−1/2 ,  

and 
3

1σ−=p , therefore 
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A numerical procedure has been developed at FTSS 
to extract the Ogden parameters (up to 8 pairs of 
μi and αi) for rubber and hyperlast materials by 
curve-fitting eq.(4) to the stress-stretch data obtained 
from uni-axial material tests. 

 

MODEL VALIDATIONS 

Before an FE model was released, it had to pass 
various certification tests. Typical certification tests 
for the World SID dummies include head drop, neck 
pendulum impact, and full dummy pendulum impact 
at different locations on the dummy. Besides the 
certification tests, more model-to-test validations 
were carried out such as sled impact tests, arm and 
rib cage drop tests. 

The FE models were validated at three levels: 
material, component and whole dummy assembly. 
Table 2 and 3 list the material/component, dummy 
certification and bio-fidelity tests for World SID 50th 
and 5th dummies that have been used for the virtual 
dummy model development.    

Table 2. Lab certification and bio-fidelity tests for the World SID 50th  dummy 
 

 Certification tests Material/Component tests  Sled tests 

Head 200mm later drop (L+R) 
376mm frontal drop 

Head skin vinyl  

Neck Lateral impact at 3.4m/s Neck rubber  
Shoulder Pendulum impact at 4.3m/s Arm foam, Arm drop 

Rib drop at 3 velocities 
WSU – 6.8m/s 
Heidelberg – 6.8m/s 

Thorax w/o arm Pendulum impact at 4.3m/s Rib drop at 3 velocities  
Thorax with half arm Pendulum impact at 6.7m/s Rib drop at 3 velocities WSU – 6.8m/s 

Heidelberg – 6.8m/s 
Abdomen Pendulum impact at 4.3m/s Rib drop at 3 velocities WSU – 6.8m/s 

Heidelberg – 6.8m/s 
Pelvis Pendulum impact at 6.7m/s Pelvis hyperlast foam WSU – 6.8m/s 

Heidelberg – 6.8m/s 
 

Table 3. Lab certification and bio-fidelity tests for the World SID 5th dummy 

  

 

Certification tests Material/Component 
tests 

Drop 
tests 

 Sled tests 

Head 200mm later drop (L+R) 
376mm frontal drop 

Head skin vinyl   

Neck Lateral impact at 3.4m/s Neck rubber   
Shoulder Pendulum impact at 4.3m/s Arm foam, Arm drop 

Rib drop at 3 velocities 
 WSU – 6.8m/s 

Heidelberg – 6.8m/s 
Thorax w/o arm Pendulum impact at 4.3m/s Rib drop at 3 velocities   
Thorax with 
half arm 

Pendulum impact at 6.7m/s Rib drop at 3 velocities 1.0m  
0.5m  

WSU – 6.8m/s 
Heidelberg – 6.8m/s 

Abdomen Pendulum impact at 4.3m/s Rib drop at 3 velocities 1.0m  
0.5m  

WSU – 6.8m/s 
Heidelberg – 6.8m/s 

Pelvis Pendulum impact at 6.7m/s Pelvis hyperlast foam 1.0m  
0.5m  

WSU – 6.8m/s 
Heidelberg – 6.8m/s 
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COMPONENT LEVEL VALIDATIONS 

As a typical example, Figure 2 and 3 shows the 
model-to-test validation of the World SID 5th FE rib 
model. Three impact velocities were used in the 
validations that resulted the rib deflections in the 
range of 20 ~ 40 mm. Both the rib deflections and 
pendulum impact accelerations (forces) from the FE 
model are correlated very well with the tests.  The 
‘shape memory’ material model worked well in this 
case to represent the Nitinol shape memory material 
in the physical dummy as shown in the rib deflection 
plots. Other component level validations including 
head drop, neck pendulum and arm drop are detailed 
in the FTSS technical publications. [3] 

 

 

Figure 2. World SID 5th rib drop test set-up 

 

 

Figure 3. World SID 5th rib drop component level model-to-test validation 
 

 
WHOLE DUMMY LEVEL VALIDATIONS 

 
Whole dummy level validations including pendulum 
impact certification tests, sled tests and drop tests 
designed for biomechanics verification purposes.  
 

Figure 4 and 5 show the model-to-test set-up and 
results of the World SID 50th thorax without arm 
impact. The certification corridors shown in the 
Figure 5 for such test have been specified by ISO 
based on biomechanics study on cadavers. [1]. It can 
be seen the current FE model (World SID 50th) 
correlates very well with the test results. 
 
 

Pendulum 
 
 
Outer rib 
 
Inner rib 
 
IR-tracc 
 
Spine box 
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Figure 4. World SID 50th pendulum impact FE model set-up 

 

Figure 5. World SID 50th thorax without arm pendulum impact certification model-to-test validation 

 

Initial position Maximum rib deflection at 20ms 

Pendulum mass: 23.4kg 
Impact speed:     4.3 m/s 



Liu 6 

SLED TEST LEVEL VALIDATIONS 

The World SID FE dummy models have been 
validated at sled level tests. These tests include 
Wayne State University (WSU) type sled test [4] and 
Heidelberg type sled test [5]. The World SID 50th 
Heidelberg sled test (6.7m/s impact) configuration 

and model-to-test validation results are shown in 
Figure 6 and 7. The FE model correlates with tests 
very well; as an example, the rib deflections 
correlations are shown in Figure 7. Other details of 
validations can be found in FTSS’s technical 
publications [3]. 

 

Figure 6. World SID 50th FE dummy model Heidelberg sled test set-up 

 

Figure 7. World SID 50th Heidelberg sled test model-to-test validation

Time=0 Time=25 ms Heidelberg sled impact set-up 
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DUMMY INJURY PREDICTION WITH 
VIRTUAL DUMMY MODELS 

The occupant injury parameters can be extracted 
from the virtual dummy models after the simulation. 
Table 4 summaries the occupant injury parameters 
from the World SID and other side impact dummies 

such as SID-IIs and ES2 (ES2-re) that can be used to 
derive the occupant injury criteria as required by 
regulations, auto insurers and consumer oriented 
requirements.  

 

 

 

 

Table 4. Dummy injury parameters extraction (√ = available in current dummy) 

 

The World SID 50th and 5th dummy models have 
been tested in FMVSS214 oblique pole and moving 
deformable barrier (MDB) impact environments.   
Figure 8 shows the World SID 5th FE model 
simulated in a FMVSS214 MDB load case. The test 
configuration is that the occupant is seated in driver’s 

seat in standard driving position as specified in 
FMVSS214. The MDB load case is applied to a mid-
size car that equipped with a thorax airbag. The 
dummy and internal deformation at the peak of 
impact is depicted in Figure 8.                

 

Occupant injury parameters World SID 5th and 
50th 

SID-IIs ES2 (ES2-re) 

HIC36/HIC15 √ √ √ 
Upper neck force&moment √ √ √ 
Lower neck force&moment √ √ √ 
Shoulder rib disp. and acc. √ √  
Thorax rib 1 disp. and acc. √ √ √ 
Thorax rib 2 disp. and acc. √ √ √ 
Thorax rib 3 disp. and acc. √ √ √ 

Abdomen rib 1 disp. and 
acc. 

√ √  

Abdomen rib 2 disp. and 
acc. 

√ √  

T1 acc. √ √ √ 
T4 acc. √   
T12 acc. √  √ 
Arm upper&lower acc.  √  
Lumbar force&moment √ √  
Pubic force √ √ √ 
Illiac force √ √  
Acetabulum force √ √  
Shoulder force&moment √  √ 
Pelvis acc. √  √ 
Abdomen force   √ 
Back plate force&moment   √ 
T12 force&moment   √ 
Knee force √ √  
Upper&lower femur force √ √  
Upper&lower tibia force √ √  
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Figure 8. World SID 5th dummy model at peak impact under a FMVSS214 oblique pole impact simulation

As a comparison of performance a SID-IIs dummy 
model was also tested in exactly the same 
FMVSS214 MDB side impact environment as the 
World SID 5th dummy model. The occupant 
parameter outputs from the simulations are listed in 
Table 5 and the rib deflections from both models are 
shown in Figure 9. As shown in Figure 9, the 

maximum rib deflections for shoulder and top/middle 
thorax ribs from the 2 dummies are quite close.  
However the bottom thorax and abdomen rib 
deflections from the World SID 5th are generally 
lower. Other injury parameter comparisons between 
the 2 dummies can be found in Table 5. 

 

 

Figure 9. Rib deflections from World SID 5th and SID-IIs in FMVSS214 oblique pole impact 
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Table 5. Occupant injury parameters comparison: World SID 5th vs. SID-IIs in FMVSS214 MDB impact 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 

• World SID 5th and 50th virtual dummy models 
have been developed that incorporated with 
latest advances in FE technology. The new 
models correlated very well at components, sub-
assembly and full dummy level certification and 
sled tests. 

• The models have been tested in FMVSS214 side 
collision environments. The injury parameters 
can be extracted from the dummy models to 
calculate occupant injury criteria as required by 
regulatory, insurers and consumer assessment 
programs. 

• It has shown that the current virtual dummy 
models have performed and validated well 
against tests and the authors believe that these 
models are able to predict reasonable and 
reliable occupant injury in crashworthiness and 
safety analysis. 
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Occupant Injury Parameters World SID 5th SID-IIs 
HIC36 48.46 27.91 
Upper Neck Fz+ (kN) 0.911 0.871 
Upper Neck Fz - (kN) -0.070 -0.222 
Shoulder Rib Deflection (mm) 24.77 24.26 
Top Thorax Rib Deflection (mm) 23.35 22.60 
Middle Thorax Rib Deflection (mm) 20.99 25.18 
Lower Thorax Rib Deflection (mm) 17.84 26.75 
Upper Abdomen Rib Deflection (mm) 14.92 24.80 
Lower Abdomen Rib Deflection (mm) 10.76 21.62 
Upper Thorax Rib VC (max) 0.294 0.309 
Middle Thorax Rib VC (max) 0.263 0.348 
Lower Thorax Rib VC (max) 0.271 0.339 
Upper Abdomen Rib VC (max) 0.174 0.309 
Lower Abdomen Rib VC (max) 0.076 0.155 
T12 Lower Spine Accel Resultant (G) 37.96 44.58 
Pubic Load (kN) 0.688 0.172 
Combined Illiac & Acetabulum Load (kN) 0.451 2.466 
Shoulder Compression Force (kN) 0.784 1.223 
Pelvis Acceleration (G) 48.81 32.69 
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ABSTRACT 
 
The current study evaluates the influence of impact 
speed, pedestrian stature, and vehicle geometry on 
the likelihood and location of head-vehicle contact in 
a frontal pedestrian crash. Information on 408 
pedestrian crashes in which the striking vehicle was 
either a car, pick-up truck, or an SUV was obtained 
from the Pedestrian Crash Data Study (PCDS), 
German In-Depth Accident Study (GIDAS), and 
Crash Injury Research and Engineering Network 
(CIREN) databases. Logistic regression was used to 
evaluate the importance of factors that determine the 
likelihood of head contact and sliding up the hood 
prior to head contact. Multiple linear regression was 
used to study the relative influence of impact speed, 
pedestrian stature, bumper height, hood height, and 
hood length on the wrap around distance (WAD) to 
head contact and to evaluate whether it is possible to 
predict this distance from these five parameters.  As 
expected, the likelihood of head-vehicle contact 
increased with increasing impact speed and 
pedestrian to hood height ratio. The likelihood of 
sliding up the hood prior to head contact increased 
with increasing impact speed and was significantly 
higher in cases for which the pedestrian stature to 
hood height ratio was greater than two than in cases 
in which it was less than two. Of the variables 
considered, stature was the single most important 
predictor of WAD to head contact explaining 24% of 
the variation alone. Other significant predictors 
included the impact speed, whether the pedestrian 
was taller than twice the hood height, and hood 
length, which, together with pedestrian stature, 
explained a total of 40% of the variation. The low 
explanatory effect of this model suggests that 

additional factors, such as the presence or absence of 
pre-impact braking and pedestrian stance and 
orientation, also affect the WAD to head contact. 
   
INTRODUCTION 
 
Injuries to pedestrians involved in pedestrian versus 
motor vehicle crashes are a significant contributor to 
death and disability in all motorized societies.  The 
World Bank has estimated that 41-75% of worldwide 
road traffic fatalities are pedestrians (World Bank, 
2006). Several epidemiological studies on various 
populations of pedestrian victims have indicated that, 
together with the lower extremities, the head is the 
most frequently injured body region (Chidester and 
Isenberg, 2001; Mizuno, 2003; Ballesteros et al., 
2004; Ivarsson et al., 2005). Considering only serious 
to fatal injuries (AIS 3+), the head ranks higher in 
injury frequency than any other body region (Lane et 
al., 1994; Harruff et al., 1998; Otte, 1999; Crandall et 
al., 2002; Ivarsson et al., 2005; Ono et al., 2005). 
Although head injury can occur as a result of the 
pedestrian’s secondary impact with the ground, head 
contact with various vehicle components has been 
reported to be the primary source for moderate to 
fatal head injuries (Ashton, 1975; Ashton et al., 1978; 
Mizuno, 2003; Kendall et al., 2006). Mizuno (2003) 
summarized the findings of a total of 1605 pedestrian 
cases that occurred in Australia, Germany, Japan, and 
the US and reported that 80% of the recorded AIS 2+ 
head injuries were due to contact with vehicle 
components including, but not limited to, the hood, 
windscreen, and windscreen frame. The widespread 
area of head contact locations on the vehicle shown 
by Mizuno (2003) has also been documented in other 
epidemiological studies. Chidester and Isenberg 
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(2001) analyzed the 420 frontal pedestrian crashes 
included in the Pedestrian Crash Data Study (PCDS) 
and reported that the wrap around distance (WAD) to 
head contact in the 228 cases for which there was 
evidence of head contact on the vehicle ranged from 
less than 60 cm to over 250 cm. Otte (1994) analyzed 
372 frontal pedestrian crashes involving adult 
pedestrians ranging in height from 150 to 190 cm and 
found that the “throwing up distance” (the horizontal 
distance from the front end of the vehicle to the point 
of head contact) in the cases for which there was 
evidence of head contact on the vehicle ranged from 
approximately 40 to 210 cm.  

The widespread distribution of potential 
head contact locations on the vehicle has led to the 
proposal of several different safety concepts for 
reducing the frequency and severity of pedestrian 
head injury. Windscreen airbags have been proposed 
for preventing the head from contacting the stiff 
windscreen shuttle and A-pillars (Crandall et al., 
2002), whereas examples of safety concepts that 
provide increased deceleration space in the event of 
head contact with the hood include pyrotechnic 
devices that rapidly raise the hood (Fredriksson et al., 
2001) and flexible and collapsible hood hinges 
(Kirkeling et al., 2005). Other indirect efforts taken 
towards reducing the overall aggressiveness of the 
vehicle towards the pedestrian head include the 
pedestrian test protocol that is part of the New Car 
Assessment Program (NCAP) in Europe 
(EuroNCAP), Japan (JNCAP), and Australia 
(ANCAP) and the legislative directives for pedestrian 
protection that recently have gone into effect in 
Europe (2003/102/EC) and Japan (TRIAS63-2004). 
Both NCAP and the legislative directives evaluate the 
aggressiveness of the vehicle towards the pedestrian 
head by measuring the impact response of adult 
and/or child sized headforms that are propelled into 
different spots within specified zones on the vehicle 
in which pedestrian head contact is deemed likely to 
occur. In NCAP, the child and adult head impact 
zones comprise the area of the vehicle front structure 
that falls within the geometric traces of the 1000-
1500 mm (JNCAP: 1000-1700 mm) and 1500-2100 
mm (JNCAP: 1700-2100 mm) WAD, respectively, 
whereas the current phase of the legislative directives 
limits the test zone to the hood top.  

While the safety concepts and evaluation 
procedures described above should lead to an overall 
reduction of the frequency and severity of pedestrian 
head injury, it may be possible to achieve an even 
higher protective efficiency if vehicles could be 
designed to minimize the likelihood of pedestrian 
head contact, minimize the head contact velocity, and 
force the head to contact the vehicle in regions that 
offer extensive deceleration space. Several previous 

investigators have reported that the likelihood and 
speed of head contact as well as the amount of slide 
up the hood prior to head contact (WAD to head 
contact minus pedestrian stature) are dependent on 
the impact velocity and the height of the pedestrian 
relative to geometrical vehicle parameters such as 
bumper height, hood height, and hood length 
(Ashton, 1975, 1980; Ashton et al., 1978; Niederer 
and Schlumpf, 1984; Otte, 1994; Roudsari et al., 
2005).  

The current study aims to evaluate the 
influence of impact speed, pedestrian stature, and 
vehicle geometry on the likelihood and location of 
head contact on the vehicle in a frontal pedestrian 
crash based on information from three detailed 
registries of real world pedestrian crashes. More 
precisely, we aim to evaluate how impact speed and 
pedestrian stature relative to bumper height, hood 
height, and hood length affect the likelihood of head 
contact on the vehicle and the likelihood of 
pedestrian slide up the hood prior to head contact 
(WAD to head contact > pedestrian stature). In 
addition, we aim to quantify the relative influence of 
impact speed, pedestrian stature, bumper height, hood 
height, and hood length on the WAD to head contact 
and evaluate whether it is possible to predict the 
WAD to head contact in a frontal pedestrian crash 
from these five variables.      
 
METHODOLOGY 
 
Data Sources 
 
Data came from three real world pedestrian crash 
databases. The PCDS trauma registry is a 
compilation of detailed information on a total of 552 
pedestrian crashes that occurred during the period 
from 1994 through 1998 in six metropolitan areas in 
the US (Chidester and Isenberg, 2001). A 
“pedestrian” was defined as any person located in a 
traffic-way, on a sidewalk or path contiguous with a 
traffic-way, or on private property. The striking 
vehicle had to be forward moving and of model year 
1990-1996. Crashes in which a person was lying or 
sitting while struck were not included. The pedestrian 
impact had to be the only impact and the first point of 
contact had to be forward of the top of the A-pillar. 
The PCDS data are not weighted since the study was 
designed to be clinical rather than providing a 
national sample of all US pedestrian crashes. 

The second data source was the German In-
Depth Accident Study (GIDAS). This database 
consists of detailed information on several thousand 
traffic crashes that occurred in the areas of Hanover 
and Dresden in Germany. The current study only 
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used data from the pedestrian crashes included in 
GIDAS.     

The third data source was the CIREN (Crash 
Injury Research and Engineering Network) 
pedestrian database from the Honda INOVA Fairfax 
Hospital CIREN center in Fairfax, Virginia 
(Longhitano et al., 2005). This database currently 
includes in-depth information on approximately 50 
recent pedestrian crashes that occurred in the 
Washington, DC metropolitan region. The model 
year of the striking vehicles ranged from 1986 to 
2004.  The database consists of the National 
Automotive Sampling System Crashworthiness Data 
System (NASS-CDS) set of 650 data elements plus 
an additional 250 medical and injury data elements 
including complete injury documentation by means 
of Abbreviated Injury Scale, 1990 Revision (AIS-90) 
coding. 
 
Filtering of the Data Sources 
 
The three data sources were filtered to include only 
the cases fulfilling the following criteria: 
• Frontal crash (pedestrian struck by the front of the 

vehicle), 
• Striking vehicle a passenger car, sport utility 

vehicle (SUV), or pick-up truck 
• Pedestrian in an upright position while struck, 
• Information provided on: 
o Estimated impact speed, 
o Pedestrian stature, 
o Whether head contact on the vehicle occurred, 
o Bumper height (vertical height above ground of 

the top surface of the frontal bumper)  
o Hood height (vertical height above ground of 

the leading edge of the hood), 
o Hood length (flat plane distance from the 

leading edge of the hood to the trailing edge at 
the windshield), 

• Pedestrian stature/hood height ≥ 1.40 (to avoid the 
potential inclusion of cases in which head contact 
occurred as a result of direct impact by the front of 
the vehicle rather than secondary to the pedestrian 
wrapping around the vehicle front). 

 
The filtering procedure left 258 cases from PCDS 
and 32 from CIREN for analysis. GIDAS does not 
include any information on the height and length of 
the hood of the vehicle. However, from information 
provided in the library of vehicle models included in 
the Expert AutoStat® software (4N6XPRT Systems, 
La Mesa, CA, USA), these measurements were 
identified for 118 of the GIDAS cases that fulfilled 
all the other inclusion criteria. Thus, a total of 408 
cases fulfilling all the inclusion criteria were 
available for analysis.  

Analysis 
 
Logistic regression was used to derive functions for 
the likelihood of head-vehicle contact and WAD to 
head contact > pedestrian stature. The independent 
variables were impact speed, pedestrian stature to 
bumper height ratio (PS/BH), pedestrian stature to 
hood height ratio (PS/HH), and pedestrian stature to 
hood length ratio (PS/HL). The logistic regression 
models were developed according to the approach 
outlined by Hosmer and Lemeshow (1989), which 
briefly includes the following eight steps: 
 
• Screening of the individual importance of the 

potential predictors by means of univariate 
analyses. 

• Multivariate analysis including variables of known 
biological importance plus any additional variables 
that demonstrated p-values less than 0.25 in the 
univariate analyses.  

• Identify variables that do not significantly 
contribute to the multivariate model using 
likelihood ratio tests.  

• Quartile grouping analysis to make sure that the 
logit for any of the variables identified as 
insignificant is not a symmetric or u-shaped 
function (any of these functional forms could 
explain why a linear fit has a zero slope). 

• Fit a new model excluding all variables that have 
been found to be either biologically or statistically 
unimportant.   

• Box-Tidwell transformation and subsequent 
quartile grouping analysis of the included variables 
that have been modeled as continuous to obtain 
their correct scale in the logit.  

• Assessment of the importance of possible 
interaction terms using likelihood ratio tests. 

• Fit a new model that, in addition to the main 
effects that already have been found to be 
important, also includes the statistically significant 
interaction terms that make sense from a biological 
perspective. 

 
Three goodness-of-fit tests (Pearson, Deviance, and 
Hosmer and Lemeshow) were used to evaluate the 
null hypothesis of adequate model fit. In addition, the 
predictive ability of the models was evaluated using 
two measures of association (Kruskal’s Gamma and 
Somers’ D) based on percent concordance and 
discordance. A pair of observations with different 
outcomes (“event” and “no event”) is concordant if 
the model predicts a higher likelihood of event 
occurrence for the event case than for the non-event 
case. A pair of observations is discordant if the event 
case has a lower model-predicted likelihood than the 
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non-event case. Kruskal’s Gamma is defined by the 
number of concordant and discordant pairs in the 
dataset, so it is a measure of the model’s ability to 
discriminate event from non-event cases: 
 

discordantconcordant

discordantconcordant

NN

NN

+
−

=γ  (1) 

 
where Nconcordant is the number of concordant pairs 
and Ndiscordant is the number of discordant pairs in the 
dataset. A Kruskal’s Gamma value of zero indicates 
that the model has no predictive ability, whereas a 
value of one indicates perfect prediction. Somers’ D 
(SD) is Kruskal’s Gamma modified to penalize for 
any tied pairs of observations in the dataset: 
 

tieddiscordantconcordant

discordantconcordant

NNN

NN

++
−

=SD  (2) 

 
Best subsets multiple linear regression was used to 
determine the relative importance of impact speed, 
pedestrian stature, bumper height, hood height, and 
hood length on the WAD to head contact and to 
evaluate whether it is possible to predict the WAD to 
head contact in a frontal pedestrian crash from these 
five variables. In addition to the “main effect” 
variables, all possible interaction terms were included 
as potential predictors in the analysis. All logistic and 
linear regression analyses were conducted using the 
statistical software package MINITAB (Minitab, Inc., 
State College, PA, USA, version 14).  
   
RESULTS 
 
The Likelihood of Head-Vehicle Contact 
 
Of the 408 cases available for analysis, 210 showed 
evidence of head contact on the vehicle. Table 1 
shows mean ± SD and range of the potential 
predictors by outcome and for all cases combined as 
well as the individual p-values from the univariate 
analyses. As shown, both impact speed and PS/HH 
were significant variables while PS/BH demonstrated 
a p-value above 0.25 and therefore was excluded. 
Further analysis confirmed that PS/HL had no 
association with the occurrence of head contact and it 
was therefore excluded as well. Box-Tidwell 
transformations and subsequent quartile analyses of 
impact speed and PS/HH suggested that PS/HH 
should be modeled as continuous and linear and 
impact speed as continuous but logarithmic in the 
logit. Table 2 shows estimated coefficients, log-
likelihood, goodness-of-fit, and measures of 
association for three models based on log(impact 

speed) only (model 1), log(impact speed) and PS/HH 
(model 2), and log(impact speed), PS/HH, and the 
interaction between these two variables (model 3). 
According to the goodness-of-fit measures, all three 
models appear to provide adequate fit of the data. 
However, while the measures of association indicate 
that model 2 and 3 are equally good in discriminating 
between events and non-events, the likelihood ratio 
test comparing these two models indicate that model 
3 fits the data better (p = 0.029) and consequently, 
that the individual effect of impact speed on the 
likelihood of head contact should not be evaluated 
without accounting for PS/HH and vice versa. 
Henceforth, model 3 is used to study the effects of 
impact speed and PS/HH on the likelihood of head 
contact on the vehicle. 

Figure 1 shows the likelihood of head-
vehicle contact as a function of impact speed for the 
10, 25, 50, 75, and 90 percentiles of PS/HH. For the 
purpose of comparison, the corresponding curve 
determined from the univariate model 1 is shown as 
well. As shown, the likelihood of head-vehicle 
contact increases rapidly with impact speed up to 
approximately 50 km/h after which the rate of 
increase levels off. Also shown in Figure 1 is that for 
any impact speed exceeding approximately 15 km/h, 
an increase of the pedestrian stature or a reduction of 
the hood height is associated with an increasing risk 
of head-vehicle contact. This finding is further 
illustrated in Figure 2 which shows the likelihood of 
head-vehicle contact as a function of PS/HH for the 
10, 25, 50, 75, and 90 percentiles of impact speed. 
For impact speed below 15 km/h, the model suggests 
a slightly decreasing risk of vehicle-head contact with 
increasing PS/HH (Figures 1 and 2). This is most 
likely not the case in the real world but instead a 
reflection of that the likelihood of head-vehicle 
contact is insensitive to PS/HH for low impact 
speeds. 

Figure 3 provides a comparison of the 
individual effects of impact speed reduction and hood 
height increase on the odds of head-vehicle contact 
for the particular reference case of a pedestrian of 
height 177.3 cm (50-percentile male height) struck at 
40 km/h by a vehicle with a hood height of 70 cm 
(50-percentile hood height of the 349 passenger cars 
included in the analysis). As an example of how to 
interpret the data in the figure, it shows that a 
reduction of the impact speed by 9 km/h (from 40 to 
31 km/h) or an increase of the hood height by 17.5 
cm (from 70 to 87.5 cm) would both reduce the odds 
of head-vehicle contact by 50%. It is important to 
emphasize that Figure 3 is only valid for the 
particular reference case used here.
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Table 1. 
Head-vehicle contact characteristics by outcome and for all cases combined along with the individual p-values 

from the univariate analyses 

Independent 
variable 

No head-vehicle contact 
(N = 198) 

mean ± SD (range) 

Head-vehicle contact 
(N = 210) 

mean ± SD (range) 

Total 
(N = 408) 

mean ± SD (range) 
p-value 

Impact speed (km/h) 20.04 ± 13.10 (2-74) 42.03 ± 19.66 (8-118) 31.36 ± 20.06 (2-118) <10-9 

Pedestrian stature/ 
bumper height 

3.13 ± 0.46 (1.90-4.94) 3.17 ± 0.45 (1.88-4.56) 3.15 ± 0.45 (1.88-4.94 0.297 

Pedestrian stature/ 
hood height 

2.25 ± 0.38 (1.42-3.40) 2.35 ± 0.40 (1.42-3.54) 2.30 ± 0.40 (1.42-3.54) 0.010 

Pedestrian stature/ 
hood length 

1.53 ± 0.22 (0.87-2.10) 1.56 ± 0.23 (0.94-2.14) 1.54 ± 0.22 (0.87-2.14) 0.188 

   
Table 2. 

Estimated coefficients, log-likelihood, goodness-of-fit, and measures of association for three logistic regression 
models predicting the likelihood of head-vehicle contact. P-values in brackets denote the significance levels of 

individual variables in the models 

Variables 

Model 
Constant Log(impact speed) 

(km/h) PS/HH 
Log(impact 

speed)×(PS/HH) 
(km/h) 

Log- 
likelihood 

Goodness- 
of-fit 

Measures 
of 

association 

1 
-7.444 

(p<0.0005) 
5.311 

(p<0.001) 
  -202.363 

P = 0.986 
D = 0.992 
HL = 0.346 

γ = 0.68 
SD = 0.67 

2 
-9.220 

(p<0.0005) 
5.317 

(p<0.001) 
0.772 

(p = 0.014) 
 -199.254 

P = 0.604 
D = 0.512 
HL = 0.478 

γ = 0.69 
SD = 0.69 

3 
1.026 

(p=0.826) 
-1.911 

(p=0.557) 
-3.749 

(p=0.072) 
3.193 

(p=0.029) 
-196.877 

P = 0.899 
D = 0.565 
HL = 0.373 

γ = 0.69 
SD = 0.69 

Abbreviations: PS/HH = Pedstrian stature/hood height, P = Pearson, D = Deviance, HL = Hosmer and Lemeshow, γ 
= Kruskal’s Gamma, SD = Somers’ D.   
 
Figure 4 shows the likelihood of head-vehicle contact 
at an impact speed of 40 km/h as a function of the 
hood height for pedestrian statures corresponding to 
the 50-percentile adult male, 5-percentile adult 
female, 95-percentile adult male, and 50-percentile 6-
year-old child. The curves are only shown for the 
hood height intervals for which the model is valid 
(1.42 ≤ PS/HH ≤ 3.54), which explains why the risk 
of head contact for the 6-year-old child is not shown 
for hood heights exceeding 81 cm.  As shown, there 
is a substantial difference in the likelihood of head-
vehicle contact between the different 
anthropometries. Comparing for instance the 50-
percentile adult male and the 6-year-old child struck 
by a vehicle with a hood height of 60 cm, the 50-
percentile adult male is approximately four times as 
likely to sustain head contact on the vehicle. 
 
 
 
 

The Likelihood of WAD to Head Contact > 
Pedestrian Stature  
 
Of the 210 cases for which there was evidence of 
head contact on the vehicle, eleven did not include 
any information on the WAD to head contact and 
therefore had to be excluded. Of the remaining 199 
cases available for analysis, 42 had a WAD to head 
contact that was less or equal to the stature of the 
pedestrian, whereas the remaining 157 cases had a 
WAD to head contact that was greater than the 
pedestrian stature. Table 3 shows mean ± SD and 
range of the potential predictors by outcome and for 
all cases combined as well as the individual p-values 
from the univariate analyses. As shown, impact 
speed, PS/BH, and PS/HH were all significant 
predictors of WAD to head contact > pedestrian 
stature while PS/HL demonstrated a p-value above 
0.25 and therefore was excluded. 
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Figure 1. Likelihood of head-vehicle contact as a 
function of impact speed for the 10 (PS/HH = 
1.75), 25 (PS/HH = 2.02), 50 (PS/HH = 2.32), 75 
(PS/HH = 2.54), and 90 (PS/HH = 2.77) percentiles 
of PS/HH. Also shown is the corresponding risk 
function predicted by the univariate model HC1. 
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Figure 2. Likelihood of head-vehicle contact as a 
function of PS/HH for the 10 (impact speed = 9 
km/h), 25 (impact speed = 15 km/h), 50 (impact 
speed = 29 km/h), 75 (impact speed = 42 km/h), 
and 90 (impact speed = 59 km/h) percentiles of 
impact speed. 
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Figure 3. Individual effects of impact speed 
reduction and hood height increase on the odds of 
head-vehicle contact for the reference case of a 
pedestrian of height 177.3 cm struck at 40 km/h 
by a vehicle with a hood height of 70 cm.  

 

0.4

0.5

0.6

0.7

0.8

0.9

1

40 50 60 70 80 90 100 110 120

Height = 177.3 cm (50% male)
Height = 152.2 cm (5% female)
Height = 187.5 cm (95% male)
Height = 115.0 cm (50% 6 years)

P
(h

ea
d

 c
o

n
ta

ct
)

Hood height (cm)  
Figure 4. Likelihood of head-vehicle contact at an 
impact speed of 40 km/h as a function of hood 
height for pedestrian statures corresponding to 
the 50-percentile adult male, 5-percentile adult 
female, 95-percentile adult male, and 50-percentile 
6-year-old child.  
 
Subsequent analysis of the multivariate model with 
impact speed, PS/BH, and PS/HH as independents 
revealed that PS/BH did not add any explanatory 
effect (a model with impact speed and PS/HH as the 
only two dependents performed equally well) and 
was therefore excluded. Box-Tidwell transformations 
and subsequent quartile analyses of impact speed and 
PS/HH suggested that PS/HH should be modeled as a 
binary variable, PS/HH_bin, taking the value 0 for 
PS/HH < 2 and 1 for PS/HH ≥ 2, whereas the 
dependence on impact speed appeared to be best 
described by a logarithmic relationship. Table 4 
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shows estimated coefficients, log-likelihood, 
goodness-of-fit, and measures of association for three 
models based on log(impact speed) only (model 4), 
log(impact speed) and PS/HH_bin (model 5), and 
log(impact speed), PS/HH_bin, and the interaction 
between these two variables (model 6). According to 
the goodness-of-fit measures, both model 5 and 6 
provide adequate fit of the data. However, while the 
measures of association indicate that they are equally 
good in discriminating between events and non-

events, the likelihood ratio test comparing these two 
models indicate that model 6 fits the data better (p = 
0.007) and consequently, that the individual effect of 
impact speed on the likelihood of WAD to head 
contact > pedestrian stature should not be evaluated 
without accounting for PS/HH_bin and vice versa. 
Henceforth, model 6 is used to study the effects of 
impact speed and the ratio of pedestrian stature to 
hood height on the likelihood of WAD to head 
contact > pedestrian stature. 

           
Table 3. 

WAD to head contact versus pedestrian stature by outcome and for all cases combined along with the 
individual p-values from the univariate analyses 

Independent 
variable 

WAD to head contact ≤ 
pedestrian stature 

(N = 42) 
mean ± SD (range) 

WAD to head contact > 
pedestrian stature 

(N = 157) 
mean ± SD (range) 

Total 
(N = 199) 

mean ± SD (range) 
p-value 

Impact speed (km/h) 30.07 ± 19.33 (8-99) 45.12 ± 18.65 (8-118) 41.94 ± 19.73 (8-118) <10-5 

Pedestrian stature/ 
bumper height 

2.94 ± 0.51 (1.88-3.82) 3.22 ± 0.40 (1.96-4.56) 3.16 ± 0.44 (1.88-4.56) <0.001 

Pedestrian stature/ 
hood height 2.15 ± 0.48 (1.47-3.54) 2.40 ± 0.36 (1.42-3.32) 2.35 ± 0.40 (1.42-3.54) <0.001 

Pedestrian stature/ 
hood length 

1.55 ± 0.23 (1.01-2.00) 1.56 ± 0.23 (0.94-2.14) 1.56 ± 0.23 (0.94-2.14) 0.78 

     
Table 4.  

Estimated coefficients, log-likelihood, goodness-of-fit, and measures of association for three logistic regression 
models predicting the likelihood of WAD to head contact > pedestrian stature. P-values in brackets denote 

the significance levels of individual variables in the models 

Variables 

Model 
Constant 

log(impact 
speed) 
(km/h) 

PS/HH_bin 
log(impact 

speed)×(PS/HH)_bin 
(km/h) 

Log- 
likelihood 

Goodness- 
of-fit 

Measures 
of 

association 

4 
-5.41306 

(p<0.001) 
4.43038 

(p<0.001)   -88.274 
P = 0.010 
D = 0.754 
HL = 0.129 

γ = 0.55 
SD = 0.54 

5 
-6.96059 

(p<0.001) 
4.51352 

(p<0.001) 
1.92757 

(p<0.001) 
 -78.638 

P = 0.648 
D = 0.636 
HL = 0.133 

γ = 0.70 
SD = 0.69 

6 
-2.79316 

(p=0.138) 
1.81872 

(p=0.131) 
-5.74775 

(p=0.042) 
5.11781 

(p=0.007) 
-74.990 

P = 0.946 
D = 0.803 
HL = 0.701 

γ = 0.70 
SD = 0.69 

Abbreviations: P = Pearson, D = Deviance, HL = Hosmer & Lemeshow, γ = Kruskal’s Gamma, SD = Somers’ D. 
 
Figure 5 shows the likelihood of WAD to head 
contact > pedestrian stature as a function of impact 
speed for pedestrians shorter (PS/HH < 2) and equal 
or taller (PS/HH ≥ 2) than twice the hood height of 
the striking vehicle. As shown, the likelihood WAD 
to head contact > pedestrian stature increases with 
impact speed. Also shown in Figure 5 is that for any 
impact speed exceeding approximately 13 km/h, 
pedestrians equal to or taller than twice the height of 
the hood are more likely to slide up the hood prior to 

head contact than pedestrians shorter than twice the 
hood height. For impact speed below 13 km/h, the 
model suggests the exact opposite, i.e. that the 
likelihood of WAD to head contact > pedestrian 
stature is greater for pedestrians shorter than taller 
than twice the hood height. This is most likely not the 
case in the real world but instead a reflection of that 
the likelihood of .that the likelihood of WAD to head 
contact > pedestrian stature is insensitive to PS/HH 
for low impact speeds.  
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Figure 5. Likelihood of WAD to head contact > 
pedestrian stature as a function of impact speed 
for pedestrians shorter (PS/HH < 2) and equal or 
taller (PS/HH ≥ 2.00) than twice the hood height 
of the striking vehicle.  

 
WAD to Head Contact 
 
Preliminary analyses demonstrated that the influence 
of impact speed on the WAD to head contact was 
better described by a logarithmic than a linear 
relationship. Consequently, the logarithm of impact 
speed instead of impact speed was included as a 
potential predictor in the multiple regression 
analyses. Based on the results from the logistic 
regression analysis of the likelihood of WAD to head 
contact > pedestrian stature, the binary version of 
PS/HH (PS/HH_bin) which takes the value 0 for 
PS/HH < 2 and the value 1 for PS/HH ≥ 2, was added 
as a potential predictor. Thus, a total of 21 potential 
predictors (six “main effects” and fifteen 
interactions) were included in the analyses. 
 Table 5 lists the estimated coefficients, 
 R2 or multiple correlation coefficient (the fraction of 
variance in the dependent variable collectively 
explained by all of the independent variables), and 
R2-adjusted (the multiple correlation coefficient 
adjusted for the number of predictors included in the 
model) for the best models (highest R2-adjusted) 
including one, two, three, four, five, and six, 
predictors. The last column in Table 5 shows the p-
value obtained from F-tests of the difference in R2-
adjusted between the two best models with k and k + 
1 predictors. Not surprisingly, pedestrian stature is 
the single most important predictor explaining 24% 
of the variance in WAD to head contact. Additional 
variables of significant importance include impact 
speed, the binary version of PS/HH, and the hood 

length that, together with pedestrian stature, explain 
40% of the variance in WAD to head contact. As 
shown in Table 5, the only additional variable that 
seem to have an explanatory effect on the WAD to 
head contact is the interaction between pedestrian 
stature and hood length (p = 0.072). However, 
inclusion of this term results in a net increase of R2-
adjusted of only one percentage unit.  
 
DISCUSSION 
 
The current study used information on impact speed, 
pedestrian stature, bumper height, hood height, and 
hood length, whether head-vehicle contact occurred, 
and WAD to head contact from three detailed 
registries of real world pedestrian crashes to: 
• develop logistic regression models predicting the 

likelihood of pedestrian head contact on the 
vehicle and likelihood of WAD to head contact > 
pedestrian stature, 

• determine the relative importance of impact speed, 
pedestrian stature, bumper height, hood height, 
and hood length on the WAD to head contact, and 

• evaluate whether it is possible to predict the WAD 
to head contact from impact speed, pedestrian 
stature, bumper height, hood height, and hood 
length. 

The study was limited to cases in which the striking 
vehicle was a passenger car, SUV, or pick-up truck. 
Other vehicle types, like mini-vans and large vans, 
generally lack the relatively horizontal hood that 
characterize passenger cars, SUVs, and pick-up 
trucks and therefore cause slightly different 
pedestrian response kinematics. Also excluded were 
the thirteen cases in which the pedestrian stature to 
hood height ratio did not exceed 1.40. This was to 
avoid the potential inclusion of cases in which head 
contact occurred as a result of direct impact by the 
front of the vehicle rather than secondary to the 
pedestrian wrapping around the vehicle front. 
In agreement with the findings of Ashton (1975, 
1980, 1997) and Ashton et al. (1978), the results 
indicated that the likelihood of head-vehicle contact 
increases with impact speed as well as with PS/HH. 
These two variables are, however, not independent of 
each other with the PS/HH having a stronger 
influence on the likelihood of head-vehicle contact 
when the impact speed is high than low. It is 
important to emphasize that although an increased 
hood height reduces the likelihood of head-vehicle 
contact for pedestrians taller than 1.4 times the hood 
height, it may increase the injury risk and injury 
severity for other body regions such as the torso and 
also increase the risk of head injury for the pediatric 
pedestrian population.         
  



Ivarsson 9

Table 5. 
Estimated coefficients, multiple correlation coefficients R2, and adjusted multiple correlation coefficients R2-
adjusted for the best linear regression models of WAD to head contact including one, two, three, four, five, 

and six predictors. The last column shows the p-value for the difference in R2-adjusted between the two best 
models with k and k + 1 predictors. Values in brackets denote the p-values of individual variables in the 

models       

Predictors No. of 
predictors Const PS 

(m) 
Log(IS) 
(km/h) PS/HH_bin HL 

(m) 
PS*HL 

(m2) 
Log(IS)*HL 
(m×km/h) 

R2 R2-adj p-value 

1 
-10.51 
(0.686) 

1.24 
(<0.001) 

     0.244 0.240 N/A 

2 
-72.38 
(0.008) 

1.14 
(<0.001) 

49.4 
(<0.001) 

    0.335 0.328 <10-6 

3 
-55.1 

(0.038) 
0.925 

(<0.001) 
48.4 

(<0.001) 
25.0 

(<0.001) 
   0.389 0.380 <10-4 

4 
-100.9 
(0.001) 

0.914 
(<0.001) 

45.1 
(<0.001) 

25.4 
(<0.001) 

0.488 
(0.009) 

  0.411 0.399 0.014 

5 
409.5 

(0.098) 
-2.11 

(0.148) 
44.0 

(<0.001) 
24.6 

(<0.001) 
-4.25 

(0.063) 
0.028 

(0.038) 
 0.424 0.409 0.072 

6 
596.9 

(0.027) 
-1.69 

(0.251) 
-119.2 
(0.205) 

24.7 
(<0.001) 

-5.96 
(0.017) 

0.024 
(0.078) 

1.51 
(0.082) 

0.433 0.414 0.202 

Abbreviations: Const = Constant, PS = Pedestrian stature, IS = Impact speed, PS/HH_bin = Binary version of 
pedestrian stature to hood height ratio, HL = Hood length, R2-adj = R2-adjusted. 
 

Neither PS/BH nor PS/HL had any influence 
on the likelihood of head contact. The absence of 
influence of PS/BH may be a consequence of that any 
initial effect on the pedestrian response kinematics 
from bumper contact is “washed out” by the 
subsequent interaction with the leading edge of the 
hood.  The independence of PS/HL is not as easily 
explained. Intuitively, one would expect a reduction 
of the hood length to increase the likelihood of head 
contact since the wrap around distance to the 
windshield decreases. However, based on the results 
from the current study, this does not appear to be the 
case.  
   The likelihood of WAD to head contact > 
pedestrian stature also demonstrated strong positive 
correlation with the impact speed but showed a 
binary dependence of PS/HH with pedestrians taller 
than twice the hood height being more likely to slide 
up the hood prior to head contact than those shorter 
than twice the hood height. Similar to the case of the 
likelihood of head-vehicle contact, impact speed and 
PS/HH are not independent of each other with PS/HH 
having a greater effect on the likelihood of WAD to 
head contact > pedestrian stature at high than low 
impact speeds. The underlying reason for the 
increased likelihood of WAD to head contact > 
pedestrian stature for pedestrians taller than shorter 
than twice the hood height is most likely due to the 
increased effective mass above the leading edge of 
the hood, which encourages sliding up the hood. The 
most likely explanation to the lack of an effect of  

 
PS/BH is probably the same as in the case of 
likelihood of head contact, namely that any initial 
effect on the pedestrian response kinematics from 
bumper contact is “washed out” by the subsequent 
interaction with the leading edge of the hood. 
According to Otte (1994), the windshield acts like a 
barrier limiting the distance that the pedestrian slides 
up the hood prior to head contact. Consequently, 
PS/HL should influence the WAD to head contact but 
not whether sliding prior to head contact occurs. This 
was confirmed in the current study for which the 
likelihood of WAD to head contact > pedestrian 
stature showed no association with PS/HL (p = 0.78). 
 The results from the WAD to head contact 
analysis demonstrated that pedestrian stature alone 
explained 24% of the variance in WAD to head 
contact. A total explanatory effect of 40% could be 
achieved by also accounting for the logarithm of 
impact speed (p < 10-6), whether the pedestrian is 
taller than twice the hood height (p < 10-4), and the 
hood length (p = 0.014). None of the other variables 
or interactions considered as potential predictors in 
the current study offered any additional explanatory 
effect. Consequently, we can conclude that it is not 
possible to predict the WAD to head contact in a 
frontal pedestrian crash from pedestrian stature, 
estimated impact speed, bumper height, hood height, 
and hood length.  

While approximately 60% of the variation in 
WAD to head contact appears to be due to factors not 
considered in the analysis, it is important to 
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emphasize that these factors most likely affect the 
likelihood of head-vehicle contact and WAD to head 
contact > pedestrian stature as well. These factors 
include but are not limited to:        
• Whether or not pre-impact braking occurred – 

Braking causes pitching of the vehicle front end 
towards the ground and consequently, a reduction 
of the height of the bumper and hood above 
ground compared to the non-decelerated state. The 
current study used the original bumper and hood 
heights regardless of whether pre-impact braking 
occurred.  

• Front end stiffness – The stiffness of the vehicle 
front end affects the frictional force between the 
pedestrian and vehicle during initial contact which, 
in turn, influences subsequent response kinematics 
including the WAD to head contact (Ashton, 1980, 
Okamoto et al., 2003).  

• Pedestrian stance and orientation - Results from 
computer simulations of pedestrian crashes 
indicate that the stance and orientation of the 
pedestrian relative to the vehicle at impact 
influence the subsequent response kinematics 
(Meissner et al., 2004; Kendall et al., 2006).  

• Vehicle front end shape - Passenger cars of recent 
design have a relatively rounded front end without 
the distinct edge that demarcates the grille from 
the hood in older designs. The majority of vehicles 
included in the current study were of model years 
1990 or newer but a few vehicles from the GIDAS 
database dated as far back as 1983. 

• Bumper lead – According to Ashton (1983), 
bumper lead (the distance by which the bumper is 
further forward than the leading edge of the hood) 
has an influence on the relative importance of the 
bumper and hood leading edge as sources of 
injury. Consequently, bumper lead may also affect 
pedestrian response kinematics.     

Finally, it needs to be pointed out that despite that the     
registries used in the current study are believed to be 
among the most accurate and comprehensive real 
world pedestrian crash databases currently available, 
the uncertainty associated with some of the 
parameters including the impact speed, whether head 
contact on the vehicle occurred, and head contact 
location on the vehicle, most likely influenced the 
results as well.  
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ABSTRACT 
 
Occupant kinematics during rollover inverted impacts 
has been the subject of significant research.  
Controlled experiments have utilized complete 
vehicles, partial vehicles and seat/restraint systems 
attached to various platforms.  The Deformable 
Occupant Compartment Impact Tester (DOCIT) was 
developed to incorporate functions similar to 
previous methods, but has added a roof capable of 
deforming under impact.  These roof deformation 
characteristics can be reset without the destruction of 
a complete vehicle.  The DOCIT simulates an 
occupant compartment (roof, seat, restraint system) 
in which an ATD is placed and subjected to a 
repeatable inverted dynamic impact environment.  
Several test series are reviewed, in which standard of 
value tests, based upon real-world rollover accidents, 
are compared with alternate design systems under the 
same impact environments.  5th and 50th percentile 
Hybrid III ATD’s are utilized to assess neck and head 
injury criteria.  Alternate designs for roof structures 
and restraint systems are tested to determine the 
effectiveness of each. 

The DOCIT accommodates rapid parametric analysis 
of occupant injury criteria relative to various 
occupant, restraint and roof configurations in a 
dynamic loading environment and enables evaluation 
of restraint system performance and injury potential 
under impacts with controlled initial/residual head 
clearance and repeatable pre-determined roof 
profiles.  Test variations in restraint systems or roof 
performance can be correlated with other component 
and full vehicle tests without the need for the 
destruction of many vehicles.  

This research indicates that for reasonably restrained 
occupants, roof crush preceded head to roof contact 
and peak neck forces.  Reducing roof crush also 
reduced neck injury measures and therefore neck 
injury potential.  In many cases, reducing roof crush 
and optimizing restraint designs eliminated 

interaction with the roof and provided 
correspondingly negligible injury measures.   
 
INTRODUCTION 
 
In an effort to understand rollover injuries and their 
relationship to roof crush, many rollover occupant 
experiments have been conducted with a variety of 
surrogates, both human and ATDs.  Inverted drop 
tests have been conducted using production and 
reinforced vehicles utilizing Hybrid III 
Anthropometric Test Devices (ATD) to examine the 
relationship between roof crush and neck injury 
potential.  Several inverted drop tests with water-
ballast dummies reported additional dynamic 
occupant excursion during impact.  Smaller 
adjustable test fixtures have also been used to study 
occupant kinematics and excursion in rollovers and 
inverted drops. 
 
Arndt studied the effects of belt geometry and slack 
in a single seat drop cage with Hybrid III ATDs in 91 
cm drop tests with 5g decelerations.  Herbst 
developed an adjustable single seat and restraint 
system buck, capable of being rotated about its roll 
axis and examined live subject occupant kinematics 
and excursion.  Further studies with this adjustable 
buck documented production restraint system 
occupant excursions as well as the effect of 
alternatively designed restraint systems.  Cooper 
analyzed occupant kinematics under angular roll rates 
comparable to some rollover crashes with the Head 
Excursion Test Device.  Pywell developed a rollover 
fixture that was controllable, repeatable and easily 
modified to study occupant kinematics with various 
restraint types.  The Rollover Restraint Tester (RRT) 
was developed by the National Highway Traffic 
Safety Administration (NHTSA) to test restraint 
effectiveness in rollover conditions and employed a 
shock tower which simulated roof to ground impacts.  
Friedman studied the potential for neck injury with 
Hybrid III dummies and live human subjects in a 
non-crushable production vehicle compartment 
dropped from heights up to 91 cm.    Several studies 
investigated the Hybrid III 50th percentile male’s 
response to free fall impacts in drop heights 
approaching 122 cm. 

 
The Deformable Occupant Compartment Impact 
Tester (DOCIT) is designed to simulate an occupant 
compartment including a roof, seat, and restraint 
system (Figure 1).   An ATD is placed normally in the 
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DOCIT seat and restraint system, which is then 
inverted and subjected a repeatable impact 
environment.  The roof panel is attached to a series of 
vertical and lateral pneumatic cylinders, which define 
the motion of the roof.  Adjustable stops and variable 
pressure relief valves on the pneumatic cylinders can 
control the extent and resistance to deformation.    
This configuration allows for controllable roof crush 
in lateral and vertical directions, and therefore the 
roof crush is repeatable and defined.  The versatility 
of the DOCIT allows for the examination of the 
relationship between occupant injury potential and 
roof crush with a variety of vehicle configurations 
and occupant protection systems.  
 

 
METHODOLOGY 
 
DOCIT testing is often performed as part of a 
thorough rollover accident analysis.  A detailed 
accident reconstruction analysis is conducted in order 
to understand the kinematics of the vehicle 
throughout a rollover, including the various impacts 
along its trajectory.  Structural analysis is then 
employed to quantify the forces and energy imparted 
to the vehicle’s roof structure during the rollover 
impacts as well as the orientations of the vehicle at 
the time these impacts occurred.  Physical testing, 
such as inverted drop testing or tip-over testing, can 
be used as part of the structural analysis to quantify 
impact conditions required to induce damage 
consistent with an accident vehicle.   The vehicle 
impact conditions ascertained from analysis and 
testing can then be utilized to establish the 
appropriate orientation and drop height (Figure 2) for 
the DOCIT tests.  The DOCIT ties together elements 
of the accident reconstruction, structural analysis and 
biomechanical analysis while allowing for testing of 
the key components that influence occupant 
protection in rollovers, specifically occupant survival 
space, occupant restraint and roof crush. 

 

 
Figure 2.  Typical inverted drop test 
configuration. 

 
The occupant compartment geometry, including the 
locations of the seat, restraints and roof, can be 
documented with a survey tool for both the accident 
vehicle and an exemplar.  These digitized 
measurements are then used as a template for the 
locations of the various DOCIT components.  The D-
ring anchor for the retractor system is attached to the 
roof rail of the system, and therefore would move in 
conjunction with the roof system when it displaced or 
crushed under impact, as would be the as case in a 
real-world rollover accident.  The motion of the D-
ring during roof crush has the effect of inducing slack 
into the restraint system and limits its ability to 
contain the occupant.  This effect is important to 
understand the effects of roof crush on occupant 
kinematics and injury measures.   
 
In each DOCIT test series, a baseline test is 
conducted to establish the test conditions under 
which the comparisons are to be made. The baseline 
test impact conditions are set based upon the 
reconstruction, structural and biomechanical analyses 
and result in injury measures, which are consistent 
with the occupant injuries.  Once the configuration 
for baseline test has been established, the test device 
can quickly be reset between tests by righting the 
device, recharging the pneumatic cylinders and 
replacing the roof panel.  Once it has been reset, a 
single test parameter change, such as variations in 
roof crush or alternate restraint system characteristic, 
can be made.   The biomechanical effects of these 
parametric changes to the test setup are then easily 
analyzed by comparing the resulting ATD injury 
measures. 
 
Hybrid III ATDs can be used as occupant surrogates, 
which can be tailored with spacers and ballast to 
more accurately represent occupants of various sizes.  
The ATD is instrumented to record head acceleration, 
upper neck forces and moments.  The DOCIT fixture 
is instrumented to record roof crush displacement 
data and occupant excursion through displacement 
transducers, as well as lap belt loads and 
compartment accelerations.  The ATD is placed 
within the DOCIT fixture seat and the restraints are 
normally applied.  The restraint system can also be 
pretensioned at this point, depending on the nature of 

Figure 1.  Typical DOCIT configuration. 
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the experiment.   Pre-test head-to-roof clearance and 
restraint measurements are made prior to inversion.  
Once the ATD is in place and restrained, the DOCIT 
is raised from the ground via a floor lift.  The fixture 
is inverted by a set of internal pivots and attached to a 
quick-release mechanism from its underside.   Once 
the test height is set, post inversion measurements are 
made which indicate the static excursion of the ATD 
within the restraint system relative to the 
compartment roof and other interior components.  
The fixture is then released and allowed to impact the 
floor.  High speed and real-time video document the 
impact.  Data is collected and filtered according to 
SAE J211 from the ATD and test fixture at a rate of 
10,000Hz. 
 
TEST RESULTS 
 
Four test series using this DOCIT fixture and 
methodology are reviewed in this paper.   
 

TEST A Results 
 
Test series A was based on a model year 2000 
domestic SUV rollover accident in which the driver 
suffered a cervical neck fracture resulting in 
quadriplegia.  The DOCIT was assembled to 
approximate the restraint and seating systems of this 
accident vehicle as well as the approximate shape and 
extent of roof crush experienced.  
 
The roof panel in the DOCIT was specifically 
constructed to allow for the formation of a 
longitudinal buckle by placing two hinge points at the 
perimeter of the roof panel support frame (Figure 3).  
A piece of undeformed sheet metal was placed within 
this hinged frame.  At impact, the downward and 
inward motion of the impacting corner created a 

longitudinal buckle over the occupant.   
 
A Hybrid III 50th percentile ATD was used during 
Test series A, which had the lumbar spine replaced 
with a lighter and shorter assembly.  This 
modification adjusted the Hybrid III ATD to 
approximate a 71 kg occupant that had a seated 
height of 83.8 cm and would stand approximately 
162.6 cm tall.   The DOCIT had a pre-impact 
configuration of 20 degrees of roll from inverted, 0 
degrees of pitch and a drop height of 30.5 cm. 
 
The baseline test resulted in significant interaction 
between the occupant and the intruding roof.  The 
injury measures resulting from the baseline test 
conditions (Table 1) are consistent with the injuries to 
the real world occupant.  In the baseline test, the ATD 
registered 7527 N of neck compression when it 
impacted the intruding roof. 
 

Table 1. 
Results from test series A 

 

 Restraints
Roof 

Crush 
(cm) 

Belt 
Load 
(N) 

Nij 
Neck 

Force Z
(N) 

Baseline Production 18.7 1143 1.37 -7527
Alt. 1 Production 0.6 2334 0.14 -176
Alt. 2 Pretension 0.9 2200 0.25 -291
 
The neck injury criteria, Nij, used by the National 
Highway Safety Administration, is a linear 
combination of tension-compression and flexion-
extension moments which are normalized by the 
critical limits established for each ATD type.  A Nij 
value of greater than 1.0 is generally viewed as a 
critical threshold.  The baseline test measures resulted 

  
Figure 3.  Pre-impact (left) and post-impact (right) photos of DOCIT baseline test series A. 
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in a Nij of 1.37 (based upon 50th percentile male 
criteria).   
 
Two tests were conducted for comparison to this 
baseline test.  Alternate system 1 is a parametric test 
comparison in which the influence of reducing roof 
crush is analyzed relative to the ATD injury 
measures.  In this test, the pneumatic roof cylinders 
were locked out allowing only minimal dynamic flex 
in the roof system.  Under these conditions, the 
occupant interaction is greatly attenuated, with the 
occupant only slightly touching the roof during 
impact.  The critical neck injury measures are 
reduced by more than 90%, with a resultant Nij of 
0.14 and a compression load of 176 N.   

 
A second alternate design is test in which the roof is 
set as in alternate design 1, but the restraints are 
pretensioned to 355- 375 N prior to testing.  Under 
these circumstances, the Hybrid III ATD did not 
contact the roof during impact, and the resulting 
injury measures are below all the critical criteria.  
During analysis of the test data and video, it was 
clear that the roof crush occurred prior to the ATD’s 
interaction with the roof and prior to the peak neck 
loading (Figure 4). 
 
Both alternate systems demonstrate the potential to 
significantly reduced ATD injury measures and even 
eliminate contact.  Both of these alternate systems 
can be compared to current production designs or 
designs which are technologically feasible.  
Pretensioners, including rollover activated 
pretensioners, are available in many production 
vehicles on the road today.   
 

TEST B Results 
 
Test series B involved the rollover of a 1990’s small 
four door sedan.  The injured occupant was a small 

female located in the driver’s seat at the time of the 
accident, who suffered a neck fracture with resulting 
quadriplegia.  A 5th percentile female ATD was used 
as the surrogate in these DOCIT tests.  A 2.54 cm 
steel spacer was placed at the top of the lumbar spine 
and 11.3 kg lead ballast was attached to the ATD’s 
legs and torso.  This ATD configuration approximated 
a small female weighing 56.6 kg, with a seated height 
of 81.3 cm in. and would stand approximately 154.9 
cm tall. The DOCIT had a pre-impact configuration 
of 20 degrees of roll from inverted, 0 degrees of pitch 
and a drop height of 30.5 cm. 
 
The roof panel in the DOCIT was specifically 
constructed to allow for the formation of a 
longitudinal buckle as in Test series A. (Figure 5) The 
DOCIT had a pre-impact configuration of 19 degrees 
of roll from inverted, 0 degrees of pitch and a drop 
height of 45.7 cm. 
 

  
Figure 5.  Roof buckle formations in accident 
vehicle and DOCIT fixture. 
 
The baseline test in series B, the ATD registered 5820 
N of neck compression and a Nij measurement of 2.0 
(based upon 5th percentile female criteria) (Table 2). 
Three tests were conducted for comparison to this 
baseline test.  Alternate system 1 is a parametric test 
comparison in which the influence of reducing roof 
crush is analyzed relative to the ATD injury 
measures.  In this test, the pneumatic roof cylinders 
were locked out allowing only minimal dynamic flex 
in the roof system.  Under these conditions, the 
occupant interaction is greatly attenuated, with the 
occupant only minor contact with the roof during 
impact.   The critical neck injury measures are 
reduced by approximately 85%, with a resultant Nij 
of 0.3 and a compression load of 839 N.   
 
A second alternate design was tested in which the 
roof is set as in alternate design 1, but the restraints 
are pretensioned to 311 N prior to testing.  Under 
these circumstances, the Hybrid III ATD did not 
contact the roof during impact, and the resulting 
injury measures are below all the critical criteria.   
 
 
 

 
Figure 4.  Roof crush vs. neck compression for 
baseline test series A. 
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Table 2. 

Results from test Series B 

 Restraints 
Roof 

Crush 
(cm) 

Belt 
Load 
(N) 

Nij 
Neck 

Force Z
(N) 

Baseline Production 19.6 891 2.0 -5820 

Alt. 1 Production 4.1 3201 0.3 -839 

Alt. 2 Pretension 4.7 2701 0.2 -121 

Alt 3 BIS/ABTS 3.1 2596 0.12 -359 

 
The third alternate design was tested in which the 
roof was set as in alternate design 1 and the seat and 
restraint were replaced with a production belt-in-seat 
or all-belts-to-seat design. Under these conditions, 
the occupant made light contact with the roof during 
impact.  The critical neck injury measures are 
reduced by approximately 85%, with a resultant Nij 
of 0.12 and a compression load of 359 N.  As in the 
previous test series, it was clear that the roof crush 
occurred prior to the ATD’s interaction with the roof 
and prior to the peak neck loading (Figure 6). 
 

 
Figure 6- Roof Crush vs. Neck Compression for Baseline Test 
Series B 
 

TEST C Results 
 

Test C tests examine the injury potential of a Hybrid 
III 5th Female ATD restrained in the DOCIT 
configured to approximate the driver’s seat location 
of a 1992 sedan in a 30.5 cm drop.  The DOCIT 
fixture had no roll or pitch angles and the roof crush 
was allowed to intrude uniformly in the vertical 
direction.  The roof was decelerated by crushable 
foam blocks rather than the pneumatic valves of 
Tests A and B.  Reductions in roof crush and 
pretensioned production restraints are separately 

assessed to identify their ability to reduce injury 
potential. 

 
 

Table 3. 
Results from test Series C 

 Restraints
Roof 

Crush 
(cm) 

Belt 
Load 
(N) 

Nij
Neck 

Force Z
(N) 

Baseline Production 15.8 1152 1.77 -6260 

Alt. 1 Production 2.3 2242 0.25 -876 

Alt. 2 Pretension 15.8 1027 1.19 -4263 

 
The 30.5 cm inverted drop resulted in 15.7 cm of roof 
crush and 5.9 cm of occupant excursion.  With only 
7.5 cm of pre-impact headroom, the extent of roof 
crush and occupant excursion resulted in an occupant 
impact with the roof.  The baseline test had neck 
injury measures of 6260 N of neck compression and a 
Nij of 1.77.   Alternate test 1 had the same test 
parameters as the baseline test except for a reduction 
in roof crush from 15.8 cm to 2.3 cm.  This roof 
crush reduction lowered peak neck compression by 
86% to 876 N and lowered Nij 86 % to 0.25.  
Alternate test 2 had the same test parameters as Test 
1 except that the belt was pretensioned to 356 N prior 
to static inversion.  The pre-impact headroom was 
increased to 17.1 cm and dynamic occupant 
excursion was reduced to 1 cm. This lowered peak 
neck compression 32% to 4262 N and lowered Nij 
32% to 1.19, when compared to the baseline test. 
 

TEST D Results 
 

Test C tests examine the injury potential of a Hybrid 
III 50th Male ATD restrained in the DOCIT 
configured to approximate the driver’s seat location 
of a 2003 pickup in a 30.5 cm drop.  A 2.54 cm steel 
spacer was placed above the ATD’s lumbar spine to 
bring the overall seated height up to 91 cm.  The 
DOCIT fixture had 10 degrees of roll and no pitch 
angles.  The roof crush was allowed crush vertically 
and laterally in a planar manner without any roof 
buckles.  The roof was controlled by pneumatic 
cylinders as in Tests A and B.  Reductions in 
occupant excursion through restraint improvements 
are assessed to identify its ability to reduce injury 
potential. 
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Table 4. 
Results from test Series D 

 Restraints 
Roof 

Crush 
(cm) 

Belt 
Load 
(N) 

Nij 
Neck 

Force Z
(N) 

Baseline Production 8.6 1287 1.46 -8368 

Alt. 1 Pretension
ABTS 7.7 4092 0.16 +676 

 
The 30.5 cm inverted drop resulted in 8.6 cm of roof 
crush and 10.2 cm of occupant excursion.  With only 
2.0 cm of pre-impact headroom, the extent of roof 
crush and occupant excursion resulted in an occupant 
impact with the roof.  The baseline test had neck 
injury measures of 8368 N of neck compression and a 
Nij of 1.46.   Alternate test 1 had the same test 
parameters as the baseline test except for the seat was 
replaced with an ABTS (all belts to seat or integrated 
seat belt) with the belts pretensioned to 280 N.  This 
improved restraint performance resulted in pre-
impact headroom increasing to 13.3 cm and dynamic 
occupant excursion was reduced to 2.7 cm.  The ATD 
did not contact the roof at all during impact, thereby 
eliminating any neck compression due to head to roof 
contact.   

 
DISCUSSION 
 
The DOCIT fixture allows for rapid parametric 
analyses of various occupant, restraint and roof 
systems.  The test variations in restraint systems or 
roof performance can be correlated with other 
component or full vehicle tests without the need for 
the complete destruction of many vehicles to achieve 
the same result.  
 
In the four test series performed, the following 
conclusions were drawn: 

• Roof crush preceded head to roof 
contact as well as peak neck forces. 

• Reducing roof crush correspondingly 
reduced neck injury measures and 
therefore neck injury potential. 

• In many cases, reducing roof crush and 
pre-tensioning restraints or ABTS to a 
reasonable level eliminated interaction 
with the roof and with correspondingly 
negligible injury measures.   

• Feasible roof and restraint design 
alternatives can significantly reduce the 
likelihood of neck injury in inverted 
impacts such as rollovers. 
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ABSTRACT 

In passenger car-to-pedestrian impacts head and 
leg injuries account for the largest number of 
severe injuries (AIS 3+). US data from 2005 
confirmed this but when studying LTV (Light 
Truck Vehicle) type of vehicles; thorax injuries 
replaced leg injuries at 2nd place for AIS 3+ injuries. 
For passenger cars the hood edge contributed to 
very few injuries, while in the LTV vehicles it was 
the main contributor for both lower extremity as 
well as thorax injuries. It is likely that the lower 
extremity injuries mainly consist of pelvic injuries, 
and that the hood edge (also called bonnet leading 
edge or BLE) of large Sport Utility Vehicles (SUV) 
produce more thorax injuries while lower SUV 
hood edges produce more pelvic injuries. 

The recent development of pre-crash sensors 
has opened up new possibilities for pedestrian 
protection. Reversible solutions can be used as well 
as airbags in the very front of the car, where time is 
too short when using a bumper contact sensor. 

In this study a bonnet leading edge airbag was 
developed to mitigate pelvis and thorax injuries for 
an SUV. The airbag was designed using 
mathematical simulations with the goal to decrease 
the upper legform requirements below the threshold 
levels of EuroNCAP. A physical prototype was 
produced which was tested and further developed 
using side impact dummies at a test speed of 40 
km/h where pelvic and thoracic loadings were in 
focus. To do this a dummy test method was 
developed based on field data. The field data 
showed that the injury pattern of car occupants in 
near-side crashes is similar to that of pedestrians 
impacted by SUVs. 

In simulations the BLE airbag proved able to 
pass the tough EuroNCAP requirements with the 
upper legform impactor. In full-scale tests the 
airbag decreased the risk of chest and pelvis 
injuries considerably, with the largest reductions in 
the chest and abdomen area. 

INTRODUCTION 

The upper legform test has been discussed and 
criticized during many years. The test method was 

developed as part of EEVC Working Group 10 
(EEVC 1994) during the 80’s and early 90’s, when 
cars were box-shaped and caused rather many 
pelvis and femur injuries. Today’s passenger cars 
are considerably more stream-lined and the EEVC 
working group 17 showed in their report a large 
decrease of these injuries from 1980 to 1990 cars 
(EEVC 1998). Therefore when the EU pedestrian 
directive (2003/102/EC) was finally enforced 2005, 
this test had been changed to a “monitoring test”. A 
monitoring test means that a test is performed and 
the data is recorded and saved for the future, but no 
requirement is set. This is a way for regulators to 
keep track of the car fleet if it becomes more 
aggressive in this area of the car. 

However, in the USA the Sports Utility Vehicle 
(SUV) has become very popular and now makes up 
around 50% of the total sales (Summers et al 2003).  
This car type has a more box-shaped front and it is 
also significantly higher in the front than today’s 
passenger cars. Lefler and Gabler (2004) reported 
that the fatality risk is increased with more than 2.5 
times for SUVs compared to cars. Head injuries are 
the most frequent cause of severe injury for LTVs, 
as well as for cars. According to Longhitano et al 
(2005-1), chest injuries are in 2nd place for AIS3+ 
injuries for the so called Light Trucks and Vans 
(LTV). For passenger cars lower extremity injuries 
take the 2nd place 

In a second study, Longhitano et al (2005-2) 
reports that the most common torso AIS 3+ injury 
locations in SUV impacts are ribcage at 23% and 
lung at 21%, followed by aorta at 11%. For AÌS 4+ 
injuries, ribcage still leads, now shared with aorta, 
at 23 %. Spleen follows at 14%. 

Longhitano et al (2005-1) also studied the car 
impact location. The most frequent AIS 3+ torso 
injury causing part of the LTV was the hood edge 
with the hood in second place. 

The pedestrian test methods consist of sub-
system test methods or pedestrian dummy tests. 
The sub-system test methods include legform, 
upper legform and headform test methods. The 
upper legform is developed to mitigate femur or 
pelvis injuries for passenger cars.  

The dummy test method standard (SAE 2006) is 
limited in measuring requirements in the chest and 
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abdomen region. Only chest acceleration is 
required, while chest displacement is recommended. 
For abdomen there is no requirement or 
recommendation.  

The Polar II dummy was developed for 
pedestrian impacts (Akiyama et al 2001), with a 
focus in the development on leg impact, dummy 
kinematics and head impact. It has measuring 
capabilities for chest deflection with a so called 
“Crux” unit in one point. Okamoto et al (2001) 
performed crash tests with the Polar II and a utility 
vehicle, but the height of the bonnet leading edge 
was such that the BLE impact was concentrated in 
the pelvis region. No risk curves have been 
published for chest loading of a pedestrian dummy. 

A pedestrian impact typically occurs when the 
pedestrian crosses a street. Field data shows that 
the pedestrian is impacted in the side in more than 
2/3 of all pedestrian impacts (Kam et al 2005, 
Chidester and Isenberg 2001, Okamoto et al 2000, 
Otte 1989, Ashton 1975). The average impact 
velocity for severely injured (AIS 3+) pedestrians 
is 40 km/h (IHRA 2003).  It is the impact speed on 
which all pedestrian test methods are based. 

 
The aim of this study is to develop a bonnet 

leading edge airbag which can mitigate not only 
pelvis and femur injuries, but also thorax injuries, 
depending on the height of the car and the 
pedestrian. 

METHOD 

Simulations 

To save development time and costs, a finite 
element (FE) simulation model was used to 
determine the basic characteristics of the bonnet 
leading edge airbag. A Ford Explorer MY 1997 FE 
model was downloaded from the NCAC website 
(NCAC 2006). NCAC is a collaborative effort 
between National Highway Traffic Safety 
Administration (NHTSA), Federal Highway 
Administration (FHWA) and George Washington 
University. An FE upper legform model was used 
as impactor (Ove Arup upper legform model V3). 
The setup can be seen in Figure 1. 

 

Figure 1. SUV and upper legform FE model. 

The upper legform is currently used in 
EuroNCAP and the test specifications were taken 
from there. To determine impactor angle and mass 
and test impact speed, geometric measurements are 
taken from the car regarding bonnet leading edge 
height and bumper lead. For the vehicle in this 
study, specifications gave a test speed of 40 km/h, 
impactor mass of 11.4 kg, and an impact angle of 
27 degrees. 

To decrease calculation times in the FE model, 
the car model was reduced in such a way that parts, 
that were not believed to influence the pedestrian 
impact, were removed. Comparative simulations 
were then performed with the original and the 
reduced model. They showed almost identical 
results.( See the graph for upper legform force in 
Appendix Figure 9.) Bending moment showed very 
similar results. 

When studying the upper legform force and 
bending moment it was found that the model gave 
rather low values. When comparing with a real 
vehicle it was found that the lock latch was missing 
in the model. It is a rather stiff and heavy part just 
designed for locking the hood/bonnet. Geometric 
measurements were taken from the real vehicle and 
introduced into the model. To find the right 
stiffness EuroNCAP data was used.  In EuroNCAP, 
tested vehicles in the “large offroader” category in 
average had an upper legform force of 9.2 kN and a 
bending moment of 577 Nm, while “small off-
roaders” had 8.6 kN and 535 Nm. It was also 
decided to include an “overload” case which 
reflected the highest values found in EuroNCAP 
tested “large off-roaders”. The chosen new 
reference model resulted in an upper legform force 
of 9.6 kN and a bending moment of 560 Nm, while 
the overload model resulted in a force of 15.5 kN, 
and a bending moment of 980 Nm. This is shown 
in Appendix Figure 10 and Figure 11. 

Next step was to introduce an airbag. The 
airbag was tuned to give resulting force and 
bending moment below the EuroNCAP 
requirements for the upper legform. The 
EuroNCAP higher level requirements are 300 Nm 
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in bending moment and 5 kN in force. This is 
estimated to correspond to a risk of 18-20% for 
pelvis and femur fracture. The prototype airbag can 
be seen in Figure 2. 

 

 
 

Figure 2. Bonnet leading edge (BLE) airbag. 

Field data 

A field data study of side impacts was 
performed, to compare with the Longhitano data of 
chest injuries for pedestrian to SUV impacts. NASS 
data from 1994-2005 was studied. In total 208 
crashes were studied, where the occupant was hit 
from the near-side with an impact direction 
between 2-4 o’clock or 8-10 o’clock. Age of the 
occupant was between 19 and 50 years old, all 
younger and older were excluded. In total 208 
occupants were included, where the impact vehicle 
was in 84 cases a passenger car and in 124 cases a 
LTV. AIS 3+ chest and abdomen injuries were 
selected for study. In total 386 injuries were 
included. This makes it comparable to 
Longhitano’s data for pedestrians. The analysis was 
done both for unweighted and truncated weighted 
data. The truncation was done to give less 
importance to cases with very high weight factors. 
The truncation was set so that 98% of the cases 
kept its weight factor, while the weight factor was 
reduced to a certain limit for those cases above the 
limit. For the truncated weighted data the 208 
crashes corresponded to 5602 car impacts and 7781 
LTV impacts.  

Skeletal injuries (ribcage) placed first for both 
target vehicles and both weight methods, between 

32.6 to 40.7% in near-side data as well as for the 
pedestrians. Lungs placed second in all cases with 
values between 23.3 to 27.3%. In third place it was 
quite close between arteries/veins, spleen and liver 
in all cases. The unweighted near-side data is 
compared below with the pedestrian injury data for 
cars in Figure 3 and the LTV comparison is shown 
in Figure 4. Although the two databases do not use 
identical terminology it is quite similar so general 
comparisons are possible. 
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Figure 3. Chest/abdomen AIS3+ injury 
distribution for near-side car occupants (top) 
compared to pedestrians (bottom) (Longhitano 
et al 2005-2), both impacted by cars. 

Arteries / veins 
9% 

Lungs 
27% 

Respiratory 
6% Skeletal 

33% 

Liver 
4% 

Spleen 
10% 

Other/ 
unknown 

11% 



  Fredriksson 4 

 

Aorta
11%

Lung
21%

Cavity
2%

Ribcage
23%

Liver
7%

Spleen
9%

Kidney
7%

Other
20%

 
Figure 4. Chest/abdomen AIS3+ injury 
distribution for near-side car occupants (top) 
compared to pedestrians (bottom) (Longhitano 
et al 2005-2), both impacted by LTVs. 

 

Full-scale crash tests 

No test method exists to evaluate pedestrian 
chest injuries in impacts with high front-end cars. 
The standard pedestrian dummy test method has a 
limited measuring capability in the chest region, 
and with a high front end car the risk of running 
over the dummy will largely increase. The chest 
contact with SUVs occur early in the event, when 
not much upper body bending has occurred. 
Therefore it was believed relevant to use side 
impact dummies for this test method. 

     Sled – A physical airbag was designed 
according with the mathematical BLE airbag. The 
BLE bag was mounted to a car buck of a Ford 
Explorer, 1997 model year. The car buck was cut 
behind the A-pillars and was mounted on a sled. In 
front of the car buck a low friction bench was 
placed. This bench was adjustable to different 
heights. The dummy was placed on the bench 
approximately 500 mm from the car front. The sled 

pulse was chosen so that the sled had come to a full 
stop when the dummy first impacted the car. In this 
way it was possible to simulate a car impact to 
dummy at 40 km/h impact speed, all done on a sled 
but still a full-scale test. This eliminated the risk of 
the car driving over the dummy after first impact. 

The hood edge height of the Ford Explorer 
1997 was measured to 1017 mm above the ground, 
and the bench was adjusted so that the different 
percentile dummies would impact at the correct 
height corresponding to its respective body height. 
The test setup with the adjustable bench is shown 
in Figure 5, and in the left part of Figure 6 and 
Figure 7 the test vehicle is shown with the two 
percentile pedestrians. 

It was also found that a 2006 model year Ford 
Explorer was considerably higher with a BLE 
height of 1168 mm. Since only the 1997 model 
year was available as test vehicle this was 
simulated by lifting the 1997 model car buck to 
match the BLE height of the 2006 model Ford 
Explorer. This could also be seen as an attempt to 
include a larger part of the SUV fleet. As a result, 
the test series consisted of four different impact 
heights. 

 

 
Figure 5. Sled setup with dummy on bench and 
car buck. 

 

 
Figure 6. Ford Explorer 1997 model (left) and 
2006 model (right), and pedestrian scaled to 5th 
percentile female. 
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Figure 7. Ford Explorer 1997 model (left) and 
2006 model (right), and pedestrian scaled to 50th 
percentile male. 

It was decided to exclude all dummy loading 
that came from contact with the bumper. 

     Dummy – Two dummies were chosen due 
to their good measuring capabilities in the chest 
area, the SIDIIs 5th percentile female and the 
EuroSIDII 50th percentile male. The dummies 
differ slightly in instrumentation but in common 
they had head, T1, T12, pelvis and rib acceleration, 
rib displacement and forces in neck and pubic 
symphysis. Injury parameters used in the study 
were viscous criterion (VC), chest compression, 
abdomen and pelvis force. 

The idea of the tests was to simulate impact 
with a standing pedestrian but with a seated dummy. 
Because these dummies are seated the hip point (H-
point) height above the ground for a standing 
situation is not given. This was determined with 
Madymo to 813 mm for the 5th percentile and 936 
mm for the 50th percentile. These values were used 
for the dummies in the study. 

In the “high SUV” test the 5% dummy the 
dummy pelvis impacted the bumper. In all other 
tests the pelvis contact was above the bumper. It 
was decided to exclude dummy loading that came 
from contact with the bumper. 

     Film – Three high speed digital cameras 
were used, filming at 1000 fps from the top, side 
and from the side with an angle. 

     Impact conditions – All tests were run at 40 
km/h. The dummy was impacted on the right hand 
side with the torso in a vertical position and the 
thighs in a horizontal position. The arms were 
placed in a 35 degree position from the vertical. 

     Test plan – Seven tests were planned and 
performed according to the test plan in Table 1. 
Due to lack of replacement parts, a reference test 
for the 5th percentile impacting the SUV with high 
BLE was not possible to perform.  

 
 
 
 
 
 

Table 1. Test plan for full-scale tests 

SUV 
height Dummy Bag 

Low 
5% 
female Bag 

    Ref 
  50% male Bag 
    Ref 

High 
5% 
female Bag 

  50% male Bag 
    Ref 

 
Injury criteria and risk curves 
No injury criteria exist for a pedestrian chest 

impact. Due to the similar nature of the impact and 
the input from field data, a survey of the injury 
criteria for side impact for car occupants was 
performed.  

The SID-IIs is a 5th percentile dummy. Injury 
criteria values are shown below from three sources 
using the SID-IIs: 1) a technical working group for 
side airbag out-of-position testing (a joint project of 
Alliance, AIAM, AORC and IIHS), 2) Insurance 
Institute of Highway Safety (IIHS) side impact test 
program and 3) a proposed FMVSS 214 upgrade in 
Table 2. 

Table 2. Injury criteria and IARV for SID-IIs 

SID-IIs 
 TWG 

SIDIIs 
IIHS SIDIIs FMVSS 

214 
proposed 

  Good Accept  
Chest VC NA 1.0 1.2 NA 
Chest D 
(mm) 

34 34 42 NA 

Abdomen 
F (kN) 

NA NA NA NA 

Pelvis 
Acetab f 

NA 4.0 4.8 NA 

Pelvis  
Iliac F 
(kN) 

NA 4.0 4.8 NA 

Pelvis  
Acet + 
Iliac F 
(kN) 

NA 5.1 6.1 5.1 

 
Injury criteria thresholds for the EU regulatory 

test using EuroSID-1, as well as EuroNCAP tests 
using EuroSID-2 and a proposal for FMVSS 214 
are shown in Table 3. 
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Table 3. Injury criteria and IARV for 
EuroSID2-re 

ES-2re 
 EU* Euro 

NCAP 
FMVSS 
214 
proposed 

  High Low  
Chest VC 1.0 0.32 1.0 NA 
Chest D 
(mm) 

42 22 42 35-44 

Abdomen 
F (kN) 

2.5 1.0 
 

2.5 2.4-2.8 

Pelvis 
Pubic F 
(kN) 

6.0 3.0 6.0 6.0 

*EU requirements for EuroSID-1 
 

In a NHTSA NPRM, injury risk curves for the 
side impact dummies SID-IIs and ES-2re are 
presented. Injury risk curves for SID-IIs and 
EuroSID2-re were developed using cadaver sled 
test data and corresponding sled tests with the two 
dummies (Kuppa 2004 and Kuppa et al 2003). For 
the SID-IIs, risk curves were developed for thoracic 
and abdominal rib deflection, and a pelvic force 
which adds the measurements of acetabular and 
iliac force. For the EuroSIDII risk curves were 
developed for thoracic rib deflection, abdomen 
force and pubic symphysis force. 

ISO developed thoracic injury risk curves for 
AIS3+ injuries using the Eurosid-1 (ISO 2005). 
Since no risk curves for VC, and the dummies used 
in this study, could be found in literature; it was 
decided to use the risk curves for Eurosid-1.  

RESULTS 

Simulations 

The two significantly different hood edge 
stiffness cases resulted in very similar output 
values with the airbag (see Appendix Figure 12 and 
Figure 13). The force value is slightly above the 
EuroNCAP requirement while the bending moment 
value is well below the required level. 

Full-scale crash tests 

The thoracic, abdomen and pelvis injury values 
were evaluated. The injury values used were 
Viscous Criterion (VC), Chest Compression and 
pelvis force.  For the ES-2, abdominal force also 
was evaluated. The SIDII-s 5th percentile female 
dummy has three thoracic ribs and two abdominal 
ribs, and the maximum VC and compression values 
were taken for the thoracic respectively the 

abdomen ribs. These values were calculated into an 
injury risk value using risk curves. (See Table 4) In 
the same way the risk values were calculated for 
the EuroSID-II 50th percentile tests. (See Table 5) 

Highest chest values were found for the 5th 
percentile female impacting the low SUV, while 
abdominal force had the highest value in the 50th 
percentile “high SUV” test. When using both VC 
and chest compression as criteria there was a risk 
greater than 90% of an AIS3+ injury. These values 
were reduced considerably with the airbag. The 
maximum value was then chest compression at 
46%. All risk values, except for the risk values 
already below 1%, decreased considerably with the 
airbag. The “5%F/high SUV” test was not possible 
to compare to a reference test, but it had risk values 
in line with the “5%/low SUV” bag test. 

Table 4. Chest/abdomen injury risk values from 
the SID-IIs (5%-F) crash tests 

  VC  Compression 
  Th 

Ribs 
Abd 
Ribs 

Th 
Ribs 

Abd 
Ribs 

  Risk* 
AIS3+ 

Risk* 
AIS3+ 

Risk 
AIS3+ 

Risk 
AIS4+ 

Low 
SUV 

Bag 23% 8% 46% 0.6% 

 Ref 99% 77% 91% 0.7% 
High Bag 30% 6% 30% 0.1% 

*Note. VC risk values taken from risk curves for 
Eurosid-1. 

Table 5. Chest/abdomen injury risk values from 
the ES-2 (50% M) crash tests 

  VC* Compre
ssion 

Abdomen 
Force 
addition 

  Risk* 
AIS3+ 

Risk 
AIS3+ 

Risk 
AIS3+ 

Low 
SUV 

Bag 1% 12% 1.3% 

 Ref 28% 31% 3.7% 
High 
SUV 

Bag 29% 33% 3.4% 

 Ref 66% 57% 99% 
*Note. VC risk values taken from risk curves for 
Eurosid-1. 

 
Pelvic injury risks were rather low already in 

the reference tests, with a maximum risk value of 
11% in the “50%M/low SUV” reference test. The 
pelvis then hits at the height of the hood edge. This 
value was reduced to 1.7% risk of pelvic injury 
with the airbag. See Table 6 and Table 7. 
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Table 6. Pelvic injury risk values from the 5%F 
crash tests 

  Iliac +Acet F 
  Risk AIS2+ 

Low 
SUV 

Bag 2.7% 

 Ref 4.2% 
High Bag N/A 

 

Table 7. Pelvic  injury risk values from the 
50%M crash tests 

  Pubic symph. F 
  RiskAIS3+ 

Low SUV Bag 1.7% 
 Ref 10.6% 

High SUV Bag 0.6% 
 Ref 0.7% 

 
The maximum AIS3+ risk values for each test 

were selected, taken from the body part showing 
the largest risk in each test configuration. See Table 
8. Most values come from thoracic rib compression. 
For the “50%M/high SUV” reference test, 
abdomen force resulted in the highest risk of injury. 
For the “5%F/low SUV” reference test the highest 
risk value was found in the chest region using the 
VC criterion. But since the risk values, using the 
VC criterion, were based on Eurosid-1 this value 
was put into parenthesis. 

Table 8.  Maximum risk values in each test 
(different body parts) 

   Max 
risk 
value 

Body 
part 

   Risk 
AIS3+ 

 

Bag 46% Thor. Low 
SUV Ref 91% 

(*99%) 
Thor. 

Bag 30% Thor. 

5% F 

High 
SUV Ref N/A Thor. 
Low 
SUV 

Bag 12% Thor. 

 Ref 31% Thor. 
High 
SUV 

Bag 33% Thor. 

50%
M 

 Ref 99% Abd. 
* Value in parenthesis from using VC criterion 
(based on ES-1 risk curve) 
 

DISCUSSION 

In the simulations two significantly different 
BLE stiffnesses were used to cover a range of 
vehicles. However, it was found as a result almost 
identical upper legform loadings when adding the 
airbag. This is indicating that the airbag design is 
not so sensitive to bonnet leading edge stiffness, 
making it easier to design it for different SUVs. 

When studying the risk values from the tests it 
can be seen that the highest risk values for each test 
configuration is found at the body part that is 
situated at the height of the hood edge in the impact. 
This indicates that the presented test method 
reflects the injuries found in the field, where chest 
injures can be linked to high bonnet leading edge 
heights. 

The so-called “high SUV” tests were introduced 
to try to study the influence of a higher bonnet 
leading edge on the pedestrian torso loading. Since 
a test vehicle with this bonnet leading edge height 
was not available, this was simulated by lifting the 
car buck to match the hood edge height of the 
higher SUV. This means that the bumper of the 
SUV will be positioned higher than it would have 
been on the higher SUV. Therefore it was 
considered relevant to exclude dummy loadings 
that resulted from bumper contact. 

The test configuration used in this study with 
side impact dummies leads to an impact in a seated 
position. It is likely not to influence the thorax and 
abdomen impact with the car front, but in the pelvis 
impact it is possible that the load is spread over a 
larger area of pelvis and femur instead of the pelvis 
only. Therefore it is likely that the pelvic forces 
should be somewhat higher with a standing dummy.  

In three test configurations both tests with and 
without the BLE airbag were performed. In these 
three test configurations risk reductions can be 
calculated, using the different criteria (see Figure 8). 
The risk was reduced in the identified critical 
injurious loadings between 42 and 97% with the 
BLE airbag. The three loadings with lower risk 
reduction have already very low risk values without 
the airbag. These specific risk values are all below 
4% injury risk in the reference tests. 
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Figure 8. Risk reduction with the BLE airbag 
for different injury values. 

From earlier full-scale tests it has been found 
that the head impact speed of a pedestrian dummy 
was decreased with a car with less stiff hood edge 
compared to a car with a stiffer bonnet leading 
edge. Therefore as a next step, the BLE airbag 
effect of reducing head impact speed of a 
pedestrian dummy could be studied.  

CONCLUSIONS 

A new test method, for evaluation of  pedestrian 
impacts to the bonnet leading edge of high front 
end cars, such as SUVs, has been developed in this 
study. The front design of SUVs leads to an early 
impact to the torso of pedestrians with not much 
upper body bending. This lead to the conclusion 
that side impact dummies could be used for this 
evaluation. The benefit of using side impact 
dummies is the good measurement capabilities for 
the chest and abdomen area. The field data showed 
a similar injury distribution in near-side car 
occupant injuries and pedestrian injuries which led 
to the conclusion that side impact injury criteria 
and injury risk curves could be used. 

An airbag system was developed to mitigate 
injuries caused by the pedestrian impact to the 
bonnet leading edge of SUVs. The initial design 
was developed using finite element simulations. In 
simulations the airbag proved able to pass the tough 
EuroNCAP requirements with the upper legform 
impactor. In full-scale tests the airbag decreased the 
risk of chest and pelvis injuries considerably, with 
the largest reductions in the chest and abdomen 
area. For example the chest compression was 
reduced more than 40% with the airbag in all test 
configurations. The airbag system seems to be a 
good candidate to mitigate torso injuries in a 
pedestrian-to-SUV impact.  
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Figure 9. Comparison of original and reduced model, upper legform forces. 
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Figure 10. Determination of BLE stiffness in car model, upper legform force. 

 
Figure 11. Determination of BLE stiffness in car model, upper legform bending moment. 

  

Overload 

Chosen new reference 

Overload 

Chosen new reference 
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Figure 12. Upper legform force with and without BLE airbag. EuroNCAP threshold in dashed red. 

 
Figure 13. Upper legform bending moment with and without BLE airbag. EuroNCAP threshold in 
dashed red. 

 
The injury IARV values from all tests  are listed in Table 9. They are compared to the IIHS side impact  

threshold levels for the tests using the SIDII-s dummy (5th percentilen female), and EuroNCAP side impact 
threshold levels when using the EuroSID-II dummy (50th percentile male). 

 
 
 
 
 
 
 
 
 

EuroNCAP requirement max 5 kN 

Ref. 

Bag. 

EuroNCAP requirement – max 300 Nm 

Ref. 

Bag. 
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Table 9. Test data from all tests with colour marking and threshold limits using IIHS and EuroNCAP 
protocols 

Abdomen

Th Ribs Abd Ribs Th Ribs Abd Ribs
Force 
addition

Iliac + 
Acet F

Pubic 
Symph F

Vehicle Bag? Dummy m/s m/s mm mm kN kN kN
Bag SID-IIs 0.38 0.18 36.50 29.00 N/A 2.72 N/A
Ref SID-IIs 1.76 0.78 52.80 30.20 N/A 3.17 N/A

High SUV Bag SID-IIs 0.44 0.13 32.00 17.80 N/A 5.49 N/A
IIHS "Good" limit 1 1 34 5.1
IIHS "Accept" limit 1.2 1.2 42 6.1

Bag ES-2 0.01 N/A 2.6 N/A 0.80 N/A 3.24
Ref ES-2 0.32 N/A 27.1 N/A 1.31 N/A 4.97
Bag ES-2 0.33 N/A 28.4 N/A 1.26 N/A 2.22
Ref ES-2 0.70 N/A 49.0 N/A 6.18 N/A 2.42

EuroNCAP higher limit 0.32 22 1 3
EuroNCAP lower limit 1 42 2.5 6

VC Compression Pelvis

5%F

50%M

Low SUV

Low SUV

High SUV
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ABSTRACT 

Active safety systems show great potential in 
preventing a large number of accidents. However, 
unless the system is completely autonomous, its 
actual effect will depend on how well it interacts 
with the driver. Therefore, Human-Machine-
Interface (HMI) testing for active safety systems 
has become central in their development. For 
reasons of reproducibility and safety, HMI testing 
is usually carried out in a driving simulator or test 
track environment. These environments are 
different from real life driving. Unless the study 
design accurately reflects the conditions under 
which the system will be used, results will have 
low validity. Hence, study design becomes very 
important. 

The influence of study design was shown in two 
HMI-studies of Forward Collision Warning (FCW) 
modalities carried out by Volvo Cars and Ford 
Motor Company in VIRTTEX, Ford's motion-
based driving simulator. In each study subjects 
were exposed to a surprise FCW event, with most 
subjects receiving a FCW. Results show that 
distracted drivers’ reactions to the warning 
correlated to their degree of previous exposure to 
warnings as well as the type of warning.  

Drivers who had received other warnings in the 
vehicle prior to the surprise FCW event responded 
as intended to all warning types. Drivers who 
neither trained with nor were informed about any 
vehicle warnings prior to the surprise FCW event 
responded partially as intended to the warnings, 
with an interesting exception for verbal warnings. 
The results show that to achieve high validity in 
HMI evaluations, the study design can benefit from 
exposing drivers to warnings in a way that reflects 
their normal awareness of warnings in real life 
driving. It also suggests that developers could tailor 
HMI design to frequency of use, as well as benefit 
from keeping drivers adequately aware of the 
warning types a vehicle can provide.  

INTRODUCTION 

Traditionally, road traffic safety has been aimed 
at reducing the negative consequences of traffic 
accidents by building protection systems such as air 
bags, energy absorbing structures and seat belts. In 
recent years, this traditional approach has been 
extended towards accident prevention.  

There are several reasons for this. One is that 
the technological development is beginning to 
make sensor-based detection systems available at 
low enough cost to begin considering volume 
introduction into vehicles. Another reason is that 
even though accident and injury rates show signs of 
decrease for many countries, this decrease is still 
far from the targets set. For example, fatalities in 
the European Union have shown a significant 
decrease in the past years, but even if this rate of 
decrease would continue, the EU target of 50 % 
reduction in fatalities between 2001 and 2010 [1] 
will not be met with current transportation safety 
methods (current projections predict about 35 % 
decrease in 2010 [2]). Moreover, the total number 
of accidents and injuries for the same area and time 
period show much less decrease than the fatality 
rate [3]. Looking at the US [4], the situation is 
similar. The number of people killed and injured 
per vehicle mile traveled has decreased, but since 
traffic volumes have been increasing, the total 
number of accidents and injuries shows very slight 
decreases over the last few years, and there is 
actually an increase in number of fatalities.  

These trends have of course been noted by both 
EU and US road safety administrations, and large 
efforts are directed towards finding new means of 
reducing accidents and injuries in traffic. In these 
efforts, great hopes are held for active safety 
systems. Active safety systems show great potential 
for preventing a large number of accidents and 
injuries, and ideas for their development and 
implementation come in great varieties. At a quite 
abstract level, active safety systems can be 
categorized into two general groups; autonomous 
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systems and interactive systems. An autonomous 
system detects or predicts a deviation from what is 
judged as the driver's intended path and evaluates 
any risks associated with that path and works 
through the vehicle to counteract either the 
deviation or any imminent risk, never involving the 
driver in the control loop. An interactive system 
also detects or predicts a deviation from what is 
judged as the driver's intended path and any risks 
associated with that path, but instead of acting 
through the vehicle, the system passes information 
about the current situation to the driver, prompting 
him/her to make the necessary corrective actions.  

An example of an autonomous system would be 
Electronic Stability Programs (ESP). They detect 
when the vehicle starts to skid and works directly 
through the vehicle to counter the skid, without 
involving the driver in the control loop. An 
example of interactive systems is Forward 
Collision Warning (FCW), which alerts the driver 
when a forward collision seems imminent, but 
which does not take any action, such as braking or 
steering, by itself. 

Autonomous systems have certain advantages. 
Their response variation for a particular situation is 
limited, and if need be, can be faster than most 
humans. On the other hand, a real driving 
environment in many situations still poses too 
much variability for an autonomous system to 
reliably determine the best corrective action. One 
reason for this is limitations in the information 
available to the vehicle about the environment. 
Another reason is the variability of intents in the 
driver population. For example, with ESP, even 
though the dynamics of a situation are known (such 
as slip angle and speed), it remains to determine 
whether the driver has put the vehicle in this state 
on purpose. If the vehicle is drifting 
unintentionally, then an autonomous action by the 
vehicle is warranted. If the drifting is intentional, 
then an autonomous intervention will most likely 
be considered a nuisance and the driver may switch 
the system off in the future, as s/he may consider it 
more of a hindrance than a help. Therefore, until 
more knowledge is gained on situational needs and 
prediction of driver intention and acceptance, 
interactive systems will continue to be an important 
approach in active safety.  

Interactive systems give the driver information 
about the current state or situation but let the driver 
decide for himself how to act on the information. 
This means that the problem of predicting driver 
intentions is mostly removed. On the other hand, 
since the effectiveness of interactive systems is 
dependent on how well they interact with the users, 
Human-Machine-Interface (HMI) development and 
testing becomes a central tenet of interactive safety 
systems.  

Since the performance of interactive systems 
are sensitive to drivers’ expectations and 
behaviours, the study design must accurately reflect 
the conditions under which the system will be used, 
otherwise results will have low validity [5, 6, 7]. 
This is further enhanced by the fact that for reasons 
of reproducibility and safety, HMI testing is usually 
carried out in driving simulators or test track 
environments, which differ from real life driving in 
several aspects [8, 9].  

The focus of this paper lies on the aspect of 
HMI study design which deals with how drivers are 
prepared before a study, in particular regarding 
how much information and training they receive. 
This is important because it relates to the question 
of everyday use. Different systems will have, or 
can be designed to have, different frequencies of 
interaction with the driver. For example, by setting 
warning thresholds very low in an application, a 
system can be made to interact with the driver 
almost every drive. However, if the warnings given 
do not reflect actual or perceived threat frequency, 
the driver’s acceptance of the system will diminish 
quickly [10, 11], with limited or no system use as a 
result. System designers therefore aim for a 
minimum of false alarms. As a consequence, if a 
system is designed for a situation which does not 
occur very often, driver interaction with the system 
will be quite rare, and driver awareness of the 
system will most likely be quite low.  

One aim of the two studies presented in this 
paper is to investigate if system awareness has 
consequences for HMI design. This is 
accomplished by studying whether different 
degrees of exposure to, and practice with, warnings 
prior to a surprise FCW event affect drivers' 
reactions to a FCW. 

METHODOLOGY 

VIRTTEX driving simulator 

The two studies were conducted in Ford's 
VIRtual Test Track EXperiment (VIRTTEX) 
(Figure 1), a hydraulically powered, 6-degrees-of-
freedom moving base driving simulator [12-15]. 
The motion system has a bandwidth in excess of 
13 Hz in all degrees of freedom, and has 
performance specifications detailed in Table 1.  

Table 1.  
VIRTTEX motion performance specifications 

 Acceleration Velocity Displacement 

Longitudinal/ 

Lateral 
> 0.6 G > 1.2 

m/s ± 1.6 m 

Vertical 1.0 G 1.0 m/s ± 1.0 m 

Pitch/Roll > 200°/s2 > 20°/s ± 20° 

Yaw > 200°/s2 > 20°/s ± 40° 
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VIRTTEX is designed to accommodate a full-
size, interchangeable vehicle cab, with a 2000 
Volvo car used as the test vehicle for these studies. 
Tactile, visual and sound cues are provided to the 
driver in order to fully immerse drivers into the 
driving task. Realistic road, wind, and engine 
noises are played over a sound system, and the 
vehicle cab includes a steering control loader for 
accurate feedback of road and tire forces to the 
driver. The visual system in VIRTTEX is a non-
collimated front-projection display system. The 
display surface is a spherical section with a radius 
of 3.7 m. Five CRT projectors are used to form the 
driving scene on the display surface. There are 
three projectors used for the forward field-of-view 
covering 180° x 39° and two rear projectors 
covering 120° x 29°. A PC-based image generator 
running at a fixed 60-Hz rate drives each visual 
channel. Each channel has a resolution of 
1600x1200 pixels. 

 

 
Figure 1.  Ford’s VIRTTEX driving 
simulator. 

Common methodology for both studies 

The drive for each study took place on a 
simulated section of a US interstate during daytime 
conditions. The road consisted of two 12-ft (3.7-m) 
lanes in each direction separated by a median. Fast-
moving, overtaking traffic was present, and 
opposing traffic did not interact with the driver. 
Traffic density was moderate. 

Drivers were given training and instructions 
before they entered VIRTTEX for their drive. Their 
primary task was to drive safely at 60-70 mph (96-
112 kph) and to stay in the right lane for the entire 
drive. They were also given a ruse for the study 
purpose: drivers were told that the vehicle was 
equipped with a Lane-Keeping Aid (LKA) system 
and that the purpose of the study was to evaluate 
lane-keeping performance with the LKA system on 
versus off. The system might or might not be on 

during their drive. This ruse provided a reason for 
the drivers to participate in the experiment without 
telling them that one of the main purposes was to 
study driver reaction to a surprise FCW event. The 
ruse also provided drivers a compelling reason to 
carry out the secondary task: drivers were 
prompted throughout the drive to read back a 
sequence of 6 numbers appearing on a display 
located near the front of the passenger seat 
(Figure 2). The display was down and to the right 
of the driver’s forward view, and was sufficient to 
make the driver visually distracted from the 
forward view.  Note that the down angle involved 
in the distraction task (approximately 45 degrees) is 
outside of the Alliance of Automobile 
Manufacturers guidelines on the placement of 
telematics devices, so the results of this study 
cannot be used to make any inferences about the 
safety of glances to OEM-installed devices that 
comply with the guidelines. Instead, it is meant to 
model a distraction caused by something the driver 
has brought to the vehicle, such as a mobile phone, 
portable music player or other nomadic device.  

Each number was displayed for 0.5 seconds, 
and the driver’s task was to verbally read back the 
numbers as they were being displayed. In order to 
motivate drivers to complete the 3-second task, 
they were told that they would be graded on the 
sequence’s correctness. The reason for using a 
distraction task of this duration is that glances away 
from the forward view for more than two seconds 
increases near-crash/crash risk by at least two times 
that of normal baseline driving [16].  

 

 
Figure 2.  Location of number display for 
secondary task. 

Data collection 

Relevant vehicle and experimental objective 
data was collected at 200Hz and is listed in 
Table 2. Four video channels were also recorded, 
capturing the forward view of the driving scene, the 
view of the driver from passenger side B-pillar, the 
view of the driver’s face from the rear-view mirror 
perspective, and the view of the foot well 
(including the accelerator and brake pedals). 
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Table 2.  
Relevant objective data collected for the 

experiments 

Vehicle 
Parameters 

− Steering angle 
− Lane position 
− Accelerator pedal position 
− Vehicle acceleration 
− Brake pressure 

Experiment 
parameters 

− FCW state (on/off) 
− Lead car position 
− State of the distraction task 

  

FCW types 

Drivers experienced a surprise FCW event at 
the end of their drive. Each driver was exposed to 
one of 3 different FCW types: 

− FCW_1: Abstract warning with combined  
visual and audio presentation 

− FCW_2: Abstract warning with haptic 
presentation 

− FCW_3: Verbal warning with combined visual 
and audio presentation 

 

For clarity, the FCW_1 system used in the study 
was not the same system as the Collision Warning 
system launched in the Volvo S80 MY2007. Note 
also that the downward angle for the distraction 
task in the study is on the limits for upward 
peripheral vision in relation to the visual 
presentation for FCW_1, so drivers responses to 
FCW_1 were most likely primarily driven by the 
sound rather than the light presentation. 

 

Study design 

A factor in both experiments was whether the 
secondary task occurred during the FCW event.  In 
this paper, only those drivers with the secondary 
task during the FCW event (i.e., only distracted 
drivers) are considered. The main differences 
between the experiments were the distance to the 
lead vehicle during the FCW event, and the driver’s 
interaction with other warnings prior to the FCW 
event. In both experiments, drivers were not told 
about the FCW warning prior to or during their 
drive. 

Experiment 1 - Thirty-eight drivers balanced 
across gender and age (25-45 years old, and 50+ 
years old) participated. Additional training for this 
experiment included a description of an Adaptive 
Cruise Control (ACC) system. None of the drivers 
had previous experience with ACC systems so 
there were not any expectations on how the system 
should perform. Drivers were instructed how to 
activate and use the ACC system in order to reduce 
their workload.  

Each drive lasted approximately 20 minutes. 
Shortly after the driver reached a speed of 65-
70 mph, a vehicle (the lead vehicle) passed and 
pulled in front of the driver. The driver then 
activated the ACC system, with the lead vehicle 
speed varying between 60-65 mph. Experimentally, 
the ACC system was used in order to control the 
headway between the driver and the lead vehicle. 
Drivers practiced the secondary task at least two 
times in order to familiarize themselves with the 
task in the vehicle. After the driver was 
comfortable with driving (approximately 5 minutes 
into their drive), the secondary task was 
automatically activated at random intervals, 
uniformly distributed between 15-45 seconds.  

After 22 secondary tasks, the driver experienced 
a surprise FCW event. With the lead vehicle 
traveling at 65 mph (105 kph) and positioned 
approximately 250 ft (76 m) in front of the driver’s 
vehicle, the lead vehicle decelerated at 0.7 G for 
4.0 seconds. This event occurred approximately 1 
second into the secondary task so that the drivers 
were visually distracted. The ACC braking 
authority and warning were deactivated so that the 
only warning the driver experienced was one of the 
FCWs.  The thirty-eight drivers were divided into 
groups that received FCW_1 (12 drivers), FCW_2 
(12 drivers), or FCW_3 (14 drivers). 

Experiment 2 - Forty-eight drivers balanced 
across gender and age (25-45 years old, and 50+ 
years old) participated. Two main aspects of 
Experiment 1 were changed for Experiment 2. 
First, drivers experienced a number of Lane 
Departure Warnings (LDW) throughout their drive. 
Secondly, the behaviour of the lead vehicle was 
modified in order to reduce the headway for the 
surprise FCW event. Drivers were told in their 
training that the vehicle was equipped with LDW 
and that they would be evaluating four different 
warning conditions during the drive. (Three 
conditions were abstract warnings with either audio 
or haptic presentation, and these were different 
from the FCWs. An additional condition was no 
LDW.)  The ACC system was neither discussed nor 
used in this experiment. 

Each drive lasted approximately 30 minutes. 
Approximately 2-3 minutes after the driver reached 
a speed of 65-70 mph, they practiced the secondary 
task at least two times to familiarize themselves 
with the task. The secondary task was then 
activated at random intervals, uniformly distributed 
between 15-45 seconds. Drivers experienced one of 
the four LDW conditions during different 6-minute 
segments of their drive. Each LDW condition was 
demonstrated at the beginning of each segment by 
having the driver exceed their lane boundaries. For 
each LDW-partitioned segment of the drive, each 
driver experienced: 
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− One true-positive warning (demonstration of 
LDW type) 

− One true-positive distracted warning (forced 
lane deviation) 

− One false-positive alert warning 

− One false-positive distracted warning  

− Five distraction foils (secondary task with no 
LDW) 

A unique motion control strategy was 
developed to produce a forced lane departure. The 
forced lane departure was generated by adding a 
small yaw deviation sequence to the vehicle 
dynamics model. This modified vehicle dynamics 
information was sent to everything except the 
motion control algorithm. The driver appeared to 
be departing the lane visually, yet the driver did not 
experience any perceptible motion cues from the 
yawing. The strategy worked well for a drowsy 
driver experiment [17], and is described in more 
detail in [18].  

After 36 events (the 9 events listed above for 
each of the four LDW conditions), the driver 
experienced a surprise FCW event. A vehicle 
passed the driver in the left lane and slowed 
slightly to match the driver’s speed at 
approximately 130 ft (27 m) down the road from 
the driver. The lead vehicle instantaneously 
changed lanes into the right lane (driver’s lane) 
when the first number of the secondary task was 
displayed. The lead vehicle then decelerated 0.5 
seconds later (0.5 G for 3.0 seconds), activating a 
FCW while the drivers were visually distracted. 
Thirty-six of the 48 drivers were divided into 
groups which received FCW_1 (12 drivers), 
FCW_2 (12 drivers), or FCW_3 (12 drivers). An 
additional 12 drivers did not receive a FCW. 

 

RESULTS 

One of the main performance measures for both 
experiments was the driver’s brake reaction time, 
defined as the time from the start of the FCW to 
brake onset. Using the definition in [19], brake 
onset was defined as the time at which the vehicle 
began to slow as a result of braking. Based on 
manual analysis of a portion of the data set, brake 
onset was defined as 124 ms prior to the vehicle 
crossing the 0.10 G deceleration level. Brake 
reaction times were statistically analyzed using a 
General Linear Model in MINITAB® [20] with age, 
gender, and FCW type as factors. 

Another performance measure for both 
experiments was drivers’ interpretation of the 
warning. One question in the post-drive 
questionnaire asked drivers to classify their 
reaction to the warning. The three categories 
presented in the results below are: 

A:  Driver did not notice the warning 

B:  Driver noticed the warning, but did not 
know what to do, or did not use it as a 
warning 

C:  Driver noticed the warning and reacted by 
braking and/or steering 

Experiment 1 

Figure 3 shows brake reaction time (RT) as a 
function of FCW condition for Experiment 1. The 
solid line indicates the average reaction times. 
Onset for displaying the last number in the 
secondary task varied between 1-1.5 seconds.  
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Figure 3.  Brake reaction time as a function of 
FCW condition for Experiment 1. The solid 
line indicates the average reaction times.  

Analysis of the recorded videos provided 
interesting information on drivers’ reaction to the 
FCWs: 

 

− FCW_1:  

o Five drivers read all numbers and did not 
look up. 

o Five drivers read some numbers, glanced up 
and then back down, and continued to read. 

o Two drivers looked up and braked. 

− FCW_2:  

o Five drivers read all numbers and did not 
look up. 

o Five drivers read some numbers, glanced up 
and then back down, and continued to read. 

o Two drivers looked up and braked. 

− FCW_3:  

o One driver read all numbers and did not 
look up. 

o Thirteen drivers looked up and braked. 

 

In summary, the video analysis shows that the 
abstract warnings FCW_1 and FCW_2 were 
partially effective in diverting driver attention from 
the secondary task, since 14 of 24 drivers did look 
up. However, only 4 of these 14 braked. The verbal 
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warning of FCW_3 was quite effective in diverting 
driver attention from the secondary task, since 13 
of 14 drivers did look up and braked. 

Figure 4 shows results from classifying driver 
interpretation of their FCW. The percentage of 
drivers claiming to notice the warning and react by 
braking and/or steering was much less for FCW_1 
(50%) or FCW_2 (25%) compared to FCW_3 
(71%). These results generally support the brake 
reaction times shown in Figure 3. However, the 
results in Figure 3 suggest that even fewer drivers 
noticed the warning and reacted by braking and/or 
steering for FCW_1 or FCW_2.  It is possible that 
when filling out the questionnaire, drivers did not 
want to admit to not using the FCW as an 
appropriate warning. 
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Figure 4.  Driver interpretation of FCWs for 
Experiment 1. 

Experiment 2 

In Experiment 2, almost all drivers reacted to 
the FCW prior to the display of the last number in 
the secondary task. Only three drivers did not (two 
for FCW_1 and one for FCW_3), which is 
significantly less than in Experiment 1. This means 
that in the setup of Experiment 2, all three FCWs 
were effective in diverting driver attention from the 
secondary task to the forward driving view. 
Moreover, all the drivers who looked up gave a 
braking response to the imminent driving situation 
of Experiment 2.  

Figure 5 shows brake reaction time as a 
function of FCW condition for Experiment 2. The 
solid line indicates the average reaction times. 
Onset for displaying the last number in the 
secondary task occurred at 2 seconds. Statistical 
analysis shows reaction times for the FCWs are not 
significantly different from each other, but all are 
significantly different from reaction times for the 
‘No FCW’ condition (p < 0.05). In fact, the FCWs 
reduced reaction time by approximately 
0.7 seconds compared to the ‘No FCW’ condition.   

The reaction times for those receiving a FCW 
are also in agreement with the general classification 
given in [21] – reaction time is approximately 1.5 

seconds for “surprised” drivers that are both 
unaware of the warning and unaware of the event. 
(The average reaction time for FCW_1 decreases 
from 1.85 seconds to 1.57 seconds after removing 
the two drivers that did not react to the FCW.) 
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Figure 5.  Brake reaction time as a function of 
FCW condition for Experiment 2. The solid 
line indicates the average reaction times. 

 

Figure 6 shows results from classifying driver 
interpretation of their FCW. All of the drivers 
claimed to have noticed the FCW, and a majority of 
the drivers receiving each FCW claimed to react by 
braking and/or steering. These results generally 
support the brake reaction times shown in Figure 5. 
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Figure 6.  Driver interpretation of FCWs for 
Experiment 2. 

Study comparisons 

The results show that driver reaction to the 
FCWs depended on their degree of previous 
exposure to warnings, the type of warning, as well 
as the perceived level of imminent threat in the 
experimental situation. All FCWs succeeded in 
diverting drivers’ attention from the secondary task 
to the forward road way. For the drivers in 
Experiment 2, this effect was almost uniform. This 
is likely due to these drivers previous exposure to a 
number of LDWs, which taught them that the 
vehicle can provide situational warnings, as well as 
trained them to respond to these warnings. 

In Experiment 1, the FCWs success in diverting 
driver attention to the forward roadway was less 
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pronounced. In particular, some drivers did not 
react to the abstract warnings (FCW_1 and 
FCW_2). This lack of reaction is likely a result of 
these drivers previous lack of exposure to 
warnings, i.e. not knowing what the abstract 
warning indicates, in combination with the very 
demanding nature of the secondary task. Since the 
secondary task was short in duration, not self paced 
and performance graded, drivers likely gave it very 
high priority at the expense of the primary driving 
task.   

When it comes to the differences in braking 
responses, the more imminent FCW event in the 
second experiment (vehicle cut-in with 1-second 
headway) likely explains some of the improved 
braking performance in Experiment 2. Several 
drivers experiencing the abstract warnings in 
Experiment 1 (10 of 24) read some numbers, 
glanced up and then back down, and continued to 
read. Very few, if any, did this in Experiment 2. It 
is likely that the reduced headway in Experiment 2 
(27 meters instead of 76) made up for the lack of 
realistic brakelight brightness in the simulated 
environment, and drivers perceived the FCW event 
in Experiment 2 as much more imminent than the 
event in Experiment 1.  

An interesting exception to the differences 
between Experiment 1 and 2 in diverting attention 
from the secondary task and triggering a brake 
response is the verbal warning of FCW_3, to which 
drivers gave a braking response regardless of 
previous warning exposure and perceived level of 
imminent threat in the situation. It seems that the 
actual words spoken in a warning can trigger a 
driver reaction regardless of previous exposure to 
warnings and perceived level of threat in the 
imminent situation.  

DISCUSSION 

In this study one can say that the drivers’ 
exposure to warnings was pushed to the endpoints 
of what could be called a frequency of interaction 
scale. One group had no warning knowledge at all 
prior to the FCW event, whereas the other group 
experienced many LDWs just prior to the FCW 
event. These two groups therefore represent the 
endpoints of such an interaction scale rather than 
normal use cases. Neither group reflects the type of 
interaction one would see in a production vehicle 
equipped with a FCW system, and also the study as 
performed in a simulator does not provide correct 
environmental and dynamic conditions for the 
driver. These things have to be accounted for when 
judging the results of the study.  

Keeping that in mind, the results indicate a 
difference in performance between the drivers who 
had no previous knowledge of warnings which the 
vehicle could provide and the drivers who had 
practiced with LDWs several times during their 

drive before the FCW event. The trained drivers, 
i.e. those who had practiced warning interaction 
with LDWs prior to the FCW event, responded to 
all FCW types, and reacted significantly faster than 
the baseline drivers, which indicates that FCW has 
a good potential to reduce the number of forward 
collisions.  

Reactions for the untrained drivers, i.e. those 
who were neither informed about warnings nor had 
practiced any warning interaction prior to the FCW 
event can be split in two groups. Most of the 
untrained drivers who received abstract warnings 
did respond to the FCW as intended by looking up. 
This is very promising. Interactions which are rare 
or occur for the first time place high demands on 
the user when it comes to situation recognition as 
well as transparency of prompted action(s), at least 
if compared to interactions which occur on a 
regular basis. In this regard, the drivers with no 
previous exposure to warnings were put in an 
extreme situation in this study, and yet most of 
them responded as intended to the abstract 
warnings.  

Only a few of the untrained drivers braked, but 
as mentioned before, the lack of braking response 
is likely due the scenario in Experiment 1 not being 
perceived as immediately threatening.  

Then there is the smaller group of untrained 
drivers which did not respond to the abstract 
warnings they received. This lack of reaction is not 
very surprising. If the driver neither knows that the 
vehicle has a warning capability nor what that 
warning indicates, then not reacting when the 
warning goes off is reasonable. This is even more 
so if the driver simultaneously is occupied with a 
demanding secondary task. The intensity levels in 
the abstract warnings given were not sufficient to 
“break through” to these drivers.  

This difference between the trained and 
untrained drivers, i.e. the partial lack of response 
for the untrained drivers, still points toward a 
number of interesting questions and suggestions for 
future research. If these findings are corroborated 
in further studies, it would seem that future HMI 
studies of warning efficiency can benefit from 
adapting drivers’ pre-event warning exposure to 
reflect a predicted normal frequency of warning 
interaction.  

Moreover, the efficiency for one warning type 
seems to be influenced by the presence of other 
warnings. If a vehicle provides frequent warning 
interactions, the study seems to indicate that these 
can train the driver to react to warnings, which in 
turn influences reactions to less frequent warnings 
in a positive way. As this training effect probably 
depends on the alarms being mostly true positives, 
i.e. that they represent an actual threat situation, 
there may exist a negative training effect as well, 
i.e. many false warnings from one system would 
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train the driver to ignore warnings from other 
systems. Evaluations of HMI efficiency for one 
warning type can therefore benefit from a 
complementary integrated evaluation with other 
warning HMIs to take learning transfer effects into 
account. 

Also, results seem to indicate that HMIs which 
place themselves toward the lower end of a 
frequency of interaction scale may benefit from a 
different design compared to HMIs which are used 
on a more regular basis, by either increased 
intensity or a change of modality for rare warnings. 
The latter thought comes from the results for the 
group of drivers who were untrained but 
nevertheless reacted well to the verbal warning. It 
is possible that people act more immediately to 
verbal than abstract warnings for novel or rare 
situations unless the abstract warning provides 
transparency similar to the verbal warning, letting 
the driver interpret and react to the abstract warning 
just as instinctively. If these results are confirmed 
by future studies for English and other languages, 
then spoken warnings would seem an interesting 
HMI option for systems with low frequency of use.  

However, since the results from Experiment 1 
indicates that it is the content of the verbal warning 
rather than the driving situation at hand which 
triggers the driver’s response, extreme caution 
would have to be exercised in issuing verbal 
warnings in order not to trigger an inadequate 
driver response to the imminent situation (such as 
braking when steering would have been more 
appropriate for example). A profound, real time 
understanding of the dynamic driving situation 
would therefore be a necessary prerequisite of 
verbal warnings. Also, language localisation must 
be dealt with as well as ways of determining that 
the current driver and the vehicle speak the same 
language.  

The driver training achieved through warnings 
with frequent interaction could possibly also be 
attained through other means. For example, 
information about a vehicle’s warning capabilities, 
including warning displays, could be given to the 
driver in the vehicle at regular intervals in form of a 
demonstration which plays on an in-vehicle display 
before start-up.  

CONCLUSIONS 

The results of the studies show that reactions to 
the FCW HMI partially depended on drivers’ 
degree of previous exposure to warnings as well as 
the type of warning. Therefore, to achieve high 
validity in HMI evaluations, studies can benefit 
from exposing drivers to warnings in a way that 
reflects their normal warning awareness from real 
life driving. It also means that there are possibilities 
for developers to tailor HMI design for frequency 
of use. The means for doing this include 

possibilities such as verbal warnings, maintaining 
warning awareness through regular demos, and 
achieving a transfer of training effects by 
harmonising HMI development between HMIs 
with high and low frequency of use.  
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ABSTRACT 

This paper describes an analysis of collisions and 
injuries to occupants involved in far side collisions. 

INTRODUCTION 

Side impacts are particularly severe collisions, 
especially when the vehicle is impacted with a pole 
or a tree. In the USA in 2004, it was claimed that 
26% of fatal crashes involved a side impact and 
31% of non-fatal crashes (Resource4accidents 
2005; IIHS 2003)  

Estimates of the proportion of side impacts deaths 
in Australia are similar (25% casualty crashes, 28% 
fatalities and more than 30% occupant Harm 
(Gibson et al 2001). While the majority of Harm 
occurs to occupants seated on the struck side of the 
vehicle in both the USA and Australia, 30% does 
occur to those seated on the far side, that is, the 
non-struck side of the vehicle (Gabler et al 2005). 

Figure 1: Near and far side injured occupants, AIS3+ 
injured occupants and occupant Harm  

(Gabler et al 2005). 

Side impact vehicle regulations around the world 
quite rightly currently focus on near side collisions; 

no provision is made for those seated opposite to 
the impacting source. Consequently, there are very 
few countermeasures available to improve far side 
occupant protection. Given that these occupants do 
experience a sizable amount of Harm in the 
collision, there is a real need to address this road 
safety problem urgently (Fildes et al 2005). 

Definition 

Far side occupants in a crash as explained earlier 
are those seated opposite to the crash as shown in 
Figure 2.  

Figure 2: Position of occupants in a near side 
collision (on the Left) and a far side collision 

(Right) for a US driver. 

They can be either the driver when struck on the 
passenger side of the vehicle or the passenger when 
struck on the driver’s side. Near and far side 
definitions also apply to rear seated occupants in 
similar crash configurations. 

Far Side Kinematics 

The kinematics of occupants in far side crashes are 
noticeably different to those on the near or struck 
side (see Figure 3). Because their 3-point belt is not 
designed to restrain them laterally, they are thrown 
towards the impacting object on the struck side, 
some 100msec from the moment of impact (see 

Fildes et al, 2002).  

Figure 3 Far side occupant kinematics  
(Fildes et al 2002) 
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Study Objectives 

This study set out to examine the extent of chest 
and abdominal injuries to occupants in far side 
crashes. These injuries are known to be life-
threatening in side impact collisions generally and 
greater understanding of the Harm associated with 
these severe injuries will help identify opportunities 
for injury reduction countermeasures. 

METHOD 

Two in-depth databases were used in undertaking 
the analyses reported. In the USA, 10 years of 
NASS/CDS data were available for the model years 
1995-2004. In Australia, 15 years of MIDS data 
were available for model years 1989 to 2003. 
Comparative analyses were undertaken using 
weighted data which revealed similar trends across 
both these databases (Fitzharris et al 2005a; 2005b, 
Gabler et al, 2005).  

For both these databases, case selection criteria 
comprised the following:  

• 3-Point Belt Restrained Occupants 

• Front seat only 

• 12 years and older occupants 

• Occupant on Opposite Side of Impact 

• Passenger Cars or LTV vehicles Only 

• GAD = Left or Right Side 

• No Rollovers 

Analytical Approach 

Even with such extensive databases, the number of 
far side cases available was rather small (106 cases 
in MIDS and 4570 cases in NASS/CDS) especially 
after slicing these data into various crosstabs. Thus, 
the analysis described here was essentially confined 
to a descriptive analysis of far side cases. For 
reasons of consistency, most analyses involved 
weighted data for both data sets. 

Harm 

Harm is a method of analysing crashes using 
frequency times the societal cost of injury as a 
measure of the extent of trauma. The measure used 
here was developed from early work in the USA by 
Malliaris and his colleagues during the 1980s but 
was extended in Australia in the early 1990s using a 
more reductionist approach to quantify the benefits 
of reducing the number of crashes or injuries (see 
MUARC 1992 for a more full description of the 
Harm approach).  

In the use of the Harm method described here, 
Harm was expressed as a “relative” cost across all 
AIS and body region cells in the Harm matrix, 
based on the figures published in MUARC (1992).    

RESULTS 

Harm and AIS3+ Injuries 

The first analysis undertaken here was to examine 
the incidence of AIS3+ injuries and Harm across all 
body regions for far side occupants, shown in 
Figure 4. Severe head injuries predominated both in 
terms of frequency and Harm for these far side 
cases. Interestingly, upper and lower extremity 
injuries were also quite frequent.  Of particular note 
was that chest injuries were the fourth leading cause 
of Harm but the highest proportion of severe 
(AIS3+) injuries. This discrepancy can be explained 
by the low relative cost ascribed to extremity 
injuries in MUARC (1992). Nevertheless, severe 
injuries to the chest and abdomen are clearly both 
frequent and Harmful to occupants in far side 
crashes among these data. 
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Figure 4: Harm and AIS3+ injuries for occupants in 
far side crashes (NASS/CDS 1995-2004) 

Chest Injuries by Age 

Figure 5 shows the breakdown of age across the 
chest injuries sustained by far side occupants in side 
impact collisions. While the proportion of severe 
chest injuries reduces as age increases among 
younger adults, this trend reverses for those age 70 
years and older.   
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Figure 5: Distribution of occupant age for those 
sustaining a MAIS3+ chest injury (NASS/CDS 1993-

2004) 

Moreover, the pattern of injury varied across the 
type of crash (single vehicle vs. car-car collisions) 
as shown in Figure 6.  Younger adults were more 
likely to be involved in collisions with fixed objects 
while older drivers were more likely to be involved 
in car-car collisions. Of particular note, older 
people were more likely to have sustained a severe 
chest injury than younger ones for both these 
collision types. 

Differences between US and Australian finding 
here can be explained by differences in age of first 
licensing between these countries. 
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Figure 6: Distribution of occupant age by crash type 

(NASS/CDS and MIDS) 

MAIS3+ Chest Injury Lesion 

Figure 7 shows the distribution of AIS3+ chest 
injuries by anatomic structure in far side crashes. 
The rib cage and lung were most frequently 
severely injured, accounting for more than 80% of 
these AIS3+ injuries and a considerable proportion 
of chest Harm. Injuries to the internal organs (heart, 
aorta and veins) occurred in 6.9% of occupants 
injured in far side crashes.  
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Figure 7: Distribution of AIS3+ Chest Injuries  
by Anatomic Structure (NASS/CDS 1995-2004) 

MAIS3+ Chest Injury by Source 

The sources of chest injuries are shown in Figure 8. 
Impact with the nearside interior, the seatbelt or 
buckle and the adjacent seat were ascribed to over 
two-thirds of the injuries, while other occupants 
(7.6%), the centre console (6.0) and near side door 
and associated components (5.4) were noteworthy 
sources of injures for far side occupants.  
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Figure 8: Source of AIS3+ chest injuries to  
far side occupants (NASS/CDS 1995-2004) 

Abdominal Injuries 

Figure 4 illustrated the extent of abdominal injuries 
to occupants in far side crashes. About 5% of the 
Harm in these crashes can be attributed to 
abdominal injuries which are also around 6% of the 
incidence of AIS3+ injuries. While these figures are 
less than the equivalent ones for chest injuries, they 
are, nevertheless, of a size to be concerned about, 
especially given the life-threatening nature and 
long-term consequence of these injuries.  
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Abdominal Injuries by Age 
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Figure 9: Distribution of occupant age for those 
sustaining an MAIS3+ abdominal injury (NASS/CDS 

1993-2004) 

The findings in Figure 9 show that the incidence of 
an abdominal injury is much higher for older 
occupants in far side crashes (they represented 45% 
of the population of those sustaining a serious 
abdominal injury. However, care should be taken in 
interpreting too much from this finding as there 
were only minimal numbers of abdominal injuries 
before weighting (124 AIS2+ injuries and 43 
AIS3+ cases).  

MAIS3+ Abdominal Injury lesions 
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Figure 10: Distribution of AIS3+ abdominal injuries 
by Anatomical Structure (NASS/CDS 1995-2004) 

Figure 10 shows the distribution of lesions in the 
abdominal area to occupants injured in far side 
crashes. The liver and spleen were particularly 
over-represented among these crash victims and to 
a lessor extent, kidney and colon. Haematoma 
including retroperitoneum haemorrhage also 
occurred in over 20% of the far side cases 
examined. These are particular nasty and severe 
injuries to these occupants with potential ongoing 
long-term consequences. 
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Figure 11 Distribution of AIS3+ abdominal injuries 

by Anatomical Structure by seating position 
(NASS/CDS 1995-2004) 

In addition, as Figure 11 shows, the incident of 
lesion by seating position in a far side crash. While 
the number of cases here was small, it does suggest 
that liver injuries primarily occurred to drivers 
(seated on the LH side of the vehicle) and spleen 
injuries to front seat passengers seated on the RH 
side of the vehicle. These findings need to be taken 
with some care because of the small number of 
cases but do highlight an asymmetry in injury 
mechanism of potential importance for injury 
prevention. 

MAIS3+ Abdominal Injury by Source 

Figure 12 shows the sources of these severe 
abdominal injuries, where the predominant contact 
source was the seatbelt and buckle. This may help 
to explain why the liver, spleen and 
retroperitoneum haemorrhage were over-
represented among these abdominal injuries. It 
might also help explain the liver and spleen 
asymmetry described above, too. 
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Figure 12: Source of AIS3+ abdominal injuries to  
far side occupants (NASS/CDS 1995-2004) 

While the seatbelt and buckle assembly was the 
predominant cause of abdominal injury, again, 
other occupants featured quite highly in these far 
side abdominal injuries. This is difficult to explain 
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as supposedly all these occupants were wearing 
their seatbelts (a case selection criterion). This will 
be discussed in more detail later on.  

 Aorta Injuries 

While aorta injuries were not specifically tested for 
in this far side research program, nevertheless, a 
number of observations were possible from the data 
analysis and from earlier findings. 

• Aorta rupture was noted in 4.4% of occupant 
injuries from these far side crashes.  

• Aorta injury tended to occur in low severity near-
and far-side crashes. 

• They were frequently occult injuries with no 
physiological cues. 

• They frequently lead to a fatal outcome (it is 
estimated that 80-88% of occupants who suffer 
TRA die at scene of crash). 

• When successfully identified and treated, there 
was usually complete recovery. 

A previous study by Franklyn et al (2002) found 
that the risk of aortic injury was greater for near-
side crashes than for far side crashes, and that given 
a near-side crash, the risk of aortic injury is greater 
when struck on the left rather than the right. They 
also found that the risk of aortic injuries is 1.4 times 
higher when the struck vehicle is an MPV / SUV, 
compared to that of another passenger car or a 
derivative. 

DISCUSSION 

These results have highlighted a number of 
potentially interesting findings. 

First, head injury is clearly the most common injury 
type for occupants injured in a far side crash. 
Roughly one-quarter of all far side Harm involved a 
head injury, predominantly caused from contact 
with the struck side of the car or the intruding 
object (Gibson et al, 2001).  

Chest and abdominal injury together, however, 
accounted for around 18% of the Harm but an 
alarming 40% of all AIS3+ injuries. These injuries 
were particularly evident among older occupants. 
Common lesions among chest injuries included the 
rib cage, lungs or the thoracic cavity, and often, 
these injuries were caused from contact with the 
nearside interior, the seat or seat back, the seatbelt 
or buckle, other occupants or the transmission 
lever.  

This illustrates the ineffectiveness of the current 
restraint system to prevent injuries to far side 

occupants in side impact collisions. As shown in 
Figure 3, the shoulder belt offers little restraint in 
this crash configuration to the chest, allowing the 
occupant and his or her chest to move freely out of 
the belt and contact a range of adjacent objects. The 
high incidence of seatbelt or buckle-related injuries 
is a matter of some concern as seatbelt is the 
primary means of restraint in vehicle crashes. 
Current designs clearly need further design 
improvement for far side crashes. 

For severe abdominal injuries, common lesions 
included the liver and spleen and retroperitoneum 
haemorrhage or haematoma. Interestingly, the 
incidence of liver injuries was higher for the driver 
and the spleen, higher for the front passenger 
among US crashed vehicles. The seatbelt or buckle 
was seen to be the most common source of 
abdominal injury by far. Current generation buckles 
and tongues were designed primarily for frontal 
crashes over decades ago and from these results, 
suggest they are not optimsed for far-side 
protection.  Improvement to the restraint 
capabilities of the seatbelt in a far side crash would 
seem to be warranted from these findings, although 
some care needs to be taken with these findings 
given the small number of cases involved. 

Older Occupants 

Older occupants appeared to be over-represented in 
far side crashes. Those aged over 60 years sustained 
high numbers of chest and abdominal injuries, 
which is not too surprising from earlier research 
(Foret-Bruno et al, 1998; Zhou et al, 1996; 
Augenstein 2001: Kent et al 2005: Welsh; 2006). 
This can be explained from their frailty and 
especially brittle bony structures that fracture 
relatively easily (reference). Interestingly also, 
older drivers seem to be more involved in car-car 
intersection crashes than their younger counterparts 
who were more likely to be injured in a single-
vehicle far side crashes with poles and trees. The 
over-involvement of older people in intersection 
crashes has also been reported elsewhere (Oxley et 
al 2006; Eberhard 2007) and confirms earlier 
reports that older people have difficulty judging 
when to turn in front of oncoming traffic (Andrea  
2003). 

Other occupants 

Other occupants were seen to be a source of chest 
and abdominal injuries to occupants relatively 
frequently in these far side crashes (chest 7.6% and 
abdomen 10.2%). Given that the 2-occupant 
exposure rate in the front seat is around 20% 
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(Fildes et al, 2002), this suggests that occupant to 
occupant contacts are a major problem in side 
impacts when both front seats are occupied (up to 5 
times the rate for this seating configuration). 

It is not clear from these data however how the near 
side occupant can inflict damage to the far side 
occupant’s abdomen as these occupants were all 
belted. It may be that the struck-side occupant is 
pushed into the far side occupant during the 
kinematic movement during the crash although 
generally, the far side occupant is still in contact 
with the seat through the lap belt. Alternately, the 
near side occupant’s arms and legs seem to flail 
considerably in side impacts and they could play a 
role in these injuries. This warrants further 
investigation in helping determine ways of 
minimising these serious injuries.  

Aorta 

Aorta rupture was noted in 4.4% of occupant‘s 
chest injuries from these far side crashes. These are 
serious injuries that frequently lead to death. It is 
estimated that 80-88% of occupants who suffer 
TRA die at scene of crash. However, when 
successfully identified and treated, there was 
usually complete recovery (Digges and Augenstein 
2006). 
The injury mechanisms for these potentially fatal 
injuries are not well known for far side occupants. 
Digges and Augenstein (2006) argued that they 
commonly occur in low severity near-side crashes 
and are frequently occult, that is, there are no 
physiological cues.  

They claimed that in nearside crashes, they tend to 
occur to front seat occupants, those sitting on the 
struck side of the vehicle and usually when their 
vehicle is struck by another vehicle, rather than a 
fixed object or pole. They propose that the thorax is 
impacted by a force component from the front; it 
experiences a severe vertical spinal stretching that 
causes the artery to stretch and fracture. Clearly, 
more research is needed to understand how these 
injuries occur to far side occupants. 

COUNTERMEASURE OPPORTUNITIES 

The results from this analysis highlight a number of 
possibilities for reducing injuries through improved 
vehicle design. 

Restraint Systems 

The obvious strategy for improving far side 
occupant protection is to better restrain the 
occupant in the seat. It was clear from these results 

that a 3-point seatbelt alone is not sufficient for far 
side occupant protection. Across-belt configuration 
involving an additional belt on the inward side was 
proposed by Fildes et al (2003) as a possible 
measure to restrain the far side occupant, along 
with an additional side support on the seat. 
However, they argued that this configuration was 
not necessarily optimal as it had the potential to 
apply additional load to the occupant’s neck. 

Rouhana (2004) published an alternative 4-point 
belt configuration, which could also have the 
potential to provide improved restraint in a side 
impact. However, it is understood that this belt 
system has been primarily designed for frontal 
crashes and needs to be evaluated for improved 
protection for near and far side occupants in a side 
impact collision. 

Physical Separation 

A number of other opportunities exist for improved 
far side protection. A more scalloped seat, in 
conjunction with a pretensioned belt system might 
be an option, as well as side supports on the seat 
and even an internal seat-mounted airbag system 
(inflatable inboard torso side-support; Bostrom and 
Haland 2003). The efficacy of these systems, 
though, is still to be firmly established. 

Test and Injury Criteria 

Importantly, though, it is fundamental that injury 
criteria and test methods need to be determined to 
provide governments and auto manufacturers with 
the necessary tools to develop new and innovative 
in-vehicle solutions to protect far side occupants in 
these crashes. 

Older Occupants 

It is unlikely that any generic in-vehicle solution 
will suit all occupants. Older people are more frail 
and suspect to a poor outcome, especially in a side 
impact collision (Augenstein 2001). Thus, the best 
solution for them (and indeed for all vehicle 
occupants) is to prevent the crash from happening 
in the first place. The evidence collected here 
showed that older people were more likely to be 
severely injured in an intersection crash. Road 
design and traffic management solutions are 
desperately required here to address this problem. 

CONCLUSIONS 

This analysis set out to examine the extent of chest 
and abdominal injuries to occupants in far side 
crashes, that is, side impact crashes where the 
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occupant is seated on the opposite side of the 
vehicle to the side where it is impacted. This is 
commonly referred to as the non-struck or far side 
seating position. The study also aimed to examine a 
range of potential countermeasures to prevent or 
mitigate these injuries. 

It is clear that side impact collisions are severe 
events with little room for energy management, 
compared with frontal crashes. While the current 
focus on side impact protection is for the nearside 
occupant, there is clearly a need to address ways of 
providing greater protection for the far side 
occupant. 

Current restraint systems do not offer optimal 
restraint for far side occupants. A number of 
possible opportunities exist for better restraining 
them in a side impact collision for which more 
research and development effort is needed. 

Limitations 

This analysis suffered from small in-depth case 
numbers in spite of the use of one of the largest in-
depth databases available. Combining additional 
case details from other databases would be useful in 
addressing this shortcoming.  
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ABSTRACT 
 
This paper describes a parametric study of foam 
material properties for interior car surfaces using 
finite element calculations. Two different head 
models were used for the impact simulations, a 
Hybrid III dummy head and a biomechanical head 
model. The objective was to study the head injury 
criterion (dummy) (HIC(d)), the angular velocity, the 
resultant acceleration and, for the human head 
models, the strain in the brain tissue and the stress in 
the skull for a variation in foam material properties 
such as stiffness, plateau stress and energy 
absorption. The analysis gave at hand that the best 
choice of material properties with respect to impact 
using the Hybrid III head model reached different 
results compared to an impact with the biomechanical 
head model. For a purely perpendicular impact, the 
HIC(d) for the head model managed to predict the 
strain level in the brain quite well. Even though the 
HIC reached acceptable levels for both a 
perpendicular and oblique impact towards a 31 kg/m3 
EPP padding, the maximum strain in the human head 
model for an oblique impact was almost twice 
suggested allowable levels. The difference in the 
strain in the brain between an oblique and 
perpendicular impact when impacted with same 
initial velocity towards the same padding was not 
predicted by the HIC(d). 
 
INTRODUCTION  
 
Head injuries due to traffic accidents, at work and 
during leisure, are major diseases in Sweden and 
worldwide. Globally, the daily incidence rate of 
transportation injuries is estimated to 30 000 victims 
and 3 000 deaths [1]. In Sweden, the annual number 
of cases is more than 20 000 head injuries and the 
annual rate of head injuries in Sweden over the last 
14 years is relatively constant [2]. The main cause of 
death for people younger than 45 years of age in 
Sweden is accidents and poisoning. When looking 
deeper into this cause of death for the younger part of 
the male population in Sweden, it can be seen that 
head injuries causes almost 80 percent of the traffic 
injury deaths [3]. The development of safety systems 
in cars has exploded over the last 20 years, resulting 

in more and more sophisticated methodologies. There 
are indications that this trend is slowing down. One 
possible factor is that the crash dummies are not 
completely human-like and another factor is the 
roughness of the tolerances and injury criteria that are 
used to couple output from the dummies with real-life 
injuries. The interior surfaces of a car compartment 
are designed to protect the occupants from injury at 
car accidents through use of energy absorbing 
materials and clever structural solutions. This is 
normally done to comply with the extended FMVSS 
201 regulation [4]. The primary verification tool in 
the design process is the Head Injury Criterion 
(dummy) (HIC(d)) applied in a free motion head-
form experimental set-up, where a rigid dummy head 
is launched towards specific locations. Linear 
accelerations in three perpendicular directions are 
measured in the head form during the impact and the 
performance is evaluated according to the HIC. The 
test procedure is established internationally and thus 
used by automotive manufacturers all over the world. 
HIC was introduced in its present form in crash 
testing by the National Highway Traffic Society 
Administration [5] and it has been used for several 
years in crash injury research and prevention as a 
measure of the likelihood of serious brain injury. HIC 
only treats the resultant translational acceleration and 
the duration of the impulse and no consideration is 
given to the direction of the impulse or rotational 
acceleration components [3, 6, 7]. Moreover, studies 
by Ueno and Melvin [8] and DiMasi et al. [9] found 
that the use of either translation or rotation alone may 
underestimate the severity of an injury. Zhang et al. 
[10] also concluded that both linear and angular 
accelerations are significant causes of mild traumatic 
brain injuries. Recently, it was found that HIC 
manage to predict the strain level in the brain of a 
finite element (FE) model for purely translational 
impulses of short duration, while the peak change in 
angular velocity showed the best correlation with the 
strain levels in an FE head model for purely 
rotational impulses [3]. The HIC(d) together  with FE 
simulations and/or experiments according to the 
FMVSS 201 regulation has been used in several 
studies in an effort to improve the interior safety of 
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vehicles [11, 12, 13, 14]. However, the human head 
behaves in a more complex way and since the 
validity of the HIC criterion is intensively debated 
there is reason to believe that the safety development 
could be made more efficient through use of more 
delicate tools in the process, such as biomechanically 
representative FE models of the human head together 
with local tissue thresholds. To ensure that a 
continued high pace is kept when it comes to 
progress in car safety and primary prevention, it is 
necessary to find new preventive strategies and 
methods to complement the safety work practiced 
today. It is hypothesized in this study that the best 
choice of parameters for energy absorbing foams of 
an automotive panel would come out differently if it 
was made with respect to one or the other criterion. 
To test this hypothesis, different head models were 
compared in FE simulations according to the FMVSS 
201 regulation using a simplified interior padding. 
This investigation was performed to illustrate that 
although the response of a structure may be optimal 
for a certain impact case when evaluated with a 
specific set of criteria it might not be favorable for 
another case, evaluated with respect to another set of 
criteria.  

 
METHODOLOGY  
 
In order to investigate the potential to improve the 
safety design, an FE model of the human head has 
been used. Two different FE head models were used; 
a model of the featureless Hybrid III dummy head 
and a biomechanically representative human head 
model (in the following referred to as human head 
model). Parametric studies of material properties of 
energy absorbing foams for idealized impact 
paddings were performed. Numerical simulations 
using the dynamic finite element method (FEM) 
program LS-DYNA [15] was performed.  
 
Human head FE model  
 
The head model used in this study was developed at 
the Royal Institute of Technology in Stockholm [16]. 
The head model includes the scalp, the skull, the 
brain, the meninges, the cerebrospinal fluid (CSF) 
and eleven pairs of the largest parasagittal bridging 
veins (Figure 1).  

 

                              
 

Figure 1. Finite element model of the human head. 
 
In order to better simulate the stress and strain 
distribution, separate representations of gray and 
white matter, and inclusion of the ventricles were 
implemented. The total mass of the head was 4.52 kg 
and the principal mass moments of inertia were close 
to the corresponding ones for the hybrid III head. The 
head model has been validated against several 
relative motion experiments [17], intra-cerebral 

acceleration experiments [3], skull fracture 
experiments [18], and intra-cranial pressure 
experiments [19]. The post-mortem human subject 
(PMHS) experimental data used cover four impact 
directions (frontal, occipital, lateral and axial), short 
and long durational impacts (2-150 ms), high and low 
severity (sub-concussive to lethal), and both 
penetrating and non-penetrating injuries. To cope 
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with the large elastic deformations, a third order 
Ogden hyperelastic constitutive model and 
corresponding parameters was fitted to include the 
non-linear elasticity described by Miller and Chinzei 
[20] as well as the high frequency relaxation modulii 
determined by Nicolle et al. [21]. The stress in the 
cranial bone, maximum principal strain in the brain 
tissue, change in rotational velocity of the skull, the 
HIC(d) and translational acceleration of the skull for 

the different foams were determined. To account for 
the possible loss of load bearing capacity at high 
contact loading, the stresses in the skull were limited 
to 90 MPa  for the compact bone [22, 23, 24] and 30 
MPa for the spongeous bone [22, 25] through the use 
of simple elastic ideally plastic constitutive models. 
A summary of the properties for the tissues of the 
human head used in this study is presented in Table 
1. 

 
Table 1.  

Material properties for the head model used in the numerical study. 
 

Tissue 
Young's modulus 

[MPa] 
Density 
[kg/dm3] 

Poisson's 
ratio 

Yield stress 
[MPa] 

Outer compact bone 15 000 2.00 0.22 90 
Inner compact bone 15 000 2.00 0.22 90 
Porous bone 1000 1.30 0.24 30 
Neck bone 1000 1.30 0.24  
Brain Hyper-Viscoelastic 1.04 ~0.5  
Cerebrospinal Fluid K = 2.1 GPa 1.00 0.5  
Sinuses K = 2.1 GPa 1.00 0.5  
Dura mater 31.5 1.13 0.45  
Falx/Tentorium 31.5 1.13 0.45  
Scalp Viscoelastic 1.13 0.42  
Bridging veins EA = 1.9 N    

K = Bulk modulus, and EA = Force/unit strain. 
 
 
 
FE Hybrid III dummy head  
 
The FE Hybrid III 50th percentile dummy head 
developed by Fredriksson [26], Figure 2, comprises a 
rigid skull covered in rubber flesh. The rubber was 
modeled using material properties according to the 
calibration tests by Fredriksson [26]. The total weight 
of the head was 4.52 kg. For stability reasons the 
head was made featureless by suppression of the 
nose. 

 
Figure 2. Finite element model of the featureless 
Hybrid III dummy head. 

 
 
 
FE calculations  
 
According to the FMVSS 201 regulation [4], 
automotive manufacturers have to certify that HIC(d) 
will not exceed 1000 when impacted with a 4.5 kg 
free motion head form with a speed of 6.7 m/s. The 
head form needs to be oriented in a manner so that 
the impact is nearly perpendicular to the target 
surface and thereby is likely to give a maximum 
HIC(d) [4, 14]. HIC is calculated as:  
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⎡

−
= ∫   (1)  

 
where a is the resultant head acceleration expressed 
as a multiple of the gravitational acceleration g, and t1 
and t2 are any two points in time during the impact 
which are separated by 36 ms or less giving the 
maximum HIC. HIC(d) is empirically computed 
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using the free motion HIC to account for the neck 
restraint [14] in a Hybrid III dummy according to: 
 

HIC(d)=0.75446·HIC+166.4 (2)  
 
The head models are henceforth referred to as Hybrid 
III, and human head, respectively, were impacted 
towards a 50 mm thick interior padding having a 

170∗170 mm contact surface with an initial velocity 
of 6.7 m/s (Figure 3). Perpendicular impacts through 
the center of gravity of the head models were 
simulated. Additionally, the padding was tilted 45° to 
the horizontal plane in an effort to evaluate the 
influence of an oblique impact. This was done for the 
choice of padding parameters giving the lowest strain 
the brain for the perpendicular impact case. 

    
Perpendicular impact through the c.g.:  

         
     t=0      t=12 ms                t=30 ms 
 
Oblique impact towards a padding rotated 45o: 

     
             t=0            t=12 ms  t=30 ms 

 
Figure 3. Animation of a perpendicular impact through the center of gravity of the head model (upper) and 
an oblique towards a 45° tilted padding (lower). 
 
 
Foam material properties  
 
The material characteristics of expanded 
polypropylene (EPP) foams have recently been found 
to be well described (R=0.969-0.999) by a simple 
empirical relationship which describes the stress-
strain as a function of the foam density (Equation 3) 

for a wide range of densities (31-145 kg/m3) [27]. 
The formulation is: 

nAE BeA
m

)
1

()1( )1()/(

ε
εσ εε

−
+−= −−   (3)  

where σ and ε are engineering stress and engineering 
strain, respectively, considered positive in 
compression, and A, B, E, m and n are empirical 



 
      Kleiven 5  

constants derived for the particular type of foam. To 
create an even wider range of material behavior, the 
material characteristics of a theoretical EPP foam 
having a density of 14 kg/m3 was generated and 
implemented (Figure 4). The EPP foams were 
modeled using a constitutive model developed for 
crushable foams in ls-dyna [15].  
 

 
Figure 4. Material characteristics for the EPP 
foams used in the present study.  
 
 
Interior contact definition  
 
In order to keep the foam material elements from 
inverting when compressed under high pressure, an 
interior contact was defined. 
*CONTACT_INTERIOR was used in ls-dyna to 
account for the force transition within the foam, 
which is especially important when it bottoms out. It 
was defined so that when one layer of the foam 
reaches a compression strain of 98%, the internal 
contact transfers the loading to another layer of foam 
or to the scalp of the head model (or the rubber skin 
of the hybrid III model).  
 
 
RESULTS  
 
The resulting acceleration curves for the lowest and 
highest densities, as well as for one creating a low 

acceleration peak is seen in Figure 5. The load and 
acceleration curves were filtered using an SAE 1000 
low-pass filter. It can be seen that the 14 kg/m3 foam 
has the lowest acceleration initially until it bottoms 
out at a foam compression of 98%.  This 
phenomenon is creating a short duration high spike 
where the load is transferred to the scalp, skull, dura, 
CSF and the brain (Table 2).  
 
Different results were obtained from the parameter 
study with the rigid Hybrid III dummy head when 
compared to the human head model (Table 2, Figure 
6-7). It can be seen that, despite having the same 
translational mass and initial velocities, the hybrid III 
model predicts the lowest HIC(d) value for a higher 
density and stiffer foam than the human head model 
does; The hybrid III model predicts the lowest 
HIC(d) value for the 45 kg/m3 foam while the human 
head model predict the lowest value for the 31 kg/m3 
foam (Table 2). 
 

 
Figure 5. Curves showing the resultant 
acceleration of the head model using three 
different densities of EPP foam.  
 
 
However, the HIC(d) for the head model manage to 
predict the strain in the brain for a purely 
perpendicular impact (Table 2). 
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Table 2.  
Summary of the results from the parametric study using the rigid Hybrid III dummy head and the human 
head model. 

Density (kg/m3) 14 31 45 70 106 145
Peak acceleration (m/s2) 6157 1616 1089 1398 1837 2331
HIC(d) 6964 578 573 813 1151 1608
Peak acceleration (m/s2) 7777 1225 1034 1397 1905 2515
HIC(d) 11680 488 553 805 1205 1659
Max princ strain in brain 34.8 8.2 10.0 12.6 14.3 16.3
Max princ strain in Corp. Call. 19.2 4.0 4.1 4.5 4.7 4.9
Max princ strain in White M. 34.1 8.2 10.0 12.6 14.3 16.3
Max princ strain in Gray M. 34.8 6.7 8.1 10.2 11.9 13.6
Max princ strain in Br.St. 17.4 7.4 8.9 11.2 12.5 14.3
Max princ strain in Thal./Mid.Br. 14.5 3.7 4.0 4.6 5.1 5.4
von M. stress in outer compact bone (MPa) 90.0 14.1 7.3 12.5 22.0 34.6
von M. stress in inner compact bone (MPa) 90.0 13.1 10.1 14.1 20.7 27.8
von M. stress in por. Bone (MPa) 29.3 1.5 0.7 1.1 1.9 3.1  

 
Also, the lowest stress in the compact and porous 
cranial bone is found for the 45 kg/m3 foam which 
correspond to the lowest values of HIC for the hybrid 

III head as well as the linear acceleration for the 
human head model (Table 2). However, the lowest 
strain in the brain is found for the 31 kg/m3 foam. 

 

 
Figure 6. HIC(d) and peak resultant translational acceleration for a perpendicular impact using the 
biomechanical head model.  
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Figure 7. HIC(d) and peak resultant translational acceleration for a perpendicular impact using the HIII 
dummy model.  
 
When simulating an oblique impact using the foam 
giving the lowest strain in the brain for the 
perpendicular impact (31 kg/m3) it was found that the 

HIC(d) was reduced by more than 50 percent while 
the strain in the brain increased more than four times 
(Figure 8). 
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Figure 8. Staple chart summarising the HIC, strain in the brain and stress in the skull for an oblique and 
perpendicular impact towards the same padded surface. 
 

Normalized with respect to: 
HIC(d) = 1000 
Change in ang. Vel. = 25 r/s 
Acceleration = 150 G 
Strain = 20 % 
Stress = 90 MPa 
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It is obvious that substantially higher strain levels in 
the brain are obtained for an oblique impact, 
compared to a corresponding perpendicular one, 

when impacted towards the same padding using an 
identical initial velocity of 6.7 m/s (Figure 9). 

                 
Figure 9. A comparison of the strain distribution (at time for maximum) using the 31 kg/m3 foam for a 
perpendicular (left) and an oblique impact (right).  
 
 
DISCUSSION  
 
The best choice of material properties with respect to 
a perpendicular impact using the Hybrid III head 
model reached different results compared to an 
impact with the biomechanical head model. On the 
other hand, the HIC(d) for the head model manage to 
predict the strain level in the brain for the purely 
perpendicular impact. This is supporting the findings 
of a correlation between the probability of concussion 
and HIC using predominantly translational 
concussion data from the NFL [28]. Recently, it was 
also found that HIC manage to predict the strain level 
in the brain of an FE model for purely translational 
impulses of short duration [3], while the peak change 
in angular velocity showed the best correlation with 
the strain levels for purely rotational impulses.  

The foam giving the lowest strain in the brain was the 
one with a density of 31 kg/m3. This EPP foam has 
crush strength at 50 % compression of 125 kPa. The 
foam giving the lowest HIC(d) in the hybrid III 
dummy was the one with a density of 45 kg/m3 and a 
stress at 50 % compression of 230 kPa. This is in 
correspondence with Chou et al. [11] who found that 
the crush strength for a 50 mm thick B-pillar foam 
pad should be lower than 345 kPa to keep the HIC 
below 700.  

The difference in the strain in the brain between an 
oblique and perpendicular impact with same initial 

velocity towards the same padding was not predicted 
by the HIC(d). Even though the HIC reached 
acceptable levels for both the perpendicular and 
oblique impact towards the 31 kg/m3 EPP padding, 
the maximum strain in the human brain model for the 
oblique impact was almost twice the suggested 
allowable levels [29, 30]. One of the reasons for this 
is that rotational effects are transferred to the head 
when the impact has a tangential component. These 
induced rotations are known to cause large shear 
strains in the brain tissue [31, 32]. A low HIC(d) 
value is predicted for the oblique impact while higher 
levels strains are found compared to a corresponding 
perpendicular impact in the same direction. This 
underlines findings by previous investigators [32] 
who subjected 25 squirrel monkeys to controlled 
sagittal plane head motions, and found greater 
frequency and severity of brain lesions after rotation. 
This is consistent with the results presented herein, as 
well as the hypothesis presented by Holbourn [31].  

For the pure perpendicular impact an insignificant 
peak change in angular velocity is found together 
with relatively low strain levels in the brain. For the 
oblique impact a large strain level is found in the 
brain for a large peak change in angular velocity. 
This corresponds to Holbourn’s hypothesis [31] that 
the strain (and the injury) is proportional to the 
change in angular velocity for rotational impulses of 
short durations. Margulies and Thibault [33] 
presented a criterion for DAI described as tolerance 
curves of angular accelerations as a function of peak 
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change in angular velocity. Judging from those 
curves, angular accelerations exceeding ca. 8 krad/s2 
combined with an angular velocity of 70 rad/s or 
higher gives a risk of injury in the adult [33]. For the 
oblique impact in the present study, an angular 
acceleration of 3.3 krad/s2 and a peak change in 
angular velocity of 23.5 rad/s was found together 
with a maximum strain in the brain of 39 percent 
which is almost twice the suggested tissue level 
tolerances for DAI [29, 30]. On the other hand, the 
HIC(d) is not insignificant for the oblique impact. 
Probably, a combination of the peak change in 
angular velocity and HIC(d) would predict the 
difference between perpendicular and oblique 
impacts of various severities. In this study, impact at 
only one location of the head is studied and therefore 
the results might differ depending on what impact 
location that is chosen. However, an impact to the 
forehead region was chosen in this study and this 
region is known to withstand more violence than 
most other parts of the head both for DAI [32] and 
for skull fractures [34]. Therefore the presented stress 
and strain levels for the head would probably be even 
higher if the impact was from other directions. 

Strich [35] found diffuse degeneration of white 
matter in the cerebral hemispheres, as well as in the 
brain stem and corpus callosum areas in patients who 
have endured severe head trauma. This indicates that 
high strain in the white matter adjacent to the cortex, 
as seen in Figure 9 of this study, is likely to occur in a 
real life accident. Correspondingly, low levels of 
strain can be seen in the vicinity of the ventricles in 
the model, which supports the hypothesis that a strain 
relief is present around the ventricles [36].  

The bulk modulus of brain tissue [37] is roughly 105 
times larger than the shear modulus. Thus, the brain 
tissue can be considered as a fluid in the sense that its 
primary mode of deformation is shear. Therefore, 
distortional strain was used as an indicator of the risk 
of traumatic brain injury. The maximal principal 
strain was chosen as a predictor of CNS injuries since 
it has shown to correlate with diffuse axonal injuries 
[29, 30, 38, 39, 40, 41], as well as for mechanical 
injury to the blood-brain barrier [42]. Other local 
tissue injury measures have also been proposed and 
evaluated, such as von Mises stress [42, 43, 44], the 
product of strain and strain rate [45, 46, 47], the 
strain energy  [42], and the accumulative volume of 
brain tissue enduring a specific level of strain, the 
Cumulative Strain Damage Measure (CSDM), [9, 
48]. However, a correlation has recently been found 
between the brain injury pattern of a patient being the 
victim of a motocross accident and the strain pattern 
in the head model [49].  This strain is very sensitive 
to the choice of stiffness for the brain tissue [17] and 

more work is needed to fully describe the non-linear 
and viscoelastic response of living brain tissue.  

Another possible limitation is the constitutive model 
used for the foam. However, this model has shown to 
predict the response in uniaxial compression tests for 
expanded polystyrene foams of similar densities in a 
previous study [50]. On the other hand, to model the 
elastic spring-back of low density foams such as 
polyurethane foams, probably a different constitutive 
model should be chosen. Also, the high load and 
acceleration behavior created when the foam bottoms 
out is sensitive to the parameters chosen for the foam 
and the interior contact.  In this study, the stress-
strain curves were defined up to 99 % compression 
for all foams, while the interior contact was activated 
when the strain reached 98 %. 

In the extension, protective devices and materials can 
be optimized to see if the tissue level stresses and 
strains can be minimized so that the potential 
consequence in a future accident could be reduced or 
avoided. Iterative optimization procedures in 
conjunction with dynamic and non-linear FEA can be 
used together with detailed FE models to maximize 
the safety for the humans when impacting towards of 
interior and exterior surfaces in automotive 
structures. The existing FE model of the head can be 
used in optimization of the properties and geometry 
of energy absorbing materials, so that the stresses and 
strains on a tissue level are minimized. This 
methodology has previously been used for 
optimization of simplified hood structures [51]. The 
proposed methodology is directly applicable in 
development of interior and exterior surfaces in 
heavy vehicles and rail vehicles as well.  
 
 
CONCLUSIONS  
 
The results emphasize the importance of treating the 
human brain as a non-rigid body. Although it is 
obvious it must be kept in mind that in strive for 
improved safety it is essential to employ physically 
representative metrics since the applied criteria will 
drive the development. Hence, local tissue thresholds 
or more human-like dummies together with injury 
criteria accounting for both angular and translational 
kinematics should be used to obtain more physically 
representative and reliable optima in safety design. 
This result is conceptually obvious since a global 
criterion will never cover all the various injury 
mechanisms characterized by local tissue 
deformation.  
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ABSTRACT 
 

As part of NHTSA�s Rear Seat Occupant 
Protection Research Program, the Fatality Analysis 
Reporting System (FARS) and State Data System 
(SDS) for Florida, Pennsylvania and Maryland were 
utilized to estimate relative fatality rates and injury 
risk ratios between the front and rear seat passengers. 
In addition, a parametric study of rear-seat restraint 
parameters was performed to assess chest deflection 
and head excursion trends for different belt load 
limits, pretensioner location(s) and stroke, and impact 
speeds with the Hybrid III (HIII) 50th percentile male 
and 5th percentile female dummies.  Simulation data 
were validated using 48 km/h frontal impact sled 
tests with a standard belt system in outboard rear 
seats of a mid-size passenger car buck.   

The real world data suggests that the fatality and 
serious injury risk in frontal crashes is higher for 
older occupants in rear seats than for those in front 
seats.  In addition, the relative effectiveness (to 
mitigate serious injury and death) of rear seats with 
respect to front seats for restrained adult occupants in 
newer vehicle models is less than it is in older 
models, presumably due to the advances in restraint 
technology that have been incorporated into the front 
seat position.  The simulations demonstrated that 
adult dummy injury measures in the rear seat can be 
reduced by incorporating restraint technology (load 
limiting and pretensioning) used in the front seat, 
even in the absence of an air bag and knee bolster for 
load sharing.  A force-limiting belt with a 
pretensioner in the rear seat can maintain or reduce 
head excursion relative to a standard belt, while 
significantly reducing chest deformation and thoracic 
injury risk.  In fact, 42 sets of restraint parameters 
were identified that reduced both head excursion and 
chest deflection of the 50th percentile male relative to 
the baseline belt. 
 
INTRODUCTION 
 

Rear seat occupants constitute 14 percent of all 
vehicle occupants in passenger cars and LTVs.  
Among these rear seat occupants, 85% are in 
outboard seating positions and 69% are fourteen 
years-old or younger and are 5 feet 4 inches or 
shorter.    

Kuppa et al. (2005) reported on NHTSA�s initial 
efforts to examine rear seat occupant protection and 
presented a double-paired comparison study using the 
Fatality Analysis Reporting System (FARS) data files 
to determine the relative effectiveness of the rear 
seats with respect to the front passenger seat position 
in frontal crashes.  The results indicated that 
restrained occupants older than 50 years were 
significantly better off in the front seat than in rear 
seats. In addition, the presence of a front passenger 
air bag reduced the relative effectiveness of the rear 
seat compared to the front seat for all age groups 
except for children in child safety seats.  The most 
injured body region for adults in the rear seat was the 
thorax with the source of injury being the shoulder 
belt. The rear seat position offered improved 
protection over the front passenger seat for 
unrestrained occupants of all ages.   

Cummings and Smith (2005) conducted a 
matched cohort analysis of the FARS data files to 
determine the risk of death of rear seat passengers 
compared to front seat passengers in motor vehicle 
crashes.  In agreement with the Kuppa et al. (2005) 
paper, this study indicated that while the fatality risk 
is lower in the rear seat, the protective effect of the 
rear seat position decreased with increasing 
passenger age and with restraint use.  The rear seat 
position offered no additional protection to restrained 
adults in vehicles with front passenger air bags.   

Swanson et al. (2003) found that the average front 
end stiffness of passenger cars computed from the 
data collected in the New Car Assessment Program 
(NCAP) frontal crash test program for model years 
(MY) 1982 to 2001 shows an increasing trend for 
newer vehicle models.  In particular, there is a 
significant increase in the stiffness of passenger cars 
for MY 1998-2001 compared to the previous vehicle 
models.  Concurrently, the NCAP frontal crash test 
rating program indicates an improvement in vehicle 
frontal crash test rating with a large percentage of the 
vehicle fleet for MY 1999 and newer obtaining the 
highest NCAP scores (NHTSA, Five Star Crash Test 
Rating, 2007).  Vehicles with stiffer front-end 
structures experience more severe crash pulses, and 
thus depend more on the occupant restraint system 
(ie., airbag, seat belts, pretensioners, etc.) to manage 
the crash energy.  In recent years, the front seat 
occupants have benefited from advanced restraint 
concepts such as belts with pretensioners and load 
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limiters, which provide a clear safety benefit in 
frontal crashes in the field (e.g., Foret-Bruno et al. 
1998), and also lead to an improved NCAP frontal 
crash test rating.  For example, Walz (2003) 
estimated that the combination of pretensioners and 
load limiters reduced the HIC values by 232, peak 
chest acceleration by an average of 6.6g, and peak 
chest deflection by 10.6 mm for HIII dummies in the 
driver and right front passenger positions.  The 
NCAP frontal crash testing, however, evaluates only 
the injury risk to front seat passengers, so it has not 
stimulated the development of similar or other 
advanced restraint technology in the rear seat.   

While previous studies examined the 
effectiveness of rear seats with respect to front seats, 
no attempt has been made to examine the effect of 
changes in vehicle front-end stiffness and the 
emergence of advanced restraint systems on the 
performance of rear seats relative to the front seats.   

The current paper examines the trends in rear seat 
occupant protection relative to front seat protection 
for changing vehicle designs and restraint systems.  
In addition, the paper examines the feasibility of 
improvement in rear seat adult occupant protection 
using advanced restraints similar to those available 
for the front seat. Sled tests were conducted with a 
rear seat sled buck of a representative mid-size 
vehicle with the Hybrid III 50th percentile male 
(AM50) and 5th percentile female (AF5) dummies.  
Mathematical simulations of the sled tests using 
MADYMO were also conducted to determine the 
effect of pretensioners and load limiters on the 
kinematics and injury measures of the dummies in 
the rear seat. This paper presents selected results of 
sled tests used to benchmark the computational 
model, as well as the full computational study.  

Additional sled tests are ongoing and will include 
testing with pediatric dummies, additional adult 
dummies, and adult cadaveric subjects with typical 
contemporary rear-seat restraints and advanced rear-
seat restraints. 
 
REAL WORLD DATA 
 
ANALYSIS OF FARS DATABASES 
 

Kuppa et al. (2005) conducted a double paired 
comparison study using the FARS data files for the 
years 1993-2003 to determine the risk of death of 
outboard rear seat occupants relative to the right front 
seat passenger.  The drivers in those crashes were 
used as the control group.  That analysis examined 
the fatality risk ratios for front and rear seat 
occupants by occupant age and restraint status.  The 
effects of advanced restraint systems for the front 
seat occupants and the increasing vehicle stiffness on 

the relative effectiveness of rear seats with respect to 
front seats were not examined in that study.  In 
addition, no attempt was made to examine the 
effectiveness of rear seats relative to front seats with 
respect to non-fatal injury.  The current study 
examines these issues by reanalyzing the FARS 
datafiles and also examining the State Data System 
files. 

The introduction rate of pretensioners and load 
limiters into the US vehicle fleet is presented in 
Figure 1. Before 1999, less than 10% of the vehicle 
fleet was equipped with a load limiter or a 
pretensioner.  Approximately 40% of the MY 1999 
vehicles were equipped with load limiters and 25% 
were equipped with load limiters and pretensioners. 
Among MY2002 vehicles, 56% were equipped with 
pretensioners and 74% equipped with load limiters.   

0%

20%

40%

60%

80%

100%

1990 1992 1994 1996 1998 2000 2002 2004
Model Year

P
er

ce
n

ta
g

e 
in

 F
le

et

Pretensioners Load Limiters

 
Figure 1.  Introduction of advanced belt restraints 
into the passenger and LTV fleet in the United States. 
 

As shown in Figure 1, there is a bilinear trend in 
advanced restraint fitment into the passenger car and 
LTV fleet, with a rapid increase starting at 
approximately model year 1998.  The review by 
Swanson et al. (2003) of NCAP tests indicated a 
similar increase in front-end stiffness of passenger 
cars during this time period.  Therefore, in order to 
examine the effect of advanced restraints and vehicle 
front-end stiffness on the relative effectiveness of 
rear seats with respect to front seats, two categories 
of vehicle model years were considered in this study:  
1991-1998 and 1999-2006.  

A double paired comparison analysis was 
conducted using the FARS data files for the years 
1993 to 2005 in a similar manner as described by 
Kuppa et al. (2005). In particular, the relative 
effectiveness of outboard rear seats compared to the 
front passenger seat for mitigating fatalities of 
restrained occupants was examined for the different 
model year categories and different age groups. 
Restrained outboard occupants involved in frontal 
crashes of MY 1991-2005 vehicles with no rollovers 
were considered.  The restrained driver was used as 
the control group for this analysis. 
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Two groups of fatal crashes were considered for 
the double paired comparison study.  The first group 
consisted of fatal crashes where a driver and front 
outboard right seat passenger were present and at 
least one of them was killed.  The second group 
consisted of fatal crashes where a driver and a rear 
outboard seat passenger were present and at least one 
of them was killed.  Each of these groups was further 
subdivided into different passenger age categories.   

If F1 and F2 are the number of driver and front 
passenger fatalities, respectively, from the first group 
and F3 and F4 are the number of driver and rear 
passenger fatalities from the second group, then the 
relative fatality risk ratio (R) and the effectiveness 
(E) for the rear seats relative to the front passenger 
seat is given by Equations 1 and 2 
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The standard error of the log of the risk ratio 
(standard error of the log odds = σ) and the error 
ranges in the effectiveness estimates are given by 
Equations 3 and 4 
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The results of the analysis are presented in 

Figures 2 and 3.  Note that all the vehicles of model 
years 1999-2006 are equipped with front passenger 
air bags, so the rear seat effectiveness for the 
condition of no passenger air bag could not be 
computed for this model year category.  

When the error bars in the effectiveness estimates 
presented in Figures 2 and 3 do not pass zero, it 
implies that the effectiveness estimate is significant 
(p<0.05).  The effectiveness estimates of rear seats 
relative to front passenger seats for vehicle models 
1991-1998 (Figure 2) are similar to that reported 
earlier by Kuppa et al. (2005).  Occupants older than 
50 years have a lower risk of death in a frontal crash 
when sitting in the front passenger seat than in rear 
seats.  The data presented in Figure 3 suggest that the 
effectiveness of rear seats relative to the front seats is 
lower for the newer vehicle models than the older 
models, though the sample size is not yet sufficient to 

yield a statistically significant difference. 
Presumably, advances in front-seat restraint 
technology are at least a partial explanation for this 
trend. 
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Figure 2. Effectiveness of outboard rear seats 
compared to front outboard passenger seats with and 
without front passenger air bag in mitigating fatalities 
for restrained occupants in MY 1991-1998 vehicles. 
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Figure 3. Effectiveness of outboard rear seats 
compared to front outboard passenger seats in 
mitigating fatalities for restrained occupants in MY 
1991-1998 and MY 1999-2005 vehicles (all vehicles 
equipped with air bags). 
 

In order to augment the FARS analysis, state data 
files from the Pennsylvania, Maryland, and Florida 
were analyzed to determine relative injury risk 
(including non-fatal injuries) between front and rear 
seat passengers. The state data files are a compilation 
of all police accident reports (PARs) of crashes that 
meet a certain set of criteria.  The database contains 
information describing crash characteristics, and the 
vehicles and people involved.  The data from these 
three states were selected for analysis because the 
VIN numbers of the involved vehicles, the crash 
type, belt status of occupants, the occupant injury 
severity secondary to the crash, and details of the 
uninjured occupants were available in the data files.  
In Florida, the inclusion of a case into the state 
database is at the discretion of the police officer, 



Kent, 4 

while in Maryland and Pennsylvania at least one 
vehicle had to be towed for the case to be included in 
the State Data System.   

State data files for the years 1993-2003 were used 
to extract cases of vehicles (passenger cars and 
LTVs) of model years 1991 to 2005 involved in 
frontal crashes.  Only frontal crashes with no 
rollovers were considered in the analysis. The injury 
severity was grouped into two broad categories.  The 
occupant was classified into the �No Injury� category 
when he/she sustained no injury, or no evident injury, 
or evident but non-incapacitating injury. The 
occupant was classified into the �Injury� category if 
he/she sustained an incapacitating injury (defined as 
any injury that is fatal or prevents the injured person 
from walking, driving, or continuing normal activity 
that he/she was capable of performing prior to the 
vehicle crash).  

Again, a double paired comparison analysis using 
the driver as the control group was conducted to 
estimate the effectiveness (as defined by Equation 2) 
of the rear seat to mitigate incapacitating injury in 
frontal crashes compared to the front passenger seat.  
Restrained drivers and restrained outboard front and 
rear seat passengers were considered in the 
assessment of advanced restraints and vehicle 
stiffness on the injury risk ratio.  The analysis was 
conducted taking into consideration the passenger 
age, vehicle body type (passenger cars and LTVs), 
and vehicle model year (MY 1991-1998 and MY 
1999-2005).      
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Figure 4. Effectiveness of outboard rear seats 
compared to front outboard passenger seats in 
mitigating incapacitating injuries for restrained 
occupants in MY 1991-1998 and MY 1999-2005 
vehicles. 

The double paired comparison study of the state 
data indicates that older occupants (75+ years) are at 
greater risk of injury in the rear seats than in the front 
seats (Figure 4).  As in the Smith and Cummings 
(2005) study, the state data indicate that the 
protective effect of the rear seat position decreases 
with increasing passenger age.  The relative 

effectiveness of rear seats compared to the front 
passenger seat was lower in vehicle models 1999-
2005 than in vehicle models 1991-1998 for both cars 
and LTVs.  Due to the small sample size of crashes 
of LTVs and crashes involving newer vehicle models 
in the state data files, the relative effectiveness of rear 
seats for the newer vehicle models and for LTVs are 
not significant, but both the FARS data and the state 
data suggest that the introduction of advanced 
restraints and the greater vehicle front end stiffness 
may play a role in reducing the relative effectiveness 
of rear seats compared to front seats.   

 
PARAMETRIC STUDY OF RESTRAINT 
CHARACTERISTICS – METHODS 
 

The results of the field analyses described above, 
coupled with the findings from Kuppa et al. (2005) 
that the most frequently injured body region for 
restrained adults in the rear seat is the thorax with the 
source of injury being the shoulder belt, justify 
further study on the feasibility of incorporating front-
seat restraint technology (load limiting and 
pretensioning) into the rear seat environment.  There 
is an intrinsic tradeoff associated with seat belt load 
limiting: head excursion increases as chest 
deformation decreases.  This tradeoff is managed in 
the front seat by load sharing with the air bag and 
knee bolster, which limits head excursion and 
mitigates head contacts with the interior vehicle 
structure.  The front seat pan can also be designed to 
restrict pelvic motion, providing another load-path 
for restraint and allowing further control of occupant 
kinematics.  In the rear seat there is no air bag to limit 
head motion, there is less control of knee motion, and 
the seat pan geometry is dictated largely by the 
structural requirement of the vehicle chassis.  Thus, 
the belt design alone must address most of the 
challenge of reducing chest deflection without 
allowing excessive head excursion.  As a preliminary 
assessment of this tradeoff in the rear seat 
environment, a computational parametric study was 
undertaken. 

MADYMO version 6.3.1 was used to simulate 
frontal (12:00 PDOF) impacts with Hybrid III 50th 
percentile male (AM50) and 5th percentile female 
(AF5) dummies seated in the outboard rear seating 
position of a contemporary mid-size sedan (Figure 5).  
The MADYMO model used in the parametric study 
was developed using the data collected during a 
series of rear-seat sled tests of AM50 and AF5 
dummies.  Three tests were conducted with each 
dummy at each of two impact velocities, 29 km/h and 
48 km/h.  Data collected during these tests included 
head, chest, and pelvis acceleration, chest deflection, 
neck loads and moments, femur loads, and belt loads.  
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High-speed video was used to capture the motion of 
the occupants, as well the shoulder belt retractor 
payout and belt slip at the buckle.  The baseline 
MADYMO model for each occupant was evaluated 
against these measurements for the case of no belt 
load limit and zero pretentioner stroke for the 29 
km/h and 48 km/h conditions, placing higher 
importance on head excursion and chest deflection.  
Additional benchmarking characteristics included 
chest acceleration, shoulder belt retractor payout, and 
belt loads.  The initial positions of the head and H-
point, as well as the angles of the H-point, torso, 
femur, and tibia, were adjusted to mimic the initial 
occupant position from the sled tests.  At this 
position, the face of the 50th percentile male is 
540mm from the rear surface of the headrest on the 
front passenger seat in its rearmost fore-aft track 
adjustment position.  In other words, in the sedan 
considered here, the head strikes the front seat back, 
in its rear-most fore-aft adjustment position at a 
forward excursion of Xh = 540 mm (Figure 5).  This 
distance is used as representative of a minimum level 
of available excursion distance in a typical mid-size 
passenger car.   

 
 

Figure 5.  MADYMO rear-seat occupant model with 
AM50 (top) and AF5 (bottom).  Front seat is in the 
rear-most fore-aft adjustment position. 
 

The model used a hybrid belt system made up of 
finite element lap and shoulder belts connected with 
standard MADYMO belt elements.  These elements 
allowed belt slip between the lap and shoulder belts 
at the buckle and included a force-payout 
characteristic to capture the film spool effect at the 
retractor.  The force-payout characteristic was 

determined from data collected during the rear-seat 
sled tests.  The force was measured by the upper 
shoulder belt load cell, while the payout was 
measured by a high-speed camera focused on the 
shoulder belt, which was marked incrementally at the 
retractor.  Modifications to the retractor, buckle, and 
lap belt attachment points allowed for pretension at 
any combination of these locations.  When active, the 
pretensioners triggered at 12ms after the onset of the 
acceleration pulse (Figure 6).  

The parameters considered and the values used in 
the simulations are listed in Table 2.  All possible 
combinations of values were simulated.  Future work 
will include additional impact speeds and occupant 
sizes (including children), as well as an assessment of 
injury tradeoffs with outcomes weighted for field 
exposure.  For this preliminary study, however, the 
goal was to identify sets of parameters that hold 
potential for improving the performance of the 
baseline restraint condition.  Two primary outcome 
metrics were considered in this assessment.  First, 
since the field data indicate an increase in chest 
injury for older occupants, the maximum chest 
deflection (Cmax) was considered.  Second, since the 
clear tradeoff with belt load limiting is an increase in 
head excursion, the maximum forward (X-axis) 
displacement of the head center-of-gravity relative to 
the vehicle (Xh) was considered.   
 

Rear Seat Sled Test Crash Pulses

-5

0

5

10

15

20

25

0 50 100 150 200
Time [ms]

A
cc

el
er

at
io

n 
[g

]

29km/h
38km/h
49km/h

 
 

Figure 6. Sled pulses (sled and MADYMO). 
 

A statistical analysis of the simulation data was 
conducted using general linear models.  Regression 
and MANOVA analyses were performed, and mean 
injury measures were compared for different levels of 
the independent variables (load limit, ∆V, 
pretensioner location(s), and stroke), taking into 
consideration main and interaction effects.  All 
covariates were considered to be fixed effects.  The 
dependent variables considered in the statistical 
analysis were Xh, HIC15, maximum chest 
acceleration, and Cmax. 
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Table 2. Parameters and values considered in 
simulation matrix. 

Parameter Values simulated 
Occupant AM50, AF5 
Sled ∆V (km/h) 29, 38, 48 
Load limit (kN) 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 8, None 
Pretensioner 
arrangement 

1 - Buckle only,  
2 - retractor only,  
3 - buckle + retractor,  
4 - buckle + retractor + lap 

Pretensioner 
stroke (mm)* 

0, 25, 50, 75 

*In simulations with multiple pretensioners, all 
pretensioners had the same stroke. 

 
SIMULATION RESULTS 
 
BENCHMARKING OF MODEL 
 

Figure 7 illustrates the general agreement between 
the MADYMO model and the test data.  The chest 
deflection, shoulder belt tension, and chest 
acceleration are shown at 29 km/h and 48 km/h with 
the baseline (no load limiting, no pretensioning) 
restraint system.  Figure 8 shows images throughout 
the 48 km/h impact sequence, illustrating the 
kinematic behavior of the model relative to the sled 
tests. 
 
ANALYSIS OF VARIANCE AND OUTCOMES 
 

The statistical analysis indicated that impact 
velocity and load limit had significantly greater 
influence on injury measures for both dummies than 
did pretension stroke and arrangement.  Impact speed 
had greater influence on Xh, HIC15 and chest 
acceleration than did load limit, while Cmax was 
mainly influenced by load limit.  Increase in 
pretension stroke reduced Xh and HIC15, but had 
minimal effect on chest acceleration and Cmax.  
Buckle pretensioning had higher Xh and HIC15 than 
other pretension arrangements, with arrangement 4 
(lap+retractor+buckle) having significantly lower Xh 
and HIC15 than the other arrangements.  Finally, the 
sensitivity of injury measures to load limit increased 
at higher ∆V, but the sensitivity of Xh and HIC15 to 
pretension stroke and arrangement was not 
significantly changed for different ∆V. 
 
DESCRIPTIVE ANALYSIS � AM50 
 
The baseline restraint condition resulted in AM50 
Cmax of 22.7 mm, 26.0 mm, and 29.9 mm at 29 km/h, 
38 km/h, and 48 km/h, respectively.  The maximum 
AM50 Xh at those three speeds was 138 mm, 178 
mm, and 224 mm, respectively.  In only two 

situations (2 kN limit with a single pretensioner, 0 
and 25 mm of stroke, 48 km/h) was Xh sufficient to 
allow the AM50 head to strike the front seat back in 
its rearmost position.  The head impact velocity 
relative to the seat back was 6.7 and 7.6 m/s in those 
cases, but they are not considered to be restraint 
conditions likely to be used in the fleet. Furthermore, 
head strike is not a valid criterion for limiting head 
excursion; variability in vehicle geometry, occupant 
positioning, collision obliquity, and other factors not 
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Figure 7.  Benchmarking the MADYMO models, 
with test data in solid blue and MADYMO data in 
red circles.
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Figure 8.  Comparison of computational and 
experimental kinematics for the AM50 (left) and the 
AF5 (right). 
 

considered in these simulations require a more 
conservative approach to establishing an allowable 
Xh threshold.  Though some increase in Xh relative to 
the baseline is probably tolerable, the initial 
presentation of these results will consider only those 
sets of restraint conditions that reduced both Xh and 
Cmax relative to the baseline values.  These sets of 
restraint conditions will be referred to as �improved� 
restraints.  At 29 km/h, there were 101 sets of 
conditions that were �improved�, at 38 km/h there 
were 69, and at 48 km/h there were 44.  There were 
42 sets of conditions that were �improved� at all 
three speeds (Table 3). 

Due to the low occupancy rates in the rear seat, it 
is desirable to minimize the cost of any restraint that 
is used there, so these �improved� sets of restraint 
parameters must be evaluated in that light.  The most 
expensive component of a restraint system is the 

pretensioner, so �improved� restraints that involve 
fewer pretensioners would be more economically 
feasible for implementation in the rear seat.  
Unfortunately, as expected there were no sets of 
restraint conditions that reduced both Xh and Cmax at 
all speeds without the use of at least one pretensioner.  
There was also, as expected, a clear tradeoff between 
belt load limiting and the amount of pretensioning 
needed to satisfy the definition of �improved.�  The 
�improved� restraint having the lowest load limit (4.5 
kN) required two or three pretensioners, each with 75 
mm of stroke, in order to qualify as �improved�.  Of 
�improved� systems having a single pretensioner, the 
lowest load limit was 5.5 kN, and the required 
pretensioner stroke was 75 mm.  The buckle 
pretensioner was less effective at limiting Xh relative 
to the retractor pretensioner, but was more effective 
at reducing Cmax.  Given the distance available prior 
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to head contact with the front seat back (540 mm), 
and the importance of thoracic injuries identified in 
the field data portion of this study, this tradeoff is an 
important area for additional study.  If the buckle  
 
Table 3. Conditions (AM50) that reduced both Xh 
and Cmax at all speeds relative to baseline (bold).  
Systems discussed in the text are in italics. 
Load 
limit 
(kN) 

Preten. 
arrange-
ment 

Preten. 
stroke  
(mm) 

Xh  

(mm)* 
Cmax  

(mm)* 

None None 0 138,178,224 22.7,26.0,29.9 
4.5 3 75 56,115,219 18.8,20.7,20.6 
4.5 4 75 45,99,195 19.4,21.7,21.1 
5 3 50 72,123,221 19.0,21.2,21.5 
5 4 50 71,124,221 19.3,21.8,22.7 
5 3 75 55,103,191 19.2,21.9,21.5 
5 4 75 39,88,170 19.3,23.1,22.9 

5.5 3 50 67,114,201 19.4,22.5,23.4 
5.5 4 50 62,121,194 18.9,22.8,23.7 
5.5 1 75 103,137,219 17.3,18.2,17.7 
5.5 2 75 65,111,201 21.2,25.0,25.2 
5.5 3 75 51,98,169 19.2,22.5,22.6 
5.5 4 75 39,84,150 19.7,23.4,24.0 
6 3 25 100,148,224 20.6,24.1,24.7 
6 4 25 101,146,222 20.5,24.2,24.7 
6 1 50 87,123,205 16.8,19.6,19.4 
6 2 50 91,133,219 21.9,25.9,26.6 
6 3 50 63,102,177 19.2,22.2,23.9 
6 4 50 66,104,177 19.8,21.8,25.0 
6 1 75 94,125,203 17.4,17.7,18.5 
6 2 75 64,110,184 21.2,25.4,26.7 
6 3 75 47,97,148 19.3,22.3,23.1 
6 4 75 36,77,135 19.9,23.6,25.5 
8 1 25 107,142,197 20.8,23.9,27.8 
8 3 25 94,131,187 21.0,24.0,28.6 
8 4 25 92,137,183 20.7,24.9,27.8 
8 1 50 80,118,158 17.6,20.6,22.6 
8 3 50 54,92,138 19.6,22.9,25.7 
8 4 50 60,95,143 20.0,22.6,26.8 
8 1 75 88,112,160 18.4,18.1,21.3 
8 2 75 58,97,148 21.6,25.1,29.4 
8 3 75 43,78,136 19.9,21.8,26.3 
8 4 75 33,64,121 20.4,23.5,26.9 

None 1 25 107,142,197 20.8,23.9,27.8 
None 3 25 90,131,171 21.0,24.7,28.5 
None 4 25 88,133,176 21.0,24.9,28.0 
None 1 50 81,106,152 18.2,20.7,23.0 
None 3 50 55,90,149 20.0,23.1,26.5 
None 4 50 49,93,147 19.7,22.6,26.4 
None 1 75 82,109,150 17.8,18.3,21.5 
None 2 75 55,91,141 21.9,25.6,29.3 
None 3 75 41,84,116 20.0,23.0,25.8 
None 4 75 30,62,113 20.5,23.8,27.2 
*The three values listed in the cell correspond to the 
test speeds 29 km/h (left), 38 km/h (middle), and 48 
km/h (right) 

pretensioner can indeed provide a substantial 
reduction in Cmax, it may be a desirable alternative to 
the retractor pretensioner.  Even though the buckle 
pretensioner allowed more Xh in these simulations, 
the Xh generated with either pretensioner is well 
below a tolerable level.  

In order to represent the maximum chest 
deflection from the simulations in terms of risk of 
thoracic injury,  the AIS 3+ chest injury risk model 6 
of Laituri et al. (2005) for AM50 is used.  The Laituri 
injury risk function (Equation 5) using occupant age 
and the AM50 Cmax were derived from sled test data 
with cadaveric subjects and the AM50 at different 
impact velocites.  The AIS 3+ injury risk function 
was verified against real world thoracic injury risk 
considering different impact velocities and occupant 
age and gender.   
 

)568.105861.0597.12( 4612.0
max1

1
)3(

CAgee
AISp

++−−+
=+    [5] 

As mentioned above, no system without a 
pretensioner was �improved� relative to the baseline.  
Of systems without a pretensioner, however, there are 
some systems that may be considered as reasonable 
alternatives to the baseline since they reduce chest 
injury risk with a potentially allowable increase in 
Xh.  At 5.5 kN of load limiting with no pretensioning,  
for example, Xh increased by 80 mm relative to the 
baseline, but Cmax decreased from 29.9 mm to 23.5 
mm. Using Equation 5 with the Cmax in Table 3, this 
results in a risk reduction from 21.9% to 11.3% for a 
person of age 65.  Since the head remains more than 
230 mm from the front seat back at its maximum 
point of excursion, this level of load limiting may be 
a reasonable option for the rear seat, even without the 
use of a pretensioner.  The tradeoff between Xh and 
chest injury risk (based on the Laituri model of Cmax) 
in 29, 38, and 48 km/h impacts for different types of 
pretensioning is illustrated in Figure 9. While Table 3 
includes only restraints that reduced both chest 
deflection and head excursion, the plots in Figures 9-
11 include all the simulation results (Appendix A).  
As shown in Figure 9, there is a clear tradeoff 
between chest risk and head excursion, and this 
tradeoff exists at all three impact speeds.  As the belt 
force limit is reduced, the chest risk decreases and the 
head excursion increases.  An exponential regression 
to the AM50 data points reveals a slightly concave-
up characteristic to the trend, indicating that the most 
gain in chest risk reduction is made before the head 
approaches the excursion limit.  As the head 
approaches 540 mm of excursion, the slope of the 
tradeoff curve has flattened, and in some cases has 
actually become positive since the extreme forward 
torso pitch allowed by those low-force belts allows 
thoracic loading from the thighs.  In contrast, the AF5 
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tradeoff exhibits a trend that is virtually linear 
(Figure 10).  Presumably, this is due to the smaller 
head excursion values experienced by that occupant.    
 
 
DESCRIPTIVE ANALYSIS � AF5 
 

In general, Cmax and Xh were lower for the AF5 
than for the AM50.  The baseline restraint condition 
resulted in AF5 Cmax of 15.6 mm, 18.5 mm, and 21.6 
mm at 29 km/h, 38 km/h, and 48 km/h, respectively.  
The maximum AF5 Xh at those three speeds was 153 
mm, 177 mm, and 201 mm, respectively.  None of 
the simulations resulted in sufficient Xh to allow head 
contact with the front seat back.  As with the AM50 
results, there were many sets of restraint parameters 
that reduced both Xh and Cmax relative to the baseline 
(Appendix A).  At 29 km/h, there were 115 sets of 
conditions that were �improved�, at 38 km/h there 
were 96, and at 48 km/h there were 77.  As with the 
larger dummy, there were no restraint conditions that 
reduced both Xh and Cmax at all speeds without a 
pretensioner.   

The AF5 experienced less Xh than the AM50 for 
the same set of restraint parameters.  Thus, the AM50 
is the more appropriate model for assessing the 
minimum acceptable belt load limit.  The AF5 results 
are more useful as an indication of the degree of 
thoracic benefit that can be realized by a smaller 
occupant if the belt loads are reduced to a level that 
retains sufficient head restraint for the AM50.  As 
discussed above, 5.5 kN was the lowest belt load 
limit for a single-pretensioner system that was 
�improved� relative to the baseline.  This system (5.5 
kN, buckle pretensioner with 75-mm stroke) provided 
a safety benefit to the AF5, as well.  Head excursion 
was reduced at all impact speeds, and Cmax was 
reduced to 13.9 mm, 16.6 mm, and 19.8 mm.  These 
gains are modest, however, and argue for a lower 
load limit even at the expense of some increased Xh 
for the AM50 � particularly since the AF5 is a better 
representation of the size of occupants typically in 
the rear seat.  When the same pretensioner was used 
with the load limit decreased to 3 kN, the AF5 Cmax 
dropped to 12.9 mm, 14.7 mm, and 16.8 mm.  The 
tradeoff in AM50 Xh may be tolerable even at this 
relatively low load limit.  At 48 km/h, the AF5 Xh 
remained below 280 mm, and the AM50 Xh was 
below 400 mm (i.e., nearly 150 mm clearance 
remained before the AM50 head contacted the front 
seat back).  The AM50 Cmax benefit was also 
substantial at 3 kN with the 75-mm buckle 
pretensioner, dropping to 13.7, 13.0, and 14.1 mm for 
the three speeds considered.  That load limit is 
probably not acceptable without a pretensioner, 

however, since the AM50 Xh approached 480 mm at 
48 km/h (Figure 10, Figure 11).   
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Pareto tradeoff curve - 50th male Hybrid III
(All systems with single buckle pretensioner)
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Pareto tradeoff curve - 50th male Hybrid III
(All systems with single retractor pretensioner)
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Figure 9. Tradeoff curves for all AM50 simulations 
involving restraints with no pretensioning (top), a 
single 75-mm buckle pretensioner (middle), and a 
single 75-mm retractor pretensioner (bottom).  Note 
change in scale of the ordinate. 
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Pareto tradeoff curve - 5th female Hybrid III
(All systems with no pretensioner)
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Pareto tradeoff curve - 5th female Hybrid III
(All systems with single buckle pretensioner)
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Pareto tradeoff curve - 5th female Hybrid III
(All systems with single retractor pretensioner)
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Figure 10. Tradeoff curves for all AF5 simulations 
involving no pretensioning (top), a single 75-mm 
buckle pretensioner (middle), and a single 75-mm 
retractor pretensioner (bottom).  Note that the Laituri 
injury risk curve applied here for the AF5 was 
developed for the AM50. 
 
 
 
 
 

DISCUSSION AND CONCLUSIONS 
 
FIELD STUDY 
 

Smith and Cummings (2004) estimated the risk 
ratio for death and serious injury for rear seat 
passenger compared to front seat passengers in motor 
vehicle crashes using the National Automotive 
Sampling System-Crashworthiness Data System 
(NASS-CDS) data files.  They estimated that the rear 
seat passenger position may reduce the risk of death 
in a motor vehicle crashe by about 39%.  Cummings 
imputed missing data in this survey sample and 
included crashes involving vehicles of model years 
1948-2001. In general, older vehicle models are 
involved in more severe crashes than newer models.  
Thus, the inclusion of very old models in that 
analysis may have biased the sample towards more 
severe crashes involving vehicle models with poor 
crashworthiness compared to newer vehicle models.  
Later, those authors (Smith and Cummings 2005) 
performed a matched cohort study using the FARS 
database, though still with older vehicles included, 
and found greater rear seat effectiveness estimates 
than those found either by Kuppa et al. (2005) or in 
the current study.  Limiting vehicle model year to 
1991 and newer has the dis-benefit of reducing the 
sample size, but also increases the number of 
advanced, front-seat restraint systems considered in 
the analysis.  This difference in model year inclusion 
criterion is a likely explanation for the lower rear seat 
effectiveness found here and by Kuppa et al. (2005) 
compared to the Smith and Cummings papers. 

Evans (1991) and others have documented the 
safety benefit that rear-seat occupants enjoy relative 
to front-seat occupants.  This benefit has been 
attributed to several characteristics of the rear-seat 
environment, including the distance from the striking 
vehicle in a frontal crash, and the relatively pliant 
structure of the front seat backs.  The results of the 
current field study, however, indicate that this long-
standing truism of automobile safety is becoming less 
certain, and for older adults is no longer true.  As the 
front seat environment has evolved to incorporate 
more effective restraint systems, it has gotten closer 
to the safety of the rear seat.  While this results in an 
overall benefit to all occupants, it invites research 
into how these advanced technologies might be 
incorporated into the rear seat, especially with the 
encouraging performance of load limiters in the front 
seat environment (Foret-Bruno et al. 1978, 1998, 
2001, Kent et al. 2001).  With a comparable restraint 
system, it may be possible to increase rear seat 
effectiveness (relative to the front seat) back to the 
levels it had in older model vehicles, which would be 
a further benefit to the overall vehicle fleet.  Thus, a 
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reasonable conclusion from this work is that 
additional research is justified into methods for 
reducing thoracic injury risk in the rear seat by 
incorporating restraint concepts currently offered in 
the front seat.  A preliminary computational study 
illustrated the feasibility of such a strategy. 
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75-mm Buckle Pretensioner, ∆V=48 km/h
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75-mm Retractor Pretensioner, ∆V=48 km/h
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Figure 11. Effect of load limiting at 48 km/h ∆V for 
systems without pretensioning (top), with a single 
buckle pretensioner (middle), and with a single 
retractor pretensioner (bottom). 
 
 

SIMULATIONS AND RESTRAINT DESIGN FOR 
THE REAR SEAT 
 

The simulations considered here indicate that a 
belt load limit as low as 3 kN may sufficiently limit 
head excursion for the AM50 in a typical sedan at 48 
km/h ∆V if a buckle pretensioner with 75-mm of 
stroke is used.  This load limit and pretensioner 
would substantially reduce chest injury risk for older 
occupants of both sizes studied, while maintaining 
the head at least approximately 150 mm from the 
front seat back in all cases considered here.  The 
results of this study, albeit limited in scope, indicate 
potential benefits for chest injury reduction with head 
excursion tradeoffs that are likely acceptable.   

This study should not, however, be interpreted as 
a comprehensive assessment of rear-seat restraint 
design and performance.  Additional work is ongoing 
in our laboratory to study the response of children in 
booster seats, and to expand these simulation results 
by including physical tests of both dummies and 
human cadavers.  The primary goal of this simulation 
study was to assess the feasibility of load limiting in 
the rear seat, where an air bag and knee bolsters are 
not available for load sharing in a frontal collision.  
This work indicates that the consequences with 
respect to head excursion are likely not intractable if 
a load limiting belt is used to reduce chest injury risk 
in the rear seat.  Even without a pretensioner, fairly 
low belt load limits generated a substantial reduction 
in chest injury risk for the elderly AM50 without an 
unacceptable increase in head excursion.  If a 
pretensioner is economically feasible in the rear seat, 
then the belt load limits, and hence the chest 
deflection generated by the belt during the crash, are 
reduced further.  Further analysis will examine the 
feasibility of an optimized belt system in protecting 
larger occupants as well as children.  In the latter 
case, a study conducted by Van Rooij et al. (2003) 
demonstrated that the implementation of a 
pretensioner and a 4 kN force limiter can reduce the 
injury risk to a 6 year-old occupant without allowing 
a head excursion in excess of the FMVSS 213 limit. 

Of course, prior to implementation of these 
restraint concepts into the rear seat, additional work 
is necessary to understand the consequences of 
occupant mis-positioning, non-frontal collisions, non-
planar collisions, and vehicle geometries unlike that 
considered here.  The front seat experience may 
guide some of that work, but the differences in 
occupancy rate and occupant types must be 
considered. 

Finally, the limitations of the Hybrid III family of 
dummies, their associated injury criteria, and their 
implementation into the MADYMO package must be 
considered in the interpretation of these results.  
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Significant challenges to the interpretation of these 
models, especially for use in the refinement of belt 
load limiting characteristics, have been identified in 
the literature (e.g., Morgan et al. 1994, Kuppa and 
Eppinger 1998, Butcher et al. 2001, Petitjean et al. 
2002, Kent et al. 2003).   
 
 
REFERENCES 
                                                                   
Butcher, J., Shaw, G., Bass, C., Kent, R., Crandall, J. 
(2001) Displacement measurements in the Hybrid III 
chest. Paper No. 2001-01-0118, Society of 
Automotive Engineers, Warrendale, PA. 
 
Evans, L. (1991) Traffic Safety and the Driver. Van 
Nostrand Reinhold, New York. 
 
Foret-Bruno, J-Y., Hartemann, F., Thomas, C., 
Fayon, A., Tarriere, C., Got, C. (1978) Correlation 
between thoracic lesions and force values measured 
at the shoulder belt of 92 belted occupants involved 
in real accidents. Paper 780892, 22nd Stapp Car 
Crash Conference, Society of Automotive Engineers, 
Warrendale, PA. 
 
Foret-Bruno, J-Y., Trosseille, X., Le Coz, J-Y., 
Bendjellal, F., Steyer, C. (1998) Thoracic injury risk 
in frontal car crashes with occupant restrained with 
belt load limiter.  Proc. 42nd Stapp Car Crash 
Conference, pp. 331-952., Paper 983166.  Society of 
Automotive Engineers, Warrendale, PA. 
 
Foret-Bruno, J-Y., Trosseille, X., Page, Y., Huere, J-
F, Le Coz, J-Y., Bendjellal, F., Diboine, A., 
Phalempin, T., Villeforceix, D., Baudrit, P., 
Guillemot, H., Coltat, J-C (2001) Comparison of 
thoracic injury risk in frontal car crashes for 
occupants restrained without belt load limiters and 
those restrained with 6 kN and 4 kN belt load 
limiters. Stapp Car Crash Journal 45:205-224. 
 
Kent, R. W., Crandall, J. R., Bolton, J. R., Nusholtz, 
G.S., Prasad, P., Mertz, H. (2001) The Influence of 
Superficial Soft Tissues and Restraint Condition on 
Thoracic Skeletal Injury Prediction,  Stapp Car Crash 
Journal, Vol. 45, pp. 183-204. 
 
Kent, R., Patrie, J., Benson, N. (2003) The Hybrid III 
dummy as a discriminator of injurious and non-
injurious restraint loading.  Annual Conference of the 
Association for the Advancement of Automotive 
Medicine, Des Plaines, IL. 
 

Kuppa, S. and Eppinger, R. (1998) Development of 
an improved thoracic injury criterion. Paper 983153, 
Proc. 42nd Stapp Car Crash Conference. 
 
Kuppa, S., Saunders, J., Fessahaie, O. (2005) Rear 
seat occupant protection in frontal crashes. Paper No. 
05-0212, Nineteenth ESV Conference, Washington 
DC. 
 
Laituri, T., Prasad, P., Sullivan, K., Frankstein, 
M.,Thomas, R. (2005) Derivation and evaluation of a 
provisional, age-dependent, AIS 3+ thoracic risk 
curve for belted adults in frontal impacts. Paper 
2005-01-0297, Society of Automotive Engineers, 
Warrendale, PA. 
 
Morgan, R., Eppinger, R., Haffner, M., Yoganandan, 
N., Pintar, F., Sances, A., Crandall, J., Pilkey, W., 
Klopp, G., Dallieris, D., Miltner, E., Mattern, R., 
Kuppa, S., Sharpless, C. (1994) Thoracic trauma 
assessment formulations for restrained drivers in 
simulated frontal impacts. Paper number 942206, 
Proc. 38th Stapp Car Crash Conference, pp. 15-34. 
 
NHTSA, Traffic Safety Facts, 1998-2005. 
http://www-nrd.nhtsa.dot.gov/CMSWeb/ 
listpublications.aspx?Id=E&ShowBy=DocType.  
Accessed Jan. 18, 2007. 
 
NHTSA, Five Star Crash Test and Rollover Rating, 
http://www.nhtsa.dot.gov/ncap/index.cfm. Accessed 
Jan. 18, 2007. 
 
Petitjean, A., Lebarbe, M., Potier, P., Trosseille, X., 
Lassau, J. (2002)  Laboratory reconstructions of real 
world frontal crash configurations using the Hybrid 
III and THOR dummies and PMHS. Paper Number 
2002-22-0002, Stapp Car Crash Journal, 46:27-54. 
 
Smith, K., Cummings, P. (2004) Passenger seating 
position and the risk of passenger death or injury in 
traffic crashes. Accident Analysis and Prevention, 
36:257-260. 
  
Smith, K., Cummings, P. (2005) Passenger seating 
position and the risk of passenger death in traffic 
crashes: A matched cohort study. Injury Prevention, 
12:83-86. 
 
Swanson, J., Rockwell, T., Beuse, N., Summers, L., 
Summers, S., Park, B., (2003) Evaluation of Stiffness 
Methods from the U.S. New Car Assessment 
Program, Paper No. 03-0527, Eighteenth ESV 
Conference, Nagoya, Japan. 
 



Kent, 13 

van Rooij, L., Sherwood, C., Crandall, J., 
Orzechowski, K., Eichelberger, M. (2003) The  
effects  of  vehicle  seat  belt  parameters  on  the  
injury  risk  for children in booster seats. Paper 2003-
01-0500, Society of Automotive Engineers, 
Warrendale, PA. 
 
Walz, M., 2003. �NCAP Test Improvements with 
Pretensioners and Load Limiters,� NHTSA Report, 
DOT HS 809-562, Washington, DC. 
 



Kent, 14 

APPENDIX A.  Simulation Results 
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None None 0 138 178 224 22.7 26.0 29.9 NA 153 177 201 15.6 18.5 21.6 NA NA 

2000 1 0 283 432 558 11.3 11.6 23.5  219 331 474 13.0 14.6 16.7   

2000 1 25 245 396 537 11.2 11.5 20.5  170 285 429 11.8 13.5 16.0   

2000 2 25 259 410 548 11.8 12.0 21.6  156 251 393 11.6 13.0 16.0   

2000 3 25 229 383 528 11.3 11.3 20.0  178 261 387 12.5 13.5 15.6   

2000 4 25 221 377 526 10.8 11.4 21.3  191 307 457 12.9 13.7 16.8   

2000 1 50 222 369 519 10.1 10.6 17.6  157 279 431 12.4 13.7 17.5   

2000 2 50 227 385 534 11.7 13.0 19.8  127 248 403 12.6 13.7 17.1   

2000 3 50 186 340 503 11.1 11.6 17.6  156 271 420 12.3 13.3 16.6   

2000 4 50 183 332 496 11.6 12.5 18.9  130 231 369 11.9 13.7 16.3   

2000 1 75 208 351 502 10.1 10.9 15.5  125 222 352 12.6 13.8 15.7   

2000 2 75 195 358 519 12.0 13.6 17.8  148 257 401 12.3 13.5 16.9   

2000 3 75 156 303 476 11.9 11.8 15.4  137 234 367 12.6 14.2 16.7   

2000 4 75 125 283 459 12.8 12.8 15.7  131 234 363 14.1 14.9 17.8   

2500 1 0 242 377 518 13.4 13.5 19.3  189 280 408 13.5 15.6 17.2   

2500 1 25 205 339 490 13.4 13.0 16.7  144 232 356 13.0 13.9 15.7   

2500 2 25 215 353 503 13.7 14.2 17.2  138 202 325 12.5 14.5 16.6   

2500 3 25 189 324 479 13.7 13.0 15.9  153 218 324 12.8 14.2 15.4   

2500 4 25 183 318 476 13.2 13.2 16.4  162 256 385 14.0 15.6 17.6   

2500 1 50 179 308 466 11.9 11.9 13.4  130 224 359 13.9 15.4 17.2   

2500 2 50 184 325 483 14.5 15.0 16.4  100 191 326 13.6 15.8 16.8   

2500 3 50 143 275 444 13.3 13.2 14.3  131 217 346 13.5 14.1 16.0   

2500 4 50 142 274 438 13.3 14.1 15.7  114 179 297 12.1 14.3 17.0   

2500 1 75 169 293 450 11.7 11.7 13.3  101 166 279 13.0 14.5 18.1   

2500 2 75 149 294 461 14.6 15.7 17.3  127 209 331 13.2 14.5 17.2   

2500 3 75 112 237 407 13.9 13.6 14.2  120 189 301 14.3 15.1 17.4   

2500 4 75 87 214 382 15.2 14.8 14.8  101 184 290 15.3 16.1 18.3   

3000 1 0 211 334 476 15.8 15.5 17.3  174 244 354 14.1 17.3 18.3   

3000 1 25 175 292 440 15.1 13.8 15.2  129 195 299 13.8 15.2 16.7   

3000 2 25 183 308 455 16.5 16.1 16.9  131 168 267 13.0 15.1 18.5   

3000 3 25 158 275 430 15.5 14.6 15.8  145 194 280 12.9 14.7 16.8   

3000 4 25 154 274 427 16.1 15.2 15.4  147 218 328 14.6 16.7 18.1   

3000 1 50 148 261 411 13.5 13.3 14.7  118 186 300 14.1 16.8 17.7   

3000 2 50 151 277 431 17.1 17.0 18.0  89 152 266 13.8 15.9 17.7   

3000 3 50 115 229 386 15.6 15.5 16.1  119 181 288 14.1 15.1 17.5   

3000 4 50 113 226 382 15.1 15.6 16.5  107 146 240 12.5 14.9 18.0   

3000 1 75 145 253 394 13.7 13.0 14.1  84 137 224 13.3 15.4 16.7   

3000 2 75 120 239 399 17.2 17.1 19.1  116 173 275 13.7 14.9 18.5   

3000 3 75 83 191 344 16.1 15.4 15.9  106 161 249 13.6 16.3 17.7   

3000 4 75 59 166 318 16.5 16.8 16.7  84 150 239 16.1 16.8 19.4   

3500 1 0 190 297 435 18.1 17.2 17.4  162 215 308 14.6 17.1 18.9   

3500 1 25 154 255 393 17.1 16.1 16.3  115 164 253 14.6 16.1 18.4   

3500 2 25 161 270 412 18.5 18.0 18.7  106 143 220 13.6 16.0 18.5   

3500 3 25 138 240 379 17.3 17.0 17.3  144 178 242 13.3 15.4 18.2   
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3500 4 25 133 235 376 17.7 16.9 16.8  132 184 278 14.5 16.1 18.4   

3500 1 50 126 223 358 15.1 14.7 15.6  105 155 250 14.7 16.5 18.5   

3500 2 50 127 235 380 18.7 18.3 19.5  85 128 219 14.3 16.6 19.2   

3500 3 50 92 190 332 17.2 17.1 17.2  102 148 236 14.3 16.5 19.0   

3500 4 50 93 189 331 16.8 17.0 17.4  83 115 192 13.6 16.2 17.5 √  

3500 1 75 123 215 347 14.3 13.7 15.1  85 127 193 13.6 16.0 17.8 √  

3500 2 75 95 201 346 19.1 18.8 20.3  101 144 228 14.0 16.9 18.8   

3500 3 75 70 158 292 17.7 17.5 17.3  85 124 195 13.9 17.1 18.6 √  

3500 4 75 52 135 265 18.3 18.2 18.6  66 122 191 16.9 17.6 18.6   

4000 1 0 174 270 397 19.8 19.5 18.9  158 193 271 15.0 17.6 19.0   

4000 1 25 135 227 352 18.9 18.1 18.0  108 147 219 14.9 17.0 19.1   

4000 2 25 144 238 367 20.0 19.8 19.2  106 135 194 13.9 16.7 18.6 √  

4000 3 25 120 211 338 19.1 18.8 18.3  142 167 220 13.4 15.8 19.8   

4000 4 25 117 206 336 18.9 18.7 18.3  128 167 242 14.7 17.5 18.8   

4000 1 50 107 192 314 15.6 15.8 16.6  100 141 214 14.5 17.4 19.1   

4000 2 50 110 202 336 20.1 19.3 20.6  81 120 186 14.5 16.7 20.3 √  

4000 3 50 80 161 288 18.5 18.6 18.6  95 135 204 14.5 17.2 18.4   

4000 4 50 82 160 283 18.7 19.4 18.2  79 108 169 13.7 16.7 18.2 √  

4000 1 75 107 188 308 15.6 15.5 16.1  82 120 172 13.8 15.8 18.7 √  

4000 2 75 82 170 298 20.8 20.7 21.0  95 133 198 14.2 17.7 18.7 √  

4000 3 75 60 135 251 18.5 19.3 18.8  81 117 168 14.1 16.9 18.4 √  

4000 4 75 47 115 227 18.9 20.3 19.6  67 115 177 17.4 18.4 19.0   

4500 1 0 161 243 361 21.0 20.8 20.5  155 178 243 15.1 18.5 20.3   

4500 1 25 127 203 320 19.7 19.8 19.8  104 141 196 15.3 17.3 18.9 √  

4500 2 25 135 214 332 21.3 21.7 20.8  103 131 171 14.1 16.9 19.3 √  

4500 3 25 117 189 301 20.4 21.0 19.4  139 163 202 13.8 16.1 19.1   

4500 4 25 110 183 298 19.9 20.6 19.3  122 159 216 14.9 18.0 20.2   

4500 1 50 106 170 278 16.6 17.6 17.2  95 135 190 14.9 17.7 19.8 √  

4500 2 50 104 178 296 21.1 21.9 21.4  77 115 165 14.1 16.8 20.5 √  

4500 3 50 75 138 250 18.8 20.2 20.2  90 127 181 14.8 17.6 18.8 √  

4500 4 50 76 138 247 19.1 20.5 20.1  74 102 148 13.8 17.0 18.7 √  

4500 1 75 102 165 270 16.7 16.1 15.9  83 117 158 14.0 16.0 19.6 √  

4500 2 75 74 145 261 20.9 22.3 22.0  92 122 175 14.5 18.0 19.4 √  

4500 3 75 56 115 219 18.8 20.7 20.6 √ 78 114 152 13.9 16.7 19.1 √ √ 

4500 4 75 45 99 195 19.4 21.7 21.1 √ 67 114 163 17.9 18.7 19.9   

5000 1 0 157 222 329 21.3 22.7 21.6  151 177 222 15.3 18.8 21.0   

5000 1 25 120 181 284 20.0 21.1 20.0  100 134 178 15.4 17.4 19.5 √  

5000 2 25 127 192 301 21.7 23.1 23.2  100 126 159 14.3 17.0 19.8 √  

5000 3 25 108 170 272 20.4 22.1 21.3  137 161 189 14.0 16.2 19.4 √  

5000 4 25 105 167 269 20.0 22.3 21.5  120 153 198 15.2 18.2 21.1 √  

5000 1 50 97 151 248 16.9 18.4 17.9  92 134 173 14.9 18.2 20.4 √  

5000 2 50 97 158 264 21.3 23.6 22.7  73 113 159 14.1 17.1 20.4 √  

5000 3 50 71 123 221 19.0 21.2 21.5 √ 88 123 167 14.9 17.7 19.4 √ √ 

5000 4 50 71 124 221 19.3 21.8 22.7 √ 73 99 136 14.1 16.8 19.0 √ √ 

5000 1 75 98 146 245 16.7 16.3 17.3  80 116 150 14.2 16.2 19.3 √  

5000 2 75 72 127 232 20.9 23.9 24.2  90 120 161 14.9 17.9 20.4 √  

5000 3 75 55 103 191 19.2 21.9 21.5 √ 76 111 141 14.2 16.6 19.5 √ √ 

5000 4 75 39 88 170 19.3 23.1 22.9 √ 65 112 159 17.9 19.0 20.7   

5500 1 0 152 205 304 21.5 24.6 23.5  146 173 208 15.1 18.6 21.9   

5500 1 25 118 173 256 20.1 22.9 21.4  99 132 169 15.7 17.8 20.1   

5500 2 25 126 181 272 21.7 24.3 23.6  100 122 151 14.4 17.1 19.1 √  

5500 3 25 103 155 249 20.6 23.4 22.9  137 157 185 13.9 16.6 19.8 √  
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5500 4 25 103 151 246 20.2 23.6 23.4  119 148 188 15.2 18.4 22.2   

5500 1 50 91 137 226 16.7 19.7 18.8  90 129 165 15.0 18.3 21.0 √  

5500 2 50 90 145 241 21.6 24.6 24.6  76 111 154 14.4 17.0 20.0 √  

5500 3 50 67 114 201 19.4 22.5 23.4 √ 86 121 157 15.1 18.0 19.8 √ √ 

5500 4 50 62 121 194 18.9 22.8 23.7 √ 70 96 131 14.3 17.1 19.3 √ √ 

5500 1 75 103 137 219 17.3 18.2 17.7 √ 79 115 150 14.4 16.3 19.4 √ √ 

5500 2 75 64 111 201 21.2 25.0 25.2 √ 87 118 155 14.8 18.4 20.3 √ √ 

5500 3 75 51 98 169 19.2 22.5 22.6 √ 76 107 135 14.4 16.7 19.7 √ √ 

5500 4 75 39 84 150 19.7 23.4 24.0 √ 64 110 153 18.3 19.0 20.6   

6000 1 0 148 195 283 21.8 25.1 25.1  148 174 204 15.5 18.7 22.0   

6000 1 25 119 161 235 20.5 23.8 23.1  97 130 165 15.7 17.9 20.2   

6000 2 25 122 169 254 21.8 25.7 25.6  99 120 149 14.6 17.5 19.5 √  

6000 3 25 100 148 224 20.6 24.1 24.7 √ 136 156 180 14.1 16.8 19.4 √ √ 

6000 4 25 101 146 222 20.5 24.2 24.7 √ 117 147 182 15.5 18.3 21.7   

6000 1 50 87 123 205 16.8 19.6 19.4 √ 90 125 162 15.1 18.3 21.2 √ √ 

6000 2 50 91 133 219 21.9 25.9 26.6 √ 72 111 151 14.5 17.4 20.0 √ √ 

6000 3 50 63 102 177 19.2 22.2 23.9 √ 84 117 155 15.3 18.0 20.1 √ √ 

6000 4 50 66 104 177 19.8 21.8 25.0 √ 70 94 128 14.5 17.3 19.2 √ √ 

6000 1 75 94 125 203 17.4 17.7 18.5 √ 79 111 145 14.5 16.2 19.4 √ √ 

6000 2 75 64 110 184 21.2 25.4 26.7 √ 87 116 151 15.0 18.3 20.7 √ √ 

6000 3 75 47 97 148 19.3 22.3 23.1 √ 75 105 130 14.4 16.9 19.6 √ √ 

6000 4 75 36 77 135 19.9 23.6 25.5 √ 63 107 149 18.4 19.1 21.1   

8000 1 0 144 187 232 22.3 26.0 29.5  153 175 201 15.2 18.9 21.8   

8000 1 25 107 142 197 20.8 23.9 27.8 √ 110 143 171 15.1 18.1 20.1 √ √ 

8000 2 25 117 156 205 22.3 26.4 29.5  112 127 159 14.5 18.3 19.6 √  

8000 3 25 94 131 187 21.0 24.0 28.6 √ 135 150 174 14.5 17.3 19.2 √ √ 

8000 4 25 92 137 183 20.7 24.9 27.8 √ 127 155 187 15.4 18.1 21.2 √ √ 

8000 1 50 80 118 158 17.6 20.6 22.6 √ 96 131 170 14.8 17.9 20.7 √ √ 

8000 2 50 81 125 175 22.0 26.2 30.2  73 106 143 14.8 17.5 20.1 √  

8000 3 50 54 92 138 19.6 22.9 25.7 √ 99 130 163 15.2 17.9 19.4 √ √ 

8000 4 50 59 95 143 20.0 22.6 26.8 √ 90 107 139 13.9 17.4 19.1 √ √ 

8000 1 75 88 112 160 18.4 18.1 21.3 √ 78 107 140 14.8 17.3 19.0 √ √ 

8000 2 75 58 97 148 21.6 25.1 29.4 √ 94 119 157 15.7 18.2 19.9   

8000 3 75 43 78 136 19.9 21.8 26.3 √ 96 123 144 15.1 17.3 20.1 √ √ 

8000 4 75 33 64 121 20.4 23.5 26.9 √ 63 102 148 18.8 19.4 21.9   

10000 1 25 103 145 183 21.0 24.6 27.3 √ 108 141 167 15.4 18.3 20.3 √ √ 

10000 2 25 111 151 198 22.5 26.4 29.5  113 127 157 14.3 18.2 20.3 √  

10000 3 25 90 131 171 21.0 24.7 28.5 √ 134 149 173 14.6 17.6 19.4 √ √ 

10000 4 25 88 133 176 21.0 24.9 28.0 √ 124 153 185 15.7 18.3 20.9   

10000 1 50 81 106 152 18.2 20.7 23.0 √ 95 131 163 15.3 18.0 20.6 √ √ 

10000 2 50 83 118 166 22.5 26.3 30.4  71 106 142 14.8 17.6 20.1 √  

10000 3 50 55 90 149 20.0 23.1 26.5 √ 98 126 162 15.4 18.0 19.7 √ √ 

10000 4 50 49 93 147 19.7 22.6 26.4 √ 92 107 134 14.3 17.5 19.2 √ √ 

10000 1 75 82 109 150 17.8 18.3 21.5 √ 77 108 136 15.2 17.7 19.4 √ √ 

10000 2 75 55 91 141 21.9 25.6 29.3 √ 92 117 148 15.7 18.5 20.5   

10000 3 75 41 83 116 20.0 23.0 25.8 √ 94 121 140 15.4 17.5 20.3 √ √ 

10000 4 75 30 62 113 20.5 23.8 27.2 √ 64 105 147 19.0 19.6 21.9   

Totals:         42       66 32 
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ABSTRACT 
     The objective was to study if there were 
differences in driver’s seat belt wearing rates 
between cars with and without Seat Belt 
Reminders (SBRs), and if there were 
differences in wearing rates between some 
different European countries indicating that the 
potential in saving lives could vary between 
the counties. 
     The influence on seat belt wearing rates of 
SBRs fulfilling the Euro NCAP specification 
was studied in seven EU countries; Belgium, 
Denmark, France, Germany, Italy, Spain and 
Sweden. The same observer performed all 
observations and he noted if the seat belt was 
used and the car model observed. In total 
11160 cars were observed. The measurements 
were only made in cities and did only concern 
driver SBR.  
     For all observations the total seat belt 
wearing rate was 97.5% in cars with SBR, 
while it was 85.8% in cars without. The results 
indicate that the number of unbelted car 
occupants is decreased by 80% independent of 
the wearing rate. The highest wearing rate in 
cars with SBRs was found in Paris, 99.8%, and 
the lowest in Brussels, 92.6%. The results 
support previous estimations that more than 
7000 lives could be saved every year in the EU 
if all cars were fitted with SBRs. Therefore 
actions aimed at increasing the fitment rates of 
SBRs are desirable. 
     Previously it has been estimated that SBRs 
are one of the most cost effective measures to 
save lives. The results in this study support the 
estimation.  
 
BACKGROUND 
 
     It is widely recognised that the seat belt is 
one of the most important safety inventions. 
Kahane (2000) estimates the risk reduction 
associated with seat belts in cars to 45 percent 

in passenger cars and 60 percent in light 
trucks. The current wearing rate saves 
thousands and thousand of lives every year.  
     Most countries has a mandatory use of seat 
belt legislated. In Europe there is a seat belt 
directive. However the seat belt use is not 
100% in those countries. The seat belt wearing 
rate for drivers and front seat passengers in 
Europe was estimated to an average of 76 % in 
2003 (ETSC 2003). For passengers in the rear 
seat the estimate is 46%. The variations are 
significant. For front seat occupants in Europe 
in 2004 it varied from 59% and 96% (ETSC 
2006a). 
     It is clear that significant safety gains could 
be achieved if more or all car passengers were 
to use the seat belt.  
     The European Transport Safety Council 
(ETSC) has previously calculated the potential 
of seat belt reminders. In the European Union 
(EU-15) 7600 lives could be saved per year in 
1996 if all used seat belts. In the USA the 
potential is also high and it has been shown 
that another 8000 lives would have been saved 
if all used their seat belts (Glassbrenner 2003). 
Even in countries with a high seat belt use the 
remaining potential is high. In Sweden with a 
92% seat belt use, almost 40% of those killed 
as car occupants were unrestrained SRA (2005 
& 2006). In Australia, with an overall seat belt 
use of 95%, 33% of those killed in car crashes 
were unrestrained Fildes et al (2002).   
     After some initial work performed by 
Folksam research in Sweden, the Swedish 
Road Administration together with Swedish 
car manufacturers and research institutes 
started a co-operation around improved seat 
belt reminder systems in 1995. The joint effort 
resulted in a shared understanding that 
improved seat belt reminders could play an 
important role to increase seat belt use (Turbell 
et al 1996). 
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     Based on the Swedish experience the 
European Enhanced Vehicle-Safety Committee 
(EEVC) initiated a work around seat belt 
reminders. The working group 16 
(EEVC/WG16) reported a set of 
recommendations in 2002. These 
recommendations formed the basis for Euro 
NCAP when developing the first seat belt 
reminder protocol 
     Before introducing the smart seat belt 
reminder, studies were conducted to analyse 
reasons for non-belt use. In Sweden, Dahlstedt 
(1999) showed in a combination of an 
observational and interview study, that only a 
very small fraction (less than 0,1% of the 
whole population and approx 1% of the 
nonusers) was against seat belts on a more 
principal level. The most common reasons for 
not using seat belts were simply that they were 
forgotten, or that the trip was short.  
     There are similar results from the USA, 
where it has been reported that approximately 
only four percent of the drivers are against 
using a seat belt, and where 87% strongly 
agree that they would want to be wearing a 
seat belt in a crash (TRB report 278). Ferguson 
et al. (2006) found that nearly 90% of drivers 
having cars with seatbelt reminders would like 
one in their next car.  
     Since 2002 the consumer crash protection 
programme in Europe, Euro NCAP, gives 
premium to cars having seat belt reminders. 
The requirement is that a loud and clear light 
and sound signal should be active for at least 
90 seconds if the seat belt is nor worn. Euro 
NCAP gives separate points for the driver, 
front seat passenger and rear set passenger. 
The demand for the rear seat is lower and does 
not demand audio signal.  
     In June 2002, the first car with such a 
system for the driver was introduced, quickly 
followed by more. In all, Euro NCAP has 
given points to 96 cars (Nov 2006). ETSC has 
estimated the proportion of new cars sold with 
seat belt reminders in EU. In 56% of the cars 
sold in 2005 there was a seat belt reminder 
(ETSC 2006b). ETSC found large differences 
between the different countries. Sweden had 
almost 70% of the new cars sold in 2005 

having seat belt reminders and the Czech 
Republic only around 30%.  
     Krafft et al. (2005) reported a study on the 
effect of seat belt reminders in Sweden in 
2005. That data set is a part of this study. The 
analysis showed that seat belt reminders made 
a significant difference in seat belt use in 
Sweden. The seat belt use for cars not 
equipped with sear belt reminders was 82,3 +/- 
1,9%. For cars with seat belt reminders the seat 
belt use was found to be 98,9 +/- 0,8%. 
     Ferguson et al. at Insurance Institute for 
Highway Safety reported in 2006 a study on 
the seat belt use in Honda cars. They compared 
the seat belt use in models without seat belt 
reminders from 2002-04 and cars with seat belt 
reminder 2004-06 model year. The research 
sowed a change in seat belt use from 84% to 
90%. 
     The aim of the present study was to 
evaluate if the presence of a smart seat belt 
reminder (SBR), increase the driver seat belt 
wearing rate in traffic in some European cities.  
 
METHOD/MATERIAL 
 
     The study was performed in two steps, in 
July 2005 (Sweden) and in May 2006 
(Europe). Using Swedish experience it was 
assumed that the seat belt use is lower in built 
up areas than in rural areas. To find the 
minimum effect of seat belt reminders the 
observations were conducted in built up areas. 
The observations were conducted in seven 
countries within the European Union. In 
Sweden, the observations were made in five 
cities spread across Sweden, see Table 1. In the 
other six countries the observations were made 
only in one city in each country, see Table 1. 
     To avoid any inter-observer bias all 
observations were performed by the same 
observer,. The observer was trained to 
discriminate between different car models, and 
was also instructed to note what car that was 
observed. The observer was also instructed to 
only note cases that were clear. Any 
uncertainties about seat belt use and car model 
were omitted from the observations. Car model 
and driver seat belt use was recorded.  

 
Table 1. Countries and cities where the observations were made. 

 
Observation Country City/cities
May 2006 Belgium Brussels
May 2006 Denmark Copenhagen
May 2006 France Paris
May 2006 Germany Berlin
May 2006 Italy Milan
May 2006 Spain Barcelona
July 2005 Sweden Karlstad, Örebro, Luleå , Sundsvall and Stockholm  
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Three groups of cars were defined (the cars 
studied in each category are listed in the 
Appendix): 
 

• The first group contains cars that 
fulfil the Euro NCAP protocol for the 
driver’s seat and have been approved 
by Euro NCAP (Euro NCAP 2004). 
They all have seat belt reminders that 
have a visual signal and a loud and 
clear audio signal. If the driver is 
unbelted the signals must be active for 
at least 90 seconds.  

• The second group contains cars with 
visual reminders and some low 
intensity audio signal. The sound 
signal does not fulfil the Euro NCAP 
protocol’s demands for loud and 
clear.  

• The third group contained cars 
without any reminder. The latter 
group was defined in such a way that 
it should be similar as to size and age, 
when compared with the group with 
reminders.  

 
     No control for driver age, gender or socio-
economic status was performed in this study. 

In total 11160 cars were observed, where the 
seat belt use of the driver was noted. Statistical 
tests were carried out comparing the proportion 
of seat belt usage (student’s t-test for 
proportions). 
 
RESULTS 
 
     A significant difference in seat belt wearing 
rate was found. For all observations the total 
seat belt wearing rate was 97.5% in cars with 
SBR, while it was 85.8% in cars without, see 
Table 2. The results indicate that the number of 
unbelted car occupants is decreased by 80% 
independent of the wearing rate.  
     The wearing rate in cars with mild 
reminders was 93.2%, indicating that the levels 
of the audio and visual reminder signals are of 
importance. The highest wearing rate in cars 
with seat belt reminders was found in Paris, 
99.8%, and the lowest in Brussels, 92.6%. The 
results are presented in Table 2.  
     In cars fitted with seat belt reminders and 
still with unbelted drivers, some manufacturers 
appear to be over-represented, see Table 3. The 
differences are, however, not statistically 
significant.

 
Table 2. Numbers of observed drivers for cars with and without a seat belt reminder (SBR), drivers 

with seat belts used, and the associated seat belt use in percent. 
 

Denmark/Copenhagen Belgium/Brussels France/Paris Spain/Barcelona

total    n belted n belt use % total    n belted n belt use % total    n belted n belt use % total    n belted n belt use %
Cars with 
SBR 326 319 97,9 526 487 92,6 512 511 99,8 491 484 98,6
Cars with 
mild SBR 42 39 92,9 42 36 85,7 19 19 100,0 21 19 90,5
Cars 
without 
SBR 652 580 89,0 869 605 69,6 897 869 96,9 757 690 91,1

Italy/Milan Germany/Berlin Sweden/5 cities Total

total    n belted n belt use % total    n belted n belt use % total    n belted n belt use % total    n belted n belt use %
Cars with 
SBR 463 452 97,6 446 431 96,6 734 726 98,9 3498 3410 97,5
Cars with 
mild SBR 35 34 97,1 35 35 100,0 729 678 93,0 923 860 93,2
Cars 
without 
SBR 894 770 86,1 1044 932 89,3 1626 1339 82,3 6739 5785 85,8  
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Table 3. Numbers of belted and unbelted drivers in cars fitted with SBR for the included car models. 

Make Model Year
seat 
belt 
used

seat 
belt not 
used

un-
belted 
%

Alfa Romeo 159 2005 16 1 6
Audi A3 2005- 159 4 2
Audi A4 2005- 174 7 4
Audi A6 2004- 175 9 5
Citroën C4 2004- 105 4 4
Citroën C5 2005- 54 5 8
Ford C-Max 2005- 105 4 4
Ford Focus II 168 0 0
Nissan Micra 2003- 120 4 3
Peugeot 407 2004- 179 2 1
Toyota Avensis 2003- 131 3 2
Toyota Prius 2004- 12 0 0
Renault Megane 2003- 402 13 3
Renault Scenic 2003- 319 10 3
Renault Espace 2003- 142 2 1
Saab 9-3 2003- 73 3 4
Volvo S40 2004- 17 1 6
Volvo V50 2004- 74 1 1
Volvo XC90 2002- 54 2 4
VW Touareg 2003- 64 4 6
VW Passat 2005- 141 1 1
Total 2684 80 3

All cities

 
 
DISCUSSION 
 
     The seat belt is one of the most important 
safety devices in a modern car. Even if the belt 
has saved thousands of lives per year there is a 
huge potential left. By making all occupants in 
the cars and trucks wearing their seat belts 
many thousand lives could be saved also in 
societies with relatively high seat belt use. 
Setting the seat belt use target at 100% seems 
the only logical way ahead. 
     Seat belt reminders are playing an 
important role in changing the seat belt use. 
This study is indicating that more than 80% of 
the non-wearers of seat belts put their belt on 
in a car with seat belt reminders. 
     While seat belts have been found to be very 
effective for a long time, and several methods 
have been applied to stimulate and increase 
seat belt use, there is still a major potential in 
increasing the use of seat belts to 100%. This 
also applies to countries with a very high seat 
belt use, between 90 and 95%. There seems to 
be a positive marginal benefit, which is 
associated with that those not using seat belts 
are also more likely to be involved in crashes, 
especially in serious crashes. On the other 
hand, there is little, if any, resistance to use 

seat belts in countries where this issue has 
been researched. The modern seat belt 
reminders have been developed with this in 
mind, i.e. the force that is applied to the driver 
does not need to be in the order of an interlock, 
but it has to be persistent enough and acting 
with sufficient time duration.   
     The results of this study show remarkable 
results. While the seat belt use for a control 
group was 85.8 %, the use of seat belts was 
97.5 % in the group with the most advanced 
reminders. While the control group would have 
had a higher use if the observations were 
conducted outside built up areas, the use of 
seat belts for those in a car with SBR would 
probably not be lower. The results were also 
consistent in that cars with mild reminders had 
a significantly higher seat belt use than cars 
without, and a significantly lower use than cars 
with SBR according to Euro NCAP protocol. 
This is also consistent with earlier results 
Kraftt et al (2005) and Bylund and Björnstig 
(2001) and might be consistent with studies 
made in the USA Williams et al (2002).  
     The case and control car models in this 
study were selected to be as similar as possible 
in size and age. However, as often in transition 
phases, a perfect match is very hard to achieve. 
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The cars equipped with seat belt reminders are 
slightly younger than the control cars. It is 
therefore important to follow the seat belt use 
in those cars over time. In this study no 
attempt was made to control for potential 
differences in driver profiles between the case 
and control groups. This is an important factor 
that could change the results if significant 
differences would occur in driver age, gender 
or socio-economic status.  
     The study group with mild reminders 
included different levels of reminding signals. 
Volvo S60 and V70 changed during the period 
2001 to 2005 where the intensity of the sound 
signal increased. It was not possible to further 
study the importance of the light and sound in 
this study, but it is evident the seat belt use was 
lower for the mild systems, and for the cars 
individually that had different, but mild 
reminders.  
     A study from Australia within the SafeCar 
project (Regan et al 2005), where specially 
equipped cars where SBR was turned on and 
off in a controlled experiment during a long 
observational time, and where the cars logged 
all data, it was found that the proportion of 
time when the driver or passenger was not 
using seat belts in speed over 40km/h was 
reduced from 6% to almost 0. In these cars, the 
reminder system was designed according to the 
principles of Euro NCAP.  
     This study looks at seat belt use in traffic. 
Previous studies have shown a major 
difference in seat belt use between normal 
traffic and serious crashes. It is important to 
perform studies of seat belt use in crashes also 
for cars with SBR. Such studies should be 
possible to conduct at this stage or very soon, 
as the market penetration of SBR is large.  
     The results show that SBR is one of the 
most cost effective measures available. In 
Sweden approximately 150 unbelted car 
occupants are killed every year. With a 50% 
effectiveness of the seat belt in reducing 
fatalities, approximately 60 lives in Sweden 
annually (14% of the total number of fatalities) 
could be saved. On a European level more than 
7000 annually could be saved, which supports 
earlier estimates by ETSC. For a small 
investment into every new car, the benefit cost 
ratio (BCR) should be much higher than 1 to 
10, based on earlier calculations (Fildes et al 
2002).   
     The results presented in Table 3 raised 
some concerns about possible disconnection of 
the SBR for specific car models in some 
countries. The data is however, too limited to 
draw any conclusions about it. In the Euro 
NCAP protocol, one of the requirements is that 
the system should not be easy to disconnect, 

and that if this is possible, that instructions 
how to do so should not be available in the 
owners manual. The owner would therefore be 
forced to contact the dealer or a workshop with 
a manual for the car. Hopefully, the 
automotive sector will be very restrictive in 
disconnecting reminder systems, as they have 
strong arguments for not doing so. In the 
present case, the head office of the car 
importer was contacted, and a message was 
sent out from the head office to all dealers and 
workshops to be very restrictive to 
disconnection of seat belt reminders. 
Activities, such as the vehicle inspections, 
should have an important role to prevent 
disconnection of SBR.  
     In the present study, taxi cars were not 
observed. In Sweden, the use of seat belts 
among taxi drivers is lower than in the rest of 
the population (79%). While taxis in Sweden 
normally are cars up to three years of age, most 
of them today will have a seat belt reminder. It 
is important to follow such a group. Also front 
and rear seat occupants should be studied 
further, as a growing proportion of new cars 
have seat belt reminders also for front 
passenger seat and rear seat.  
 
CONCLUSIONS 
 
     It was found that the seat belt wearing rate 
in cars with seat belt reminders that fulfil the 
Euro NCAP protocol was 97.5 % in the 
European cities studied, while the rate was 
85.8% in cars without reminders.  
     The results indicate that the number of 
unbelted car occupants is decreased by 80% 
independent of the wearing rate. 
     Smart seat belt reminders are highly 
effective in increasing seat belt use, and that 
the results support previous estimates that 
more than 7000 lives in Europe and 8000 lives 
in the USA could be saved each year. 
Therefore actions aimed at increasing the 
fitment rates of SBRs are desirable. 
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APPENDIX 
 

Table 4. Car models included in the study 
 

Car models with SBR 

Car 
models 
with mild 
SBR     

Alfa Romeo 159 2005 Saab 9-3 
1998-
2002 

Audi A3 2005- Volvo V70 2001- 
Audi A4 2005- Volvo S60 2001- 
Audi A6 2004- Car models without SBR 
Citroën  C4 2004- Audi A2 2000- 
Citroën  C5 2005- Audi A3 2003- 
Ford C-Max 2005- Audi A4 2001- 

Ford Focus II 2004- Audi A6 
1998-
2003 

Nissan Micra 2003- Citroën  C5 2001- 
Peugeot 407 2004- Citroën  Picasso 2000- 

Toyota Avensis 2003- Ford Focus I 
1999-
2003 

Toyota Prius 2004- Ford Mondeo 2001- 
Renault Megane 2003- Peugeot 307 2001- 
Renault Scenic 2003- Peugeot 607 2000- 

Renault Espace 2003- Renault Scenic 
1997-
2002 

Saab 9-3 2003- Smart Fortwo 1999- 

Volvo S40 2004- Toyota Prius 
2000-
2003 

Volvo V50 2004- Toyota Yaris 2001- 

Volvo XC90 2002- VW Golf 
1998-
2004 

VW Touareg 2003- VW Passat 
1997-
2000 

VW Passat 2005- VW Passat 
2001-
2004 

      VW Polo 2002- 
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ABSTRACT  
 
The objective of this study was to evaluate whether a 
simple model for a safe road transport system, which 
includes the interaction between human beings, 
vehicles and the infrastructure could be used to 
optimise the components of the system. 
 
Real-life crashes with a fatal outcome were classified 
according to the vehicle’s active and passive safety 
system. For each crash, classification was also made 
of the infrastructure with EuroRAP, and human 
behaviour in terms of speeding, seat belt use and 
driving under the influence of alcohol. The ideal 
situation was simulated, when all the above factors 
were altered to what is expected in a safe system. 
 
All fatal crashes where a car occupant was killed that 
had occurred in Sweden during 2004 were included: 
in all 215 crashes with 248 fatalities. The data was 
collected through the in-depth fatal crash data 
collection from the Swedish Road Administration. 
 
It was possible to show both the model as well as 
where the highest potential could be found in a 
systems perspective. The model could handle more 
than 90% of the crashes. In general, it was found that 
impact severity was higher than the expected crash 
protection of a modern and safe vehicle, even when 
the occupants were belted and not speeding. The most 
common and weakest part of the system was therefore 
the road in the form of speed infrastructure relations. 
The human criteria were fulfilled in 28% of single 
collisions and in 80% of side impacts. A safe car, 

according to the given criteria, would have influenced 
the outcome in 41% of the accidents on 50km/h- and 
70km/h-roads, and 32% on 90km/h-roads. 
 
The future road transport system must be more 
compatible and more effective in limiting the 
consequences of road crashes. When prioritising 
preventive measures, the model might be an 
instrument to support that process. 
 

INTRODUCTION  
 
Today the road transport system is not a tolerant 
man–machine system for its users, in that it has the 
potential to be one of the most significant public 
health issues in society.  Haddon [1] put forward most 
of the prevention aspects on road casualties, but still 
the components in the system are hardly compatible 
with each other. Different kinds of legislation directed 
towards vehicle manufacturers, road users and road 
designers have been developed but remain 
independent from each other, with the road user being 
the unstable link between the car and the road.  
 
To achieve a safe road transport system that avoids 
fatal and severe injuries being sustained, some 
elementary safety requirements must be fulfilled. By 
increasing the number of constraints on the 
occupants, such as the use of seat belts, adhering to 
speed limits and driving a safe car, the road 
environment must be constructed in such a way that it 
allows drivers to make small mistakes without this 
leading to fatal or serious injuries. The interaction 
between the different components of the road 
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transport system, such as the vehicles, the roads, the 
roadside area and the road users, is thus important.  
 
Since 2001 the European Road Assessment 
Programme (EuroRAP), a sister programme to 
EuroNCAP, has focused on actions that are needed to 
make European roads safer. EuroRAP provides 
independent safety ratings of roads in Europe [2]. The 
EuroRAP rating score takes into consideration how 
well a road protects the user from fatal or serious 
injuries. The rating focuses on three different crash 
types: head-on collisions, run-off-the-road and side 
collisions at intersections. By rating the safety of a 
road in this way, taking into account all 
considerations, the rating is summarised by a 
weighting factor based on the distribution of the crash 
types. The protection afforded pedestrians and 
cyclists is the fourth crash-type characteristic under 
consideration. These four crash types account for 
about 80% of all fatal and serious accidents on major 
roads outside urban areas [3]. EuroRAP consists of 
two test protocols, both designed to evaluate road 
standard: road protection score (RPS), and risk 
mapping.  
 
In EuroRAP it has been concluded that the modern 
car cannot, on its own, provide sufficient protection 
for its occupants in a two-car crash at speeds above 
70 km/h. In order to avoid fatal or serious injuries in 
crashes at speeds higher than 70 km/h, the road 
environment must be designed to eliminate frontal 
two-car crashes at higher speeds, or to lower the 
severity of single-car crashes into roadside areas. 
When a crash occurs, the vehicle and the road must 
work together as a system to provide protection for 
the vehicle occupants and other road users. 
 
The safety level of the road has a significant 
correlation to speed limits and therefore plays an 
important part in the EuroRAP star-rating 
programme. The Swedish Road Administration uses 
the definition of safe speed for different road 
environments (See Table 1) [4,5]. Speeds over 70 
km/h place higher demands on the road environment 
to meet the envisaged safety requirements for a four-
star road. In such cases, the road design should be 
more forgiving.  
  
 
 
 
 
 
 
 

Table 1. The Swedish Road Administration’s 
definition of safe speed 

Road type 
Safe speed 

(km/h) 

Roads with potential conflicts 
between cars and unprotected 
road users  30 

Junctions with potential side 
impacts between cars 50 

Roads with potential head-on 
collisions between cars 70 
Roads where head-on 
collision/side impacts are 
impossible >100 
 
To prevent the three crash types, different measures 
need to be taken. A joint statement for the crash types 
is that a road with a four-star rating should produce 
limited crash energy that a car with a four-star rating 
is able to absorb by the vehicle’s crumple zones and 
safe restraints systems. To avoid head-on collisions 
with fatal outcomes this means that the speed limit on 
the road should be 70 km/h, or in the case of higher 
speed limits lanes of opposing traffic should be 
separated with a barrier or a wide central reservation. 
To prevent run-off-the-road accidents, the road must 
have a clear safety zone adapted to the speed limit. A 
safety zone is a recovery area, which the vehicle 
leaving the roadway needs in order to stop safely, or 
which helps to reduce the crash energy to an 
acceptable level so that it will not result in a fatal or 
serious injury. For side impacts in intersections the 
speed limit must be 50 km/h, or there must be a 
roundabout to limit the severity of the crash.    
 
Aim 
 
Integrated crash studies that focus on illustrating the 
interaction between human beings, vehicles and the 
infrastructure are rare. The objective of this study was 
to evaluate whether a simple model for a safe road 
transport system, based on EuroRAP classification 
and including human beings, vehicles and the 
infrastructure, could be used to optimise the 
components of the system. 
 
METHODS AND MATERIAL 
 
The EuroRAP classification model was used to 
design a simple model for a safe road transport 
system [2]. In an ideal situation: the driver uses a seat 
belt, follows the speed limits and is sober; the vehicle 
has a four- or five-star rating by EuroNCAP; and the 
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road has a four-star rating by EuroRAP. In such 
circumstances no one should be killed or seriously 
injured in a car crash. To evaluate whether it is 
possible to use this model, real-life crashes with fatal 
outcomes were classified, adapted to the model 
criteria. All fatal crashes where a car occupant was 
killed that occurred on public roads in Sweden during 
2004 were included: 215 crashes in all, with 248 
fatalities. In total, 205 passenger cars, 5 SUVs and 5 
MPVs, were included in this study. Crashes where 
there was a suspicion of suicide were excluded. The 
data was collected through the in-depth fatal crash 
data collection from the Swedish Road 
Administration.  
 
Both two-vehicle and single-vehicle crashes, as well 
as both belted and unbelted occupants, are included in 
this study. The material was divided into four 
different groups: run-off-the-road crashes, head-on 
collisions, accidents at intersections and “other” 
including vehicle–animal collisions, rear-end 
collisions and multiple collisions. 
 
In-depth studies 
 
Investigators at the Swedish Road Administration’s 
seven regions carry out the in-depth studies soon after 
a fatal crash has occurred [6]. Information is 
compiled to provide a complete picture of the crash. 
The investigators collect evidence about what has 
happened before, during and after the crash. 
Information such as brake marks, direction of the 
impact forces on the vehicle and time when the 
ambulance arrives is collected. The investigation also 
includes information about road design, vehicles and 
human beings. No analysis is made by the 
investigators at the scene of the accident. The 
analyses carried out in this study are based on the 
SRA’s data. 
 
     The road  All information is collected about the 
design of the road such as: road type, road width, 
surface, speed limits, roadside area, distance to e.g. 
trees or rocks, and visibility. Photos of the road are 
taken in both directions and degree of slopes is also 
measured. 
 
Photos and information of the road quality from the 
crash were used to classify the infrastructure based on 
the EuroRAP Road Protection Score (RPS). The RPS 
ranges from 1 to 4, where 4 is the rating for a high 
road-safety standard, giving a relative risk rating for 
fatal and serious injuries. The RPS rating is based on 
data gathered from real-world crashes and crash tests. 
The score is based on well-known facts from real-life 
crashes and crash tests. Underlying these limits are 

the biomechanical criteria for how much a human 
being can be exposed to during a crash without 
sustaining severe injuries.  
 
     Point RPS - Instead of using the EuroRAP RPS for 
the total road route, the classification was made based 
on the spot where the crash occurred. The 
crashworthiness of the road was classified according 
to the type of central reservation, roadside area and 
intersection, in order to highlight the local risk of the 
crash and how these three components influence the 
crash outcome. The road’s potential to protect the 
road user from serious injury has in all cases been 
defined. Both the individual scores for one of the 
three crash types and also the combination of them 
were calculated. Table 2 describes the requirements 
for a road to achieve a four-star rating. The material 
was classified depending on collision type.  
 
Table 2. Criteria for the four-star rating of a road 

in the safe transport model. 
The Road  EuroRAP  
  

To prevent:   

Head-on collisions 70 km/h 
  >70 km/h separated lanes 
Run-off-the-road accidents 50 km/h 

  
70 km/h guard-rail or 
Safety zone >4 m 

 
90 km/h h guard-rail or 
Safety zone >10m 

 
110 km/h guard-rail or 
Safety zone >10m 

Accidents at intersections  Roundabout or 50 km/h 

  >50 km/h grade separated 
 
 
     The vehicle The investigators compile 
information on the age of the vehicle, the condition of 
the vehicle, which safety system the vehicle is 
equipped with and whether this was activated or not, 
and use of the seat belt. They also determine how the 
collision forces were loaded on the vehicle and how 
the collision object influenced the crash.  Impact 
deformations and degree of intrusion in the vehicle is 
also documented. 
 
Crashes with fatal outcome were classified according 
to the vehicle passive safety system using 
EuroNCAP. For crashes where the outcome was more 
difficult to estimate, a consensus group with 
significance experience from both real-life crashes 
and crash tests was used to estimate the crash safety 
properties of the vehicle. 
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The model used also requires that the vehicle, apart 
from being at least four-star rated by EuroNCAP, 
should be fitted with a side airbag, head-protection 
airbags and Electronic Stability Control. This is due 
to the fact that these systems have been shown to 
effectively reduce fatalities [7,8]. Table 3 shows the 
requirements for a safe car in the model. 
 

Table 3. Criteria for the vehicle in the safe 
transport model. 

The vehicle  
EuroNCAP 

 
ESC 
Side airbag  

Head-protection 
airbag 
 
 
Driving conditions All crashes are followed up using 
police reports, medical journals and a post-mortem 
report. This includes information about the age of the 
occupants, gender, seat belt use and fatal injuries. For 
each crash, human behaviour was classified in terms 
of speeding, seat belt use and driving under the 
influence of alcohol, or whether there was a suspicion 
of suicide. Only excessive speed could be detected 
from this material. Table 4 shows the criteria which 
the occupants are required to meet in the safe 
transport model. 
 
Table 4. Criteria for the car occupants in the safe 

transport model 

Driving conditions 

Use of the seat belt 
Speed limits followed 

Driver not under the influence of alcohol 
 
 
Analyses begin at the stage where a crash has 
occurred, and focus on finding the reason for the fatal 
outcome, not the reason why a crash has occurred. 
This could be due to one or a combination of all the 
three parts of the system. For all crashes, the ideal 
situation was simulated, when all the above factors 
were changed to the expected outcome in a safe 
system.  

RESULTS 
 
It was possible to use the model for a safe road 
transport system to classify the in-depth fatal crash 

data collection from the Swedish Road 
Administration. The model could handle 91% of the 
crashes. When only crash types specified in EuroRAP 
(run-off-the-road crashes, head-on collisions and 
accidents at intersections) were included, the model 
could handle 96%. 
  
In Table 5 and Table 6, it is shown that of the three 
components, the human being, the vehicle and the 
road, the last one was the most common and weakest 
part, causing non-surviving crash severity (180 cases 
out of 248). Eight crashes resulted in fatal outcome 
despite all safety criteria in the model being fulfilled. 
According to the criteria, the human being fulfilled 
the requirements in 106 cases and the vehicle was 
rated by EuroNCAP as four- or five-star in 45 cases. 
In seven crashes, there was no specified evidence 
about whether the occupants were using their seat 
belts. 
 

Table 5. Classification of the crash using the 
criteria for a safe road system (except for the 

vehicle, where only EuroNCAP classification was 
used). 

Human Vehicle Road N 
not safe not safe not safe 89 
not safe not safe OK 29 
not safe OK not safe 9 
not safe OK OK 8 

not declared not safe not safe 4 
not declared not safe OK 2 
not declared OK OK 1 

OK not safe not safe 59 
OK not safe OK 20 
OK OK not safe 19 
OK OK OK 8 

   248 
 

Table 6. The number of occupants who could be 
saved by reducing crash severity to sustainable 

levels by changing at least one component in each 
crash: the road, the vehicle and/ or the human 

behaviour. 
All crashes Fatalities   n=248 
By changing: Human Vehicle Road 

  59 81 120 
In combination 40 42 53 
Total 99 123 173 
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Roads  
 
Almost half of all fatal crashes (47%) during the 
study period involved a vehicle running off the road. 
Head-on collisions and accidents at intersections also 
constitute a major problem since they accounted for 
respectively 32 and 13% of the total number of 
fatalities. The remaining eight percent of the fatal 
crashes were classified as the collision type defined as 
“other”. Seventy-seven percent of the crashes 
occurred on standard two-lane, single-carriageway 
roads with one lane in each direction, and eight 
percent occurred on roads less than sex metres wide. 
Only 15% occurred on motorways or roads with a 
2+1 configuration.  
 
Twenty-six percent of the crashes occurred on four-
star roads, and of these, 35% of the fatal injuries were 
caused by the road alone or in combination with a 
low standard of car safety and/or failure in human 
behaviour such as not wearing a seat belt. In 16 of the 
total number of fatalities on the four-star roads, the 
main problem was the road, even if it was rated as the 
highest safety level (See Table 7). Five of these were 
collisions with heavy vehicles on roads where the 
speed limit was 70 km/h. Crashes with animals, 
moose and deer, account for three of these accidents. 
The others were run-off-the-road crashes. Three were 
caused by failure of the guard-rail and one occurred 
on a motorway with a safety zone, but in this case the 
vehicle safety level was low. Two of the crashes 
occurred on roads where the speed limit was 50 km/h, 
and in these two cases the speed probably exceeded 
the limit.  
 
In total, 45% of the crashes occurred on roads with a 
two-star rating (See Table 8). Of these, 91% of the 
fatalities were caused by the road alone, or in 
combination with the vehicle and/or a human being.  
 

Table 7. The number of occupants who could be 
saved on four-star roads by reducing crash 

severity to sustainable levels by changing at least 
one component in each crash: the road, the vehicle 

and/ or the human being. 
All crashes at      EuroRAP  roads 
  Fatalities   n=66 
By changing: Human Vehicle Road 

  25 27 16
Possible 2 3 2
In combination 6 6 4
Total 33 36 22
 
 

Table 8. The number of occupants who could be 
saved on two-star roads by reducing crash severity 

to sustainable levels by changing at least one 
component in each crash: the road, the vehicle 

and/ or the human being. 
All crashes at       EuroRAP roads 
  Fatalities   n=112 
By changing: Human Vehicle Road 

  16 39 78
Possible 1 1 3
In combination 17 15 19
Total 34 55 100
 
 
Vehicles  
 
The safety standard of the vehicle was insufficient in 
75% of the total number of crashes. Side airbags and 
head-protection airbags could have had an effect in 17 
out of 23 of the crashes at intersections. The potential 
of Electronic Stability Control, ESC was also high, 
since more than a quarter of the total number of 
crashes started with loss of control. Airbags were 
missing in 63% of all frontal impacts and in 80% of 
all side impacts. Improvement in the vehicle safety 
level would have had more effect on the crashes 
occurring on roads with speed limits of 50- and 70-
km/h than on 90- and 110-km/h roads (See Appendix 
Tables A-E).  
 
If all the cars that were rated by EuroNCAP as four- 
and five-star had been equipped with ESC and head-
protection airbags, 20 lives could probably have been 
saved (See Figure 1-3). The potential for reducing the 
number of fatalities was highest in single-vehicle 
collisions. In the case of side impact at intersections, 
changes in both the road and the vehicle are required. 

 
Figure 1. Single-vehicle crashes - The number of 
occupants in cars with a four- or five-star rating 
by EuroNCAP who could be saved by changing at 
least one component in each crash: the road, the 
vehicle and/ or the human behaviour. The effect of 
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ESC and airbag has been taken into consideration 
of the outcome. 
 

  
Figure 2. Head-on collisions - The number of 
occupants in cars with a four- or five-star rating 
by EuroNCAP who could be saved by reducing 
crash severity to sustainable levels by changing at 
least one component in each crash: the road, the 
vehicle and/ or the human behaviour. The effect of 
ESC and airbag has been taken into consideration 
of the outcome. 
 

 
Figure 3. Intersection collisions involving cars 
rated by EuroNCAP as four- or five-star. In order 
to save the occupants’ lives, changes in both the 
vehicle and the road are necessary. None of these 
vehicles was fitted with a head-protection airbag.   
 
Human beings  
 
Forty percent of the occupants who were killed were 
not wearing seat belts, and more than a quarter of 
them were driving under the influence of alcohol or 
other drugs. 
 
Twenty-five percent of the occupants were over 65 
years of age. In two cases, where both were over 80 
years old, the fatal outcomes were mainly correlated 
to a lower biomechanical tolerance level than the 
model criteria. Both were run-off-the-road crashes.  
 

When the human criteria were fulfilled, the standard 
of the vehicles was more often of a good safety level 
compared with the accidents where the human 
requirements were not fulfilled (See Appendix Figure 
1-2). The behaviour of the occupants was most 
critical in single-vehicle collisions. With a change in 
human behaviour, almost half of the occupants in 
single-vehicle collisions that did not fulfil the criteria 
would have survived (See Appendix Table F-G).  
 
A sustainable transport system 
 
In the crashes where at least one component was not 
fulfilled according to the criteria in the model, an 
estimation was made regarding which of the 
components would change the crash conditions so as 
not to exceed human tolerance (See Table 6). Given 
the standard of the car and the human behaviour for 
120 occupants, a four-star road would have reduced 
the severity of the crashes to survivable levels. In 81 
cases, a four-star car with ESC and side collision 
protection would have made it possible to survive the 
collision, and the human being would have changed 
the outcome in 59 cases by using a seat belt and/or 
not speeding and/or being sober. For the rest of the 
crashes, change is required in several components. In 
Table 7 and 8, the same analysis is made as in Table 
6, but for four respective two-star roads. There was a 
large difference in the number of crashes with a non-
survival outcome, depending on the standard of road 
safety: 16 out of 66 on four-star roads compared with 
78 cases out of 112 on two-star roads. 
 

DISCUSSION 
 
Road traffic crashes are a considerable public health 
problem and in order to achieve the target for road 
casualty reductions in Europe it is important to 
analyse cause of death in road crashes. The future 
road transport system, taking into consideration the 
infrastructure, vehicles and human beings, must be 
more compatible and more effective in limiting the 
consequences of road crashes when the crashes 
cannot be avoided. In order to achieve a more 
sustainable system, a preventive philosophy is 
necessary, where the infrastructure is based on the 
capabilities and limitations of human beings through 
good planning and road design. The Swedish Road 
Administration uses the model in their work to 
identify weaknesses in the road transport system. 
Integrated crash studies are rare and the model has 
never previously been evaluated. The model might be 
one way of evaluating the importance of the different 
components, to enable better prioritisation in the 
prevention work. 
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Limitations of the study 
The data was limited to fatal crashes. If the model is 
to be a useful tool in traffic safety work, it is 
necessary to include serious injuries.  
The estimation of crash severity in the cars was based 
on the Swedish Road Administration’s data. There is 
a risk that the photos showing the deformation zone 
of the cars might be misleading (3D to 2D). However, 
in most cases written text was included that 
elucidated the data. 
 
The analyses of the crashes were partly subjective, 
especially when it came to large deformations of the 
vehicle. The ideal situation was simulated, when all 
factors were altered to what is expected in a safe 
system. The ideal situation was simulated using 
factors that might have provided a safe outcome, if 
they were applicable to this particular case, in order to 
assess the probability of preventability and adaptation 
to the safe road transport system. To minimise errors 
of classification, a consensus group with significant 
experience from both real-life crashes and crash tests 
went through part of the material to estimate vehicle 
crash safety properties and the possibility of survival 
in another car or with other restraint systems. 
 
Only excessive speed could be detected from this 
material. Probably more of the crashes than could be 
detected occurred at speeds over the speed limit.  It is 
known that many drivers drive faster than the posted 
speed limit [9]. The speed limit has a major influence 
on the speed of impact. 
 
Infrastructure in Sweden 
In 1997 the Swedish government decided upon a road 
transport safety strategy called “Vision Zero”, the aim 
of which is that no fatal or serious injuries should 
occur in the road transport system [10,11]. Therefore 
there have been major efforts on Swedish roads to 
create a safe road environment, e.g. central barriers to 
separate the traffic and minimise head-on collisions; 
guard-rails to prevent collisions with dangerous 
roadside areas, such as rocks, trees and poles; or the 
removal of roadside objects. However, one important 
step in creating a more sustainable road system is that 
the speed limits should be based on the safety level of 
the road. The concept of safe speed, one of the 
principles in this model, has been proposed to the 
Swedish government as the criterion for creating a 
new speed limit system.  
 
The traffic situation in Sweden differs from other 
parts of Europe. The flow on the Swedish roads is 
much lower and the proportion of traffic on 
motorways is relatively low compared with for 

instance the UK or the Netherlands [5]. The network 
in Sweden consists of three main roads: motorways, 
two-lane roads 9-13 m wide, and two-lane roads 6-8 
m wide. During recent years there has been a rapid 
growth of 2+1 roads with a central barrier in Sweden. 
This has been shown to be very effective in reducing 
the number of fatalities and serious injuries. Only two 
cases of fatalities on this type of road were 
represented in this study. 
 
Safety model 
The safety model used in this paper describes the 
simple interaction between a few components of the 
road transport system. While road crashes and crash 
outcome are complex and dependent on a large 
number of factors, the model only reflects a few of 
them. If, on the other hand the model can capture the 
majority of serious crashes in relation to outcome, by 
integrating the user, the vehicle and the road/speed, it 
is still a valuable attempt to both analyse as well as 
predict improvements in the system. Any further 
factors added to the model would have to contribute 
substantially in order to constitute any contribution to 
the model. While the model in the above sense seems 
simple, the NCAP and RAP rating systems are quite 
complex. It is also understood that the model does not 
give any guidance as to which method should be 
applied in order to generate contributions to fulfil the 
factors in the model. While it is clear that drivers 
should be sober, the model does not indicate at all 
how this could be achieved. 
 
The safety criteria used in the model, to achieve a 
safe road transport system, cover more than 90% of 
the crashes. Only a few fatal crashes occurred despite 
the fact that all criteria were fulfilled. In these cases 
the criteria for safety road system does not work. 
Such examples are compatibility with passenger cars 
and heavy vehicles and small overlap collisions. 
 
The road and the vehicle 
In small overlap collisions the intrusion is the most 
critical parameter. Lindquist et al [12] have shown 
that the injury mechanisms are different in these 
crashes compared with full frontal collisions, and 
therefore a restraint system other than frontal airbags 
is needed to protect car occupants. The restraint 
system as well as front design of the vehicle should 
be constructed to manage this type of crash.  
 
To improve the potential for injury prevention in 
head-on collisions with trucks, the truck could either 
be fitted with frontal underrun protection or enforced 
adoption of a lower speed limit on two-lane roads. 
More efforts are needed to solve the problem of head-
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on collisions on roads where the speed limit is 70 
km/h. 
  
Vehicle–animal crashes with both moose and deer are 
also a problem on Swedish roads. Fatal crashes with 
animals occurred on roads with speed limits of 70-, 
90- and 110 km/h. In most cases the animal went 
through the windscreen and/or the roof collapsed. 
Modern cars have been shown to manage a collision 
with animals such as moose at 70 km/h [13]. Further 
studies are needed to evaluate the survivor potential 
in a collision at 90 km/h.  
 
Furthermore, crash severity is high in a collision with 
narrow objects such as poles and trees, since the load 
is often concentrated to a small part of the car, and 
only a minor part of the energy absorption structure 
will be involved [14]. In such crashes it is hard to 
protect occupants from serious injuries in impact 
speeds above 30-50 km/h [15,16]. Therefore there is a 
shortcoming in the EuroRAP classification system, 
since there are no demands for a clear zone at 50 
km/h. In Victoria, Australia, the guidelines for safety 
zone widths on single-carriageway roads in built-up 
areas state that they should be a minimum of three 
metres wide [17]. This needs to be evaluated. Speed 
should be in accordance with the type of road and 
compatible with the road environment. To stimulate 
development of safer vehicles, similar criteria to those 
for two-vehicle crashes tested in EuroNCAP should 
be used to develop a protection system for crashes 
between cars and roadside objects. 
  
In addition to the criteria in EuroRAP for a safe car 
(at least four stars), this model has included 
equipment demands for side head-protection airbags 
and electronic stability control (ESC), since this 
provides a high preventive effect. McCartt and 
Kyrychenko [7] found that fatal injuries were reduced 
by 37% for head-protection airbags, and by 26% for 
torso-only side airbags, in side impacts. In our study 
this could probably have had an effect on the outcome 
in 17 out of 23 side impacts. In addition, more than a 
quarter of the crashes started with loss of control, and 
none of these cars were equipped with ESC.  
 
Human beings 
The use of seat belts is fundamental in creating a safe 
road transport system. All other vehicle-related 
systems, speed limits, road design, etc., are based on 
the restrained occupant. Not using seat belts is 
therefore a behaviour that takes the occupant outside 
the encompassing design of the road transport system.  
Smart seat belt reminders have been shown to 
increase seat belt use to nearly 99% [18,19], which 
shows that 100% usage is a natural target to make 

sure that other systems are used to their maximal 
potential. 
 
Driving under the influence of alcohol is a cause of 
the crash on most occasions but in this study driving 
under the influence of alcohol has also been classified 
as a risk factor for fatal outcome, not only since the 
risk of a crash increases dramatically both for the 
occupant and the opposite party, but also because the 
risk of incorrect behaviour increases, such as driving 
in the wrong direction on a motorway and other 
violations of traffic laws.  
 
In two cases, the fatal outcome was probably 
correlated to a lower biomechanical tolerance level 
than the criteria in the model. Age and fatal risk are 
strongly correlated with each other [20]. It might be 
impossible to have a 100% preventive effect for 
persons above 70-80 years of age with the criteria in 
question.  
 
The most effective and efficient way of constructing a 
safe road transport system is to see how the three 
components can and must integrate together to 
minimise crash severity. Speed limits in relation to 
the infrastructure will be central in the design of such 
a system. Since the model is based on biomechanical 
human tolerances, there are several ways of reducing 
crash severity to improve survival, or better still, of 
reducing the probability of crash events occurring. 
This study indicates that the most effective approach 
to reduce the number of fatalities in Sweden is to 
make adjustments to roads or speed limits. If a crash 
takes place, in too many cases the safety level of the 
car or correct occupant behaviour would not have 
changed the fatal outcome. The analyses found that 
the crash severity far exceeded the limitations of 
human survival and the crashworthiness of the 
vehicle. The influence of the different components 
changed depending on the speed limit and type of 
collision. The occupants’ behaviour contributed to a 
fatal outcome in 72% of all single-vehicle crashes 
compared with 54% of the total. All the three 
components of the transport system were weakest in 
single-vehicle collisions. A good safety level of the 
car was more crucial on roads with 50- and 70-km/h 
speed limits than on 90- and 110-km/h roads. This 
study indicates that many lives could have been saved 
if the vehicles with a lower standard of safety had 
been replaced. A modern car is designed to provide 
the occupants with necessary protection to ensure 
survival in collisions at up to 70 km/h. The primary 
role of the infrastructure is to assist in the reduction 
of the crash energy and to help the vehicle to 
maximise its inherent safety protection design. This 
study shows that in 40% of the accidents that 
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occurred on roads with acceptable speed limits, the 
vehicle is the component that can contribute most to 
the reduction of fatalities.  
 
To create a safe road transport system, there must be 
close cooperation between road designers and car 
manufacturers. Data on different crash severity 
depending on collision partner are needed in order to 
form a future road transport system that does not 
produce higher crash severity than the vehicle is able 
handle. The vehicle’s crashworthiness must work in 
interaction with the road infrastructure. A safe road 
transport system also needs to be safe for all users, 
even the unprotected road users. This has not been 
taken into consideration in this study. However, 
further studies, with more data on crashes that cause 
severe injuries and injuries leading to disability, are 
needed to evaluate the model and to better understand 
relationships in the road transport system.  
  

CONCLUSIONS 
 
Both the model as well as where the highest potential 
could be found in a systems perspective, could be 
shown. In general, it was found that impact severity 
was higher than the expected crash protection of a 
modern and safe vehicle, even with a belted driver 
who was not speeding. 
 
By applying an integrated model of a safe system, 
both the model and the possible potential are 
evaluated. 
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 APPENDIX 
 

 
 

Human 
n = 106 

Vehicle  Road 
ok  not    ok  not 
27 79 28 78 

 Road  Road  Vehicle Vehicle  
ok/not  ok/not  ok/not  ok/not 
8/19 20/59 8/20 19/59 

 
 

Figure 1. The accidents there the human has 
fulfilled the requirements. The number of crashes 
divided into groups of acceptable/not acceptable 
road/vehicle.   
 
 
 
 
 
 
 
 
 

Human 
n = 135 

Vehicle  Road 
ok  not    ok  not 
17 118 35 100 

 Road  Road  Vehicle Vehicle  
ok/not  ok/not  ok/not  ok/not 
8/9 29/89 8/29 9/89 

Figure 2. The accidents there the human has not 
fulfilled the requirements. The number of crashes 
divided into groups of acceptable/not acceptable 
road/vehicle. 
 
 

Vehicle 
n = 45 

Human  Road 
ok  not    ok  not 
27 17 17 28 

 Road  Road  Human Human  
ok/not  ok/not  ok/not  ok/not 
8/19 8/9 8/8 19/9 

 
 
Figure 3. The accidents there the vehicle has 
fulfilled the requirements of four star rating by 
Euro NCAP. The number of crashes divided into 
groups of acceptable/not acceptable road/human 
behaviour. 
 
 
 

Vehicle 
n = 203 

Human  Road 
ok  not    ok  not 
79 118 51 152 

 Road  Road  Human Human  
ok/not  ok/not  ok/not  ok/not 
20/59 29/89 20/29 59/89 

 
Figure 4. The accidents there the vehicle has not 
fulfilled the requirements of four star rating by 
Euro NCAP. The number of crashes divided into 
groups of acceptable/not acceptable road/human 
behaviour. 
 

Road 
n = 68 

Human  Vehicle 
ok  not    ok  not 
28 37 17 51 

 Vehicle Vehicle  Human Human  
ok/not  ok/not  ok/not  ok/not 
8/20 8/29 8/8 20/29 

 
Figure 5. The accidents there the road has fulfilled 
the requirements of four star rating by Euro RAP. 
The number of crashes divided into groups of 
acceptable/not acceptable vehicle/human 
behaviour. 



  Stigson 11 

 
Road 
n = 180 

Human  Vehicle 
ok  not    ok  not 
78 98 28 152 

 Vehicle Vehicle  Human Human  
ok/not  ok/not  ok/not  ok/not 
19/59 9/89 19/9 59/89 

 
Figure 6. The accidents there the road has not 
fulfilled the requirements of four star rating by 
Euro RAP. The number of crashes divided into 
groups of acceptable/not acceptable vehicle/human 
behaviour. 
 
 

Table A. The number of incidences where the 
factors did not meeting safety characteristics at 

various speed limits. 

Factors 
50  

km/h 
70 

km/h 
90 

km/h 
110 

km/h 
Human 16 36 62 21 
Vehicle 18 64 97 24 
Road 0 52 111 17 

 
 

Table B. The number of occupants whose lives 
could have been saved on roads with the speed 

limitation of 50 km/h. 

50 km/h Fatalities    n= 22 
By changing: Human Vehicle Road 

  10 9 3 
Possible 1 1 1 
in combination 1 1 1 

Total 12 11 5 
 
 

Table C. The number of occupants whose lives 
could have been saved on roads with the speed 

limitation of 70 km/h. 

70 km/h Fatalities   n=78 
By changing: Human Vehicle Road 

  21 30 24 
in combination 12 16 22 

Total 33 46 46 
 
 
 
 
 
 
 

Table D. The number of occupants whose lives 
could have been saved on roads with the speed 

limitation of 90 km/h. 

90 km/h Fatalities    n= 113 
By changing: Human Vehicle Road 

  12 36 78 
Possible 4 1 1 
in combination 18 17 20 
Total 34 54 99 

 
Table E. The number of occupants whose lives 
could have been saved on roads with the speed 

limitation of 110 km/h. 

110 km/h Fatalities    n= 35 
By changing: Human Vehicle Road 

  16 6 15
Possible   4  
in combination   3 3
Total 16 13 18

 
Table F. Single-vehicle collisions classified by the 

criteria for a safe road system. 
 

 Human  Vehicle Road N 
not safe not safe not safe 59 
not safe not safe OK 18 
not safe OK not safe 4 
not safe OK OK 3 

OK not safe  not safe 20 
OK not safe OK 2 
OK OK not safe 5 
OK OK OK 2 

not declare not safe  not safe 2 
not declare not safe OK 2 

   117 
 

Table G. The number of occupants that could be 
saved in single-vehicle collisions 

 
Single-vehicle Fatalities   n= 117 
By changing: Human Vehicle  Road 

  43 51 54 
Possible 4 3 1 
in combination 23 7 20 
Total 70 61 75 
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Table H. Head-on collisions classified by the 
criteria for a safe road system. 

 
Human Vehicle Road N 
not safe not safe not safe 24 
not safe not safe OK 5 
not safe OK not safe 5 
not safe OK OK 5 

OK not safe not safe 18 
OK not safe OK 12 
OK OK not safe 6 
OK OK OK 4 

not declare not safe not safe 1 
   80 

 
Table I. The number of occupants that could be 

saved in head-on collisions 
 

Head-on Collision Fatalities   n= 80 
By changing: Human Vehicle Road 

  11 27 57 
Possible 1 3 2 
in combination 5 5 0 
Total 17 35 59 
 

 
Table J. Intersections collisions classified by use 

the criteria for a safe road system 
 

Human Vehicle Road N 
not safe not safe not safe 6 
not safe not safe OK 1 

OK not safe not safe 14 
OK not safe OK 3 
OK OK not safe 7 
OK OK OK 1 

not declare not safe not safe 1 
not declare OK OK 1 

   34 
 

Table K. The number of occupants that could be 
saved in side impacts at intersection 

 

Intersection Fatalities   n= 34 
By changing: Human Vehicle Road 

  2 0 1 
in combination 7 30 29 
Total 9 30 30 
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ABSTRACT 
 
Research on the evaluation method for vehicle 
compatibility has continued among passive safety 
industries in recent years. NHTSA, which has 
jurisdiction over automobile safety in the U.S., is 
studying AHOF400 as a new criteria to evaluate 
interaction between vehicles to improve 
compatibility performance. In this paper, the target 
value of AHOF400 was assumed to be Part581 zone, 
which is the front bumper height of a passenger car. 
A basic study was carried out using finite element 
modeling of  an existing vehicle model and a real 
vehicle crash test in order to determine how to 
practically modify the vehicle structure of an SUV. 
As a result, it was determined that the height of the 
Front Side Member of an SUV should be lower than 
that of a  passenger car in some cases. This is 
different from the original aiming point that 
car-to-car interaction would be improved by 
restriction of AHOF400, which makes the height of 
front end structures the same level. As a way to solve 
the concern, an evaluation area of barrier load cells 
height which is appropriate to calculate AHOF400 
was studied 
 
INTRODUCTION 
 
Vehicle safety performance was enhanced by 
regulations and crash test publication, in addition to 
continuous effort by car manufactures for many years.  
Especially Self Protection performance during a 
crash has been improved very well. In addition, 
safety concept to reduce the aggressiveness to 
vehicles and passengers during car-to-car accident is 
being expanded. And optimization of self protection 
and partner protection is known as an approach to 
enhance passive safety performance. This kind of 
approach is called compatibility generally. 
Recently the selling volume of sport utility vehicleｓ 
(SUV) and light track vehicles (LTV) is being 
increased, therefore aggressiveness of SUV and LTV 
against passenger vehicle is pointed out. For example, 
Mr Kahene reported that LTV is more aggressive 

than passenger vehicle in case of full lap and offset 
crash in car-to-car crash, in the report by The 
National Highway Traffic Safety Administration 
(NHTSA) in 2003 [1]. And compatibility of Car to 
SUV or LTV is under research by NHTSA [2, 3 and 
4] and The Insurance Institute of Highway Safety 
(IIHS). 
Generally, basic idea to improve compatibility 
performance is considered to be followings [5]. 
1)Increasing interaction of front end structure 
between vehicles 
2)Matching the load between vehicles 
Based on this idea, NHTSA is studying 1) Regulation 
regarding Average Height of Force of front end 
structure (AHOF400) to increase interaction between 
vehicles, 2) Front end load (KW400) to match the 
balance between vehicles as an regulation [6]. 
According to basic research by NHTSA, AHOF400 
and KW400 of SUV and LTV are more than the 
upper limit of criteria which was recommended by 
NHTSA [7], therefore it is presumed that the 
additional modification of front end structure of SUV 
and LTV is needed from now. 
From such a background, basic research about 
AHOF400 was carried out in this paper. Basic study 
by the FEM simulation using existing car and a 
vehicle test were carried out to understand how body 
structure should be modified practically to achieve 
NHTSA concept, in case of SUV which the 
aggressiveness against a passenger car is concern 
especially. 
 
CALCULATION METHOD OF AHOF400 
(AVERAGE HEIGHT OF FORCE)[6] 
 

The followings is a summary of the calculation 
method of AHOF400. AHOF400 is an index which 
shows the Average Height of Force of the front part 
of a vehicle when vehicle deformation is 400mm, and 
it is calculated by using the output value from the  
barrier load cell on a rigid barrier in 35MPH full 
overlap crash test. Load cells are set on the rigid 
barrier in 10 lines and 16 rows, the size of each load 
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cell width is 125mm by 125mm, the height of lower 
edge is 80mm and upper edge of load cell is 1330mm 
from the ground. AHOF400 is computed by using 
Equitation (1) and (2). 
The aiming point is that front structure (i.e. Front 
Side Member) of various type of vehicle should be in 
same level of ground height and vehicle interaction 
can be improved, by limiting upper and lower value 
of AHOF400. Recently, making the main front end 
structure distributed around the height of the bumper 
on passenger vehicles (Part581 zone; 406 to 508mm) 
is under study. Therefore, target of AHOF400 criteria 
was assumed to be within Part581 zone, in this paper. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
BASIC STUDY OF AHOF400 BY FRONTAL 
CRASH SIMULATION USING FINITE 
ELEMENT METHOD 
 
The crash simulation was carried out by using FEM 
model of an existing car to understand how the 
structure should be modified practically to achieve 
the assumed criteria of AHOF400, especially in the 
case of a collision with an SUV. Because the Front 
Side Member most greatly influences the results, its 
height was the focus of the study. 
PAM-CRASH was used as the solver of the 
simulation. The model showed in Figure 1. Moreover 
AHOF400 from physical vehicle test and the 
above-mentioned crash simulation results were 
compared to confirm analytical accuracy (Table 1). 
Because AHOF400 calculated from the FEM 
simulation are lower than result of vehicle tests as a 
trend, the numerical value of AHOF was corrected in 
the ratio of the physical vehicle test results and 
simulation results, was used in this paper. (Table 1) 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Simulation model. 
 

Table 1. 
Difference between AHOF400 calculated from 

crash test and simulation results 
 
 
 
 
 
The relationship between AHOF400 and the height 
of the Front Side Member by simulation is shown in 
Figure 2. In the case of the model, where the height 
of the Front Side Member is higher than Part581 
zone in a simulation; the AHOF400 value is much 
higher than the assumed upper limit (Figure 2-(a)). If 
the height of Front Side Member is in the middle area 
of Part581 zone, AHOF400 is still higher than the 
assumed upper limit (Figure 2-(b)). As a result, 
height of Front Side MBR has to be lower than 
Part581 zone to use current AHOF as a 
recommendation. Figure 3 shows the barrier load 
distribution when the amount of the body 
deformation is 400mm. It is understood the main load 
that influences AHOF400 by the time body 
deformation is 400mm is generated at the following 
position; bonnet hood (Figure 3-(a)), front end 
composition parts in front of the engine (Figure 
3-(b)) and Front  Side Member (Figure 3-(c)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.  Relationship between front side 
member height and AHOF400. 
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Figure 3.  Relationship between barrier load and 
structure layout 
 
The aim of the AHOF400 restriction is distributing 
Front Side Member of various types of cars around 
the Part581 zone to improve the interaction of front 
end structure between vehicles. This analysis result 
shows that the Front Side Member becomes lower 
than Part581 zone in this case, even if it suits the 
AHOF400 to Part581 zone, unlike the 
above-mentioned aim (Figure 4). The main cause is 
considered to be load by the structural element 
around bonnet hood. Although the load around the  
hood is low as compared to the Front Side Member 
load, since road clearance is high, it is presumed as a 
factor which makes AHOF400 increase (Fig. 3- (a), 
(c)). Then, in order to check the influence on 
AHOF400 by the load around the hood, a crash 
simulation was carried out without a hood, as shown 
in Fig. 5. As a result, AHOF400 increased 40mm 
with a hood, and the influence of the hood on AHOF 
was understood (Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Front Side Member relation between 
SUV and passenger car to meet AHOF400 
 
 
 

 
 
 
 
 
 
 
 
 
     a)With hood            b)Without hood 
 
Figure 5.  Simulation model with/without hood 
 

Table 2. 
Difference AHOF400 with and without hood 

（simulation results） 
 
 
 
 
 
 
 
STUDY OF AHOF400 IN CASE OF 
RESTRICTED BARRIER LOAD CELL 
EVALUATION AREA 
 
From the basic study about AHOF400 in the 
preceding chapter, AHOF400 is increased from the 
influence of structure like as a bonnet hood which 
position is higher than Front Side Member height. It 
has been found out that the AHOF400 cannot achieve 
Part581 zone, if the Front Side Member is not lower 
than the lower limit of the Part581 zone. 
Generally, in a Car to SUV/LTV head-on collision by 
which the aggressiveness of SUV and LTV is 
regarded as a concern, the structure around the 
bonnet hood of SUV/LTV does not overlap the front 
part of a passenger car in the height direction (Fig. 6), 
therefore it is hard to think that it has a big influence 
on the interaction between passenger vehicles and 
SUV/LTV. It is considered as one of the subjects of 
AHOF400 that AHOF400 of SUV and LTV 
increases with such a structural element considered 
that the influence of the interaction between vehicles 
is small. 
  
 
 
 
 
 
 
 
 
  

Figure 6.  Relation of the front structural 
element and passenger car and SUV. 
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In this paper, how to eliminate the load of the 
structure of an SUV/LTV which is not overlapped 
with the front end of a passenger car in AHOF400 
calculation was studied as a proposal. As a concrete 
method, the influence of the structure which is not 
overlapped with the front of a passenger car in 
vertical direction can be eliminated by making the 
barrier load cell height lower than 1330mm in 
AHOF400 calculation. In this paper, new barrier load 
cell evaluation range is defined from the two 
following viewpoints. 
 
Height of front part of passenger car 

 
Here, because AHOF400 is calculated at the time of 
400mm of body deformation, the front part height of 
the passenger car was defined as the height of the 
hood, which is 400mm rearward from the front end 
of a passenger car (Fig. 7). The distribution of height 
of the front part of passenger car is shown in Fig. 8. 
Fig. 8 shows that the height of the front part of 
passenger car is on 850mm or less. 
 

 

 
 
 
 
 
 
 
 
 
Figure 7.  Height of front part of passenger car. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Hood height of passenger vehicles. 

 
Barrier height which imitated the passenger car 

used in crash tests 
 
Table 3 shows the height of the barrier that imitates 
passenger cars which are used in the front crash test 

of North America, the side impact regulation, and the 
assessment test of each country. It shows that each 
barrier height is distributed within 800-850mm. 
 

Table 3. 

Barrier height used in crash tests in each country 
 

 
 
 
 
 
 
 
 
From the two above-mentioned viewpoints, 830mm 
(Fig. 4), which is a barrier load cell boundary 
position between the road clearances of 800-850mm, 
was made the upper limit of the evaluation area. 
AHOF400 calculated by the above-mentioned 
method is shown in figure 9-(d). In this case, the 
Front Side Member height that meets Part581 zone, 
which is the assumed target of AHOF400, was 
distributed over Part581 zone. This result approached 
the aim of distributing the frontside member of an 
SUV over Part581 zone, which is the bumper height 
of a passenger car.  Moreover, the same tendency 
was seen also in the physical vehicle test result (Fig. 
10).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 9.  Relationship between AHOF400 and 

new evaluation method. 
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Figure 10.  Relationship between AHOF400 and 

new evaluation method in vehicle crash tests. 
 
CONCLUSIONS 
 
In attempting to achieve the assumed target of 
AHOF400, which is part581 zone, there are cases 
where it cannot be achieved if the Front Side 
Member of an SUV/LTV is not made lower than a 
passenger car's. This view is different from the 
original aim, which was to improve the interaction 
between vehicles by making the height of various 
types of front structures a fixed height by regulating 
AHOF400. As a possible cause, the influence of a 
structure such as the hood, which is not overlapped 
with the front of a passenger car in the vertical 
direction, was considered. The upper limit of the 
AHOF400 evaluation area was restricted to the same 
height as passenger cars in this study. As a result, it 
was found out that the original aim can be achieved. 
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ABSTRACT 
 
A rational analysis of the two apparently 
conflicting views of neck injury causation for 
contained and belted occupants in rollover crashes 
that have been presented in research literature to 
date, i.e. torso augmentation (diving) vs. roof 
intrusion, is presented.  The validity of each of the 
views and associated injury causation mechanisms 
and underlying concepts are investigated using 
basic Newtonian laws of physics. 
 
Through the analysis of General Motors Malibu II 
rollover test series, the authors show how roof 
crush at high intrusion velocities results in high 
neck loading. Equations are developed that 
demonstrate how roof intrusion is integrally linked 
to neck loading and hence is the main causal factor 
of serious neck injuries in rollover crashes. The 
paper also shows how roof intrusion compounds 
torso augmentation resulting from rollover 
kinematic motion.  
 
Discussions are also presented regarding the “lift 
shaft” analogy proposed by Moffatt and used to 
explain how serious head and neck injuries occur 
in rollover crashes. The authors show that analogy 
is inappropriate by at least an order of magnitude 
in terms of the crash severity it suggests. 
 
INTRODUCTION 
 
31,041 passenger vehicle occupants were killed in 
the US in 2005 of which 10,608 died in crashes 
where their vehicle rolled over [1]. This includes 
passenger car, pickups, utilities & vans. Figure 1 
shows that there has been a steady rise in such 
fatalities over the past decade despite the 
introduction of a number of injury mitigation 
initiatives by NHTSA. In contrast, Figure 1 
indicates non-rollover related vehicle occupant 
fatalities have been steadily declining.  
 
The most likely reason for the downward trend in 
non-rollover related crash fatalities is vehicles are 

subjected to both government and consumer 
dynamic crash testing using Anthropomorphic 
crash Test Dummies (ATD) for both frontal offset 
and side impact crashes.  There is no equivalent 
mandated or consumer dynamic crash test being 
carried out to rate vehicle rollover 
crashworthiness. There only exists a mandated 
quasi-static test FMVSS216 [2]. This test has been 
shown to be ineffective in protecting occupants in 
real world rollover crashes by a number of 
researchers and professionals concerned about 
rollover crashworthiness [3, 4, 5].  
 
It will be interesting to monitor over the next five 
or so years whether rollover related fatalities will 
decrease as a result of the introduction of 
electronic stability control. In the mean time it is 
clear there must a considerable ramping of effort to 
enhance the roll-over crashworthiness of vehicles. 
This paper deals with a number of the issues 
currently being debated in the US concerning 
vehicle rollover crashes. 
 
Injuries to seat belted occupants involved in 
rollover crashes were investigated by the authors 
in preceding papers [5, 6]. A number of issues 
relating to the debate concerning whether injuries 
result from diving or roof intrusion were discussed 
and the GM rollover Malibu II test series were 
analysed. This paper further elaborates on some of 
the issues discussed and presents additional 
analysis of some of the Malibu II test series.  
 
DIVING MECHANISM 
 
In an attempt to explain why injuries were 
occurring in vehicle rollover crashes, Moffatt 
proposed in 1975 that such injuries resulted from a 
mechanism analogous to diving. He argued that 
when the roof contacts the ground, it can be 
considered to be stationary against it, with the 
body of the car and the occupant continuing to 
move towards, and eventually striking, the  
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Figure 1: US Rollover related vehicle fatalities compared to all other vehicle crash fatalities.   

 
ground/roof surface.  The injury mechanism 
resulting from this strike was likened to the neck 
injury that occurs when a person dives into 
shallow water in a pool, river or lake.  
 
Moffatt also contended that the injuries were not 
causally related to the roof intrusion, i.e. 

 
 “When the roof of the vehicle struck the 
ground, it essentially came to rest relative to 
the ground.  The roof struck the ground and 
stopped, but the body of the vehicle continued 
to move towards the roof.” 

 
Evolving from this rationalisation of how rollover 
injuries occur was the concept of torso 
augmentation. In other words, when an occupant’s 
head stops against the roof of the vehicle during a 
roof to ground impact, the torso of the occupant 
continues to move towards the roof/ground at the 
same rate as the vehicle is approaching towards the 
ground.  The occupant’s neck and head is thus 
loaded, resulting in head, neck and spinal injuries. 
Moffatt drew an analogy between the injury 
mechanism he described that occurs in a rollover 
crash to one that would occur to a person inside a 
lift where a cable brakes resulting in the lift falling 
down a lift shaft as depicted in his sketch in 
Figure 2. He further elaborated:  
 

“The occupant continues to fall until he strikes 
the floor of the elevator, which has stopped at 
the bottom of the elevator shaft…. The higher 
fall caused the increased injuries, and the 
higher fall caused the increased crush to the 
sides of the elevator” 

 
The authors discussed this issue in a previous 
paper [6]. However this analogy requires further 

analysis. The elevator shaft defence has been used 
consistently by industry since 1975 to aid in 
product litigation related to injuries to contained 
occupants resulting from rollover crashes where 
there is evidence of significant roof intrusion. 
 
 

 
Figure 2 – Copy of Figures 11a to 11d “lift-

shaft” analogy presented by Moffatt [8]. 

The image shown in Figure 2 indicates a lift 
dropping approximately 3 stories in a lift well, i.e. 
around 6 metres. In contrast, Friedman and Nash 
(2005) on analysing GM rollover Malibu II test 
data found that  
 

“The center of gravity of a rolling vehicle does 
not rise or fall more than a few inches during a 
rollover. Thus, the vertical velocity of the 
centre of gravity of the vehicle at roof impact is 
low – virtually never more than 2.5 m/sec (5 
mph).” 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 low – virtually never more than 2.5 m/sec (5 mph).” 
  
 
 

Figure 3: Frame sequence from GM rollover Malibu II test number 7 showing how the height of the 
vehicle’s COG does not vary significantly during the rollover event.   

 
 
Figure 3 shows how the height of the Centre of 
Gravity (COG) varies over the duration of a 
FMVSS 208 rollover crash test. The frames were 
obtained from a high speed film of GM’s Malibu II 
test number 7.  It was in this particular test that the 
highest neck loading of 13,200 N on the driver 
(7L4) was recorded [6, 9]. The orange end bars 
shown in Figure 3 represent a length of 
approximately 61 cm (2 ft). The 7L4 neck loading 
occurred 3.787 seconds into the test when the 
vehicle roof contacted the ground. This also 
happened to be the last quarter turn of the crash 
event (last two frames in Figure 3). 
 
If the falling lift analogy proposed by Moffatt is 
adopted, it would appear that the vertical drop 
height observed in the last two frames of Figure 3 
would be around 30.5 cm (1 ft). The vertical 
velocity from rotation was around 1.9 m/sec 
(Young et al [6]) Using Newtonian laws of physics, 
the velocity ‘v’  the vehicle could reach if it were to 
drop through such a height ‘h’ would be around 

 v gh2= + 1.9  … (1) 

 7.29.10305.081.92 ≈+××= m/sec 

or around 9.6 km/hr or 6.0 mph. This is a very low 
impact velocity.  

Carrying out the same calculations for a lift 
dropping through 6 metres as depicted by Moffatt 
in Figure 2, the impact velocity reached by the lift 
just prior to impact would be around 10.8 m/sec 
(39 km/hr or 24 mph). Hence, Moffatt’s “lift shaft” 
analogy grossly over estimates the severity of the 
rollover event by at least one order of magnitude. It 
thus presents an inaccurate representation of the 
roof crush and subsequent injury process.   
 
A question that is worth considering when 
contemplating Moffatt’s “lift shaft” analogy, is 
what engineering changes would need to be carried 
out on the lift that would allow the person inside to 
survive such a 6 metre drop. One only needs to 
visualise the image of the lift shaft with the lift 
replaced by a car attached inside as shown in 
Figure 4. With the occupant held in the seat with a 
tensioned harness belt, it becomes obvious that the 
6 meter fall is readily survivable. Indeed at a crash 
speed of 39 km/hr the occupant would most likely 
walk away from the fall.  
 
Another way the Moffatt “lift shaft” scenario can be 
visualised as survivable is to place an aircushion at 
the bottom of the lift shaft. The cushion would 
decelerate the lift at a uniform rate of deceleration. 
Accepting that a person can survive a deceleration 
of around 10 g’s it is possible to estimate the 
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distance over which the lift would need to be 
decelerated in order for the person inside to survive. 
The fundamental equation that governs the 
behaviour of all decelerating objects is 

 as22 =v   … (2) 

where ‘a’ is the deceleration and ‘s’ is the distance 
over which the body is decelerated. Thus the 
thickness of the air cushion would need to be 

 6.0
81.9102

8.10
2

22

≈
××

==
a

s v
m 

Thus to decelerate the lift so that the person inside  
survives with no or minor injury from which he/she 
can recover, an air cushion of only 0.6 metres  
would be required as shown in Figure 5.  
  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 4: Car hung in lift shaft with occupant 
strapped into tensioned seat belt. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Energy absorber at base of lift that 
decelerates lift falling from 3 stories to 10 g’s. 

Note that equation (2) is independent of mass. This 
means equation (2) can be used to determine what 
minimum distance is required to slow a vehicle 
down and its occupants restrained inside so that 
they do not suffer a major injury. This equation was 

formulated in the early nineteenth century, i.e. 
almost 200 years ago. 
 
Of course, because the severity of rollovers is an 
order of magnitude less than the lift falling three 
floors, the distance required to safely decelerate an 
occupant within the vehicle that has a strong roof 
structure will be accordingly far less. Nevertheless, 
what is more important to realise is that the 
deformation mechanism proposed by Moffatt in 
Figure 2 bears no comparison to a ‘real world’ 
crash test shown in Figure 3.  
 
To try to understand how non-ejected seat belted 
occupants are injured in rollover crashes, the 
authors have focussed on further analysing the 
results of the General Motors (GM) Malibu II 
rollover crash tests.    
 
MALIBU II CRASH TESTS & ROOF STRIKE   
 
GM undertook a series of FMVSS 208 dolly 
rollover crash tests of their 1983 Chevrolet Malibu 
vehicle, with seat belted occupants, in 1987. The 
series is referred to as the Malibu II rollover crash 
tests. Eight vehicles were tested. Four vehicles had 
roofs strengthened with a ‘roll cage’ and four 
‘production’ vehicles had no strengthening. The 
Hybrid III 50th percentile ATD’s were restrained 
with the vehicle’s seatbelt systems.  The belts were 
fitted to the ATD’s with slack equivalent to the 
static inversion of a human surrogate in the vehicle. 
The rollover crashworthiness performance of the 
strengthened roll cage vehicles was compared to the 
production vehicles by Bahling et al [10].  
 
ATD neck loads were measured. Any neck load 
above 2000 N was identified as a Potentially 
Injurious Impact (PII). There were forty (40) such 
PII’s recorded from the test series. Figure 6 shows 
a graph of the PII’s recorded [6] where it has been 
noted whether or not the PII was during roof-to-
ground contact.     
 
The authors have discussed the maximum PII load 
7L4 recorded in test number 7 in a prior paper [6]. 
This paper looks in more detail at neck loads 3L2 
and 3L3 and the associated roof deformation 
mechanisms.   
 
Slow motion film recordings of test number 3 were 
investigated in detail. Reference lines were drawn 
along the top of the seat back and vertical from the 
seat back to the middle of the rear view mirror as 
shown in Figure 7.  The length of a line drawn 
from the horizontal and vertical reference lines to 
an identifiable point on the roof at the B-pillar (roof 
deformation) and to the ATD’s head (head 
movement) as well as the length of a line from the  

 

0.6 m 
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Figure 6: - Malibu II PII axial neck loads 
 
 
head to the ATD’s shoulders (neck compression) 
was measured in each of the 3 millisecond frames 
for neck loads 3L2 and 3L3. The data obtained is 
plotted in Figures 8 & 9.  Whilst the values 
obtained are only as accurate as can be measured 
from each high speed film frame, they do provide a 
basis on which an understanding can be reached of 
how the load is applied to the ATD’s neck during a 
rollover crash. 
 
It is clear that in PII 3L2 the neck load occurs at the 
moment where the slope of the roof displacement 
versus time curve rises rapidly as indicated in 
Figure 8 (b), i.e. where the vertical roof intrusion 
velocity is at its highest. What is interesting to note 
is the horizontal displacement is approximately 
twice the magnitude of the vertical displacement 
(Figure 8 (a)). Taking into account both vertical 
and horizontal displacement the resultant roof 
intrusion velocity at the moment 3L2 was recorded 
is around 5 m/sec (18 km/h or 11.2 mph).  
 
Another interesting point to note from Figure 8 (c) 
is the ATD’s shoulder does not move relative to the 
seat back until well after the neck had been loaded, 
i.e. at 625 ms. Once the load is imparted onto the 
ATD’s head from the intruding roof, the neck is 
compressed as a result of the torso’s inertia 
preventing it from immediately moving in unison 
with the roof crush and head. The shoulder starts to 
move at 625 ms and eventually catches up with the 
forced displacement (roof & head movement).  
  

Figure 9 shows the comparable graphs for PII 3L3. 
Similar characteristics can be noted here as well, i.e. 
 

• the horizontal deformation is around twice the 
vertical deformation 

 
• the roof intrusion velocity relative to the seat 

back and torso is again around 5 m/sec 
(18 km/h or 11.2 mph)  

 
• the torso begins to move well after the neck 

has been loaded and then unloaded 
 
• the head movement is closely coupled to the 

roof intrusion 
 

 
Figure 7 Lines measured during each 3 

millisecond frame. 
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(a) PII: 3L2 Horizontal versus vertical roof 

deformation 
   

 
 
 

 
 

 
 
 
 
 
 

 
(b) PII: 3L2 Vertical roof deformation and neck  

load versus time.   
   
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 

(c) PII: 3L2 Vertical head & shoulder movement 
and neck compression versus time compared to 

neck loading versus time. 
 

Figure 8: Vehicle roof crush & ATD neck 
loading, head movement, shoulder movement & 

neck compression for Malibu II 2L2. 
 

This is a similar result to that obtained by Freidman 
and Nash [9] for the 3L3 PII though the magnitude 
of roof crush appears to be different. The main 
reason for this is that only the vertical displacement 
is graphed in Figure 8 whereas it is not clear what 
measure was used by Freidman and Nash [9] to plot 
roof crush.  From the high speed films it appears 
the B-pillar and A-Pillar intrude a considerable 
distance sideways into the occupant compartment. 
 

It is worth noting that Friedman and Nash [9] 
calculated a value of 10.1 mph for the B-pillar 
intrusion. This confirms the accuracy of the value 
calculated is reasonable considering the 
methodology chosen to obtain the graphs shown in 
Figures 8 & 9. Indeed, frame images from Malibu 
test 3 confirm the torso moves after the neck has 
been compressed as shown in Figures 10 & 11. In 
PII 3L2 compression is predominantly axial 
whereas in PII 3L3 the neck loading appears to be 
subjected to combined axial and shear.  
 
The torso moves somewhat similar as would a 
single degree of freedom mass reacting against a 
compressed spring at one end and then pulling on 
the spring subjecting the neck to tension (Figures 
8(c) & 9(c)).  
 
In regards to the Moffatt [8] diving analogy, i.e. 
when the vehicle’s roof contacts the ground, the 
occupant’s head stops against the roof, and then the 
torso of the occupant and vehicle (visualise bench 
seat back in Figures 11 & 12) continues to move 
towards the roof/ground at the same rate, it appears 
at first glance that the information in Figures 7, 8, 
11 & 12 confirms the mechanism he proposed. 
However, to better understand what is actually 
occurring in terms of the head-torso interaction 
with the vehicle roof and the issue of diving versus 
roof crush, a mathematical model characterising the 
occupant dynamics and neck loading needs to be 
considered. Such a model was proposed and 
analysed by the authors in a previous paper [6]. The 
analysis of that model is extended further here.      
 
NECK-TORSO SIMPLIFIED MODEL 
 
Figure 10 shows two simplified single degree of 
freedom dynamic models representing the Hybrid 
III dummy’s torso, neck and head shown in 
Figures 11 & 12.  There are three possible 
scenarios in which the neck in this model can be 
loaded; Figure 10 (a) Roof crush; Figure 10 (b) 
Diving; and a combination of diving and roof crush. 
 
To analyse this model, the following simplifying 
assumptions must be made first namely: 
 
• All movement of the head and/or torso is 

absorbed through compression of the neck. In 
other words, the torso-neck-head interaction is 
a single degree of freedom system subjected to 
an imposed vertical motion. The motion is 
applied as a result of either the roof striking 
the head and moving the head towards the 
torso or the torso mass moving at a constant 
velocity towards a rigid surface roof/ground. 

 
• No damping of the force occurs due to impact 

with the head. 

-100.0

-50.0

0.0
0.0 50.0 100.0 150.0 200.0 250.0

Horzontal deformation (mm) 

Ve
rt

ic
al

 d
ef

or
m

at
io

n 
(m

m
)

597ms 

620ms 

-25.0

0.0

25.0

50.0

75.0

100.0

550 575 600 625 650 675
Time (ms)

Ve
rt

ic
al

 D
is

pl
ac

em
en

t (
m

m
) 

-2

0

2

4

6

8

10

12

N
ec

k 
Lo

ad
in

g 
(k

N
)

Vertical Roof Deformation Neck Load

-25

0

25

50

75

100

125

550 575 600 625 650 675

Time (ms)

Ve
rt

ic
al

 D
is

pl
ac

em
en

t (
m

m
)

-3

0

3

6

9

12

N
ec

k 
Lo

ad
in

g 
(k

N
)

Vertical Head Movement Neck Compression
Vertical Shoulder movement Neck Load



Grzebieta   7 

• As is suggested in Moffatt’s diving theory all 
loading on the neck is produced by the inertia 
of the dummy’s torso (torso augmentation). 

 
• Deceleration/acceleration occurs at a constant 

rate. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

(a) PII: 3L3 Horizontal versus vertical roof 
deformation 

 
 
 
 
 
 
 
 
 
 
 
 
 

(b) PII: 3L3 Vertical roof deformation and neck  
load versus time.   

 
 
 
 
 

 
 
 
 

    
 
 

 
 
 

(c) PII: 3L3 Vertical head & shoulder movement 
and neck compression versus time compared to 

neck loading versus time. 

Figure 9: Vehicle roof crush & ATD neck 
loading, head movement, shoulder movement & 

neck compression for Malibu II 3L3. 

• Force is constant throughout the neck, i.e. 
same force at the top of the neck, C1 position, 
and the base of the neck, C7 position. 

 
• The head and neck stay aligned as shown in 

Figure  10 for the duration of loading, 
resulting in a purely compressive load. 

 
Roof Crush: 
 
Using Figure 10 (b) the equation of motion, i.e. 
equilibrium of mass at any instant is 

 ( ) mm xmxxk &&=−  … (3) 

where k is the ATD’s neck stiffness, x the neck 
compression, xm the displacement of the torso, m  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      
 

 (a) Roof crush 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   (b) Diving 

Figure 10: Single degree of freedom dynamic 
model representing Hybrid III dummy 
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Head under side rail near B-pillar. Note three neck 

rings visible. 

 
Neck compressed. Note only two neck rings visible 

and sensor cable flatter. 

 
Torso now moving and three neck rings just visible. 

B-pillar has move laterally inwards. 

 
Torso moved lower relative to seat back. Neck is 

now longer. 

Figure 11: Kinematics of PII 3L2 

 
Head under side rail near B-pillar. Note three neck 

rings visible. 

 
Neck compressed and head moved side ways. Note 
small “v” in T-shirt neck line left of centreline of 

head when compared to frame above. 

 
Torso now starting to catch up with neck and head 

 
Torso moved lower and across relative to seat back.  

Figure 12: Kinematics of PII 3L3 
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Figure 13: Roof crush versus time from PII 3L3. 

 

the mass of the torso and mx&& the acceleration of the 
torso. Thus the governing dynamic equation is 

 kxkxxm mm =+&&  … (4) 
 
Roof crush appears to linearly vary with time as 
indicated in Figure 13. Hence,   

 
1

0 t
tx δ=  … (5) 

where t is the time from the start of neck loading, t1 
is the time over which neck loading occurs and 0δ  
is the magnitude of displacement at the end of the 
loading phase. Thus substituting into right hand 
side of Equation (4) 

 
1

0 t
tkkxxm mm δ=+&&  … (6) 

Equation (6) is a well known 2nd order non-
homogenous differential equation with constant 
coefficients. It’s solution is composed of a general 
solution being the complimentary solution cx and 

the particular solution px . Thus 

 tBtAxc ϖω cossin +=  … (7) 

where A and B are integration constants and 

  
m
k

=ϖ  … (8) 

is the circular frequency. 
 
The displacement during the phase over which 
loading occurs ( 1t ) can be determined using 

Equation (5). The particular solution for this loading 
is 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

1
0 t

txp δ  … (9) 

 
Thus the full solution for the movement of the torso 
is 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++=+=

1
0cossin

t
ttBtAxxx pcm δϖϖ  

 
 … (10) 
and its velocity is 

 
1

0sincos
t

tBtAxm
δϖϖϖϖ +−=&  

  … (11) 
and its acceleration 

 tBtAxm ϖϖϖϖ cossin 22 −−=&&  
  … (12) 
 
From initial conditions we know that at 0=t  the 
torso has not moved and thus its displacement is 
assumed to be zero, i.e. 0=mx . Thus using 
Equation (10) 

( ) ( ) 000cos0sin
1

0 ==⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+×+× B

t
BA δϖϖ  

  … (13) 
 
and also at 0=t  the velocity of the torso is 
assumed to be zero, i.e. 0=mx& . Hence 
substituting into Equation (11) results in 

 
1

0

t
A

ϖ
δ

−=  … (14) 

 
Thus substitution and rearranging terms the 
displacement of the torso for the loading phase 
when the roof is crushing in is   

 ⎟
⎠
⎞

⎜
⎝
⎛ −=

ϖ
ϖδ tt

t
xm

sin

1

0  … (15) 

 
and its velocity is thus 

 ( )t
t

xm ϖδ cos1
1

0 −=&  … (16) 

and its acceleration  

 t
t

xm ϖϖδ sin
1

0=&&  … (17) 

 

1t  

oδ  

t  
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From Figure 10 (a) the load in the neck of the ATD 
can be expressed as 
  
 ( )mneck xxkF −=  … (18) 
 
Hence using Equation (15) and Equation (5) 
 
 

⎟
⎠
⎞

⎜
⎝
⎛ −−=⎟

⎠
⎞

⎜
⎝
⎛ −−=

ϖ
ϖδδ

ϖ
ϖδ tt

t
k

t
tktt

t
kkxFneck

sinsin
1

0

1

0

1

0

 
 … (19) 
which simplifies to 

 
1

0

1

0 sinsin
t

tkmt
t

kFneck
ϖδ

ϖ
ϖδ

==  

  … (20) 
 
Using Equation (5), the velocity at the interface 
between the head and the neck (point A in 
Figure 10 (a)) is 

 
1

0

t
x δ
=&  … (21) 

thus 
 tkmxFneck ϖsin&=   
   
The load varies over time. This means that the load 
in the dummy’s neck is largest when  
 

tkmx
t

Fneck ϖϖ cos0 &&==
∂

∂
 

 
Thus when the acceleration is zero the neck loading 

is a maximum and when 0cos =tϖ , 
2
πϖ =t .  

Substituting this and Equation (21) into 

Equation (20) results in 
2

sinπkmxFneck &= and 

when simplified and replacing the term Rv≡x&  is 
 
 
 kmF Rneck v=  … (22) 
 
 
Thus knowing the velocity of the roof crush, the 
stiffness of the ATD’s neck and the mass of the 
torso, the peak axial force in the neck can be 
determined. 
 
 
 
 
 

Diving: 
 
To determine what the neck load would be in the 
situation where the torso and head move towards 
the ground the model in Figure 10 (b) is now 
considered. In this instance equilibrium of forces at 
any instant is 
 
 mm xmkx &&=  … (23) 
 
resulting in the following governing equation  
 
 0=+ mm kxxm &&  … (24) 
 
Equation (24) is a 2nd order homogenous 
differential equation with constant coefficients.  
 
The solution to Equation (24) is the same as the 
general solution for a single degree of freedom 
mass subjected to undamped vibration, i.e. 
Equations (7) & (8). Thus the velocity in this 
instance is  
 
 tBtAxm ϖϖϖϖ sincos −=&  … (25) 
 
and acceleration is the same as Equation (12). 
 
From initial conditions at 0=t  the displacement 
of the torso is assumed to be zero, i.e. 0=mx . 
Thus using Equation (7) 
 
 ( ) ( ) 00cos0sin ==×+× BBA ϖϖ  … (26) 
 
and also at 0=t  the velocity of the torso is 
assumed to be constant during neck loading, i.e. 

dm vx =&  (see Figure 12 in Young et al [6]). Hence 
substituting into Equation (7)  
 
 ( ) dvAA ==−× ϖϖϖ 00cos  … (27) 
 
resulting in 

 
ϖ

dA v
=  … (28) 

 
Thus the final governing equations for the loading 
phase when the torso and neck are diving into the 
roof/ground is 

 tx d
m ϖ

ϖ
sinv

=  … (29) 

 
and the velocity is thus 
 
 tx dm ϖcosv=&  … (30) 
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and acceleration 
  
 tx dm ϖϖ sinv−=&&  … (31) 
 
From Figure 10 (b) the load in the neck of the 
dummy is expressed as  
 
 mneck xkF =  … (32) 
 
Hence using Equation (29) 
 

 tkF d
neck ϖ

ϖ
sinv

=   … (33) 

 
which can also be expressed as 
  
 tkmF dneck ϖsinv=  … (34) 
 
The load varies over time. This means that the load 
in the dummy’s neck is largest when  
 

tktkm
t

F
dd

neck ϖϖϖ coscos0 vv ===
∂

∂
 

 

This means 
2
πϖ =t  or 

k
mt

22
π

ϖ
π

==  

 
Thus substituting into Equation (34) for tϖ  
 
 
 kmF dneck v=  … (35) 
 
 
This is exactly the same equation as Equation (22), 
i.e. there is no mathematical difference between 
roof crush and diving from a engineering dynamics 
perspective. 
 
Combined roof crush and diving: 
 
In this instance the roof is crushing in at a velocity 
of vR as shown in Figure 10 (a) while at the same 
time the torso is moving towards the incoming roof 
at vd as shown in Figure 10 (b). In this case the 
equilibrium of forces is the same as for roof crush 
alone, i.e. Equation (3). Thus the governing 
equation is Equation (4).  
 
Roof crush will still vary linearly during the load 
phase. Hence Equation (5) is still valid for the neck 
compression and Equation (6) is the governing 
dynamic equation. The solution to this equation is 
represented by Equations (10), (11) and (12). 
However this is where the mathematical similarity 
to roof crush ends. 

 
The initial conditions are different in this case, i.e. 
at 0=t  the displacement of the torso is adopted as 
zero such that 0=mx . Thus using Equation (12) 
 

 ( ) ( ) 000cos0sin
1

0 ==⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+×+× B

t
BA δϖϖ

  … (36) 
 
but at 0=t  the velocity of the torso is constant, i.e. 

dmx v=& . Hence substituting into Equation (11)  

 ( ) dt
A

t
A v=+=+−×

1

0

1

000cos δϖδϖϖ

  … (37) 
resulting in 
 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

1

01
t

A d
δ

ϖ
v  … (38) 

 
Therefore the dynamic equations for the loading 
phase when the roof is crushing towards the 
occupant and the occupant is diving into the roof is 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

1
0

1

0 sin1
t
tt

t
x dm δϖδ

ϖ
v  

 
and after rearranging terms is  
 

 ⎟
⎠
⎞

⎜
⎝
⎛ −+=

ϖ
ϖδ

ϖ
tt

t
x d

m
sin

1

0v
 … (39) 

 
and the velocity is the same as Equation (16) and 
acceleration is the same as Equation (17) 
  
The load in the neck of the dummy is the same as 
Equation (18). Hence using Equation (39) and 
Equation (5) 

 ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −−−=

ϖ
ϖδ

ϖ
tt

t
kkxF d

neck
sin

1

0v
  

 

            ⎟
⎠
⎞

⎜
⎝
⎛ −−−=

ϖ
ϖδ

ϖ
δ tt

t
kk

t
tk d sin

1

0

1

0 v
 

 
which simplifies to 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

1

0

1

0 sinsin
t

tkmt
t

kF d
d

neck
ϖδ

ϖ
ϖδ

ϖ
vv

 
  … (40) 
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From Equation (5) the velocity at the neck head 
interface is 

 
1

0

t
x δ
=&  

Thus 
 
 ( )txkmF dneck ϖsin&+= v  … (41)
  
The load varies over time. This means that the load 
in the dummy’s neck is largest when  
 

 tkmx
t

Fneck ϖϖ cos0 &&==
∂

∂
 

 
Thus when the acceleration is zero the neck loading 
is a maximum as all other terms are non-zero 
regardless of the speed of the torso’s initial diving 
velocity. 

Again if 0cos =tϖ . This means 
2
πϖ =t  or 

  
k
mt

22
π

ϖ
π

==  

 
Thus substituting into Equation (41) 
 

 ⎟
⎠
⎞

⎜
⎝
⎛ +=

2
sinπxkmF dneck &v  

and finally after  replacing the term Rv≡x& , 
results in 
 
   
 ( )Rdneck kmF vv +=  … (46) 
 
 
This means that the roof crush and the diving 
components combine together resulting in an 
increase in load to the neck. That this is the case has 
been shown by the authors in a previous paper for 
injury 7L4 (Young et al [6]). However, only the 
diving component of the impact was calculated and 
shown to be around half the neck load measured 
where roof crush was evident. Equation (46) shows 
that the intrusion velocity of the roof needs to be 
added to the diving velocity of the ATD to obtain 
the correct value of the neck load. 
 
NECK LOAD CALCULATIONS 
 
To calculate the torso velocity, the high speed film 
was digitised into single frame images and the 
rotational and vertical movements for a given time 
period were noted. The rotational velocity (ω) and 
vertical velocity (vv) was calculated. This was then 

used to determine the respective rotational and 
vertical velocity changes of the vehicle where the 
time period was started when the driver’s side or 
passenger side roof rail touched the ground until the 
peak neck load was observed. The period was 
around 20 - 40 ms.  
 
The equivalent change in tangential velocity (Δvω) 
the dummy would be subjected to as a result of 
rotation was determined using the position of the 
dummy and the rotational velocity change of the 
vehicle. The distance from the dummy’s COG to 
the vehicle’s COG, which in turn was assumed to 
be at the centre of rotation, was the lever arm length 
used to convert rotational velocity.  The tangential 
and vertical velocity changes were then added 
because both were essentially in the vertical 
direction (i.e. down) at the time of roof to ground 
contact. Thus the overall vertical velocity change 
Δvd that the dummy’s torso would be travelling at 
was calculated.  
 
Finally, using Equation (35) and the calculated 
velocities, the theoretical neck load in the case of 
torso augmentation (“diving”) was estimated. 
Table 1 shows the rotational, vertical and total 
(equivalent “diving”) velocity change for each 
vehicle and the resulting theoretical neck load that 
could be expected as a result of this torso 
movement. The final column in Table 1 lists 
whether the calculated loads minus the measured 
loads were within estimated calculation errors. 
 
It is clear that using the velocity from rotation and 
vertical drop only (Figure 3), where there is 
significant roof intrusion (3L2, 3L3 & 4L7), results 
in an underestimate of the neck load measured in 
the ATD. 
 
When Equation (22) and the intrusion velocity for 
3L2 and 3L3 of 5 m/sec is used, a neck load value 
of around 12 kN is obtained compared to measured 
values of  10.9 kN and 12 kN respectively.  A neck 
stiffness of 3.36 kN/cm and a torso mass of 
17.19 kg were used to calculate these values 
(Young et al [6]). The calculated neck loads are 
within measurement tolerance. Hence this confirms 
that the neck load is closely coupled with the roof 
intrusion.   
 
Figurers 8 & 9 show that the torso is not moving 
relative to the seat back until after the neck load has 
peaked. The captured images in Figures 11 & 12 
demonstrate that the torso only begins to move well 
after the neck has been loaded and then unloads. 
 
When injury 5R3 is considered, being the highest 
neck load for a reinforced vehicle, measurements of 
shoulder and head movements shown in Figure 14 
indicate the ATD’s shoulder is moving earlier and 
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Test Roof 

Support 
Injury Position Δω 

(rad/Sec) 
Lever 
arm to 
COG 
(m) 

ΔVω 
(m/sec) 

ΔVv 
(m/sec)

ΔVd 
(m/sec)

Theoretical 
Load  
(N) 

Hybrid III 
Load  
(N) 

Difference
(N) 

Inside 
errors?

2 Reinforced 2L1 Far-side 2.4±0.2 0.46 -1.1±0.1 -1.3±0.9 2.4±1.0 5,700±2,400 5,600 -100 Yes 

5 Reinforced 5R3 Near-side 1.4±0.3 0.65 -0.9±0.2 -1.7±1.2 2.6±1.4 6,200±3,300 6,600 400 Yes 

3 Production 3L2 Far-side 2.6±0.1 0.56 -1.6±0.1 -1.1±1.5 2.7±1.6 6,400±3,800 10,900 -4,500 No 

3 Production 3L3 Far-side 2.6±0.1 0.53 -1.3±0.1 -0.5±1.3 1.8±1.4 4,400±3,300 12,000 -7,600 No 

4 Production 4L2 Far-side 2.6±0.3 0.69 -1.8±0.2 -0.7±1.2 2.5±1.4 5,900±3,300 7,900 -2,000 Yes 

7 Production 7L4 Far-side 2.9±0.2 0.63 -1.9±0.1 -0.9±0.9 2.8±1.0 6,700±2,400 13,200 -6,500 No 

Table 1: Theoretical ATD neck loads calculated using Equation (35) compared to measured loads.  

 
 

 
 
 
 
 
 
 
 
 

 

 

 
(a) PII: 5R3 Vertical roof deformation and neck  

load versus time.   
 
 

 

 

 

 

 

 

 

 

 

(b) PII: 5R3 Vertical head & shoulder movement 
and neck compression versus time compared to 

neck loading versus time. 

Figure 14: ATD neck loading, head movement, 
shoulder movement & neck compression for 

Malibu II 5R3. 

within the neck loading phase. Hence in this test, 
neck compression appears to be resulting from a 
component attributed to torso movement within the 
reinforced vehicle. Moreover, when the internal 
views of the ATD for each of the PII’s are viewed 
for the reinforced vehicles, the footage shows the 
roof and roll cage moving relative to the seat back. 
Figure 14 (a) clearly shows the reinforced roof 
moving 35 mm vertically downwards relative to the 
vehicle’s seat back. The intrusion velocity is around 
2.5 m/sec. Using Equation (22) a value of around 
6 kN neck load is obtained. Thus, some form of 
small roof intrusion is still occurring albeit small 
and can be observed for most of the PII injuries in 
the reinforced vehicles.  
 
All of the Malibu II film footage of the reinforced 
vehicles was also carefully investigated to identify 
if a PII injury measure existed where there was 
clearly no roof deformation but torso augmentation 
was clearly visible. Figures 15 & 16 show that 
injury 6L2 matches such a characteristic. Figure 16 
shows the torso moving towards the roof during a 
near-side impact and no roof deformation on the 
far-side above the dummy could be perceived in the 
film. The measurement of the movement of the roof 
relative to the seat back is graphed in Figure 15. It 
deformed only a few millimetres. The measured 
neck loading resulting from this diving mechanism, 
characterised in Figure 10 (b), is graphed in 
Figure 15. The velocity of the torso just prior to the 
neck being loaded was of the order of 1.7 m/sec. 
Again using Equation (35) a value for the neck load 
of around 4 kN is obtained.   
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Figure 15 ATD neck loading, head movement, 
shoulder movement & neck compression for 

Malibu II 6L2. 

 
 
CONCLUSIONS 
 
The following conclusions were reached on the 
basis of the work presented in this thesis. 
 
The “lift shaft” analogy used by Moffatt [8] to 
describe how injuries occur in rollover crashes does 
not reflect the measured injuries in real world 
FMVSS 208 dolly rollover crash tests nor for that 
matter real world crashes.  The magnitude of injury 
severity in a rollover would be inaccurate by at least 
an order of magnitude compared to the severity of a 
lift dropping 3 stories down a shaft and crashing. 
Similarly, the kinematics of a rollover crash are not 
comparable to the kinematics of a lift dropping 
three stories down a lift shaft. 
 
Dissipating the kinetic energy of a lift dropping 
down a lift shaft three stories in order to prevent 
anyone inside the lift being injured, only requires 
an aircushion approximately 0.6 metres deep. 
 
Because the severity of a rollover crash is an order 
of magnitude less severe than a lift falling three 
stories, a much smaller energy dissipater such as 
padding or an air curtain is require to mitigate 
occupant injuries. 
 
Roof crush increases the severity of neck injuries in 
rollover crashes.  
 
The neck loading is closely coupled to the velocity 
of the roof intrusion. This can be proven 
mathematically using Newtonian laws of physics.  
 
Injurious neck loads would be significantly reduced 
in rollover crashes if vehicles roofs were 
strengthened to prevent intrusion at critical 
velocities.   

 

 
Vehicle just prior to touch down on near side. Note 

position of torsorelative to seat back. 

 
Torso moves towards roof (diving into roof) during 

near side touch down resulting in 6L2 injury measure. 

Figure 16 Kinematics of PII 6L2. 
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ABSTRACT 
 
An experiment was designed to evaluate the effect of 
changes to two vehicle parameters on rollover 
maneuvers.  The changed parameters were tire size 
and static stability factor (SSF).  The statistically 
designed experiment tested each vehicle condition 
utilizing the NCAP Dynamic Rollover Maneuver.  
The NCAP Dynamic Rollover Maneuver test 
procedure dictated a consistent tire condition, test 
order, vehicle load, and steer regime. Testing utilized 
an AB Dynamics steering robot. Results of testing 
demonstrated different and improved vehicle 
performance with changed vehicle parameters.  
Evaluation of the test results showed statistical 
significance in vehicle response due to changed SSF 
and no statistical significance in vehicle response due 
to changed tires for one of the steering sequences.  
Close examination revealed that for evaluation of 
effects in vehicle response due to changes of vehicle 
parameters no additional statistically significant 
information in vehicle response was observed for 
initial left turn versus initial right turn and default 
steer versus supplemental steer.  When evaluating 
vehicle response to changed vehicle parameters an 
initial streamlined test regime utilizing the NCAP 
Rollover maneuver is suggested.  The complete 
NCAP Dynamic Rollover test procedure for vehicle 
validation is recommended.  Future investigations 
that build on these results could include changes in 
the roll moment distribution together with SSF. 

INTRODUCTION 
 
The Transportation Recall Enhancement, 
Accountability, and Documentation (TREAD) Act of 
2000 required NHTSA to develop a dynamic test on 
rollovers by motor vehicles for the purposes of a 

consumer information program.    After conducting a 
rulemaking to determine how best to disseminate 
dynamic test results to the public, NHTSA used 
results of the dynamic rollover test as supplementary 
information in combination with a vehicle�s Static 
Stability Factor (SSF).  Consumer information results 
are published in New Car Assessment Program 
(NCAP). The NHTSA NCAP dynamic rollover test 
specifies a consistent concept of vehicle load, 
specific method of steer characterization, tire break-
in, tire use, test sequence and steering maneuver.  
The steering maneuver is a double-step-steer, 
fishhook, maneuver based upon roll rate feedback(1). 
 
According to NHTSA, the original fishhook 
maneuver was developed by Toyota Motor 
Corporation and it is fully described in Toyota 
Engineering Standard TS-A1544 (2).  Variations of 
fishhook maneuvers were suggested by Nissan and 
Honda. NHTSA experimented with several versions 
since 1997(1).  An important feature of NHTSA�s 
fishhook test is a steering maneuver that can only be 
preformed with a steering machine based upon roll 
rate feedback provide while a test is being preformed.  
The roll rate feedback identifies the moment of 
maximum roll angle by identifying when the roll rate 
oscillation first crosses zero, triggering a coincidental 
steer reversal. 
 
For the testing presented in this paper a statistical test 
design is employed to evaluate the hypothesis that 
increased SSF and decreased tire size will reduce the 
occurrence of a simultaneous 2-wheel lift in a vehicle 
in a dynamic rollover maneuver. 

METHOD 
 
The statistically designed test matrix allowed for 
estimates of the relative importance of two vehicle 
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factors.  Evaluated factors were the SSF and tires.  
SSF0 refers to the unmodified base vehicle.  SSF1 
refers to the base vehicle modified with two-inch 
spacers at each wheel, a four-inch increase in track 
width.  SSF2 was the vehicle with the four-inch 
increase in track width and a cg that was reduced by 
one-inch.  Tire 0 was a Michelin X Radial LT 
P235/70R16LT OEM specified tire.  Tire 1 was a 
Michelin X Radial LT P235/70R15LT tire and Tire 2 
was a Michelin X Radial P205/75R15 tire.  Because 
the smaller tires and wheels resulted in a lower 
vehicle cg height a corresponding upward adjustment 
of the vehicle cg was made utilizing a movable mass.  
Use of the movable mass allowed for testing of the 
three SSF conditions and three tires in isolation and 
combination consistent with the statistical experiment 
design. 
 
A 2002 two wheel drive Ford Explorer Sport (two-
door) with 39095 miles was purchase.  The vehicle 
frame, suspension, steering and overall condition was 
inspected, measured and, where necessary, restored 
to manufacture specification with OEM parts by 
certified mechanics.  For testing the vehicle was 
fitted with instrumentation and steering controller, 
ballasted and equipped with outriggers.  
Instrumentation measured speed, slip angle, three 
axis of acceleration, yaw rate, roll rate, hand wheel 
angle, rear wheel heights and body height behind the 
front tires.  Roll angle was calculated from the front 
body height measurements.  The motor for the 
steering controller replaces the steering wheel and 
was an AB Dynamics steering robot.  Data was 
collected at 200 samples per second with a 100 Hz 
preacquisition filter. 
 
Ballast in the right front seat included 
instrumentation and steering controller electronics 
combined in a configuration that replicated the cg 
position and mass of a 175 pound water dummy.  The 
rear seat was replaced with a light steel fixture that 
allowed the vertical adjustment of a mass equivalent 
to the rear seat and two water dummies.  The cg of 
the rear adjustable mass was laterally positioned at 
the vehicle centerline and longitudinally positioned 
identical to the installed rear seat containing two 169 
lb water dummies.    The rear adjustable mass was 
composed of lead weight distributed over an area 
approximately 40 inches from side to side and 15 
inches  from front to back.  The moment-of-inertia of 
the rear seat with 169 lb water dummies was not 
replicated by the rear seat movable mass.  The test 
driver weighed 175 lbs.  As tested the vehicle 
weighed 4815 lbs which is 55 lb over the vehicle 
GVWR.  The front and rear axle weights were under 
the GAWR.  Individual wheel weights were: left 

front � 1225 lb, right front � 1137 lb, left rear 1232 lb 
and right rear � 1221 lb.  
 
Adjustment of the rear seat mass compensated for 
changes in vehicle cg height due to different tire 
rolling radius and reduced cg height at the greatest 
SSF condition.  The vertical adjustment was 
determined by the formula:  
 

(1) ∆hcg(mm) = W/Wmm(∆hcg - ∆ht),  

Where: 

∆hcg(mm) is the calculated displacement 

of the movable mass, 

W is the weight of the vehicle, 
Wmm is the weight of the movable mass, 
∆ht is the change in height of the 
vehicle due to tire (reduced radius is 
negative), 
∆hcg is the desired change in height of 
vehicle CG (reduced height is negative), 

 
The calculated vertical displacement of the movable 
mass is shown in Table 1.  The equivalent vertical 
position of the rear seat and water dummy was 
determined by measurement and analysis to be 40 
inches above the ground in a loaded vehicle.  The 
tested position of the movable mass in the Tire 1, 
SSF2 condition was 0.1 inches lower than 
calculated1.  
 

Table 1. 
Calculated vertical displacement of rear seat 

movable mass. 
  

Tire 0, SSF0 0.00 0.00 0.0
Tire 0, SSF2 0.00 -1.00 -12.4
Tire 1, SSF0 -0.23 0.00 2.9
Tire 1, SSF2 -0.23 -1.00 -9.6
Tire 2, SSF0 -1.19 0.00 14.8
Tire 2, SSF2 -1.19 -1.00 2.4

Change in 
rolling 

radius (in)

Desired 
change in 
CG (in)

∆hcg(mm)  

(in)

 
 
Titanium outriggers designed by NHTSA replaced 
the vehicle front and rear bumpers.  The outriggers 
were attached to the vehicle with custom fitted 
brackets.  Attachment of the skid plates at the end of 

                                                 
1 The effect of a 0.1 inch change in rear seat movable 
mass manifest as 0.008 inch change in vehicle cg 
height and no change in the calculated SSF rounded 
to two significant digits. 
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the outriggers were lightened and shortened reducing 
the outrigger mass and moment of inertia and 
lowering the mass of the outrigger relative to the 
vehicle cg. 
 
Tires were Michelin X Radial LT for the 
P235/70R16LT and P235/75R15LT configurations, 
Tire 0 and Tire 1, respectively.   Tire 2 was a 
Michelin X Radial for the P205/75R15 configuration.  
LT designated tire were not available in the 
205/75R15 size.  The tire distributor recommended 
the Michelin X Radial without the LT designation as 
an equivalent in the smallest size.  All rims were 
either 16X7 or 15X7.  Tires were fitted with radial 
tubes to prevent catastrophic tire debead.  All tires 
were purchased new and broken in using the NHTSA 
tire break-in procedure.  Tire pressures were set after 
break-in and before testing consistent with the 
vehicle placard at 30 psi for the front and 35 psi for 
the rear throughout testing.  Tire pressures were 
checked but not changed during test sequences. 
 
Steering characterization was conducted using the 
steering controller programmed to slowly increase 
steering at 13.5 degrees per second to a magnitude of 
75 degrees.  The steering was held constant for 2 
seconds at 75 degrees.  Utilizing the analysis method 
described in the NHTSA NCAP the resulting steering 
characterization CS was 32.1 degrees.  The default 
steer was 209 degrees and the supplemental steer was 
177 degrees.  Five sinusoidal passes were conducted 
for tire break-in prior to the steer characterization 
testing because the first break in runs did not produce 
a 0.5 g to 0.6 g lateral acceleration. 
 
Dynamic rollover tests were conducted using the 
NHTSA NCAP flow chart except all vehicle 
conditions except conditions at SSF0 were tested in 
both the Left-Right (LR) and Right-Left (RL) 
sequence.  The SSF0 condition was only tested in the 
LR direction and the performance in the LR direction 
was presumed for the RL direction.  The NCAP flow 
chart dictated cessation of testing if a failure 
conditions results in the LR sequence prior to RL 
testing.  In addition a test sequence was conducted in 
one direction to its conclusion before testing in the 
other direction was started.  A test sequence in one 
direction is concluded pursuant to the NCAP 
flowchart when simultaneous two wheel lift occurs 
(S2WL), a tire debeads, rim to ground contact occurs 
or all tests in the sequence are successfully 
completed.  A sequence in one direction is complete 
when the vehicle has successfully passed both a 
default and supplemental steer at 50 mph.  
Simultaneous two wheel lift was determined when 
the rear wheel height sensors indicated wheel lift in 

excess of two inches.  The vehicle�s front roll 
stiffness forces the front wheels higher off the ground 
when the rear wheels are off the ground due to body 
roll. 
 
Outrigger contact was determined by painting the 
skids on the end of the outrigger and checking for 
abrasion of the paint following a test.  Tire to ground 
contact was evaluated by inspecting the tires and 
wheels and test track surface. 
 
Testing was conducted on an asphalt parking lot at 
Southwest International Raceway (SIR) South of 
Tucson Arizona.  The test surface peak friction 
coefficient (PFC) was measured in accordance with 
ASTM Method E 1337�90, at a speed of 64.4 km/h 
(40 mph), without water delivery using an American 
Society for Testing and Materials (ASTM) E1136 
standard reference test tire.  The peak friction 
coefficient was 0.91.  The test surface has an East to 
West slope of minus 1.0% and has an North to South 
slope of 0.8%. Vehicle direction prior to first steer is 
approximately toward the Southwest and along the 
path of vehicle approach the slope is minus 0.1%. 
 

RESULTS 
 
The default steer magnitude was 209 degrees and the 
supplemental steer magnitude was 177 degrees.  A 
master table of the fishhook test results is shown in 
Table 2.   For each test condition the R-L sequence is 
listed first since it consistently resulted in 
simultaneous two wheel lift at a lower speed.   
 
For the RL default steering experiment, SSF was 
tested at 2 levels and tires at 3, resulting in a 2 X 3 
experiment. For the LR default steering experiment, 
SSF was tested at 3 levels and tires at 3, resulting in a 
3 X 3 or 32 experiment.  The response variable was 
the mph at which the design failed the test. 
Specifically, the possible values of the response were 
35, 40, 45, 47.5, and 50. The value 55 was assigned 
when there was no failure. When there was a failure 
at 47.5 or 50 mph, the test was repeated. For analysis 
purposes, the second test result is considered a 
duplicate. While the tires were new for this duplicate 
run and therefore the experimental conditions 
yielding this duplicate observation were slightly 
different, it offered the possibility of examining an 
interaction term between tires and SSF.  
 
Each of the steering sequences were analyzed 
separately. Table 3 provides the factors and p-values 
of significance. In both the default steering sequence 
directions, the SSF was significant at the 0.05 level, 
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Table 2. Summary of test results 
 

RL LR RL LR RL LR RL LR RL LR RL LR RL LR RL LR RL LR

1 P P P P P F P F P P P

2 F F

1 F P P P P P F P P

2 P P1 P

1 P P P P P P P

2 P

1 F P P P P P P

2 P P

1 P P F P P P

2 P P P P

Notes:
1Passing 50 mph RL Default at SSF2, T1 condition was an exception to the NHTSA NCAP sequence and not included in analys

The tested position of the movable mass in the SSF2, T1 condition was 0.1 inches lower than calculated

New tires are utilized at the beginning of each test sequence

"RL" and "LR" refer to the turn sequence directions from the NCAP test series
"# of tires" refers to situation when a new tire set was required to verify S2WL. New tires were not fitted for S2WL at <=45 mph
NCAP test sequence is followed except testing is completed in one direction before the second direction is initiated.

A "F" and filled box denotes a configuration that resulted in Simultaneous Two Wheel Lift (S2WL).  A "P" denotes no S2WL

S2WL is presumed in grey shading for all tests in sequence following the test of observed S2WL
S2WL is presumed in grey shading for all tests in RL sequence of the SSF0 conditions based upon LR result
Failure in default RL at 47.5 with the first tire in the SSF2, T1 condition is accompanied by rim to ground contact

N YN N N N

Tire 2 (205/75R15)
SSF0 SSF1 SSF2

Tire 1 (235/75R15)
SSF0 SSF1 SSF2SSF0

Baseline Tire (235/70R16)
SSF1 SSF2

# 
of

 ti
re

s

Did Configuration 
Pass NCAP Series?

N Y

35 mph 
Default      
Steer
40 mph 
Default      
Steer
45 mph 
Default       
Steer
47.5 mph 
Default      
Steer

P

F

Y

50 mph 
Default       
Steer
45 mph 
Supplemental 
Steer
47.5 mph 
Supplemental 
Steer
50 mph 
Supplemental 
Steer

O
rd

er
 o

f T
es

t i
n 

S
eq

ue
nc

e

Test

A "F" or "P" denotes the result of a test that was actually conducted

1

1

1

P P P P P P P P P P P P P P P

P P P P F P P P P F P P P P

P P P P F P P P P P P P

  
Table 3. Summary of Test Results. 

 
 

Testing 
Significant 
Factor and  

p-value 

 
Not 

Significant 

Default 
Steering RL 
R2 = 81.11 

 
Tires        0.020 
SSF         0.042 

 
Interaction 

Default 
Steering LR 
R2 = 90.49 

 
SSF         0.001 

Tires 
Interaction 

Supplemental 
Steering 

 
No factors 

Tires 
SSF 

however, tires were only significant for the RL 
sequence. Analysis of the supplemental steering 
results yielded no significant factors. The main 
effects plots in Figures 1 and 2 illustrate these results 
and indicate that the direction of the main effect of 
the SSF is the same for both steering sequences, LR 
and RL. In other words, as SSF increases, 
performance improves. While the LR sequence 
shows no effect of tires, the RL sequence results 
show the best performance for the baseline tires.  
 
It is noteworthy that these simple models provide 
very good fits as summarized in the R-squared 
values, 81.11% for RL and 90.49% for LR. 
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Figure 1. Main Effect Plot of Tires and SSF for Default Steering LR Experiment, Tires Insignificant and SSF 
Significant 
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Figure 2. Main Effect Plot of Tires and SSF for Default Steering LR Experiment, Tires Insignificant and SSF 
Significant 
 
Examination of the residual plots indicates no 
violations of the underlying modeling assumptions. 
While the order of the experimental runs was not 
random, no underlying pattern in the residuals 
according to run order was notable. 
 

In summary, under the experimental conditions and 
procedures implemented, the conclusion is that an 
increase in SSF and a reduced tire size reduces the 
occurrence of a simultaneous 2-wheel lift in a vehicle 
in a dynamic rollover maneuver. By performing the 
separate  analysis  on  the  different  default   steering  
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sequences and the supplemental steering, it was also 
found that the RL steering sequence provided the 
most information about vehicle sensitivity to changed 
vehicle parameters. Hence, these results suggest an 
initial streamlined test procedure.   

CONCLUSION 
 
Results of testing demonstrated different and 
improved vehicle performance with changed vehicle 
parameters.  Evaluation of the test results showed 
statistical significance in vehicle response due to 
changed SSF and no statistical significance in vehicle 
response due to changed tires for one of the steering 
sequences.  Close examination revealed that for 
evaluation of effects in vehicle response due to 
changes of vehicle parameters no additional 
statistically significant information in vehicle 
response was observed for initial left turn versus 
initial right turn and default steer versus supplemental 
steer.  The testing performed under these 
experimental conditions concludes that increased SSF 
and decreased tire size reduces the occurrence of a 
simultaneous 2-wheel lift in a vehicle in a dynamic 
rollover maneuver. Furthermore, when evaluating 
vehicle response to changed vehicle parameters an 
initial streamlined test regime utilizing the NCAP 
Rollover maneuver is suggested.  The complete 
NCAP Dynamic Rollover test procedure for vehicle 
validation is recommended.  Future investigations 
that build on these results could include changes in 
the roll moment distribution together with SSF. 
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ABSTRACT 
 
A comprehensive model to assess crash risks and 
reduce driver’s exposure to risks on road curves is 
still unavailable.  We aim to create a model that can 
assist a driver to negotiate road curves safely. The 
overall model uses situation awareness, ubiquitous 
data mining and driver behaviour modelling 
concepts to assess crash risks on road curves. 
However, only the risk assessment model, which is 
part of the overall model, is presented in the paper. 
Crash risks are assessed using the predictions and a 
risk assessment scale that is created based on driver 
behaviours on road curves.  This paper identifies 
the contributing factors from which we assess crash 
risk level. Five risk levels are defined and the 
contributing factors for each crash risk level are 
used to determine risk. The contributing factors are 
identified from a set of insurance crash records 
using link analysis. The factors will be compared 
with the actual factors of the driving context in 
order to determine the risk level. 
 
INTRODUCTION 
 
The crash rates in road curves are about 1.5 to 4 
times higher than in straight roads (Zegeer, 
Stewart, F. M. Council, Reinfurt, & Hamilton, 
1992). Moreover, the crash severity for curve 
related crashes is higher than those occurring in 
straight roads (Glennon, Neuman, & Leisch, 1985). 
Hence, studies had been carried out to assess the 
crash risk. Crash risk assessments are conducted to 
determine future possible crash risks. There are 
different methods to assess risk on curves. Most of 
them are based on the number of fatalities or crash 
severity on curved  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
roads. Another way to assess risk is to discover the 
contributing factors of a crash and determine the 
effect of each factor on risk. The contributing 
factors are related to vehicle, driver, and 
environment. 
 
Related Studies 
 
Risk can be also subjectively assessed. An 
interview based study by Higgins and Besinger, 
(Higgins, & Beesing, 2006) identified the “riskiest” 
driver behaviour as cell phone use and other 
“multi-tasking” while driving, aggressive driving 
behaviours such as speeding, running red lights, 
and failing to yield right-of-way to other vehicles. 
The following sub-sections discuss related 
objective risk studies grouped by vehicle, driver 
and environment. 
 
     Vehicle Related Studies Speed is the major 
contributing factor for road, including curve related 
crashes. Speeding had contributed 16% of the fatal 
crashes in Queensland, and is ranked as the fifth 
highest contributing factor to fatal crashes in 2003 
(Queensland, 2005). Kloeden et al. (Kloeden, 
Ponte, & McLean, 1997) has shown that a small 
increase in speed lead to a rapid increase in crash 
risk. This is based on the fact that most drivers 
underestimate the required stopping distance. The 
crash and injury severity increases as the speed 
increases. Hence, several researchers have 
investigated the contributing factors and the way to 
estimate risk. The conservative way to estimate risk 
is to calculate the speed, stopping distance and 
impact speeds (Kloeden, Ponte, & McLean, 1997; 
RTA,2006). Impact speed is included in the 
calculation as studies have shown that as the impact 
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speed increases, the likelihood to suffer fatal injury 
increases (Ashton, & Mackay, 1979). This 
estimation leads Koleden et al. (Kloeden, Ponte, & 
McLean, 1997) to show that the crash risk doubles 
with every 5km/h increase in a 60km/h limit zone.  
Furthermore, the risk of speeding in an urban area 
has equivalent risk to driving with illegal blood 
alcohol concentration.  
  
Besides speeding, the age of a vehicle is another 
risk factor. Older vehicles have higher crash risk as 
they do not have advanced safety features. They 
also have safety defects such as faulty brakes, and 
worn out tyres. Blows et al. (Blows et al, 2003) has 
shown that crash injury risk increases as the age of 
the vehicle increases. Results have shown that 
vehicles manufactured before 1984 have three 
times the crash risk compared to those 
manufactured from 1994 onwards (Blows et al, 
2003). 
 
     Driver Related Studies Inexperienced drivers 
are exposed to higher crash risk compared to other 
drivers. They have poor visual and perceptual 
skills, judgement, control, are unable to respond to 
risks, and unable to cope with distractions while 
driving (Government, 2005). This is based on the 
high crash rates inexperienced drivers have in the 
first six months of driving alone since they failed to 
recognize risk and have poor hazard perception. 
Furthermore, they do not handle the complex task 
of driving well (Government, 2005). Therefore, the 
crash risk increases when an inexperienced driver 
is driving on a curved road, as it requires more 
experience and skill to handle such situations.  
 
Driver intoxication with alcohol is another risk 
related factor. Drinking can influence the ability to 
control the vehicle and perform tasks such as 
braking and steering. Additionally, alcohol impairs 
drivers’ decision making, such as when they are not 
able to make judgements of the road geometry and 
condition to adjust the vehicle’s dynamics 
accordingly (NHTSA, 2006). This increases the 
driver's exposure to crash risk when they negotiate 
a road curve. Thus, drink driving is one of the 
causes of crashes in road curves. In 2003, 
Queensland recorded 284 fatal crashes and 38% of 
the crashes were caused by alcohol or drugs 
(Queensland, 2005).  
 
A driver raises his crash risk when he is fatigue 
(VicRoads, 2006). Fatigue can cause slow reaction, 
reduced concentration ability, and drivers take a 
longer interpretation time to understand the traffic 
situation. Drivers also have trouble to keep the 
vehicle within the lane, drifting off the road, 
change of speed and not reacting in time to avoid 
hazard situations. This leads to a high number of 
single vehicle crashes, run-off-road and hit 

roadside objects, and severe head-on collisions 
(Authority, 2005). 
 
Fatigue is as unsafe as drink driving as research has 
shown that the driving ability of a fatigue driver 
who goes without sleep for 24 hours has the same 
driving ability of a driver with Blood Alcohol 
Concentration (BAC) of 0.1(VicRoads, 2006).  
 
     Environment Related Studies Environmental 
factors such as wet or slippery road surfaces, poor 
lighting, narrow shoulder width, slide resistance, 
and unprotected roadside environment, contribute 
to crashes in road curves. The crash risk in road 
curves is also influenced by the road design such as 
the degree of curve, length of curve, lane width, 
surface and side friction, sight distance, and super 
elevation. The following paragraphs discuss a few 
of the factors mentioned previously that influence 
crash risk. 
 
Research has shown that a decrease in curve radii 
will increase the related risk rate. Blair (Turner, 
2005) has defined the relative risk and curve risk 
and is presented in Figure 1. 

 
 

Figure 1.  The relative risk for different curve 
radius (metres). 
 
Sharp horizontal curves or curves with smaller radii 
are associated with large central angle and limited 
sight distance. Insufficient sight distance results in 
high crash rates in horizontal curve (Torbic et al., 
2004) and increases the crash risk. The relative risk 
is approximately 1.1 when the sight distance is 2/3 
of required and it increases to 1.42 when the sight 
distance is less than 2/3 of required (Turner, 2005). 
 
The location of the curve is critical and will affect 
the crash risk level. The risk is higher when a curve 
is after a long straight road or after a sequence of 
gentle curves (Seneviratne & Islam, 1994). Other 
road features such as superelevation and side 
friction also contribute to crash rates. 
Superelevation will affect the travelling speed on 
curved road and in turn increase or decrease crash 
risk. Wet weather can contribute to the risk level 
when the superelevation is less than 2% (Dunlap, 
1978). 
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To our knowledge, none of the existing risk 
assessment studies have integrated contributing 
factors of the situation (environment, vehicle, and 
driver) and past crash records. Past crash records 
used for our assessments are past crash claims from 
an insurance company. Risk is assessed based on 
the number of records and severity of each crash 
recorded. Even though FHWA had investigated 
crashes related to trees using the approach but there 
are no studies for curved roads yet. 
 
The innovative aspect of the proposed approach is 
that it uses past crash records and information 
about the current situation that consists of 
environmental, vehicle dynamics and driver 
behaviour. Then the collected data is analysed in 
order to improve the accuracy of the real time risk 
assessment in a vehicle.  
 
The rest of the paper is structured in the following 
manner. The overview of our conceptual 
framework is presented, followed by a description 
of the risk assessment methodology. Results of the 
crash history review is presented and discussed. 
Then we conclude with a summary of the findings 
and recommendations for future work. 
 
CONCEPTUAL FRAMEWORK 
 
Figure 2 illustrates the overall framework of our 
approach. Details are discussed in previous work 
(Chen et al, 2006). In summary, the framework 
consists of a training phase which involved crash 
history review, and simulation to study driving 
behaviour in curved roads. Then the review and 
simulation results are obtained and used to train a 
driver behaviour model. This is later used to assess 
crash risk in real-time. The risk assessment model 
is called Ubiquitous Situation Awareness Risk 
Prediction Model for Road Safety (UbiSARPS), 
which is designed to assess and determine crash 
risk on curved roads. 
 
The focus of the paper is on the risk assessment 
model that is on the right side of Figure 3, and an 
overview of the analysis processes, that includes 
the grey out area, is also illustrated. Crash risk 
assessment of curved roads could help to determine 
future crash risks. Risk assessment involves the 
consideration of several factors that are related to 
road curves.  
 

 
 

Figure 2.  An overview of UbiSARPS. 
 

 
Figure 3.  Overview of the crash review process 
which is part of the training phase. 
 
The next section is a description of the review 
methodology. 
 
CRASH REVIEW METHODOLOGY 
 
Analysing past crash records is a critical step in 
assessing crash risk on curved roads. Crash risks 
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are determined from contributing factors, crash 
severity, hazard locations, and patterns of crashes.  
 
We mined a large amount of crash records from an 
insurance company in order to extract knowledge 
about contributing factors to crashes on curves. The 
records consist of 8035 insurance claims, related to 
property damage occurred in Queensland urban 
areas between the years 2003 and 2005 inclusive. 
Each record contains information about the crash 
such as the location of the crash, time, age of 
driver, years of experience, severity, and whether 
the driver was under the influence of alcohol. The 
records contain crash claims that cost more than 
AUD$2500.  
 
In this paper, we classify the data into different 
vehicle damage severity groups and define a risk 
scale with five levels. Groups are classified based 
on the claim amount of each crash and corresponds 
to the risk scale level that we will define. The data 
are ‘cleaned’ before using for the analysis 
processes. The ‘cleaning’ process consists of 
removing duplicate records and replacing invalid or 
empty fields. The next section describes the risk 
scale levels. 
 
Risk Scale Levels 
 
A five-level risk scale is defined for assessing crash 
risk on road curves. A risk with level one indicates 
a low crash risk and the risk increases until level 
five which is an indication of high crash risk. Crash 
risk level is determined by assessing the 
contributing factors. A set of contributing factors 
are defined in each level and are used to determine 
the risk level of the current situation. The initial 
step to determine risk level is to use a set of 
selected contributing factors and compare with the 
defined contributing factors in each level. A close 
match to the defined contributing factors indicates 
the crash risk level.  
 
With the insurance crash records, the five risk 
levels are based on the claim amount for curve 
related crashes. The records are divided into five 
groups and the first group is the records that cost 
less than AUD$2500. A previous (Chen, 2006) has 
presented the findings of the contribution factors on 
curved roads based on the claim descriptions. The 
remaining records are divided into quartiles which 
results in four equal groups of the records. The 
minimum claim amount to divide into quartiles is 
AUD$2502 and the maximum amount is 
AUD$63,314, and consists of 1041 records.  Table 
1 presents the distribution of the cost across 
different risk levels. 
 
 
 

Table 1. 
The cost distribution for each crash risk levels. 

 
Level Claim amount in AUD$ 
5 $9734-63,314 
4 $5477-9733 
3 $3479-5476 
2 $2500-3748 
1 Less than $2500 

 
After defining the five levels, the next step is to 
define related contributing factors for each level. 
The contributing factors will be identified with the 
link analysis approach which is discussed in the 
Crash Records Analysis Process section. 
 
The following section describes the preliminary 
analysis process on the crash records. A 
preliminary analysis was conducted to provide a 
background of the crash records used for the 
analysis process. Then the next step is to discover 
the contributing factors for each severity group.  
 
Preliminary analysis 
 
The aim of preliminary analysis is to determine the 
distribution of the contributing factors from the 
insurance crash records. This distribution provides 
an overview of the characteristics of the records 
used. 
 
The initial step for the preliminary analysis is to 
determine and select the variables to observe. 
Selected variables are based on the contributing 
factors with the highest number of crashes that are 
identified by the Queensland Transport crash 
report. They are: alcohol, inattention, inexperience, 
age, and wet roads. The corresponding contributing 
factors from the insurance records are: wet roads, 
inattention, inexperience, young drivers, and 
alcohol.  
 
The records used are cleaned and consist of all 
types of road crashes. The selected and cleaned 
records from the insurance company are imported 
into SPSS for analysis. A frequency count on the 
number of records is performed for each selected 
contributing factors and are consolidated and 
converted into a percentage. The consolidated 
results are used to discover the distribution of the 
contributing factors from the insurance company 
records. The contributing factors are arranged in a 
descending order in terms of the number of crashes 
and are presented in a chart. Figure 4 illustrates the 
distribution of the contributing factors from the 
insurance company crash records. 
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Figure 4.  The distribution of the contributing 
factors from the insurance crash records. 
 
The most significant contributing factor in the 
crash records is wet roads, followed by lose of 
control, inexperience, young drivers and alcohol.  
 
These findings are different from Queensland 
Transport database which rank contributing factors 
as follows in Figure 5. 
 

 
 
Figure 5. The distribution of the contributing 
factors defined in the Queensland Transport 
crash report (Queensland, 2005). 
 
Crash Records Analysis Process 
 
The aim of the analysis process is to determine the 
contributing factors for each crash of the five risk 
groups. The identified contributing factors will be 
exploited to define a risk scale.  
 
Crash records are filtered and only curve-related 
crashes are analysed. Then the records are 
categorised into four groups based on the claimed 
amount. Each of the four categorized groups is 
examined using the link analysis method to identify 
the contributing factors in each group. Link 
analysis is a process to find the relationship 
between selected variables using nodes and links.  
A node represents a field attribute and a link 
represents an association between nodes where the 
variables from one node to another occurred 
together. For example, male drivers are involved 

with more tree related crashes than female drivers. 
This is concluded based on the number of links 
between the male node, and tree crash node.  
Figure 6 illustrates the nodes, links and 
relationships. 
 

 
 
Figure 6.  An example of nodes, links and their 
relationship. 
 
The linkages are presented graphically; the size of 
the node indicates the number of records and 
different colours of the link indicates the number of 
related records. As seen in Figure 6, red lines have 
the most number of links compared to blue and 
followed by green lines. Therefore, an increase in 
size or change of colours signifies that nodes are 
highly associated with each other. This 
interpretation aids our analysis in identifying the 
significant contributing factors among the crash 
records. Then the identified contributing factors are 
listed and arranged in a chart format for each of the 
four groups.  
 
Apparatus 
 
In the preliminary analysis, a statistical tool called 
SPSS is used to remove duplicate records and to 
analyse the distribution of the contributing factors 
in insurance crash records.  Later in the data 
analysis process, SPSS is used again to group the 
records into four groups that correspond to the 
vehicle damage severity levels.  Then SAS is used 
to perform the link analysis process in order to 
identify contributing factors in the crash records. 
 
CRASH RISK LEVELS AND RELATED 
CONTRIBUTING FACTORS 
 
The expected result from the crash records analysis 
process is to obtain a different set of contributing 
factors for each crash risk level. 
 
Risk Level One  
 
The contributing factors for Level One are 
presented in previous work (Chen, 2006). hence, 
this paper presents the results from Level two to 
five. 
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Risk Level Two 
 
Figure 7 illustrates the significant contributing 
factors for Level Two risk (claim cost = 
AUD$2500-3748). Significant factors are factors 
which are associated with a high number of 
crashes. The factors are expressed as the percentage 
of the total number of crashes for the first quartile 
group of records (n=261).  
 

 
 
Figure 7.  The list of contributing factors for 
Risk Level Two. 
 
Figure 7 shows that young drivers of 22 years of 
age and drivers who have 9 years of driving 
experience are the significant factors in the list. The 
maximum age of drivers for this level risk is 43 
years of age. Both genders are equally involved in 
the crashes, even though males have 8% more 
number of crashes than females. However, this is 
not a major issue. Hence, both genders face the 
same risk.  
 
The next factor is trees where trees can be the 
roadside objects that the vehicle hit when it go off 
the road in order to avoid animals or through loss 
of control. Possible reasons for loss of driver 
control are: speeding, inattention, fatigue, 
inexperience, and misjudgement on curves.  Hence, 
a driver will be assessed as Level Two risk if he or 
she is between 22 to 43 years of age, or with 9 
years or less of driving experience or when there 
are trees or a curved road in the environment.  
 
Risk Level Three 
 
The total number of crash records used for Level 
Three analysis is 260. The claim cost is between 
AUD$3479 and AUD$5476. The list of 
contributing factors is expressed in percentage 
according to the total number of crashes and is 
illustrated in Figure 8. The contributing factors are 
similar to Risk Level Two, however, the detailed 
information of each factor are different. 
 

 
 
Figure 8.  The list of contributing factors for 
Risk Level Three. 
 
In Level Three, young drivers of 23 years of age or 
with 10 years or less of driving experience drivers 
are the leading contributing factors. This may be 
due to lack of skill to handle risk and the perception 
of risk is not well developed yet. This applies to 
underdeveloped both male and female drivers, as 
male drivers have 5% more number of crashes in 
comparison to female drivers.  The maximum age 
is 43 years of age for level Three too. The 
remaining factors are trees, lost of control and 
curves.  The tree factor is not significant compared 
to Level Two. However, the number of lost control 
crashes increase. A possible reason is due to speed 
as most drivers are over-confident and will drive 
more recklessly. Therefore, Level Three risk is 
identified when a driver with age ranges from 23 to 
43 of age or with 10 or less years of driving 
experience and if he or she speeds. 
 
Risk Level Four 
 
This level of risk is considered moderately high and 
more contributing factors are identified. A total of 
260 crash records and with claim cost between 
AUD$5477 and AUD$9733 are used for the 
analysis process. Figure 9 presents the list of 
factors.  
 

 
 
Figure 9.  The list of contributing factors for 
Level Four. 
 
The group of young drivers involved in Level Four 
of risk are 21 years of age with more male drivers 
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are involved in the crashes. The maximum age is 
41 years for this level. Another factor is the driving 
experience, where 9 or less years of driving 
increases the number of crashes. The remaining 
factors such as trees, lost of control and curves are 
similar factors to Level Two and Three. However, 
alcohol is an additional factor in Level Four. 
Alcohol can affect control and judgment when 
driving on the road. Risk increases when the driver 
drives in a curved road. Hence, when a male driver 
is between the age 21 and 41 and is alcohol 
intoxicated, the crash risk increases to level four. 
 
Risk Level Five 
 
Level Five is the maximum point of the risk scale 
and indicates the highest risk level. The crash 
claims cost for Level Five ranges from AUD$9734 
to AUD$63,314 and 260 crash records are used. 
Figure 10 is the list of contributing factors for 
Level Five, expressed in percentage in terms of the 
total number of records used (n=260).  
 

 
Figure 10.  The list of contributing factors for 
Level Five. 
 
Young drivers of 24 years of age and male drivers 
are the significant factor. The maximum age is 46 
years of age. Drivers with 11 years of driving 
experience contribute to this level of risk. Then lost 
of control, trees, curves and alcohol are the other 
contributing factors. The additional factor is head- 
on type of crash. Head-on relates to possible causes 
such as lost of control, unintentional manoeuvre, 
fatigue, distraction, travels too fast in curves, and 
alcohol (NHTSA, 2006). Thus, the contributing 
factors to assess a driver with Level Five are when 
a driver is between 24 and 46 years of age or with 
11 years of driving experience. Plus, other factors 
such as alcohol, speeding, fatigue, lost of control 
also increase the crash risk.  
 
Table 2 summarizes the difference in the 
significant contributing factors for each risk level 
that was discussed in the previous sections. The 
comparison starts from Level Two and upwards to 
Level Five. Common factors are not listed in Table 
2. From all the contributing factors in each level, 
the crash risk increases as alcohol consumption, 

and possible fatigue affects the driver performance 
in terms of alertness, reaction time, judgement and 
control over the vehicle. 

 
Table 2. 

Summary of the difference between the 
significant contributing factors for each risk 

levels. 
 

Risk 
Levels 

Contributing Factors 

5 Fatigue, Speeding (Head-on related). 
 

4 Alcohol, male drivers. 
 

3 23 years of age drivers, 10 or less years 
of driving experience. 
 

2 22 years of age drivers, 9 or less years 
of driving experience. 
 

1 Presented in previous work (Chen, 
2006). 

 
CONCLUSION AND FUTURE WORK 
 
Drivers are at risk when they start to drive their 
cars. The level of risk varies according to factors 
related to the environment, vehicle and driver. This 
paper analysed driver’s related factors affecting 
crash risks.  
 
The analysis of the insurance claim from an 
insurance database revealed that drivers are 
exposed to higher risk when they are young and/or 
with less than 10 years of driving experience. It 
also showed that crash risk decreases as young 
drivers obtain more driving experience 
(Government, 2005). Such findings are aligned 
with common knowledge about risk exposure of 
inexperienced drivers. Results also showed that 
drivers with 9 or less years of driving experience 
are exposed to a higher number of crashes on 
curves. A possible reason is that drivers have not 
developed their perception skill well and not able to 
handle risky situation as well as experienced 
drivers yet. Crash risk increases to level four or five 
when drivers consumed alcohol or are experiencing 
fatigue or driving in curve roads at high speed. The 
risk scale defined in this paper will be used to 
recommend advanced driving assistance 
interventions to drivers such as warnings or errors 
are automatically corrected by advanced 
mechanisms. 
 
The records do not contain information about the 
curvature of the road, driver’s speed at the time 
before the crash, driver’s fatigue level or drug use. 
Thus, the information has to be obtained from 
sensors. The process of obtaining and analysing the 
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sensor information will be carried out as part of the 
studies in the future. 
 
The next step from here is to refine the risk scale 
with information from simulation as described in 
Figure 11.  

 
Figure 11.  Overview of the simulation process. 

 
A simulation session will be setup to collect 
information of driving behaviour in road curves. 
Then the information will be used to update and 
enhance the risk scale.  
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ABSTRACT 
 
ISO/TR9790 has been in existence for some years for 
evaluating the bio-fidelity of side impact ATD’s 
(ISO/TR 9790, 1999). NHTSA recently generated a 
new method for creating bio-fidelity corridors. The 
method was different from the ISO method, by 
incorporating statistics and the time relationships into 
the evaluation equation and automating the process 
(Maltese et al. 2002). Although both the ISO and 
NHTSA methods exhibit a number of strengths, they 
also have weaknesses. This paper attempts to build 
on these two methods and develop an ATD 
assessment method which offers added objectivity 
and is based on a statistical process. Improvements 
were explored in several key areas to address the 
existing numeric issues (Hsu et al., 2005). This 
process bases itself on the statistical correlations 
between the post-mortem human subject (PMHS) 
data. Validation of the scheme is performed using 
PMHSs as “pseudo dummies”.  A simple formula is 
proposed for ranking the bio-fidelity of the dummy, 
resulting in a score from 0-10, with 10 being the best. 
 
INTRODUCTION  
 
Since the 1950’s various mechanical human 
surrogates, or Anthropomorphic Test Devices (ATD), 
have been used for assessing the potential for injury 
in vehicle crash tests.  These ATD crash test 
dummies have become more sophisticated, complex, 
and potentially more human-like through the years, 
but still provide only very limited estimations of what 
might occur in a real life crash.  In order to improve 
this prediction, efforts have been made through the 
years to make the ATDs more bio-fidelic. However, 
an omni-directional dummy has not been developed.  
Instead, dummies have been created for each type of 
impact, resulting in a variety of different ATDs in 
frontal, side, and rear impacts.  For some of these 
impact types, a whole family of ATD sizes has been 
developed. 
 
Each of these ATDs has its own set of performance 
requirements, calibration procedures, and response 
corridors that have been developed in an attempt to 

make the dummy better mimic a human, as well as 
ensuring repeatability of responses. Many attempts 
have been made to determine the level of bio-fidelity.  
Tests have been performed using PMHSs to gather 
information on what injury response would be in 
certain loading situations.  The difficulty however, 
lies in how to correlate the findings from these tests 
with those of the ATDs, i.e., determining how 
accurately an ATD crash test dummy response 
represents “real” human injury. 
 
In 1989, the International Standards Organization 
(ISO) first published ISO/TR 9790, which defined a 
bio-fidelity evaluation approach for side impact 
dummies (Figure 1).  Defining a method to 
standardize the determination of bio-fidelity was a 
big step forward. However, the actual method 
required some level of subjectivity and the resulting 
corridors were large, allowing the acceptability of a 
large amount of variation in the results.  
 
 

 
 
Figure 1.  Typical ISO bio-fidelity corridor. 
 
In an effort to reduce the subjectivity and improve 
upon the ISO method, Maltese et al., at the National 
Highway Traffic and Safety Administration 
(NHTSA), published a new method for creating bio-
fidelity corridors.  This method used a statistical 
cumulative variance approach to align the signals, 
which were then averaged.  A corridor was then 
automatically created, with its boundaries defined as 
plus and minus one standard deviation from the mean 
of the aligned signals.  Thus this created a tighter 
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corridor, which in general, better resembled the shape 
of the test data curves (Figure 2).    
 

 
 
Figure 2.  Typical Maltese bio-fidelity corridor. 
 
Although this method appeared to remove some of 
the human intervention found in the ISO method, it 
too had shortcomings (Hsu et al. 2005).  The 
selection of the standard signal with which to align 
the others, still involved some subjectivity.  The 
method for aligning the curves involved variability in 
time shifting, which could destroy relative timing 
information and in some situations the resulting 
corridor lacked physical meaning. 
 
This paper presents a statistical, correlation based 
method that builds upon the work incorporated into 
the ISO and Maltese methods.  One notable 
difference in this new method is that it does not 
generate physical corridors.  Instead it examines and 
compares the magnitude, shape, and phase 
relationships of the curves to determine the level of 
similarity.  It then calculates a simple bio-fidelity 
score, based on these cross-correlation comparisons.  
This method avoids the issues caused by subjective 
evaluation, time shifting, and variable time history 
lengths.  It is fully automatic and updatable.  This 
bio-fidelity score should be more statistics based, 
straightforward, and representative of actual bio-
fidelity than the existing methods.  
 
CROSS-CORRELATION BASED APPROACH 
 
As discussed, current dummy evaluation methods 
have areas that could be improved. In an earlier study 
(Hsu et al. 2005), several areas for improvement were 
identified. Among them, the use of a correlation 
method to better preserve the signal characteristics 
and to resolve issues resulting from time shifting, 
manual standard curve selection, and inconsistency in 
the integration time period. The proposed method 
aims at forming a more objective, scientific, 
statistically meaningful and easily applicable ATD 
assessment alternative. 
 

Areas of Improvement  
 
This approach attempts to address the following areas 
key to a broader scientific method in evaluating the 
side impact ATD:  
 

• Incorporation of statistical correlations 
• Reduction of manual intervention  
• Incorporation of complete time history 
• Reduction of numeric issues 
• Automation of the process and improvement 

of process robustness 
 

The approach proposed does not require a fixed set of 
PMHS data (one or greater is required). Rather, a 
continuously updatable set of PMHS data is used. 
The scheme does not shift the data as is done in 
Maltese’s method. It is believed that the correlation 
method will take care of the relative timing 
information by using phase correlation coefficients. 
By eliminating time shifting, the potential destruction 
of relative timing information is avoided. 
 
Steps 
 
A flow chart of the proposed process is shown below. 
 

     

(1)  Mass-Scaling PMHS Data

(3)  PMHS Inter-Correlations
(a) Magnitude and Shape Correlations
(b) Body Region Phase Correlations

(2)  Data Quality Check
using Momemtum Conservation Theorem

(4) Dummy to PMHS Correlations

(5) Calculating Bio Score

 
 
The steps to obtain the biofidelic score of an ATD 
consist of mass-scaling the PMHS data, scrutinizing 
the data using the momentum conservation theorem, 
calculating the magnitude, shape, and phase 
correlations of the PMHSs and the dummy, 
comparing the correlations of the dummy to the 
averages of that of the PMHSs (magnitude and 
shape), obtaining the relative phase differences 
between different body regions of the dummy and of 
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each PMHS, and calculating the bio-fidelity score of 
the dummy using a multifactor based formula. 
 
Data used in the study are from NHTSA's 
biomechanical research program portfolio on its 
public websites. Figure 3 shows a typical sled test 
set-up. Figures 4 and 5 show some typical signal 
traces for PMHSs and dummies in sled tests. The 
data was mass-scaled to account for the different 
sized PMHSs. Since no time shifting is performed, all 
of the relevant signal timings are preserved.  
 
 

 
Figure 3. Typical set-up for NHTSA’s 
biomechanical tests. 
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Figure 4. Typical PMHS test time histories. 
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Figure 5. Typical dummy test time histories. 
 
 
(1)  Mass-Scaling PMHS Data 
 
The PMHS data is mass-scaled using Eppinger’s 
technique (Eppinger et al. 1984). The scaling process 
is described by Maltese (Maltese et al. 2002). 
 
(2)  Data Quality Check 
 
Before the correlations are calculated, corrupted 
signals need to be identified and removed to ensure 
the quality of the process. ISO/TR9790 does this 
similarly by removing from the data sets the PMHSs 
which sustained severe rib fractures. In the approach 
herein, data are scrutinized using the momentum 
conservation theorem. The process is done to the 
force data, based on the theory that the summation of 
the force over time for a particular test condition 
should be relatively consistent from test to test. The 
same is true for the acceleration data, assuming 
equivalent masses can be considered constant and 
then applying Newton’s theorem, F=m*a. This way, 
the contamination due to instrumentation malfunction 
or improper calibration can be singled out easily. 
Since the energy inputs are the same for the group of 
PMHSs under the same test conditions, the 
integration of the response time histories from that 
group should yield the same value over time based on 
the momentum conservation theorem (Equation 1.): 
 

∫= FdtVm *                             ).1(  

 
i.e., for a set test condition, the velocity and the 
integration of the force over time should yield the 
same results. Those PMHSs that deviate from the 
majority of the group when integrated indicate that 
they either have different momentum, incorrect set-
ups, an error in the data acquisition process due to 
miscalibration, a bad connection, or a static 
interference issue. The signals whose integrations 
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deviate from the majority of the group are dropped. 
e.g., an arbitrary 20% has been chosen as the 
threshold for data elimination. Those having greater 
than 20% deviations from the group mean are 
considered to be outliers, or bad data. Only the data 
meeting the momentum conservation equation are 
used for the subsequent bio-fidelity evaluation. For 
the purpose of illustration, a set of thorax rigid plate 
high speed plate force signals is plotted in Figures 6 
and 7. Five out of the six tests in the graph have 
similar momentum, while the one with the dashed 
line has distinctly different integration results. All 
data except that test are then used for the correlation 
analysis. 
 
 

-200

0

200

400

600

0 0.01 0.02 0.03 0.04

Time, s

A
cc

el
er

at
io

n
, g

 
Figure 6.  PMHS signals used for dummy 
evaluation before integration and drop of bad 
data. 
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Figure 7.  PMHS signals used for dummy 
evaluation after integration. The test with a 
dashed line is dropped as a result of failing the 
momentum conservation theorem. 
 
 
 
 
 

(3)  PMHS Inter-Correlations 
 
After the clean-up process, the correlation baseline 
from the PMHSs can be established. The cross- 
correlations between the PMHSs themselves are 
calculated using the following methods. Three 
quantitative indicators are utilized (Figure 8). They 
are magnitude, shape, and phase correlations, as 
described by Xu (Xu 2000).  
 

Figure 8.  Schematic representation of three cross-
correlation indicators. 
 
 
(3a)  Magnitude and Shape Correlations 
 
Mathematically, the magnitude and shape 
correlations of the PMHSs are between 0 and 1, with 
one indicating that the two signals are identical 
(Figures 9 & 10).  
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Figure 9. Typical scatter of magnitude cross-
correlation coefficients of PMHS test data. 
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Figure 10. Typical scatter of shape cross-
correlation coefficients of PMHS test data. 
 
The correlations are calculated in the following way 
to achieve reasonable and balanced numeric results. 
First, the one to one correlations between every two 
PMHSs, including itself, are calculated.  

 
 
Figure 11. Magnitude and shape cross-correlation 
calculation. 
 
Their sums are averaged. In averaging the sums, 
including or not including the auto-correlations (the 
cross-correlations of a PMHS with itself) yields slight 
differences in outcome, but is believed to be minimal 
(Figures 12 & 14).  
 
Tables 1 and 2 show some correlation calculations 
from PMHS data in 9.8 mph tests using the PHF 
(Padded High speed Flat/no offset) test condition. 
The average of all PMHSs is shown in the top row, 
and the PMHS with the worst correlation is shown in 
the second row. As mentioned above, those time 
histories failing the momentum conservation 
guidelines are already excluded from the calculation.  
 
 

 
Figure 12.  Two schemes for collective correlation 
calculations. 
 
 

Table 1. 
Example magnitude correlation results for three 

different body regions (not normalized) 
 

Thorax Abdomen Pelvis

PMHS(ave) 0.8185 0.9164 0.8841

PMHS(wst) 0.7265 0.7104 0.8650

SID 0.2683 0.6232 0.5762

ES-2 0.5950 0.8160 0.7198

WSID 0.7212 0.7246 0.8729

BIO-FIDELITY BASED ON MAGNITUDE  - PHF

 
 
 
 (3b)  Body Region Phase Correlations 
 
While the time history magnitude and the time 
history shape correlations are based on a PMHS local 
body region, the phase relationships are compared 
between different anatomical regions (Figure 13).  
Phases between the different body regions of each 
PMHS are also averaged and the duration calculated.  
The reason for this is that it has been seen that the 
relative timing between body regions in a crash is 
critical for representing human body kinematics 
during an impact event.  
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Figure 13. Schematic representation of phase 
correlation calculation. 
 
(4)  Dummy to PMHS Correlations 
 
As the next step, a dummy’s correlations to each and 
every PMHS are calculated similarly to the way the 
inter-PMHSs correlations are calculated. Some 
earlier/prototype test data for SID, ES-2 and 
WorldSID are used here as an example. 
 

 
 
Figure 14. The dummy time history is checked 
against each PMHS time history in the process. 
 

The average of the magnitude, shape and phase 
correlations of the dummy to each of the PMHSs is 
obtained. These results are shown in Tables 1, 2 and 
3, in the bottom three rows.  
 
To check the dummy’s bio-fidelity, theoretically 
either the worst PMHS performer, the best PMHS 
performer or the average of a PMHS group can be 
used as the threshold. Which is more appropriate, or 
more truly reflects the dummy’s bio-fidelity, is yet to 
be determined. Nevertheless, the procedures are the 
same for either method. Only the results from the 
averaged PMHSs are shown in Table 1. In the 
following discussion, the average PMHS method is 
used for the purpose of describing the process. If 
using the best or worst PMHS is deemed to be more 
appropriate, it can be easily implemented without the 
need to change the formula.  
 
(5)  Calculating the Bio Score 
 
A few variations in the dummy evaluation scheme 
formulation can be used, as long as the main 
objective remains to effectively measure the 
closeness of the ATD’s responses to those of the 
PMHSs. In the proposed approach, after the 
correlations of inter-PMHSs and between dummy 
and PMHSs are calculated, summed, and averaged, 
the ratios of the two averages are used for the bio-
fidelity score calculations. Equation 2 is proposed for 
that purpose.  In Equation 2, the scaling factor of 10 
is used to yield a score of 0 to 10. 
  
The magnitude and shape correlations are normalized 
by dividing the average PMHS to dummy correlation 
by the average PMHS to PMHS correlation (Table 2).  
For the phase correlation contribution, the 
coefficients are normalized according to Equations 5, 
6 and 7. They represent results as a function of total 
duration, as well as the time lags between different 
body regions.  
 

 
 

Bio Fidelity  Score   =    10*]**[ RPHARSHARMAG                      ).2(  
 

where, 
 

RMAG  =  Ratio of Average Magnitude  Cross nsCorrelatio of  
                    Dummy to PMHS to that of PMHS to PMHS  

,0.1(  )0.1>if                      ).3(  
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RSHA  =  Ratio of Average Shape  Cross nsCorrelatio of  
                    Dummy to PMHS to that of PMHS to PMHS  

,0.1(  )0.1>if                      ).4(  
 

RPHA  =  Ratio of 1RPHA  of Dummy to PMHS  
                    to that of PMHS to PMHS  

,0.1(  )0.1>if                      ).5(  

  
                       

1RPHA =  ∑ Duration

DURDIFF
 

                      ).6(  

 
where, 

 
DURDIFF  = Duration  Absolute− Phase sDifference  

                   Between  Body  gionsRe                                            ).7(  

 
 
 

Table 2. 
Example magnitude correlation results for thorax 

(normalized) 
 

Normalized

PMHS(ave) 0.8185

PMHS(wst) 0.7265

SID 0.2683 0.3278

ES-2 0.5950 0.7269

WSID 0.7212 0.8811

MAGNITUDE  - Thorax PHF

 
 
 
All three key indicators are represented in the 
formula and given equal weights. The formulation of 
the equation yields a score of 10 when the subjects to 
be compared are identical and a score of 0 when they 
are statistically completely unrelated. The evaluation 
thus ties the closeness of the ATD impact response 
time history of a given anatomical structure to that of 
the impact response time history of the human 
surrogates using a numeric score defined as the bio-
fidelity score. If the ATD’s statistical relationships to 
the PMHSs are equal to or greater than those between 
the PMHSs, the ATD’s bio-fidelity is considered to 
be excellent. If it is below the statistical relationships 

of the PMHSs then that is considered to have low 
bio-fidelity.  
 
Example 
 
The sled data for the PHF test condition (Padded, 
High speed /8.9 mph, Flat/no offset) from some 
earlier/prototype SID-3, ES-2, and WorldSID tests 
are used to show the process of the bio-fidelity 
evaluation scheme being proposed (Tables 3 and A1).  
 
The magnitude and shape correlations of the dummy 
to the PMHSs are compared to the averages of the 
PMHSs by dividing the correlations of the dummy to 
the PMHSs by that of the PMHSs. In Table A1, 
R8C4 (Row 8 Column 4) divided by R5C4 results in 
R12C4, and R9C4 divided by R5C4 results in 
R13C4, etc. If the quotient is greater than one, one is 
used instead. The same is done with the shape 
correlations (row 12-14, column 6, etc.). The relative 
phase differences between different body regions of 
each PMHS are obtained (timing differences shown 
in ms in the example, row 5 col 8), as well as the 
duration of each signal (time between the first zero 
crossing before and after the peak time, row 5 col 9). 
Note that those results are yet to be updated with 
newly available SID-3, ES-2, and WorldSID data. 
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Table 3. 
Example magnitude, shape, and phase correlation 

results for thorax (not normalized). 
 

Magnitude Shape Phase
Duration 
(period)

PMHS(ave) 0.8185 0.9960 0.3189 53.75

PMHS(wst) 0.7265 0.9920

SID 0.2683 0.9767 5.0900

ES-2 0.5950 0.9895 5.5800

WSID 0.7212 0.9872 7.0100
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Process Verification 
 
The sensitivity of the formula parameters is studied 
in the process by using PMHS data as “dummy” data. 
Theoretically when PMHS data are used as “dummy’ 
data and plugged into the formula, they should yield 
a good or passing score because they are the very 
data used as the baseline to form the dummy 
evaluation equations.  To confirm this, several trials 
are run to examine the robustness and practicability 
of the method. The scheme is verified using several 
arbitrarily picked PMHSs as “pseudo dummy” data.  
 
Discussion 
 
Differences exist between ISO9790, Maltese’s 
method, and the cross-correlation based approach 
proposed by this study, e.g. the corridor definitions 
and the way dummies are judged. ISO9790 does not 
shift the signals. Maltese’s method shifts the time 
histories based on the minimum cumulative variance 
relative to a master time history. ISO corridors often 
contain all the normalized response data within its 
corridors while the Maltese corridors use the signal 
mean plus and minus one standard deviation as the 
upper and lower boundaries. Three key differences 
between ISO9790, the Maltese method, and the 
approach herein are the algorithms used, the corridor 
definitions, and the way dummies are judged. Table 
A2 gives a brief summary of differences between the 
three evaluation schemes. 
 
Summary 
 
A cross-correlation based evaluation scheme is 
proposed. The statistical characteristics of the 
relationship between human surrogate and ATD 
impact response time histories are used to evaluate 
the ATD’s bio-fidelity. The evaluation is done by 

determining if the ATD impact response time history 
of a given anatomical structure is statistically similar 
to that of the impact response time history of the 
anatomical structure in the human surrogates used for 
comparison. Three key parameters are used: 
magnitude correlation, shape correlation, and the 
phase relationship between different anatomical 
regions. The data relevancy is determined by 
kinematical factors such as conservation of 
momentum. The proposed approach eliminates the 
requirements for time shifting. The process is similar 
to the cumulative variance technique used in 
Maltese’s method. It continues the work of Maltese 
with respect to reducing the human intervention in 
the existing bio-fidelity rating schemes.  
 
Using this proposed bio-fidelity evaluation scheme, if 
an ATD’s statistical relationships to the PMHSs are 
equal to or greater than the statistical relationships 
between PMHSs, it is considered to be bio-fidelic. If 
the statistical relationships are in the same ranges as 
that of the PMHSs, it is considered to be acceptable. 
If it is below the PMHSs, it is considered to have low 
bio-fidelity. 
 
The process discussed in this paper is merely the 
framework of a side impact dummy evaluation 
scheme. Complete evaluation of a particular dummy 
requires additional work to finalize and test the 
scheme. Also, the proposed scheme at the time of this 
publication is not ready to be used for dummy design 
guidance. In other words, although the proposed 
approach certainly provides a tool for dummy 
evaluation, it does not provide provisions for dummy 
development targets.  There is no corridor or curve to 
design a dummy to, as the ISO and Maltese methods 
have.  Additional work will be needed to develop a 
similar design tool. 
 
Further Work 
 
More work remains to be done before this approach 
will be in its final form. At this time, a complete 
evaluation of a dummy is yet to be performed.  On 
one hand, a more comprehensive PMHS database is 
needed. Without that, a reasonable statistical meaning 
of the scheme can not be achieved. Fortunately, 
thanks to the approach’s flexibility, the scheme can 
be easily updated as additional data becomes 
available. On the other hand, how the correlation 
method should be formulated to achieve the best 
representation of the dummy’s bio-fidelity remains to 
be further explored. How the weights should be 
applied to achieve the best balance of all the relevant 
factors in the formula, (i.e. how the three correlation 
indicators should be weighed and combined and 
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whether their product or summation should be used) 
remains to be answered. In addition, where to draw 
the line between the acceptable or not-acceptable 
ATDs is also somewhat subjective in the proposed 
approach. Whether a physical corridor or a score 
should be used as the rating tool remains to be 
decided. Whether the power statistics, T-square or 
some other approach should be used is to be studied 
as well. Whether the test data should be screened for 
adequacy, and how that should be done, is yet to be 
agreed upon by researchers in the field. All in all, 
there is a lot of work yet to be done, but this proposed 
ATD evaluation scheme provides a promising 
alternative in applying correlation tools in side 
impact dummy bio-fidelity evaluation. 
 
ACKNOWLEDGEMENT 
 
Sincere appreciation goes to Bruce Donnelly and 
Kevin Moorhouse of VRTC for their support in 
reviewing the material and providing valuable 
insights, to Matt Maltese for his insights and valuable 
suggestions, and to Heather Rhule for providing the 
electronic data for the study. 
 
REFERENCES 
 
Eppinger, R.H., Marcus, J.H., and Morgan, R.M., 
(1984) Development of dummy and injury index for 
NHTSA's thoracic side impact protection research 
program. Proc. SAE Government/industry Meeting, 
pp. 983-101 1. Society of Automotive Engineers, 
Warrendale, PA.  
 
Hsu, T.P., Nusholtz, G.S. (2004) 31st Annual 
international Workshop on Human Subjects for 
Biomechanical research 
 
Hsu, T. P, Nusholtz, G. S. (2005) Considerations of 
Bio-fidelity Corridors for Lateral Impacts, SAE 
Technical Paper Series 2005-01-0308, April 11, 2005 
 
Irwin, A. L.; Sutterfield, A.; Hsu, T. P.; Kim, A.; 
Mertz, H. J.; Rouhana, S. W.; Scherer, R. (2005) Side 
impact response corridors for the rigid flat-wall and 
offset-wall side impact tests of NHTSA using the 
ISO method of corridor development. Occupant 
Safety Research Partnership, Mich. 34 p. Stapp car 
crash journal. Vol. 49 (Nov. 2005) p. 423-456. 
 
ISO/TR9790. (1999) Road Vehicles 
Anthropomorphic Side Impact Dummy - Lateral 
Impact Response Requirements to Assess the Bio-
fidelity of the Dummy. International Standards 
Organization, American National Standards Institute, 
NY, NY. 

 
Maltese, M. R.; Eppinger, R. H.; Rhule, H. H.; 
Donnelly, B. R.; Pintar, F. A.; Yoganandan, N. 
(2002) Response corridors of human surrogates in 
lateral impacts. National Highway Traffic Safety 
Administration, Washington, D.C./ Wisconsin 
Medical College, Milwaukee/ Veterans Affairs 
Medical Center, Milwaukee, Wisc. 31 p. Stapp Car 
Crash Journal, Vol. 46, Nov. 2002, p. 321-351. 
 
Rhule, H. H.; Maltese, M. R.; Donnelly, B. R.; 
Eppinger, R. H.; Brunner, J. K.; Bolte, J. H.. (2002) 
Development of a new bio-fidelity ranking system for 
anthropomorphic test devices. National Highway 
Traffic Safety Administration, Washington, D.C./ 
Transportation Research Center, East Liberty, Ohio. 
36 p. Stapp Car Crash Journal, Vol. 46, Nov. 2002, p. 
477-512. 
 
Xu, L.; Agaram, V.; Rouhana, S.; Hultman, R. W.; 
Kostyniuk, G.W.; McCleary, J.; Mertz, H.; Nusholtz, 
G.S.; and Scherer, R.. (2000) Repeatability 
Evaluation of the Pre-Prototype NHTSA Advanced 
Dummy Compared to the Hybrid III, SAE Technical 
Paper Series 2000-01-0165, March6-9, 2000  



 

 
  Nusholtz   10  

APPENDIX A 
 
 

Table A1. 
Sample results of bio-fidelity score calculation 

 
1 2 3 4 5 6 7 8 9 10

1 Score

2 PHF
Scales of
0-10

3 Magnitude Shape Phase
Duration
 (period)

10 being
the most
Biofidelic

4
5 PMHS ave Mag 0.8185 ave. shape 0.9960 ave phase 0.3189 53.75
6 PMHS wst Mag 0.7265 wst shape 0.9920
7
8 SID 0.2683 0.9767 5.0900
9 ES-2 0.5950 0.9895 5.5800

10 WSID 0.7212 0.9872 7.0100
11
12 SID 0.3278 0.9806 0.9107 2.9
13 ES-2 0.7269 0.9935 0.9015 6.5
14 WSID 0.8811 0.9912 0.8748 7.6
15
16
17 PMHS ave Mag 0.9164 ave. shape 0.9945 ave phase 0.2706 42.19
18 PMHS wst Mag 0.7104 wst shape 0.9937
19
20 SID 0.6232 0.9736 5.4911
21 ES-2 0.8160 0.9830 5.4018
22 WSID 0.7246 0.9809 6.2500
23
24 SID 0.6801 0.9790 0.8755 5.8
25 ES-2 0.8904 0.9884 0.8776 7.7
26 WSID 0.7907 0.9863 0.8574 6.7
27
28
29 PMHS ave Mag 0.8841 ave. shape 0.9965 ave phase 0.2296 40.00
30 PMHS wst Mag 0.8650 wst shape 0.9934
31
32 SID 0.5762 0.9844 6.4732
33 ES-2 0.7198 0.9926 4.6429
34 WSID 0.8729 0.9850 6.6518
35
36 SID 0.6517 0.9879 0.8430 5.4
37 ES-2 0.8142 1.0000 0.8890 7.2
38 WSID 0.9873 1.0000 0.8385 8.3

  Due to lack of data availability, some of the results shown are not based on a complete data set.
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Table A2. 
Comparison of different side impact dummy evaluation schemes 

 

  ISO/TR9790 Maltese Correlation 
Evaluation Expert evaluation Statistical variance Statistical correlation 

Data screening Severe rib fracture 
eliminated 

No data exclusion Irrelevant data eliminated 
through the momentum 
conservation theorem 

Corridors Upper and lower corridors Mean +/- one standard 
deviation corridors 

No physical corridors 

Alignment Manual alignment with some 
relative timing conservation  

Alignment based on 
minimum variance 

Alignment through 
correlation phase indicator 

Processing Manual processing  Automatic processing  Automatic processing 

Numeric issues No known numeric issues The standard curve selection 
leading to variability 

No known numeric issues 

Numeric issues   Negative corridor issue   

Numeric issues   Some irregular corridors 
(zero corridor width) or 
corridors with less physical 
meaning  

  

Numeric issues   Sometimes unstable outcome 
due to integration time 
window   

  

Update Update with new test data 
cumbersome 

Updatable Easily updatable 

Manual work More human interventions Less human interventions Minimum human 
intervention 

Design 
guideline 

Provides design guidance Provides design guidance Does not provide design 
guidance 
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ABSTRACT 
 
The Integrated Safety programme and the eSafety 
initiative stress that the development of Intelligent 
Transport Systems in vehicles or on roads (and 
especially in the safety field) must be preceded and 
accompanied by a scientific accident analysis 
encompassing two main issues: 
 
- The determination and the continuous up-dating 
of the etiology, i.e. causes, of road accidents (as 
well as the causes of injuries) and the assessment of 
whether the existing technologies or the 
technologies under current development address 
the real needs of road users inferred from accident 
and driver behavior analyses.  
 
-  The identification and the assessment (in terms of 
lives saved, injuries mitigation and accidents 
avoided), among possible safety technologies, of 
the most promising solutions that can assist the 
driver or any other road users in a normal road 
situation or in an emergency situation or, as a last 
resort, mitigate the violence of crashes and protect 
vehicle occupants, pedestrians, and two-wheelers in 
case of a crash or a rollover. 
 
The general objective of the TRACE project 
(TRaffic Accident Causation in Europe) is to 
address these two issues by providing the scientific 
community, the stakeholders, the suppliers, the 
vehicle industry and the other Integrated Safety 
program participants with a global overview of the 
road accident causation issues in Europe, and 
possibly overseas, based on the analysis of any and 
all current available databases which include 
accident, injury, insurance, medical and exposure 
data (including driver behavior in normal driving 
conditions). The idea is to identify, characterise and 
quantify the nature of risk factors, groups at risk, 
specific conflict driving situations and accident 
situations; and to estimate the safety benefits of a 
selection of technology-based safety functions. 
Expected outcomes are essentially reports. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Beside this, TRACE proposes three different 
research angles for the definition and the 
characterization of accident causation factors, and 
to improve the methods actually used in accident 
analysis (diagnosis and evaluation, especially with 
regards to statistical techniques and human 
behaviour analysis). 
 
Finally, TRACE intends to base the analyses on 
available, reliable and accessible existing and on-
going databases (access to which is greatly 
facilitated by a series of partners highly 
experienced in safety analysis, coming from 8 
different countries and having access to different 
kinds of databases, in-depth or regional or national 
statistics in their own country, and for some of 
them in additional countries). 
 
The project is to last 2 years (January 2006 – 
December 2007) and involves 16 full partners and 
6 sub contractors for a total of 386 men-months. 
 
 
INTRODUCTION 
 
Our planet shelters about 6 billion people, more 
than 22 million kilometres of roads, 470 million 
passenger cars and 145 million station wagons, 
vans and trucks1. One third of motorized vehicles 
move in the U.S.A. and another third in the 
European Union. According to the World Health 
Organization and other sources, the total number of 
road deaths, while not completely accurate, is 
estimated 1,2 million, with a further 50 million 
injured every year in traffic accidents. Two thirds 
of the casualties occur in developing countries. 
70 % of casualties in these countries are vulnerable 
road users such as pedestrians, cyclists and 
motorcyclists. 

                                                 
1 Estimated figures excluding the length of Chinese roads and 
Chinese vehicle fleet. 
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The European Union (E.U., 25 countries) is home 
to about 456 million inhabitants and about 270 
million motorized vehicles. 2.000.000 personal 
injury road accidents and over 45 000 fatalities 
occur every year, which is now significantly higher 
than in the U.S.A. (42 000) which has a noticeably 
lower population, 290 million inhabitants and a 
smaller vehicle fleet (230 million motorized 
vehicles). 
 
In most countries, economic losses due to road 
accidents represent 1 % or 2 % of GNP. In 1997, 
the European Transport Safety Council (ETSC) 
estimated the total cost of transport accidents in 
Europe at 166 billion Euros. 97 % of these costs, 
i.e. 162 billion Euros, were directly related to road 
transport.  
 
Overall road safety has been increasing in 
industrialized countries for 30 years and this 
increase shows that political willingness and the 
application of countermeasures produce results. For 
example, the recent SUNFLOWER report, 
concludes that, between 1980 and 2000, in out of 3 
of the most successful countries, fatality trends 
dramatically decreased, due to: 
 

- Passive Safety measures: 15 % to 20 % 
- Safety Belt wearing: 15 % to 20 % 
- Alcohol countermeasures: 15 % to 20 % 
- Specific Measures for vulnerable road users: 
30 % to 40 % 
- Actions targeting the Infrastructure: 5 % to 
10 % 
- Education – Training – Communication: 7 % to 
18 % 

 
Integrated Safety 
 
However, Road Safety is still one of the main 
societal concerns today. It is not only a matter of 
concern for the European Commission and 
National Governments but also for the vehicle 
industry, insurance companies, driving schools, 
non-governmental organisations and more 
generally people who care about others. Especially, 
car manufacturers have made strong efforts and 
have dramatically improved their vehicles’ passive 
(and also active) safety for the past 15 years. 
However, current road safety research has shown 
that an asymptote is about to be reached in most 
countries (even though France recently showed up 
an unprecedented success in fatalities prevention by 
the introduction of a voluntary enforcement policy 
for which automatic speed cameras are the most 
well-known aspect) and many experts agree that 
preventive (prevention of accidents) and active 
safety (recovery of an emergency situation) should 
now, particularly, be brought forward. 
 

This is why the EUropean Council for Automotive 
Research (EUCAR) has launched in 2001 an 
initiative to develop a systemic approach to the 
problem of road safety: Integrated Safety. The 
idea is to revisit the Safety problem with a holistic 
System Approach. In 2006, 4 IP’s and one STREP 
(AIDE, PREVENT, EASIS, APROSYS, GST) are 
on the way and are starting producing 
methodologies and results. Just a few of these 
research integrated projects or sub projects (i.e. 
Aprosys, Prevent-Intersafe) called for prior 
accident analysis in order to start further tasks 
(development of models, simulations, technologies, 
demonstrators, tests, etc.) on a thorough 
understanding of the real-world problems. 
Consequently, this knowledge is sometimes 
considered as a missing plinth. 
 
eSafety 
 
Simultaneously, an eSafety Forum was established 
by the European Commission DG Information 
Society in 2001 as a joint platform involving all 
road safety stakeholders. The Forum adopted 
twenty-eight recommendations towards the better 
use of Information and Communication 
Technologies (ICT) for improved road safety. But, 
even though former research in accident causation 
and impact assessment produced a tremendous 
amount of knowledge, the exact nature of the 
contribution that ICT can make to road safety could 
not be determined because consistent EU-wide 
accident causation analysis was not sufficiently 
available to gauge this impact.  Consequently, the 
first of these recommendations sought to 
consolidate analyses from existing accident and 
risk exposure data sources for a better 
understanding of the causes and circumstances of 
road accidents and to determine the most promising 
and/or effective counter measures.  The second 
recommendation called for the establishment of a 
common format for recording accident data to 
develop an information system covering all EU 
Member States. 
 
When working groups were established to 
undertake the work required by the 
recommendations, one of the first to be established 
was an Accident Causation Analysis working 
group.  The overall job of this working group was 
to establish the requirements for the results of the 
recommendations to be made available.  The group 
intended to identify the remaining needs for a 
diagnosis of the safety issues and for an evaluation 
of the expected and observed effectiveness of the 
counter measures. 
 
On the one hand, although neither in the EU nor in 
any of the member states there is anything like the 
major NHTSA accident database systems, i.e. 



  Y. Page, 3  

NASS (National Accident Sampling System) and 
FARS (Fatal Accident Reporting System), Europe 
does not start from scratch in this area of course.  A 
number of data sources already exist but they fulfil 
varied objectives, are often at different levels, use 
different methodologies, are inconsistent and do 
not provide a “European” analysis of accident 
causation.  
 
Simultaneously, The EU was and still is funding an 
important project, SafetyNet (The European Road 
Safety Observatory), which particularly aims at 
making consistent accident data collection 
protocols in several EU countries and at 
constituting an accident databank on injury and 
fatal accidents. But the project would provide 
neither accident data, nor accident analysis in the 
short term. Moreover this project does not aim at 
identifying relevant methodologies to evaluate the 
effectiveness and efficiency of safety systems 
based on technology.  
 
To try to overcome these problems in the short 
term, the (Accident Analysis) Working Group has 
examined available data sources which were known 
to them.  These sources are sometimes at EU level, 
sometimes Member State level sometimes 
company specific or complied by road safety 
institutions.  Occasionally the sources cover a 
number of Member States.  Some sources are high-
level statistics while others are in-depth studies of 
small numbers of accidents.  All these sources 
contain useful data so one of the first tasks of the 
working group has been to see how these varied 
sources could be better used to yield a more 
consistent European picture that would provide a 
safety diagnosis enabling the assessment of impact 
and thereby identify priorities for action. 
 
The working group has collected information about 
a sample of twelve current databases that already 
exist in Europe or will be existing soon, such as 
CARE, MAIDS, GIDAS, EACS, CCIS, OTS, 
IRTAD, etc.  Data exist outside Europe too of 
course but this has not been included since it is not 
always completely relevant for European 
experience.  Some of these data sources are either 
private or commercial with significant access 
restrictions brought about by intellectual property 
right issues.  Since there is little prospect of 
overcoming these restrictions there is no prospect 
of making disaggregated data publicly available.  
To overcome these problems the working group 
undertook some qualitative analysis of the data 
sources.  This analysis assessed the essential 
characteristics of the data and secondly assessed 
the potential for the different sources to be used in 
conjunction with each other.  Four criteria were 
used for this assessment: 
 

- The degree of qualitative description of 
accidents in the data source; content, reliability, 
size/scope and relevance; 

 
- The degree to which the source contains a 
statistical representativeness: content, size/scope, 
sub-samples, reliability and relevance; 

 
- An evaluation of the sources; 

 
- Whether or not the source contained case 
studies. 

 
The analysis confirmed the hypothesis of the 
working group that although many information 
sources already exist they are not enough as they 
currently exist to provide Europe with the analysis 
it needs because the picture obtained was a mixed 
one. Some data sources were never designed for the 
purpose of coordinated analysis and therefore have 
little potential. Some others have their main focus 
on passive safety, biomechanics or traumatology 
and do not give much insight into the causes of the 
accidents they contain.  Others have considerable 
potential. 
 
Based on this qualitative analysis of existing 
sources the working group recommended to the 
eSafety Forum that existing sources can 
nevertheless help to give a better understanding on 
accident causation and to evaluate (at least 
partially) the effectiveness of some on-board safety 
functions, if shared analysis mechanisms are 
employed to interrogate the different data sources 
and share the results.  This of course requires the 
formulation of a set of appropriate questions to 
establish what the analytical focus should be on and 
which can be used in the interrogation.  To devise 
this list of questions a multi-stakeholder workshop 
was organised where participants shared and agreed 
items in a list of questions.  Since the list was long 
and that resources to carry out the shared analysis 
were limited, the list was reordered by priority. 
 
So far the work on this task had been done by a 
group of volunteers.  The next stages of the task 
were assumed to be considerable and could only be 
done when resources are available to support the 
work.  The necessary resources were expected to be 
made available at the end of 2004 and the work 
carried out over the next two years. 
 
 
THE TRACE PROJECT 
 
This dual context (The Integrated Safety program 
and the eSafety initiative) stressed that the 
development of Intelligent Transport Systems in 
vehicles or on roads (and especially in the safety 
field) must be preceded and accompanied by a 
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scientific accident analysis encompassing two main 
issues: 
 

- The determination and the continuous up-
dating of the etiology, i.e. causes, of road 
accidents (as well as the causes of injuries) and 
the assessment of whether the existing 
technologies or the technologies under current 
development address the real needs of the road 
users inferred from the accident and driver 
behavior analyses.  

 
- The identification and the assessment (in 
terms of saved lives, injuries mitigation and 
avoided accidents), among possible technology-
based safety functions, of the most promising 
solutions that can assist the driver or any other 
road users in a normal road situation or in an 
emergency situation or, as a last resort, mitigate 
the violence of crashes and protect the vehicle 
occupants, the pedestrians, and the two-wheelers 
in case of a crash or a rollover. 
 

These two main orientations (Diagnosis of the road 
safety problems and Evaluation of the most 
promising technological solutions) were the plinth 
of the TRACE (Traffic Accident Causation in 
Europe) proposal submitted to the European 
Commission in 2005.  Actually, the European 
Commission has expressed two kinds of interest as 
regards accident analysis (cf. Strategic Objectives 
2005-2006: 2.4.12: eSsafety – Co-operative 
systems for road Transport): 
 

“In support of the eSafety initiative, and as a 
pre requisite for diagnosis and evaluation of 
the most promising active safety technologies: 
 
- Research in consistent accident causation 
analysis to gain a detailed knowledge about 
the real backgrounds of European traffic 
accidents using existing data sources. 
 
- Research to assess the potential impact and 
socio-economic cost/benefit, up to 2020, of 
stand-alone and co-operative intelligent 
vehicle safety systems in Europe”. 

 
TRACE addresses the first concern (accident 
causation) and the safety benefit part of the second 
one (impact assessment of technologies).  
 
TRACE Objectives 
 
In accordance to these concerns, the TRACE 
Consortium has identified the following objectives: 
 
1. The definition of Accident Causation is not that 
clear. Numerous factors influence a country’s 
transportation safety level. These factors are 

concerned with road safety policy, distribution and 
crashworthiness of the fleet, road network 
characteristics, human behaviour and attitudes, 
conditions of the trip, environment, etc. These 
issues have been studied for decades and 
considerable prevention efforts have been inferred 
from the analysis and comprehension of these 
factors. Nevertheless, further efforts are needed: all 
these factors have to be put forward and studied 
altogether in order to end up with a comprehensive 
and understandable definition of accident causation 
at the end of the project. 
 
2. The second objective is to provide the scientific 
community, the stakeholders, the suppliers, the 
vehicle industry and the other Integrated Safety 
program participants with a global overview of the 
road accident causation issues in Europe, and 
possibly overseas, based on the analysis of any and 
all current and available databases which include 
accident, injury, insurance, medical and exposure 
data (including driver behavior in normal driving 
conditions). The idea is to identify, characterise and 
quantify the nature of risk factors, groups at risk, 
specific safety-related or risk-related societal 
issues, specific conflict driving situations and 
accident situations. 
 
This objective will be achieved at the end of the 
project with the public dissemination of most of the 
final reports. 
 
3. The third objective is to make this overview 
comprehensive, understandable and operational. 
Hence all aspects of safety are taken into account in 
order to achieve the following level of knowledge: 
when, where, how, why, to whom accidents 
happen? When, where, how, why, to whom injuries 
happen?  
 
4. The fourth objective is to improve the 
multidisciplinary methodologies that are considered 
to be necessary to achieve this knowledge and 
especially methodologies in analysing the influence 
of human factors and also the statistical 
methodologies used in risk and evaluation analysis. 
 
5. The fifth objective is to generate summary 
documents with vulgarised figures, statistics, 
results, or any kind of outcomes that can be used 
for the identification, validation of the relevance 
and the evaluation of expected2 or observed 
effectiveness of safety functions based on 

                                                 
2 The evaluation of the potential benefits concerns safety 
functions that are not yet implemented. The idea is to evaluate 
existing databases and accurately predict the expected 
effectiveness of such functions. The evaluation of the observed 
benefits concerns safety functions that are already implemented 
(e.g. Electronic Stability Programs or Emergency Brake Assist 
Systems) and need to be assessed. 
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technology that are already implemented in 
vehicles or could be put in vehicles in the future 
(i.e. in communication with the infrastructure or 
not, co-operating between vehicles, cooperating 
with the user, assisting or substituting the driver or 
not). 
 
6. The sixth objective is to support, if needed and 
requested, participants of Integrated Projects and 
STREP’s under the umbrella of the Integrated 
Safety Program, which would need accident 
causation inputs for the development of relevant 
technologies. 
 
7. The seventh objective is to establish links with 
the other projects about road safety (especially 
SafetyNet, which own objective is to establish a 
Road Safety Observatory in Europe by the 
construction of several accident and exposure 
databases at a pan European level), and also the 
eImpact research project(s) that is dealing with the 
assessment of the potential impact and 
socioeconomic cost/benefit, up to 2020, of stand-
alone and cooperative intelligent systems in 
Europe. 
 
 
STRUCTURE OF THE PROJECT 
 
Work Packages 
 
TRACE is divided into 4 series of Workpackages: 
 
- The first four workpackages propose three 
different research angles for the definition of 
accident causation, the quantification of the risk 
factors, and the evaluation of the effectiveness of 
safety functions. These are so-called operational 
workpackages. 
 

- WP1: Road Users 
 
- WP2: Types of driving situations and types of 
accident situations 
 
- WP3: Types of risk factors. 
 
- WP4: Evaluation. This fourth work package 
proposes to evaluate the effectiveness of safety 
functions in terms of expected (and observed) 
avoided accidents and saved lives. 

 
Evaluation is one of the core aspects of the 
project. We can split the safety systems into three 
concepts: the safety functions, i.e. the problems 
addressed (e.g. the reduction in braking 
distance); the safety systems (e.g. brake assist in 
case of braking distance reduction); and finally 
the technologies that address the safety system. 
Our ambition is to evaluate the effectiveness of a 

set of safety functions that are assumed to 
address some of the accident causation issues 
that we would have identified in the 
aforementioned work packages. This is needed 
both to complete the picture of accident 
causation and to assess what kind of systems can 
produce what can of results for what kind of 
problems.  
 

Each WP is divided in tasks. For each task, the 
main objective is to identify the accident causation 
aspects through three kind of analysis:  
 

- A macroscopic (essentially) statistical analysis 
(aimed at describing the main problems),  
 
- A microscopic analysis (aimed at determining 
the accident mechanisms with the help of in-
depth data), and,  

 
- A risk analysis (aimed at quantifying the risk 
factors in terms of risk, relative risk and, if 
possible, attributable risks). 

 
- The other three work packages propose to support 
the operational work packages by providing them 
with enhanced methodologies with regards to, 
especially, human factors and statistical techniques. 
One work package is also devoted to the listing of 
existing and potential safety functions and 
technologies.  
 
These are called the Methodologies work 
packages (WP5: Human factors; WP6: Safety 
Functions; WP7: Statistical Methods).  
 
- The eighth work package (WP8: Data Supply) 
acts as a technical support to the operational WP’s. 
WP8 brings together a wide range of existing data 
sources from across Europe to aid analyses taking 
place in other workpackages in TRACE. In 
addition, this WP provides information to help 
TRACE partners make best use of data. This WP 
serves an essential purpose, because the 
methodological WP will not have a sufficient range 
of data sources available to their partners or the 
resources necessary to collate a range of data wide 
enough to support their work. However, all sixteen 
partners participate in WP8, and they can 
potentially bring 39 European data sources, with 
additional data from other countries, which 
together provide information for TRACE at 3 
levels: descriptive data, in-depth data and risk 
exposure data. Data is collated and reviewed before 
being packaged for despatch to other WP’s where it 
is analysed. Thirty separate data packages will be 
prepared over the lifetime of TRACE. 
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- Finally, there is a Management Workpackage 
which aims at leading, managing and monitoring 
the whole project. 
 
Additional issues 
 
- This research addresses the current understanding 
of accident and injury causes, levels and trends 
through reliable exposure, accident and injury data 
systems. TRACE intends to base its safety 
diagnosis on available, reliable and accessible 
existing and on-going databases (access to which is 
greatly facilitated by a series of partners highly 
experienced in safety analysis, coming from 8 
different countries and having access to different 
kinds of databases, in-depth or regional or national 
statistics in their own country, and for some of 
them in additional countries). 
 
- TRACE is also putting its efforts into the 
development and improvement of methodologies, 
in particular those applicable to data analysis. 
Special care and attention is brought to 
methodologies which enable the linking of different 
databases and methodologies which make it 
possible to combine clinical analysis (or micro 
accidentology) and statistical analysis (or macro 
accidentology) into a predicted meso-
accidentological analysis, combining in-depth 
accident analysis and accident epidemiology. 
 
The same effort in developing and applying 
methodologies holds for human factors, risk 
analysis and applied epidemiological and statistical 
methodologies for safety impact assessment. 
 
- A review of available knowledge and effective 
methodologies is systematically performed and 
reported by the WP’s in order to start the work on 
the basis of a ‘level-of-art’ knowledge. 
 
- The expected outcomes of the project are mainly 
reports, focussing on operational results, 
methodological aspects, and of course a large set of 
descriptive and analytic statistics about accident 
causation (identification and quantification of risk 
factors). Reports will also make extensive 
qualitative examinations of mechanisms which 
cause accidents from the perspective of the road 
users, the types of factors, and the accident 
scenarios (the 3 different angles proposed by 
TRACE). 
 
Other expected outcomes are workshops, especially 
with the eImpact and SafetyNet projects, and two 
TRACE-related events: a mid-term seminar 
(internal assessment of the project after one-year 
duration) and a End-of-Project  Conference with a 
higher expected number of attendees coming from 
outside the consortium in order to broadly 

disseminate the results achieved during the course 
of the project. 
 
As it is anticipated that outcomes are expected in 
the short term, the duration of the project has been 
set to two years (24 months friom January 2006 to 
December 2007) in order to be in line with the 
expectations and also to keep the possibility to 
make some noticeable improvements in 
methodology needed for the exploitation of 
databases. 
 
 
EXPECTED USE OF TRACE OUTCOMES 
 
The fundamental objective of the TRACE project is 
to prosaically search for a dramatic reduction in 
road accidents and casualties by an increase in 
accident causation and injury causation knowledge 
leading through the identification of road users 
needs and the assessment of safety functions able to 
cover these needs. This general societal issue (in 
terms of life savings) can be split up into several 
issues impacted by TRACE. 
 
1.  The first expected outcome concerns the results 
drawn from accident analysis. The identification of 
complex accident causation schemes and the 
evaluation of the effectiveness (potential or 
observed, depending on the current existence of 
safety functions to be defined or validated) of 
safety functions will be of great help to stake 
holders in charge of selecting and prioritising the 
development of safety functions or in charge of 
evaluating the benefits of the functions that are 
already on the market. As this evaluation will have 
been carried out with information available from 
throughout Europe instead of information available 
locally, this is, again, an added value of working at 
a European level. 

 
2.  The second outcome concerns improvements or 
innovation in accident analysis methodologies. 
 
Why are methodological improvements needed? 
For three complementary reasons: 
 
- A good understanding of accident causation 

requires, among others, the use of in-depth 
accident investigations and not only national or 
international accident census based on the 
collection of police reports, because the 
information available in census is purely 
descriptive and quite poor. Despite the fact that 
the scientific literature about accident analysis is 
quite abundant, some improvements in the 
methods of analysing accidents could still be 
made from different research angles, which is 
one the basics of our project.  
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- It is well known that in-depth investigations can 
produce interesting results about accident 
mechanisms and accident factors. Unfortunately, 
these results are usually not statistically 
representative of national or international 
accident patterns and should not be used for the 
estimation of the prevalence of such accident 
patterns. TRACE intends to find a method which 
can combine in-depth accident data and national 
or international accident census in order to try to 
estimate the prevalence of accident factors, 
specified on the basis of in-depth data, in the 
total number of accidents.  
 
- Evaluation of the effectiveness of safety 
functions (a priori or a posteriori) is more 
widespread in the United States of America than 
Europe where it remains more or less 
confidential. Consequently, and with special 
regards to the evaluation of the observed 
effectiveness, methodologies and data 
availability for these evaluations are not 
sufficiently covered by research. We are facing 
two important problems: the first one is the 
availability of data. It is indeed assumed that it is 
not easy to identify and select the involved 
vehicles with such or such device implemented 
from the accident files because the identification 
of the vehicle in the accident files does not show, 
in most cases, whether the vehicle was equipped 
or not. It is even more difficult to get exposure 
measures of fleets of vehicles equipped with the 
safety devices. These barriers must be 
investigated seriously. The second problem 
concerns the epidemiological methods used in 
such evaluation. Even though traditional methods 
(such as the so-called odds ratio methods used in 
the Daytime running lights studies or the above 
mentioned ESP studies for example3) are known, 
they have limits, have been questioned by some 
experts and should be highly revisited. TRACE 
offers an opportunity for such a re-visitation. 

 
3.  The third outcome concerns the establishment, 
within the STREP, of a parallel European forum for 
accident experts (SafetyNet can also be considered 
as a forum but is more focussing on data collection 
than data analysis). In that sense, TRACE would 
act as a network of excellence since many 
European accident experts are TRACE partners. 
This unique assembly of experts is providing a 
good opportunity to link the different research 
institutes together, to perform parallel identical 
analyses on different databases coming from 
different national sources (be they private, public, 
vehicle industry or international organisation) even 

                                                 
3 See for example The safety effects of Daytime Running Lights 
(1997) by Matthijs Koornstra, Frits Bijleveld and Marjan 
Hagenzieker. Swov. 
 

more than now and to enhance European research 
in accidentology. This is, again, an additional 
benefit of running the project at a European level. 
 
 
PARTNERS 
 
The TRACE Consortium is composed with 16 
partners (table 1) and five sub contractors 
(Accident Research Center, Monash University, 
Aus / HIT, Gr., Technical University of Graz, A / 
Ecole Normale de Cachan, F / Medial University 
Hannover, D ). 
 
 

Table 1. TRACE Partners 
 

Participant Organisation 
Names 

Participant 
Organisation 
short name 

Laboratoire d’Accidentologie, de 
Biomécanique et d’études du 
comportement humain PSA-

RENAULT 

LAB 
(Coordinator),F 

University of Birmingham BASC, UK 

Fundacion para la Investigacion y 
Desarollo en Automocion 

CIDAUT, E 

Idiada Automotive Technology 
S.A., E 

IDIADA, E 

Institut National de Recherche sur 
les Transports et leur Sécurité 

INRETS, F 

Institut für angewandte Verkehrs-
und Tourismusforschung e.V. 

IVT, D 

University of Patras – Laboratory 
for Manufacturing Systems and 

automation 
LMS, Gr 

Lundwig-Maximilians 
Universitaet Muenchen (Munich 

University) 
LMU, D 

Loughborough University VSRC, UK 

Allianz Center for Technology AZT, D 

Bundesanstalt für Strassenwesen BAST, D 

ELASIS S.C.p.A ELASIS, I 

Netherlands Organisation for 
Applied Scientific Research 

TNO, NL 

Volkswagen AG VOLKSWAGEN, 
D 

Institut for Mathematical 
Stochastics, (Technische 

Universität  Braunschweig ) 
TUBS, D 

Centrum Dropravniho Vyzkumu CDV, CZ 

 
 
The highest number of partners (6 out of 16) come 
from Germany. After that France, Spain and UK 
are represented by 2 partners, then Greece, Italy, 
The Netherlands and the Czech Republic with 1 
partner. In total 12 partners are from car-producing 
countries, which might be expected for a project on 
traffic eSafety. 
 
The geographic distribution of the consortium 
covers different parts of Europe in order to give 
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insight into the traffic safety situation throughout 
Europe. Central Europe is well represented by 
Germany, the United Kingdom and The 
Netherlands. France, Italy, Spain and Greece cover 
the southern part of Europe. The eastern part of 
Europe is represented by the Czech Republic.  
 
Actually, France (22%), Germany (22%), United 
Kingdom (17%) and Spain (17%), and are the 
largest contributors in terms of resources (i.e., man 
– months).  
 
Within the project, the car industry is represented 
as full partners by 4 major European car 
manufacturers: LAB (representing Renault and 
PSA), ELASIS for FIAT, and VOLKSWAGEN. 
Together they are responsible for almost 50 % of 
the market share of cars sold in Europe. The car 
manufacturers participating in this project have a 
perfect understanding of the latest developments in 
car safety and important new trends. Also, they 
have the capability to deliver accident analysis and 
databases as they are collecting themselves 
accident data and conduct their own accident 
research. 
 
The second group of participants are the research 
institutes throughout Europe. In this category 
important traffic safety research institutes from 5 
different EU countries are represented (France, 
Germany, Spain, The Netherlands, Czech 
Republic). Since traffic safety is more and more 
seen as a European (or even worldwide) matter, all 
these institutes have very broad contacts throughout 
Europe, but often also with associations with the 
national authorities on road safety. 
 
Also one organisation of insurance companies is 
involved, which can provide interesting, unique and 
very useful insight based on the special knowledge 
they have on traffic accidents. The category of 
research institutes covers a wide range of research 
areas, from the vehicle and infrastructure aspects to 
more specific aspects of traffic accidents and 
accidentology. 
 
The third group is formed by 6 universities from 3 
different countries in Europe (United Kingdom, 
Germany, Greece). For an innovative research 
project, it is very important to have the support and 
involvement of university groups that move on the 
front line of innovations and research.  Most of the 
universities participating in this project are 
technical institutes of which a department is 
involved directly in transportation research. Other 
universities include medical universities or 
transport-related laboratories with epidemiology 
expertise. 
 
 

MANAGEMENT 
 
The scientific activities of the TRACE STREP 
Project are all intended to strive towards an overall 
common goal, and each activity is defined as a 
necessary contribution towards this goal. The size 
of TRACE does not allow for only one 
organisational level, which should be in control of 
every detail of TRACE. On the other hand, a heavy 
and hierarchical organisation can often be too 
costly and too inflexible for research and 
development processes. Considering these aspects, 
TRACE has a simple but effective management 
structure where responsibilities are distributed 
vertically between the steering committee and 
workpackages and horizontally, across 
workpackages. 
 
The monitoring, control and steering of TRACE are 
executed by the Coordinator and the Steering 
Committee. The Steering Committee consists of 
representatives of major partners of TRACE (i.e. 
WP leaders). They monitor the progress of 
TRACE, consolidate its activities and propose 
decisions. 
 
The Coordinator of TRACE chairs the Steering 
Committee and acts as the speaker of TRACE.  
 
A General Assembly of TRACE meets thrice in the 
project (beginning of the project, end of the project 
and one meeting in-between) and aims at reviewing 
all work done within all WP’s up to the date 
meeting. All partners, observers and sub 
contractors are invited. 
 
A scientific committee (also so-called Wise Guys 
committee) has been considered at the beginning of 
the project. But the project runs out of time and the 
steering committee has decided to do another way. 
The role of this committee would have be to give 
external advices and comments on the reports 
delivered by the Consortium. Actually, all reports 
will be commented in order to increase their quality 
by experienced external experts in each WP.  
 
 
CONCLUSION 
 
TRACE has started in January 2006 and will be 
soon beginning releasing the expected 40 reports. 
The work has followed and will keep on following 
this schedule: 
 
1.  Make an analytical overview (contents, quality, 
consistency, pertinence, applicability, 
representativity, extensive/intensive, etc.) of 
current safety databases available in Europe 
(accident databases, exposure databases, driver 
behaviour databases, insurance, medical databases, 
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etc.) and select those which are accessible, high-
quality rated and relevant for the analysis4. 
 
2. Make an analytical list of the known safety 
functions, underlining their objective and they 
work. 
 
3.  Perform a systematic and comprehensive 
literature review of methodologies in accident 
analysis, human factors and evaluation of the 
effectiveness of safety measures. 
 
4.  Use available accident data or available 
knowledge in order to set an up-to-date descriptive 
diagnosis of the accident causation issues, 
hopefully in Europe but at least in the countries 
where the data (and especially but not only accident 
data) is available. 
 
If available, exposure databases are put in 
perspective in order to estimate risks and relative 
risks of being involved in road accidents for 
different categories of road users on different road 
networks and environment conditions. Traditional 
methods for alternative exposure measurements 
(such as induced exposure or quasi induced 
exposure) are also considered. 
 
In addition, large or small in-depth databases, 
oriented to primary or secondary safety (such as 
CCIS, GIDAS, LAB, EACS, MAIDS, etc.) are 
exploited, if available, in order to identify and 
assess the accident mechanisms for vehicle 
occupants, pedal cyclists, pedestrians, powered 
two-wheelers. 
 
Most of these databases belong to TRACE 
participants and access to them should not be a 
problem except in a few cases where an official 
request for access are to be made to the owners. 
 
Also, we are establishing and applying a 
sociological and socio-psychological approach, 
aimed to analyze the relevance of different socio-
cultural frameworks for accident causation factors. 
Within this dimension, we address issues such as 
gender and age (or ‘generation’), as well as 
contextual issues like education or the paradigm of 
our ‘automobile culture’. In this sociological 
approach, a special emphasis is made on the 
multidimensional topic of ‘risk’ in its socio-cultural 
context.  
 
As a whole, TRACE intends to take a picture (as 
comprehensive as possible) of the accident 
causation problems on European roads by 

                                                 
4 A provisional assessment of these databases is provided in 
Annex 1 of this proposal. 
 

combining explicitly in-depth accident analysis, 
road epidemiology, and human factors analysis.  
 
5.  Use all these analyses in order to infer drivers’ 
needs and subsequently recommend safety 
functions that would be promising for the 
avoidance or the mitigation of accidents and their 
severity 
 
6.  Select amongst the list of functions that will 
have been defined beforehand, some relevant 
functions that are not currently on the market or 
currently undeveloped, and develop specific 
methodologies capable of estimating the expected 
effectiveness of this set of safety functions. Then, 
estimate this potential in terms of accident savings 
and life savings. 
 
7.  Select amongst the list of functions that would 
have been defined beforehand, some relevant 
functions that are already on the market (such as 
ABS, Brake Emergency Assist, ESP, Navigation 
systems, etc.) and develop specific methodologies 
capable of estimating the observed effectiveness of 
this set of safety functions. Then, estimate this 
potential in accident savings and life savings.  
 
These two aspects of evaluation of the 
effectiveness of safety functions are crucial in 
TRACE. They will serve as an assessment of 
previous choices (for existing safety functions) and 
as a support for future decisions since the 
methodology should be able to prioritise, amongst 
the most promising safety systems, those with the 
highest potential influence on safety. 
 
8. Disseminate the results to the scientific 
community, stakeholders, vehicle industry, 
suppliers, and research labs either by reports or 
directly on the Web. No industrial product is 
foreseen.  
 
All results will be available for the duration of the 
project (2 years) to the partners within each of the 
Work Packages. All reports will then be fully 
public at the end of the project.  
 
As a summary, these TRACE activities could be 
well resumed with these four keywords: 
 
- Diagnosis of the accident causation issues (with 
the help of clinical, epidemiological and psycho 
sociological methods) 
 
- Inference of road users’ needs 
 
- Identification of safety functions potentially 
effective in tackling the problems 
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- Evaluation of the effectiveness of the functions 
(in terms of reduction of road toll) 
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ABSTRACT 
This paper defines a new pre-crash scenario 

typology for vehicle safety research based on the 2004 
General Estimates System (GES) crash database. The 
purpose of this typology is to establish a common 
foundation for public and private organizations to 
develop and estimate potential safety benefits of 
effective crash countermeasure systems. Pre-crash 
scenarios portray vehicle movements and critical events 
immediately prior to the crash. This new typology 
consists of a set of 36 pre-crash scenarios representing 
99.4% of all police-reported crashes that involve at least 
one light vehicle (i.e., passenger car, sports utility 
vehicle, van, mini-van, and light pickup truck). Light-
vehicle crashes accounted for about 5,942,000 police-
reported crashes in the United States based on 2004 
GES statistics. This typology is nationally representative 
and can be annually updated using national crash 
databases. This paper quantifies the severity of the 
scenarios in terms of annual crash frequency, economic 
costs, and functional years lost. Characteristics of the 
driving environment, driver, and vehicle are also 
described.  

INTRODUCTION 
A number of crash typologies have been developed 

over the years in support of vehicle safety research. 
Crash typologies provide an understanding of distinct 
crash types and scenarios and explain why they occur. 
They serve as a tool to identify intervention 
opportunities, set research priorities and direction in 
technology development, and evaluate the effectiveness 
of selected crash countermeasure systems. Recently, two 
crash typologies have been widely used for crash 
avoidance research in support of the Intelligent Vehicle 
Initiative (IVI) within the United States Department of 
Transportation’s (U.S. DOT) Intelligent Transportation 
Systems program: 44-crashes and pre-crash scenarios. 

The “44-crashes” typology has been developed by 
General Motors and adopted by automakers for the 
design, development, and benefits assessment of 
potential crash countermeasure technologies [1,2]. This 
typology identified very specific crash scenarios 
representing all collisions in the United States and 

investigated the causes associated with each crash 
scenario using the 1991 General Estimates System 
(GES) crash database and samples of 1990-1991 police-
reported crashes from the states of Michigan and North 
Carolina. Shortcomings of this typology include the 
limited study of state crash data and the amount of effort 
required to replicate the results using recent crash data. 

The U.S. DOT has devised the “pre-crash 
scenarios” typology based primarily on pre-crash 
variables in the National Automotive Sampling System 
crash databases including the GES and Crashworthiness 
Data System (CDS) [3]. This typology has been utilized 
to identify intervention opportunities, develop 
performance guidelines and objective test procedures, 
and estimate the safety benefits for IVI crash 
countermeasure systems. Single-vehicle and two-vehicle 
crashes of common crash types were analyzed to 
produce the list of representative pre-crash scenarios. 
Multi-vehicle (> 2 vehicles) crashes were not included in 
the analysis. Some low-frequency crash types were also 
excluded such as vehicle failure, non-collision incidents, 
and evasive action scenarios. The “pre-crash scenarios” 
typology did not represent 100% of all police-reported 
crashes. 

This paper defines a new typology of pre-crash 
scenarios for vehicle safety research by combining crash 
information from both typologies mentioned above. 
This new typology consists of pre-crash scenarios that 
depict vehicle movements and dynamics as well as the 
critical event occurring immediately prior to crashes 
involving at least one light vehicle (i.e., passenger car, 
sports utility vehicle, van, mini-van, and light pickup 
truck). This typology will establish a common 
foundation for public and private researchers to 
determine which traffic safety issues should be of first 
priority to investigate and to develop concomitant crash 
countermeasure systems. Its main objectives are to: 

• Identify all common pre-crash scenarios of all 
crashes involving at least one light vehicle. 

• Quantify the severity of each pre-crash scenario in 
terms of the frequency of occurrence, economic 
costs, and functional years lost. 
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• Portray each scenario by crash contributing factors 
and circumstances in terms of the driving 
environment, driver, and vehicle. 

• Provide representative crash statistics that can be 
annually updated using national crash databases. 

Next, this paper describes the methodology to 
identify pre-crash scenarios using GES variables. This is 
followed by listing the pre-crash scenarios of the new 
typology. Afterward, each pre-crash scenario is 
characterized by crash severity, contributing factors, and 
circumstances. Finally, this paper discusses the national 
representation and mapping of the new typology to the 
“44-crashes” typology. 

SCENARIO IDENTIFICATION 
METHODOLOGY 

The new crash typology is primarily structured with 
dynamically-distinct pre-crash scenarios that describe 
vehicle movements and critical events leading to the 
crash. The GES Vehicle File contains the Accident 
Type, Movement Prior to Critical Event, and Critical 
Event variables that allow the identification of such 
scenarios [4]. The Accident Type variable categorizes 
the pre-crash situation. The Movement Prior to Critical 
Event variable records the attribute that best describes 
vehicle activity prior to the driver’s realization of an 
impending critical event or just prior to impact if the 
driver took no action or had no time to attempt any 
evasive maneuver. The Critical Event variable identifies 
the circumstances that made the crash imminent. The 
new typology is derived from separate analyses 
conducted on single-vehicle, two-vehicle, and multi-
vehicle crashes. The GES Event File identifies the first 
event in a crash, which helps to distinguish pre-crash 
scenarios in two-vehicle and multi-vehicle crashes. 

A coding scheme based on GES variables and codes 
was devised to identify common pre-crash scenarios 
representing 100% of all light-vehicle crashes [5]. A 
total of 46 pre-crash scenarios were initially coded and 
prioritized in a selected order as listed in Table 1. The 
new pre-crash scenario typology was then created by 
querying the 2004 GES and deducting the scenarios in 
the same order using the process of elimination, and thus 
avoiding double counting of crashes in each of these 
scenarios. The list of selected scenarios was prioritized 
by starting with scenarios associated with crash 
contributing factors such as vehicle control loss and 
driver violation of red light/stop sign. Such scenarios 
result in different crash types. For example, loss of 
vehicle control due to excessive speed could lead to a 
vehicle running off the road, rear-ending another vehicle 
in front of it, or encroaching into another lane and side-
swiping an adjacent vehicle. From a crash avoidance 
perspective, the problem of vehicle control loss is 
identical in all three cases. A potential crash 

countermeasure function would detect the excessive 
speed or the imminent loss of control regardless of what 
crash type these conditions might lead to. Therefore, 
scenarios based on crash contributing factors supersede 
scenarios that represent dynamically-distinct driving 
situations based on vehicle movements and dynamic 
states. 

PRE-CRASH SCENARIO TYPOLOGY 
The new pre-crash scenario typology of all light-

vehicle crashes was derived by integrating lists of pre-
crash scenarios from single-vehicle, two-vehicle, and 
multi-vehicle crashes based on 2004 GES statistics. 
Approximately 5,942,000 police-reported crashes 
involved at least one light vehicle, which accounted for 
96.3% of all crashes in 2004. A total of 10,695,000 
vehicles and 15,027,000 people were involved in these 
light-vehicle crashes resulting in 2,737,000 injured 
people. 

Table 2 ranks pre-crash scenarios of all light-vehicle 
crashes in descending order in terms of the frequency of 
occurrence. A total of 36 pre-crash scenarios represent 
99.4% of all light-vehicle crashes or 95.7% of all 
vehicle-type crashes. Further research is needed to 
identify how many crashes involving medium/heavy 
vehicles only are represented by this new typology. The 
top scenario with an individual relative frequency over 
10% – lead vehicle stopped – accounts for 16% of all 
light-vehicle crashes. The following six scenarios with 
an individual relative frequency between 5 and 10% 
represent about 40% of all these crashes. The remaining 
29 pre-crash scenarios correspond to 43% of all light-
vehicle crashes. There are “other” scenarios that only 
account for 0.6% of all light-vehicle crashes including 
on-road rollover (0.06%), hit and run (0.09%), no driver 
present (0.07%), and other non-specific or no-details 
scenarios. 

DESCRIPTION OF SCENARIOS 
This section provides a detailed description for each 

of the 36 scenarios based on the same order as listed in 
Table 2. The severity of each scenario is quantified in 
terms of economic costs, functional years lost, number 
of vehicles involved, number of people involved, and 
percentage of people who suffered high-level injuries 
based on the Abbreviated Injury Scale greater than or 
equal to 3 (AIS 3+): serious, severe, critical, or fatal. 
The GES does not provide detailed information 
regarding injury severity based on the AIS coding 
scheme. Instead, the GES records injury severity by 
crash victim on the KABCO scale from police crash 
reports. Police reports in almost every state use KABCO 
to classify crash victims as K – killed, A – incapacitating 
injury, B – non-incapacitating injury, C – possible 
injury, O – no apparent injury, or ISU – Injury Severity 
Unknown. The KABCO coding scheme allows non-
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medically trained persons to make on-scene injury 
assessments without a hands-on examination. However, 
KABCO ratings are imprecise and inconsistently coded 
between states and over time. To estimate injuries based 
on the MAIS coding structure, a translator derived from 
1982–1986 NASS data was applied to the GES police-
reported injury profile [6]. The following matrix 
equation shows the multiplicative factors used to convert 
injury severity from KABCO to MAIS designations: 

 

It should be noted that K injuries in KABCO are 
converted only to fatalities and non-K injuries in 
KABCO are converted to MAIS 0-5 injuries. The 
National Highway Traffic Safety Administration 
recommends that fatal crashes and fatalities be extracted 
from the Fatality Analysis Reporting System (FARS), 
not GES, since it contains records on all fatal traffic 
crashes and thus provides a more accurate representation 
of fatal crashes and fatalities than the sample contained 
in the GES. This paper, however, counts fatalities from 
the GES because FARS does not contain the Accident 
Type and Critical Event variables needed to identify the 
pre-crash scenarios of the new typology. 

Table 3 provides severity information for each 
scenario. Economic costs of crashes include lost 
productivity, medical costs, legal and court costs, 
emergency service costs, insurance administration costs, 
travel delay, property damage, and workplace losses [7]. 
Functional years lost is a non-monetary measure that 
sums the years of life lost to fatal injury and the years of 
functional capacity lost to nonfatal injury [8]. The 
economic costs in Table 3 are expressed in year 2000 
dollar values. 

Typical scenarios are described below by driving 
environment, driver, and vehicle factors that are most 
frequently reported in GES crash files. The description 
also lists over-represented factors based on a simple 
comparison of percentages between factors in each 
scenario and concomitant statistics from all light-vehicle 
crashes and driver exposure data. For example, darkness 
will be over-represented in a pre-crash scenario if 40% 
of the crashes occur in the dark that accounts for only 
25% of the national distance traveled. It is noteworthy 
that over-represented factors may not be necessarily the 
most frequent. 

1. Lead Vehicle Stopped: Vehicle is going straight 
in an urban area, in daylight, under clear weather, at an 
intersection-related junction with a posted speed limit of 

56 km/h; and then closes in on a stopped lead vehicle. 
Vehicle may also be decelerating or starting in traffic 
lane and closes in on a stopped lead vehicle. In 50% of 
these crashes, the lead vehicle first decelerates to a stop 
and is then struck by the following vehicle. This 
typically happens in the presence of a traffic control 
device or the lead vehicle is slowing down to make a 
turn. This particular scenario is closely related to, but 
distinct from, the lead-vehicle-decelerating scenario 
(scenario 4). Rural area, intersection-related junction, 
inattention, speeding, and younger driver (≤ 24 years 
old) are over-represented.  

2. Control Loss without Prior Vehicle Action: 
Vehicle is going straight or negotiating a curve in a rural 
area, in daylight, under adverse weather conditions, with 
a posted speed limit of 88 km/h; and then loses control 
due to slippery roads and runs off the road. Vehicle 
action refers to a vehicle decelerating, accelerating, 
starting, passing, parking, turning, backing up, changing 
lanes, merging, and making a successful corrective 
action to a previous critical event. Dark, adverse 
weather, slippery road, rural area, non-junction, high-
speed road, speeding, younger driver, and rollover are 
over-represented. 

3. Vehicle(s) Turning at Non-Signalized Junctions: 
Vehicle stops at a stop sign in a rural area, in daylight, 
under clear weather, at an intersection with a posted 
speed limit of 56 km/h; and then proceeds to turn left or 
right against lateral-crossing traffic. Rural area, 
intersection and driveway/alley locations, low-speed 
road, vision obscured, inattention, female, and younger 
and older (≥ 65 years old) drivers are over-represented. 

4. Lead Vehicle Decelerating: Vehicle is going 
straight while following another lead vehicle in a rural 
area, in daylight, under clear weather, at a non-junction 
with a posted speed limit of 88 km/h; and then the lead 
vehicle suddenly decelerates. Vehicle may also be 
decelerating in traffic lane and then closes in on a 
decelerating lead vehicle. Daylight, adverse weather, 
rural area, intersection-related junction, high-speed road, 
inattention, speeding, and younger driver are over-
represented.  

5. Road Edge Departure without Prior Vehicle 
Maneuver: Vehicle is going straight or negotiating a 
curve in a rural area at night, under clear weather, with a 
posted speed limit of 88 km/h; and then departs the edge 
of the road at a non-junction area. Vehicle maneuver 
denotes passing, parking, turning, changing lanes, 
merging, and successful corrective action to a previous 
critical event. Dark, rural area, non-junction, alcohol, 
inattention, speeding, drowsiness, younger driver, and 
rollover are over-represented. 
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6. Vehicle(s) Changing Lanes–Same Direction: 
Vehicle is changing lanes, passing, or merging in an 
urban area, in daylight, under clear weather, at a non-
junction with a posted speed limit of 88 km/h; and then 
encroaches into another vehicle traveling in the same 
direction. Non-junction area, high-speed road, 
inattention, and younger driver are over-represented. 

7. Animal Crash without Prior Vehicle Maneuver: 
Vehicle is going straight or negotiating a curve in a rural 
area at night, under clear weather, with a posted speed 
limit greater of 88 km/h; and then encounters an animal 
at a non-junction location. Dark, rural area, non-
junction, and high-speed roads are over-represented. 

8. Straight Crossing Paths at Non-Signalized 
Junctions: Vehicle stops at a stop sign in an urban area, 
in daylight, under clear weather, at an intersection with a 
posted speed limit of 40 km/h; and then proceeds 
against lateral-crossing traffic. Vehicle may also be 
going straight through an uncontrolled junction and then 
cuts across the path of another straight-crossing vehicle 
from a lateral direction. Moreover, both vehicles may 
first stop and then proceed on straight crossing paths. 
Rural area, low-speed road, vision obscured, female, and 
younger and older drivers are over-represented. 

9. Running Red Light: Vehicle is going straight in 
an urban area, in daylight, under clear weather, with a 
posted speed limit of 56 km/h; and then runs a red light 
while crossing straight or turning left at an intersection 
and collides with another straight-crossing vehicle from 
a lateral direction. Urban area, inattention, female, and 
younger and older drivers are over-represented. 

10. Vehicle(s) Turning–Same Direction: Vehicle is 
turning left or right at an intersection in an urban area, in 
daylight, under clear weather, with a posted speed limit 
of 56 km/h; and then cuts across the path of another 
vehicle initially going straight in the same direction. 
Clear weather, dry road, low-speed road, and younger 
driver are over-represented. 

11. Left Turn across Path from Opposite Directions 
(LTAP/OD) at Signalized Junctions: Vehicle is turning 
left in an urban area, in daylight, under clear weather, at 
a signalized intersection with a posted speed limit of 56 
km/h; and then cuts across the path of another vehicle 
crossing straight from an opposite direction. Vehicle 
may also be turning left across the path of another 
vehicle that is also turning left from the opposite 
direction. Intersection, low-speed road, vision obscured, 
inattention, female, and younger driver are over-
represented. 

12. Lead Vehicle Moving at Lower Constant Speed: 
Vehicle is going straight or decelerating in traffic lane in 
an urban area, in daylight, under clear weather, at a non-
junction with a posted speed limit of 88 km/h; and then 

closes in on a lead vehicle moving at a lower constant 
speed. Non-junction location, high-speed road, 
inattention, speeding, and younger driver are over-
represented. 

13. LTAP/OD at Non-Signalized Junctions: Vehicle 
is turning left, in daylight, under clear weather, at an 
intersection without traffic controls, with a posted speed 
limit of 56 km/h; and then cuts across the path of 
another vehicle traveling from the opposite direction. 
Two vehicles may also be traveling in opposite 
directions and then both vehicles may turn left across 
their paths. Rural area, intersection and driveway/alley 
locations, low-speed road, vision obscured, inattention, 
and younger and older drivers are over-represented. 

14. Backing Up into Another Vehicle: Vehicle is 
backing up or leaving a parked position (backing up) in 
an urban area, in daylight, under clear weather, at a 
driveway/alley location, with a posted speed limit of 40 
km/h; and then collides with another vehicle. Daylight, 
driveway/alley and intersection-related locations, low-
speed road, vision obscured, inattention, and younger 
driver are over-represented. 

15. Vehicle(s) Not Making a Maneuver–Opposite 
Direction: Vehicle is going straight or negotiating a 
curve in a rural area, in daylight, under clear weather, at 
a non-junction with a posted speed limit of 88 km/h; and 
then drifts and encroaches into another vehicle traveling 
in the opposite direction. Dark, adverse weather, wet/ 
slippery road surface, non-level road, rural area, non-
junction, alcohol, male, and younger driver are over-
represented. 

16. Control Loss with Prior Vehicle Action: Vehicle 
is turning left or right at an intersection-related area, in 
daylight, under clear weather, with a posted speed limit 
of 72 km/h; and then loses control due to wet/slippery 
roads and runs off the road. Vehicle may also be 
decelerating in the traffic lane or changing lanes and 
then loses control. Dark, adverse weather, wet/slippery 
road, intersection-related, speeding, younger driver, and 
rollover are over-represented. 

17. Vehicle(s) Drifting–Same Direction: Vehicle is 
going straight in an urban area, in daylight, under clear 
weather, at a non-junction with a posted speed limit of 
88 km/h; and then drifts into an adjacent vehicle 
traveling in the same direction. Vehicle may also drift 
into another vehicle stopped in traffic lane. High-speed 
road, speeding, and younger driver are over-represented. 

18. Following Vehicle Making a Maneuver: Vehicle 
is changing lanes or passing in an urban area, in 
daylight, under clear weather, at a non-junction with a 
posted speed limit of 88 km/h; and then closes in on a 
lead vehicle. Vehicle may also be turning right and then 
closes in on a lead vehicle. Intersection-related location, 
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inattention, speeding, and younger driver are over-
represented. 

19. Road Edge Departure with Prior Vehicle 
Maneuver: Vehicle is turning left or right at an 
intersection-related location, in a rural area at night, 
under clear weather, with a posted speed limit of 40 
km/h; and then departs the edge of the road. Vehicle 
may also attempt to change lanes, pass, or enter/leave a 
parking position and departs the edge of the road. Dark, 
intersection-related, low-speed road, alcohol, inattention, 
and younger driver are over-represented. 

20. Road Edge Departure While Backing Up: 
Vehicle is backing up or leaving/entering a parked 
position (backing up) in an urban area, in daylight, under 
clear weather, with a posted speed limit of 40 km/h; and 
then departs the road edge on the shoulder/parking lane 
in a driveway/alley location. Driveway/alley location, 
low-speed road, alcohol, inattention, and younger driver 
are over-represented. 

21. Object Crash without Prior Vehicle Maneuver: 
Vehicle is going straight or negotiating a curve in a rural 
area, at night, under clear weather, at a non-junction 
location with a posted speed limit of 88 km/h; and then 
collides with an object on the road. First harmful events 
occur on the road, on shoulder/parking lane, or off the 
road. Dark, rural area, non-junction, high-speed road, 
alcohol, younger driver, rollover, and hit and run are 
over-represented. 

22. Evasive Action without Prior Vehicle 
Maneuver: Vehicle is going straight in an urban area, in 
daylight, under clear weather, at a non-junction location 
with a posted speed limit of 56 km/h; and then takes an 
evasive action to avoid an obstacle. First harmful events 
occur on the road, off the road, or shoulder/parking lane. 
Driveway/alley and younger driver are over-represented. 

23. Vehicle(s) Parking–Same Direction: Vehicle is 
leaving a parked position or making a U-turn in an urban 
area, in daylight, under clear weather, with a posted 
speed limit of 40 km/h; and then encounters another 
vehicle traveling in the same direction at a non-junction 
area. Adverse weather, non-junction area, low-speed 
road, inattention, and younger driver are over-
represented. 

24. Running Stop Sign: Vehicle is going straight in 
a rural area, in daylight, under clear weather, with a 
posted speed limit of 56 km/h; and then runs a stop sign 
at an intersection. Vehicle may also run a stop sign while 
turning either left or right. Low posted speed limit (≤ 56 
km/h), inattention, and younger and older drivers are 
over-represented. 

25. Non-Collision Incident: Vehicle is going 
straight in a rural area, in daylight, under clear weather, 

at a non-junction location with a posted speed limit of 
88 km/h; and then a fire starts on board the vehicle. First 
harmful events encompass fire or explosion, pavement 
surface irregularities such as potholes, person injured in 
vehicle or fell from vehicle, thrown or falling object, 
and other non-collision events. Clear weather, dry road, 
rural area, non-junction, high-speed road, and vehicle 
contributing factors are over-represented. 

26. Vehicle Failure: Vehicle is going straight or 
negotiating a curve in a rural area, in daylight, under 
clear weather, on a dry road with a posted speed limit of 
88 km/h; and then loses control due to catastrophic 
component failure at a non-junction and runs off the 
road. Failure of tires, brakes, power train, steering 
system, and wheels contributed to about 95% of these 
crashes, with tires alone accounting for 62% of vehicle 
failure crashes. Rural area, non-junction, high-speed 
road, younger driver, and rollover are over-represented. 

27. Pedestrian Crash without Prior Vehicle 
Maneuver: Vehicle is going straight in an urban area, in 
daylight, under clear weather, with a posted speed limit 
of 40 km/h; and then encounters a pedestrian at a non-
junction location. Vehicle may also be starting in traffic 
lane or negotiating a curve. The pedestrian is running 
onto the road in 36% of overall scenario crashes. Dark, 
adverse weather, non-junction area, low-speed road, 
vision obscured, and younger driver are over-
represented. 

28. Vehicle Turning Right at Signalized Junctions: 
Vehicle is turning right in an urban area, in daylight, 
under clear weather, at a signalized intersection with a 
posted speed limit of 56 km/h; and then turns into the 
same direction of another vehicle crossing straight 
initially from a lateral direction. Vehicle may also be 
turning right at a signalized intersection and then turns 
into the opposite direction of another vehicle traveling 
or stopped initially from a lateral direction. Adverse 
weather, intersection and intersection-related locations, 
low-speed road, vision obscured, and younger and older 
drivers are over-represented. 

29. Object Crash with Prior Vehicle Maneuver: 
Vehicle is leaving a parked position at night, in an urban 
area, under clear weather, at a non-junction location with 
a posted speed limit of 40 km/h; and then collides with 
an object on road shoulder or parking lane. Vehicle may 
also be turning right and collides with an object. 
Commonly-cited first harmful events are parked motor 
vehicle and post, pole, or support. Dark, wet/slippery 
road, urban area, non-junction, low-speed road, alcohol, 
younger driver, and hit and run are over-represented. 

30. Pedalcyclist Crash without Prior Vehicle 
Maneuver: Vehicle is going straight or starting in traffic 
lane in an urban area, in daylight, under clear weather, 



 6

with a posted speed limit of 40 km/h; and then 
encounters a pedalcyclist at an intersection. Clear 
weather, dry road, intersection, low-speed road, vision 
obscured, and female driver are over-represented. 

31. Animal Crash with Prior Vehicle Maneuver: 
Vehicle is leaving a parked position or passing another 
vehicle in a rural area at night, under clear weather; and 
then encounters an animal at a non-junction area. Dark, 
wet/slippery road, rural area, non-junction, and high-
speed road are over-represented. 

32. Pedalcyclist Crash with Prior Vehicle 
Maneuver: Vehicle is turning right or left in an urban 
area, in daylight, under clear weather, with a posted 
speed limit of 40 km/h; and then encounters a 
pedalcyclist at an intersection. Clear weather, dry road, 
intersection and intersection-related locations, low-speed 
road, vision obscured, inattention, and younger driver 
are over-represented. 

33. Pedestrian Crash with Prior Vehicle Maneuver: 
Vehicle is turning left or right in an urban area, in 
daylight, under clear weather, with a posted speed limit 
of 56 km/h; and then encounters a pedestrian in the 
crosswalk at a signaled intersection. Urban area, 
intersection and intersection-related locations, low-speed 
road, vision obscured, and inattention are over-
represented. 

34. Lead Vehicle Accelerating: Vehicle is going 
straight or starting in traffic lane in an urban area, in 
daylight, under clear weather, at intersection-related 
location with a posted speed limit of 72 km/h; and then 
closes in on an accelerating lead vehicle. Dry road, 
intersection-related, high-speed road, traffic signal, 
inattention, speeding, female, and younger driver are 
over-represented. 

35. Vehicle(s) Making a Maneuver–Opposite 
Direction: Vehicle is passing another vehicle in a rural 
area, in daylight, under clear weather, at a non-junction 
with a posted speed limit of 88 km/h; and encroaches 
into another vehicle traveling in the opposite direction. 
Vehicle may also be changing lanes or in the middle of a 
corrective maneuver and encroaches into another vehicle 
traveling in the opposite direction. Dark, adverse 
weather, rural area, non-junction, high-speed road, 
alcohol, vision obscured, inattention, speeding, male, 
and young driver are over-represented. 

36. Evasive Action with Prior Vehicle Maneuver: 
Vehicle is turning left at an intersection-related location, 
in an urban area, in daylight, under clear weather, with a 
posted speed limit of 56 km/h; and then takes an evasive 
action to avoid an obstacle. Vehicle may also be 
passing, turning right, or changing lanes and then takes 
an evasive action to avoid an obstacle. Dark, urban area, 

intersection-related location, and younger driver are 
over-represented. 

VALIDATION OF NEW TYPOLOGY 
A sample of 236 crash police reports were carefully 

reviewed to ensure that each crash can be assigned to 
each of the 36 pre-crash scenarios in the new typology. 
These reports were obtained from the department of 
motor vehicles in the state of Massachusetts. The dates 
of these reports spanned from September 2004 through 
March 2005, which covered some severe winter months 
with a substantial amount of snowfall. All crashes were 
successfully mapped to this new pre-crash scenario 
typology, except for one crash (categorized as “other”) 
in which a car being towed by a truck sideswiped six 
parallel parked cars. The two most frequent scenarios in 
the sample corresponded to the top two most frequent 
scenarios in the United States as listed in Table 2. 

The “44-crashes” typology was also mapped to this 
new pre-crash scenario typology. Most of the 44 crashes 
are represented either directly or indirectly by the 
different variations of pre-crash scenarios in the new 
typology. For instance, one of the 44 crashes addresses 
emergency vehicles as they pass through signalized 
intersections on red. This crash is assigned to “running 
red light” scenario in the new typology even though the 
analysis of light-vehicle crashes in this report excludes 
emergency vehicles. However, the GES contains the 
needed variables to explicitly describe emergency-
vehicle crashes that involve police cars, ambulances, or 
firefighting vehicles.  Other crashes in the “44-crashes” 
typology represent tailgate, pedal miss, and stutter stop 
rear-end crash scenarios. These scenarios are indirectly 
classified in the new typology under lead vehicle 
decelerating, stopped, or accelerating due to the lack of 
GES variables and codes that refer to these particular 
events (e.g., tailgate, etc). 

CONCLUSIONS 
This paper identified and described a novel 

typology of pre-crash scenarios, which serves as a 
foundation for vehicle safety research. This typology 
consists of 37 pre-crash scenarios (including “other”) 
that accounted for approximately 5,942,000 police-
reported crashes involving all light vehicles based on 
2004 GES statistics. These crashes resulted in estimated 
economic costs of $119,846,000,000 and 2,769,000 
functional years lost. These statistics do not incorporate 
data from non-police-reported crashes. Excluding the 
“other” scenario, this new pre-crash scenario typology 
represents about 99.4% of all light-vehicle crashes. 

Ranking the pre-crash scenarios by crash frequency, 
economic costs, and functional years lost, the following 
seven dominant scenarios emerged from a combination 
of these three measures: 
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• Control loss without prior vehicle action 
• Lead vehicle stopped 
• Road edge departure without prior vehicle 

maneuver 
• Vehicle(s) turning at non-signalized junctions 
• Straight crossing paths at non-signalized 

junctions 
• Lead vehicle decelerating 
• Vehicle(s) not making a maneuver - opposite 

direction 
 

Crash statistics of this new typology should be 
updated on an annual basis using the GES or CDS so as 
to ensure the consistency of its scenario ranking and 
national representativeness of all light-vehicle crashes 
over time. It is recommended that the crash severity of 
the updated typology be quantified using values of 
economic costs and functional years lost from more 
recent years. Such updates also serve to identify trends 
in crash statistics and assess effectiveness of new 
automotive safety technologies in the vehicle fleet such 
as electronic stability control systems. Some safety 
systems can affect these crash scenarios by avoiding the 
crash altogether, others can reduce the harmful effects of 
the crash. The next challenge is to use these scenarios as 
a basis for coordinated benefits evaluations for 
integrated safety systems that can provide improvements 
in both crash avoidance and crashworthiness without 
double counting or otherwise over- or under-estimating 
safety benefits. 
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Table 1. Ordered List of Pre-Crash Scenarios 

No Scenario
1 No Driver Present
2 Vehicle Failure
3 Control Loss with Prior Vehicle Action
4 Control Loss without Prior Vehicle Action
5 Running Red Light
6 Running Stop Sign
7 Road Edge Departure with Prior Vehicle Maneuver
8 Road Edge Departure without Prior Vehicle Maneuver
9 Road Edge Departure While Backing Up
10 Animal Crash with Prior Vehicle Maneuver
11 Animal Crash without Prior Vehicle Maneuver
12 Pedestrian Crash with Prior Vehicle Maneuver
13 Pedestrian Crash without Prior Vehicle Maneuver
14 Pedalcyclist Crash with Prior Vehicle Maneuver
15 Pedalcyclist Crash without Prior Vehicle Maneuver
16 Backing Up into Another Vehicle
17 Vehicle(s) Turning – Same Direction
18 Vehicle(s) Parking – Same Direction
19 Vehicle(s) Changing Lanes – Same Direction
20 Vehicle(s) Drifting – Same Direction
21 Vehicle(s) Making a Maneuver – Opposite Direction
22 Vehicle(s) Not Making a Maneuver – Opposite Direction
23 Following Vehicle Making a Maneuver
24 Lead Vehicle Accelerating
25 Lead Vehicle Moving at Lower Constant Speed
26 Lead Vehicle Decelerating
27 Lead Vehicle Stopped
28 LTAP/OD* at Signalized Junctions
29 Vehicle Turning Right at Signalized Junctions
30 LTAP/OD at Non-Signalized Junctions
31 Straight Crossing Paths at Non-Signalized Junctions
32 Vehicle(s) Turning at Non-Signalized Junctions
33 Evasive Action with Prior Vehicle Maneuver
34 Evasive Action without Prior Vehicle Maneuver
35 Rollover  
36 Non-Collision Incident
37 Object Crash with Prior Vehicle Maneuver
38 Object Crash without Prior Vehicle Maneuver

39 Hit and run
40 Other - Rear-End
41 Other - Sideswipe
42 Other - Opposite Direction
43 Other - Turn Across Path
44 Other - Turn Into Path
45 Other - Straight Paths
46 Other

LTAP/OD: Left Turn Across Path/Opposite Direction  
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Table 2. Pre-Crash Scenarios of All Light-Vehicle Crashes 

No Scenario Frequency Rel. Freq.
1 Lead Vehicle Stopped 975,000     16.41%

2 Control Loss without Prior Vehicle Action 529,000     8.90%

3 Vehicle(s) Turning at Non-Signalized Junctions 435,000     7.32%

4 Lead Vehicle Decelerating 428,000     7.20%

5 Road Edge Departure without Prior Vehicle Maneuver 334,000     5.62%

6 Vehicle(s) Changing Lanes – Same Direction 338,000     5.69%

7 Animal Crash without Prior Vehicle Maneuver 305,000     5.13%

8 Straight Crossing Paths at Non-Signalized Junctions 264,000     4.44%

9 Running Red Light 254,000     4.27%

10 Vehicle(s) Turning – Same Direction 222,000     3.73%

11 LTAP/OD at Signalized Junctions 220,000     3.71%

12 Lead Vehicle Moving at Lower Constant Speed 210,000     3.53%

13 LTAP/OD at Non-Signalized Junctions 190,000     3.19%

14 Backing Up into Another Vehicle 131,000     2.20%

15 Vehicle(s) Not Making a Maneuver – Opposite Direction 124,000     2.08%

16 Control Loss with Prior Vehicle Action 103,000     1.73%

17 Vehicle(s) Drifting – Same Direction 98,000       1.65%

18 Following Vehicle Making a Maneuver 85,000       1.44%

19 Road Edge Departure with Prior Vehicle Maneuver 68,000       1.14%

20 Road Edge Departure While Backing Up 66,000       1.11%

21 Object Crash without Prior Vehicle Maneuver 55,000       0.92%

22 Evasive Action without Prior Vehicle Maneuver 56,000       0.95%

23 Vehicle(s) Parking – Same Direction 48,000       0.81%

24 Running Stop Sign 48,000       0.81%

25 Non-Collision Incident 46,000       0.77%

26 Vehicle Failure 42,000       0.71%

27 Pedestrian Crash without Prior Vehicle Maneuver 39,000       0.66%

28 Vehicle Turning Right at Signalized Junctions 35,000       0.59%

29 Object Crash with Prior Vehicle Maneuver 30,000       0.51%

30 Pedalcyclist Crash without Prior Vehicle Maneuver 24,000       0.41%

31 Animal Crash with Prior Vehicle Maneuver 23,000       0.39%

32 Pedalcyclist Crash with Prior Vehicle Maneuver 18,000       0.31%

33 Pedestrian Crash with Prior Vehicle Maneuver 17,000       0.29%

34 Lead Vehicle Accelerating 19,000       0.32%

35 Vehicle(s) Making a Maneuver – Opposite Direction 15,000       0.26%

36 Evasive Action with Prior Vehicle Maneuver 13,000       0.22%

37 Other 36,000       0.60%  
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Table 3. Severity Statistics of Light-Vehicle Pre-Crash Scenarios 

Scenario
Economic 

Cost ($M)*
Functional 
Years Lost

Vehicles 
Involved

People 
Involved

People 
AIS 3+

Lead Vehicle Stopped 15,388           240,000         2,162,000        3,032,000        0.50%

Control Loss without Prior Vehicle Action 15,796           478,000         596,000           825,000           2.67%

Vehicle(s) Turning at Non-Signalized Junctions 7,343             138,000         872,000           1,212,000        0.71%

Lead Vehicle Decelerating 6,390             100,000         936,000           1,283,000        0.49%

Road Edge Departure without Prior Vehicle Maneuver 9,005             270,000         338,000           456,000           2.79%

Vehicle(s) Changing Lanes – Same Direction 4,247             71,000           635,000           884,000           0.42%

Animal Crash without Prior Vehicle Maneuver 1,632             24,000           311,000           414,000           0.38%

Straight Crossing Paths at Non-Signalized Junctions 7,290             174,000         535,000           765,000           1.21%

Running Red Light 6,627             135,000         528,000           740,000           1.81%

Vehicle(s) Turning – Same Direction 2,810             47,000           446,000           641,000           0.44%

LTAP/OD at Signalized Junctions 5,749             121,000         457,000           664,000           1.16%

Lead Vehicle Moving at Lower Constant Speed 3,910             78,000           445,000           612,000           0.71%

LTAP/OD at Non-Signalized Junctions 5,137             113,000         389,000           558,000           1.24%

Backing Up into Another Vehicle 947                9,000             261,000           363,000           0.13%

Vehicle(s) Not Making a Maneuver – Opposite Direction 6,407             206,000         232,000           330,000           2.58%

Control Loss with Prior Vehicle Action 1,970             49,000           135,000           192,000           1.43%

Vehicle(s) Drifting – Same Direction 1,383             37,000           235,000           330,000           0.58%

Following Vehicle Making a Maneuver 1,212             18,000           180,000           249,000           0.50%

Road Edge Departure with Prior Vehicle Maneuver 1,144             34,000           70,000             98,000             1.42%

Road Edge Departure While Backing Up 350                6,000             66,000             95,000             0.27%

Object Crash without Prior Vehicle Maneuver 687                19,000           55,000             76,000             1.12%

Evasive Action without Prior Vehicle Maneuver 1,349             36,000           99,000             137,000           1.23%

Vehicle(s) Parking – Same Direction 623                11,000           95,000             125,000           0.45%

Running Stop Sign 1,310             28,000           93,000             133,000           1.33%

Non-Collision Incident 592                13,000           82,000             112,000           0.56%

Vehicle Failure 1,051             26,000           53,000             89,000             1.78%

Pedestrian Crash without Prior Vehicle Maneuver 4,022             144,000         42,000             98,000             5.74%

Vehicle Turning Right at Signalized Junctions 355                4,000             71,000             98,000             0.27%

Object Crash with Prior Vehicle Maneuver 155                3,000             30,000             34,000             0.35%

Pedalcyclist Crash without Prior Vehicle Maneuver 1,301             39,000           25,000             58,000             3.27%

Animal Crash with Prior Vehicle Maneuver 120                2,000             24,000             27,000             0.36%

Pedalcyclist Crash with Prior Vehicle Maneuver 523                11,000           19,000             48,000             1.65%

Pedestrian Crash with Prior Vehicle Maneuver 843                24,000           18,000             41,000             2.87%

Lead Vehicle Accelerating 273                4,000             40,000             54,000             0.55%

Vehicle(s) Making a Maneuver – Opposite Direction 943                32,000           30,000             40,000             3.16%

Evasive Action with Prior Vehicle Maneuver 198                4,000             25,000             36,000             0.64%

Other 764                21,000           65,000             78,000             1.16%

Total 119,846         2,769,000     10,695,000      15,027,000      0.97%  
*: Expressed in year 2000 dollar value 
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ABSTRACT 

Working Group 21, Accident Studies, has been 
formed to bring together analysis of existing accident 
data in support of the work programme of the EEVC. 
Its members represent all of the major in-depth 
accident databases in Europe and have access to a 
large number of others. This paper presents some of 
its early work.  
 
A major task has been to conduct an audit of the 
available accident databases and to record their key 
characteristics. A total of 45 accident databases from 
8 countries are identified and the paper lists factors 
including proprietary, data content, selection criteria, 
vehicles studied and purpose of investigation.  
 
In general larger quantities of accident data are more 
likely to give statistically significant results and a 
second objective of the group has been to evaluate 
the feasibility and analysis potential of combining 
data from several countries. A pilot study was 
conducted to combine data from France, Germany 
and the UK to estimate the effectiveness of side 
airbag systems. A logistic regression model was 
developed which showed side thorax airbags reduced 
AIS 2+ thoracic injuries by 17%, although this was 
statistically not significant.  

 
In support of WG 12, biomechanics, WG 21 has been 
asked to provide data on the types of leg injury 
sustained in crashes by occupants of three different 
age groups of cars in relation to future designs of 
ATD. A parallel analysis of UK and Swedish data is 
presented which shows the changes in lower 
extremity injury location and type.  
 
Finally the paper will describe some of the current 
work of the group which is to assist the new work 
plan of WG 13, Side Impact Protection in relation to 
the further development of test procedures and side 
impact barrier characteristics. 
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BACKGROUND  
 
The European Enhanced Vehicles Committee seeks 
to improve the safety performance of vehicles in use 
in the European Union. In order to do this new test 
protocols are developed that address critical issues of 
impact types or injury causation. It is important that 
these issues apply generally across the EU so that 
changes to car design, which are also made on an EU 
basis, make the greatest contribution to casualty 
reduction. To support the work it is important to have 
a good knowledge of accident and injury priorities 
across the EU and therefore to base the EEVC work 
on a broad picture of accident analysis. This is in line 
with the increasing demand at international and 
national levels to ensure that government and EU 
policies are based on sound evidence and established 
safety benefits. 
 
EEVC WG 21 Accident Studies has been established 
to serve as a resource centre and information provider 
to the other WGs regarding the collection, analysis 
and review of accident data in the wider EEVC work 
programme. Its Terms of Reference are summarised 
as follows:- 
 
1) To conduct an audit of existing and future accident 
data needs of the EEVC Working Groups and to 
identify areas where poor quality information 
diminishes the value of accident and injury data and 
its subsequent analysis. 
 
2) To redress these deficiencies by obtaining better 
data and analysis from within or outside the EEVC 
countries, especially to make use of work of the EU-
funded Pendant and SafetyNet projects. 
 
3) Through the analysis of existing accident 
databases make recommendations to the EEVC 
Steering Committee where future EEVC coordinated 
research could be undertaken, that would lead to 
reductions in both the number and severity of 
accidents and injury. 
 
4) Through the analysis of existing accident 
databases monitor developments in advanced safety 
systems, and attempt to determine their efficacy and 
deficiencies, in liaison with the other EEVC Working 
Groups, and report to the EEVC Steering Committee 
on a regular basis. 
 
5) Develop regular links with each of the EEVC 
Working Groups. 

 
METHOD OF WORKING 

EEVC WG 21 provides an accident data analysis 
service to the EEVC, bringing together data from the 
eight countries represented. Each country has its own 
national level data that is available for analysis but 
several countries have routine in-depth crash 
investigations while others have special studies of 
selected crash types. One requirement of the Working 
Group has been to construct an audit of these 
databases and their essential characteristics, the 
complete audit is available on the WG 21 web pages 
and an extract is presented in this report.  
 
WG 21 will utilise this data to address specific issues 
of other EEVC Working Groups. Once a clear 
specification of the data needs has been reached WG 
21 will conduct a co-ordinated analysis of several 
datasets where equivalent tables are produced from 
each, an example is the analysis of leg injuries 
conducted for EEVG Working Group 12, Crash 
Dummies. Alternatively Working Group 21 has 
examined methods where datasets can be combined 
for certain types of analysis to increase the 
confidence in the results and an example is the study 
on side airbag effectiveness. Most recently WG 21 
has commenced an extensive analysis of side impacts 
in order to support the work of WG 13, Side Impact 
and the work schedules of both Working Groups 
have been synchronised so that the results from WG 
21 feed directly into the deliberations of WG 13. 
Examples of each of these analyses is given below. 
 
AUDIT OF DATABASES 

An early task of WG 21 has been to conduct an audit 
of databases available to the group to facilitate the 
selection of suitable data sources for subsequent 
analysis. A total of 46 separate data systems have 
been identified and their main characteristics have 
been listed. The names and summary details of the 
databases are shown in Appendix A and the fields 
recorded for each are shown in Appendix B. The full 
list with details is available on http://www.eevc.org. 
Some of these databases have been used for 
combined or parallel analyses within the group so far 
, some of the results are outlined below. 
 
ANALYSIS OF LEG INJURY PATTERNS – WG 12 

(DUMMIES) 

In order to focus its work on new dummy 
characteristics WG 12 requested an analysis of the 
patterns of injury to the lower extremities showing 
any changes relating to the introduction of 
EuroNCAP and the EC Directive on frontal impact 
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protection. The data from Sweden and the UK was 
used to address this issue and, since descriptive 
information only was required, a parallel analysis 
was conducted on each to a common specification. 
Although ideally the year of manufacture of the car 
would be a key parameter, describing the level of 
specification of the car, this is not available routinely 
on most of the crash injury databases so the data was 
categorised according to the year of registration of 
the vehicle. Each of these databases selects crashes 
that involve injury, but although there will be an 
injured casualty within the collision not all casualties 
are injured. The data cannot be used to assess the 
absolute changes on injury numbers but they do show 
any changes in frequency of injury of one body 
region compared to another. Table 1 shows the cases 
available from each dataset. 
 

Table 1 
Cases available for WG 12 leg injury analysis 

 

 
A total of 4379 sets of occupant details were 
available for cars of the selected age ranges that were 
involved in frontal collisions. Figures 1 and 2 
compare injuries to the lower extremity to other body 
regions for Swedish Strada and UK CCIS data. Since 
the lower extremity injuries that involve longer term 
impairment can have AIS values of 2 or higher the 
figures show the rates of such injuries to each body 
region. 
 

Figure 1 
Pattern of injuries – Strada 
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Figure 2. 

Pattern of Injuries – CCIS 
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The case selection criteria for the three samples are 
different and the values cannot be directly compared, 
nevertheless consistent trends can be observed. All 
three datasets demonstrate a large reduction in rates 
of head and torso injuries. Injuries to the extremities 
were amongst the most common in all databases and 
mostly showed little or no decrease in relative 
frequency over the period studied.  
 
The locations of injury are directly relevant to 
dummy design and determine the emphasis on 
specific locations for dummy instrumentation. The 
two datasets were also examined with respect to the 
injuries themselves, Table 2 shows the total AIS 2+ 
injuries from each group and Figures 3 and 4 show 
the locations of these injuries derived from each 
dataset. 

Table 2 
Injury details available for WG 12 leg injury 

analysis 
Database Year of Manufacture Total 

 1990-5 1996-9 2000+  
Swedish 
Strada data 141 70 71 282 
UK CCIS 
data 283 413 413 1109 
Total 424 483 484 1391 
 

Database Year of Manufacture Total 
 1990-5 1996-9 2000+  

Swedish 
Strada data 449 258 410 1117 
UK CCIS 
data 1060 1914 1288 4262 
Total 1509 2172 1698 4379 
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Figure 3. 

Location of lower extremity injuries – Strada 
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Figure 4. 

Location of lower extremity injuries – CCIS 

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

Upper leg Knee -
skeletal

Knee -
ligaments 

Lower leg -
skeletal 

Ankle joint  Foot others

1990-1995

1996-1999

2000+

 
 
Although figures 3 and 4 show different distributions 
of injury location, possibly because of different 
vehicle fleets in the two countries both databases 
showed that ligament injuries to the knee were rare 
and also that the overall distribution of AIS 2+ 
injuries did not significantly change over the period 
1990 – 2006. Otherwise the data from every country 
showed there remained a need for crash test dummies 
to measure the risks of injury at each part of the 
lower extremity. 
 
PILOT STUDY ON ANALYSIS OF COMBINED DATASETS 

– SIDE AIRBAG EFFECTIVENESS. 

WG 21 proposed to conduct a pilot study on the 
injury reduction effect of side airbags. It would also 
serve to evaluate the issues WG 21 would meet 
concerning parallel and combined data analyses from 
several sources in different countries. The group 
established that statistical modelling methods 
combined with case-by-case study would be the most 
suitable method.  
 

During the last 5 years, the number of cars fitted with 
side airbags has dramatically increased. They are 
now standard equipment, even on many smaller cars 
or less luxurious vehicles. While some side airbags 
offer thoracic protection alone, there are those that 
combine thoracic and head protection (of which most 
deploy from the seat). Other systems employ separate 
airbags for head and thorax protection, which are 
designed to be effective noticeably in a crash against 
a pole. The Working Group 21 paper, presented at the 
ESAR Conference in September 20061, proposed an 
evaluation of the effectiveness of side airbags in 
preventing thoracic injuries to passenger car 
occupants involved in side crashes. Statistical 
analysis for head injuries was not possible due to the 
low number of accident cases with passenger cars 
fitted with head airbags in the databases. 
 
First, the target population (who can take benefit of 
side airbag deployment and in what circumstances) 
was defined. Side airbags can be especially effective 
in cases of impacts on the door with intrusion at a 
certain impact speed. National data provides the 
overall magnitude of side impacts. For example, in 
France, side impacts account for about 25 % of 
fatalities (front and rear seats) and 18 % of seriously 
injured casualties in passenger cars. In the UK data 
41% of fatally injured occupants died in side impacts 
and 37% of seriously injured casualties received their 
injuries in side impacts. 40 % of the French fatalities 
(respectively 60 % of those seriously injured) occur 
against another car, one third (respectively 30 %) 
against a fixed obstacle and 25 % (respectively 10 %) 
against a light or heavy truck. 
 
70 % of the fatalities and 50 % of the seriously 
injured casualties in side impacts occur on the struck 
side with intrusion. Consequently, in France, 17 % of 
overall fatalities (70 % * 25 %) and 9 % of overall 
seriously injured casualties (50 % * 18 %) are the 
target population for side airbags, which are 
supposed to work for occupants seated against the 
struck door. This calculation was not done for either 
Germany or the UK. 
 
Then, an example case of a side impact with side 
airbag deployment was given where side airbag 
deployment is thought to have had a positive effect 
on injury outcome. Actually, while statistical analysis 
and models can be used to derive a generalised view 
of accident data case by case reviews provide a 
complementary role. They are able to produce a fuller 
understanding of the real-world event and help to 
define key factors for use in subsequent modelling. 
An overall review of cases can help to define the 
most valuable selection criteria for cases to be 
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included in the model and to avoid outliers. They can 
also provide a qualitative view of the limits of 
protection with side airbags. An additional expert 
case review can also indicate injuries that would 
probably have occurred without side airbags and 
identify potential airbag induced injuries. 
 
The CCIS database was searched for examples of 
cases of medium to high severity side impacts with 
low severity occupant thoracic injury, cases were side 
airbag deployment may have been effective for injury 
prevention and a higher injury outcome may have 
been expected.  Two examples of the cases found 
were presented in the paper. 
 
Then, the estimation of side airbag effectiveness (in 
terms of additional occupant protection brought 
exclusively by the airbag) was proposed by 
comparing injury risk sustained by occupants in 
(more or less) similar cars (fitted or non fitted with 
airbags). Comparing risks in similar cars was 
necessary since, during these years, car structure, and 
side airbag conception have considerably evolved. 
 
In-depth accident data from France, the UK and 
Germany has been collected. Out of 2,035 side 
impact accident cases available in the databases, we 
selected 435 occupants of passenger cars (built from 
1998 onwards) involved in an injury accident 
between year 1998 and year 2004 for EES (Energy 
Equivalent Speed) values between 20km/h and 50 
km/h. The occupants belted or not, were sat on the 
struck side, whatever the obstacle and type of 
accidents (intersection, loss of control, etc.). For 
multiple impact crashes, the side impact was assumed 
to be the more severe one. Passengers cars were fitted 
with (96) or without (339) side airbags. Most of the 
potential risk explanatory variables were correctly 
and reliably reported in the databases (velocity – 
impact zone – impact angle – occupant 
characteristics, etc.). 
 
The analysis compared injury risks for different 
levels of EES and different types of side airbags. A 
logistic regression model was also computed with 
injury variables (such as thoracic AIS 2+ or AIS 3+) 
as the dependant variable and other variables 
(including airbag type and EES) as explanatory injury 
risk factors. Results revealed statistically non-
significant reductions in thoracic AIS 2+ and AIS 3+ 
injury risk in side airbag equipped cars in the impact 
violence range selected (odds ratio between 0.84 and 
0.98 depending on types of airbags). The non-
significance is assumed to be due to a low number of 
cases. 
 

The GIDAS23 4data was used to identify comparable 
in-depth cases with and without side airbags. These 
cases were used to illustrate the relative injury 
outcomes. An example is shown in Figure 6 below 
illustrating a case where the struck-side occupants 
sustained only minor injuries in the side collision. 
Overall the GIDAS analysis concluded side airbags 
gave a benefit in 41% of collisions and no benefit in 
44% of collisions.  
 
 

Figure 6. 
GIDAS accident case 

example

 
 
SIDE IMPACTS 

EEVC Working Group 13 has the objective to 
improve the safety performance of cars in side 
impacts. As part of a renewal of objectives and future 
work programme the EEVC Steering Committee has 
determined that analysis of crash injury data should 
form the basis of the work of WG 13. WG 21 has 
therefore been requested to conduct an extensive 
analysis of side impacts using a wide range of 
national level and in-depth datasets. This work is on-
going but a sample of early results are presented 
below. These results are only available from analysis 
of the CCIS data at this stage and are therefore only 
indicative of any final conclusions, they may change 
as more data is examined. The analysis comprised an 
overview of the main characteristics of side impacts, 
comparing the frequency with that of other impact 
directions, followed by specific analysis of car to car 
impacts, pole impacts and non-struck side impacts. 
This paper presents only the interim results from part 
of the overview analysis. 
 
Data in Table 3 shows the frequency of injuries 
according to the direction of impact. All casualties 
are occupants of cars registered after 1998, when the 
vast majority of new cars would have complied with 
the side impact regulation. Multiple impacts are 
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excluded to ensure the injuries are associated with the 
main impact alone. 
 

Table 3. 
Severity of injuries by collision direction – CCIS 

data 
 

Front 343 68% 1594 68% 240 59% 71 49%
Rear 17 3% 109 5% 5 1% 3 2%
Side 144 29% 651 28% 159 39% 74 51%

of which SS 65 13% 358 15% 114 28% 54 38%
NSS 79 16% 293 12% 45 11% 20 14%

Injury Severity
MAIS 0 MAIS 1&2 MAIS 3+ Fatal

 
At lower injury severity levels front collisions are the 
most frequent source of injuries, only 28% – 29% are 
sustained in side impacts. However the more severe 
injuries are increasingly associated with side 
collisions, 39% of MAIS 3+ casualties are in side 
collisions and these accounted for slightly over 50% 
of fatalities. The table also categorises side impact 
casualties according to whether they are seated on the 
struck side or the far side. At each severity level the 
majority of side impacted occupants were seated on 
the struck side, 28% of fatally injured side impacted 
occupants were seated away from the impact on the 
non-struck side. Table 4 shows the nature of the 
collision partner according to the severity of injuries 
sustained by each occupant of a side impacted car.  
 

Table 4. 
Collision partner – struck-side casualties 

  MAIS 3+ Fatal 

Single Vehicle 43% 48% 

Car/Car 
derivative 

33% 30% 

TWMV 2% 0% 

MPV/LGV 7% 6% 

HGV/Bus 12% 17% 

3+ Vehicles 3% 0% 

Total 100% 100% 
 
The UK CCIS data indicates that nearly half of all 
struck-side fatalities are in single vehicle collisions 
while only 30% are in collision with another car. 
17% are involved in impacts with large goods 
vehicles or buses. Of the single vehicle collisions 
only 27% struck a narrow road-side object, less than 
41cm wide, broadly corresponding to a lamp-post or 
sign-post.  
 
Figure 7 shows the mass of the collision partner when 
it was a car. Nearly 80% of all striking cars had a 
mass exceeding 950 kg, the mass of the deformable 

barrier however less than 10% were above 1500kg. 
The figure also shows how the distribution of mass 
varies according to the severity of the injuries of the 
struck-side casualties. In the absence of more detailed 
analysis there does not appear to be any link between 
mass of the striking car and injury outcome although 
these results have not yet been adjusted for collision 
severity. 
 

Figure 7. 
Mass of striking car. 

 
 
The standard test condition for side impacts in the EC 
directive and the EuroNCAP test involves a 
perpendicular impact to the vehicle, however the 
need for a different condition is still debated. Figure 
8 shows the distribution of injury severity for the 
oblique and perpendicular impacts of struck side 
occupants.  
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Figure 8. 

Perpendicular and oblique side impacts 
 

 
Analysis of the data shown in Figure 8 indicates that 
although oblique impacts to the front or rear were 
more common than perpendicular impacts they were 
less likely to involve severe injury. 70% of the total 
impacts in Figure 8 were oblique but the numbers of 
fatalities in each configuration were equal. The risk 
of fatality in perpendicular collisions was 10% 
compared with only 4% in oblique impacts. Similarly 
the rate of MAIS 3+ injury in perpendicular 
collisions was 25% compared with 9% in oblique. 
 
The same distribution was obtained for impacts with 
poles and the data for Germany and the UK is shown 
in Figure 9 below. This diagram illustrates that 
perpendicular collisions are the most likely to result 
in injury. 
 

Figure 9. 
Impact direction and injury severity 

 
 

CONCLUSION 

The work of EEVC Working Group 21 focuses on a 
wide range of subjects, of which a sample have been 
presented in this paper. The group is able to conduct 
detailed analysis of many datasets to a common end. 
These analyses can cover several datasets using a set 
of common specifications or be based on a combined 
dataset where certain outcome parameters can be 
modelled. 
 
Over 45 different datasets of a variety of levels of 
detail can be accessed by the group including 
national and in-depth data. This data is gathered 
using a wide variety of case selection procedures, 
while this mixture may limit detailed comparability it 
also may mean that a much wider range of analysis 
questions can be addressed. 
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Appendix 1: list of available accident databases 

Database name Full Name Owner 
EACS European Accident Causation Survey ACEA + ACEA Members 
PVM-90 Fatal Accident Analysis 1990 LAB 
PVM-2000 Fatal Accident Analysis 2002 LAB 
ETAC European Truck Accident Causation IRU + EU 
EDA LAB In-Depth Car Accident Investigation LAB 
LAB LAB - in house LAB 
CHILD Advanced methods for improved Child Safety European project consortium 

RISER 
Roadside Infrastructure for Safer European 
Roads 

EU 

TRUCK In-Depth Truck Accident Analysis RENAULT TRUCKS 
BUS In-Depth Bus Accident Analysis IRISBUS 
EDA INRETS In-Depth Car Accident Analysis INRETS 
MAIDS Motorcycle Accident In-Depth Study ACEM 

RIDER In-Depth Motorcycle accident research 
French Government (Department of 
Research), CEESAR 

OTS On The Spot accident research project UK Department for Transport 

GIDAS German In-Depth Accident Study 
GIDAS consortium (BASt and 
several manufacturers/suppliers) 

PENDANT 
Pan European co-ordinated Accident and 
Injury Databases 

EU 

CARE Community Road Accident Database EU 

CCIS Co-operative Crash Injury Study 
UK Department for Transport with 
industry co-sponsors (see 
Acknowledgement) 

SAFETYNET European Road Safety Observatory EU 
TRAMS Tram Accidents Dutch Transport Safety Board 
SUV Sport Utility Vehicles TNO 
TRUCKS Truck Accidents SCANIA 
UK Travel Survey UK Travel Survey  
STAT 19 enhanced STATS 19 UK Department for Transport 

SSIS Sistema Integrato Sicurezza Stradale 
Milan province, Sorrento city and 
Salerno city 

BAAC French Injured Accident Analysis Report 
French Government (Department of 
transport) 

OGPAS Official German Police Accident Statistics 
Federal Statistical Offices of the 
German States 

GMS2002 German Mileage Survey 2002 BASt 
VW- In house VW - In house VW 

GNS Greek National Statistics 
National Statistical Service of 
Greece 

DGT database 
Spanish General Directorate of Traffic - Road 
Accidents Database 

Spain Government (Department of 
Transport) 

DIANA 
Proyecto de Investigación y Análisis de 
Accidentes 

CIDAUT 

LMU - FARS 
Getötetendatenbank. Accidents with fatal 
injuries in Bavaria 

LMU 

KISS 
Kraft Informations Statistik System der 
Allianz 

Allianz Insurance 
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Database name Full Name Owner 

ROLLOVER 
Improvement of Rollover Safety for 
Passenger Vehicles 

European project consortium 

   
AJBCN Ajuntament de Barcelona (Barcelone Council) Barcelone Council 

BUS - SP 
In-depth accident investigation with buses 
involved in Spain 

DGT-Applus + IDIADA 

PED - BCN Pedestrian Barcelone 
Barcelona Council - Applus + 
IDIADA 

SINGULAR CASES Singular cases - Isolated incidents Applus + IDIADA 
SCT Servei Català del Trànsit Catalonia Government 

BIA 
Barcelona Investigació d'Accidents (Accident 
Investigation Barcelone) 

Càtedra Applus 

TROHOGNOMON 
Trohognomon (traffic accidents investigator 
company) database 

Trohognomon company 

IRTAD 
International Road Traffic and Accident 
Database 

EU 

DEKRA DEKRA Accident Database DEKRA 
In-depth studies of fatal 
accidents In-depth studies of fatal accidents Swedish Road Administration 

STRADA Swedish TRaffic Accident Data Acquisition Swedish Road Administration 
SEWIK Polish State Police Accident Database Polish State Police 

ITS Accident database 
Institute for Transport Studies database 

Institute for Transport Studies, 
Poland 
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Appendix 2: Main characteristics recorded for each database. 
Database name   
Full Name   
Owner   
Investigation Teams   
Principle focus (active, passive, both etc)   
Main Objective   

In-Depth Acc. On the spot 
In-Depth Acc. Delayed Time 
Police Report Anal. 
Exposure Data 

Type of investigation 

Stat. Data 
Car 
Two Wheelers 
Ped. 
Truck 

Vehicle types covered 

Bus 
Years of accidents   
Selection criteria   
Sampling details   
Most suitable applications   
Status   
Nb Acc/year (average)   
Total no of vehicles on database (up to now) or 
expected 

  

No of vehicles year model >= 2000   
Any special condition 
Raw data available Use of Data 
Own Team processes 

Comments on application for passive or active 
safety research on modern vehicles? 

  

Any other information   
Software   
Available export format   
Language   

Region 
Region covered 

Comment 
Methodology 
Coding Convention 
Statistical Sampling plan 
Questionnaire 

Documentation 

Glossary of terms 
Pictures available 
Cause of accidents 
Cause of injuries 
Human Factors 
Vehicle technology 

Data Content 

Accident situation 
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Road user 
Reconstruction 
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ABSTRACT 
The vehicle traffic accidents have been widely 

studied in different countries, but the difference of 
nature of traffic accidents in different countries was not 
adequately investigated for set suitable protective 
strategy in different area. This study aimed to identify 
the occurrence, type and mechanisms of the traumatic 
injuries of the vulnerable road users (VRUs) in vehicle 
collisions in China and Germany. 

The accident data (in the years 2000 to 2005) were 
collected from traffic police and hospital in Changsha, 
China as well as from GIDAS database documented in 
Medical University Hannover, respectively. An in-
depth study was carried out based on the collected data 
by using approaches of statistics analysis and virtual 
reconstructions. The results from analysis of Chinese 
data were compared with results from analysis of 
German data.  

The injury severities were determined using AIS 
code and ISS values. The results were presented in 
terms of cause of injuries, injury distributions, injury 
patterns, injury severity. The VRUs accidents were 
identified as vital issue in urban traffic safety and 
therefore a high priority should be given to this road 
user group in research of safe urban transportation. 

It was discussed with regard to accident data 
collection, accident sampling and injury distributions, 
the factors influenced the injury outcomes etc. 

The data sources reflects the real situations of 
vulnerable road users in traffic accidents in Changsha 
and Hannover and may not in the whole countries of 
China and Germany. 

This study will contribute to the determination of 
different nature of vehicle traffic accidens between 
motorized and motorizing areas, which will form a firm 
background for making safety counter-measures. 

INTRODUCTION 

In 2005, total of 98,738 road users were killed and 
469,911 are injured in China, resulting in substantial 
economic losses due to fatalities and long-term 

consequences [1]. The vulnerable road users (VRUs) 
form a large proportion of the total fatalities. The 
safety issue of the VRUs is therefore to be a priority in 
the research of vehicle traffic safety in China. 
Knowledge from in-depth accident investigations will 
be valuable for improving VRU safety. It demonstrates 
an urgent demand for preventive measures. 

In Germany 440,000 road users were injured in 2004, 
the half of these were aged between 25 to 65 years old, 
5800 fatalities could be registered in that year, 14% 
were pedestrians[2]. 

Pedestrians are one of the most vulnerable road users 
in city traffic. They represent a high risk population 
since they are unprotected in vehicle impacts. About 
25,000 pedestrians are killed in the traffic accidents 
each year in China [3]. In the European Union (EU) 
7,000 pedestrians are killed each year, 5,000 in the 
USA, about 3,000 in Japan. Within the EU countries, 
the relative frequency of the pedestrian fatalities varies 
remarkably from 14% in Sweden to 32% in UK. 
Pedestrian protection is therefore a priority item in 
traffic safety strategies of nearly all countries 
worldwide [4]. 

The objective of this study is to identify the occurrence 
and type of the traumatic injuries of the relatively 
unprotected vulnerable road users especially the 
situation of the pedestrians in vehicle collisions, and to 
investigate the correlation of traffic injuries with 
human factor and engineering, environment factors, by 
using valid and reliable materials collected from local 
hospital and traffic administration authorities. The 
knowledge from the study is a prerequisite for 
developing guidelines to improve pedestrian safety and 
with this perhaps the safety for all other kind of 
vulnerable road users. 

METHOD AND MATERIALS 

Vehicle accident data were collected from Changsha in 
China. The Changsha is a capital city of Hunan 
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Province, which is located in south middle of China, 
with a population 2,060,000 in the city center, 
6,133,000 including residents in suburb and registered 
vehicles 255,599 in 2000. 

 
Figure 1. The urban area of Changsha, the capital of Hunan 

Province located in south middle of China. 

In the present study, a general statistic analysis was 
carried out in terms of occurrence and type of the 
accidents of the unprotected vulnerable rod users, 
especially the situation of the pedestrians in vehicle 
collisions. A preliminary analysis was also carried out 
to identify the type of pedestrian accidents in terms of 
involved vehicles. 

Analysis of pedestrian injuries was carried out using 
collected data from hospital in terms of cause of 
injuries, injury distributions, injury patterns, and injury 
severity.  

Pedestrian accident cases collected from the accident 
database GIDAS (German In-Depth Accident Study) 
were used for an in-depth analysis of pedestrian injuries.  

A comparison was carried out in terms of analysis 
results based on accident data from Changsha and 
Hannover. The factors influenced the injury outcomes 
were proposed and discussed in terms of vehicle 
transport environment and road users. The results were 
discussed with regard to accident data collection, 
accident sampling and injury distributions etc.  

Finally, accident reconstructions are conducted using 
mathematical models to study the impact dynamics and 
injury biomechanics in pedestrian traffic accidents. 

Accident data from Changsha 

The accident data from Changsha consist of two parts: 
one part of the data was collected from Traffic Police 
Section, another part of the data was collected from 
Wujing Hospital. The hospital admits the patients with 

traffic trauma in the urban area of Changsha. 

Police data 

There are total 19,323 accident cases in traffic police 
database registered from 2001-01-01 to 2005-12-31. 
Total of 42998 victims involved in the accidents. 
Among 19,323 accidents, 3603 cases were pedestrian 
accidents, accounted for 18.7% of all reported 
accidents, 1473 cyclist cases, 7.6%, 1447 motorcyclist 
cases, 7.5%. 

Table 1: Distribution of vulnerable road user accidents  
 Accidents % 

Pedestrian 
Cyclist 

Motorcyclist 
Others 

3603 
1473 
1447 

12800 

18.7% 
7.6% 
7.5% 

66.2% 
Total 19323 100% 

Of 42998 victims, 4% were killed, 5% were severely 
injured, 36% were slightly injured, and 55% had no 
injuries.  

Table 2: Comparison of proportions of injury severity  
 Victims % 

Fatalities 
Seriously injured 
Slightly injured 

No injuries 

1934 
2003 
15325 
23736 

4% 
5% 

36% 
55% 

Total 42998 100% 

This police database has total 3,603 pedestrian victims, 
of which 16% victims were killed, 11% were severely 
injured, 72% were slightly injured, and 1% pedestrians 
had no injuries. 

This police database has total 1,496 cyclist victims. 
Among those victims, 9% cyclists were killed, 11% 
were severely injured, 77% were slightly injured, and 
1% had no injuries. 

Hospital data 

An in-depth study on the hospital clinical records for 
622 traffic injury patients was carried out in 
cooperation between researchers and medical doctors. 
In total of 403 cases were collected based on the study 
of the clinical report from 2000 to 2005. The hospital 
data are summarized according to accident date, patient 
age, gender, and available information about injury 
pattern, injury severities, as well as type of accident 
vehicles. Pedestrian accident data were also collected 
from traffic administration authorities with information 
about accident sites and vehicles based on accident 
report. 72 cases of the pedestrian patients were selected 
with detailed injury descriptions for determination of 
the injury severities and analysis of pedestrian injuries 
using AIS [5] code and ISS value. The situation of 
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treatment period and heal was studied based on hospital 
documentations to identify the consequence of accident.  

GIDAS accident data from Hannover Medical 
University 

In the district of Hannover a representative sampling of 
accidents was carried out by the order of German 
Government (Federal Highway Research Institute 
BAST) in cooperation with the car manufactures FAT 
since the year 1999 (Otte et al, 2003). In the area of 
Hannover nearly 1000 accidents with injured person 
are collected there annually in a continued and 
representative way. These accident cases were 
documented in the accident database GIDAS by 
Accident Research Unit at Medical University of 
Hanover. The collected cases in the GIDAS database 
contain very detailed information about pedestrian 
victims on age, gender, height/weight, injuries, speed 
determination and details of the accident cars as well as 
the accident scene issues.  

Altogether 407 vehicle-to-pedestrian accident cases 
from the GIDAS database were collected based on the 
following standards: (1) the pedestrian should sustain at 
least an AIS 1 injury; and (2) the accident occurred 
during the period from 2000 to 2005.  

Accident Reconstructions 
In passenger car-to-adult pedestrian accidents, the head 
injuries attract particular attention due to the severe or 
fatal consequences. Many studies have been carried out 
in this area but the injury mechanisms and the 
tolerances of brain remain controversial. This study 
presents an approach (Figure 2) to investigate the skull-
brain injury mechanisms by using a MBS pedestrian 
model and a head FE model. Furthermore, the acquired 
knowledge will be used for assessment of the risks of 
head brain injuries, and improvement of the car safety 
design for protection of pedestrian head injuries. 

A FE model of human body head (HBM-head) was 
developed[6, 7] based on anatomical features of a 50th 
percentile male adult head with mass 4.4 kg (Figure 2). 
The HBM head model consists of scalp, skull with dura, 
falx cerebri, tentorium, falx cerebelli, pia, cerebrum, 
cerebellum, brain stem and ventricles. The properties of 
brain soft tissues exhibit incompressible behavior, 
which were defined using visco-elastic material model. 
The HBM-head FE model was validated in terms of the 
intracranial and ventricular pressure with two load 
pulses from cadaver impact tests at speeds of 9.94 and 
6.80 m/s. 

 

Figure 2: An approach to study pedestrian skull-brain 
injuries using MBS and FE models. 

A passenger car-to-pedestrian crash was carried out 
using multi-body system (MBS) models to acquire the 
head impact conditions for the head impact velocity, 
head position, and head orientation (Figure 3a). 

  
 (a) (b) 

Figure 3: (a) A multi-body dynamic model of a car to 
pedestrian impact, (b) HBM-head FE model impact to 
windscreen and A-pillar. 

The HBM-head FE model was used for reconstruction 
of skull fracture and brain injuries via a virtual test of 
head impact against windscreen and A-pillar (Figure 
3b). A stress analysis was conducted to determine the 
correlation of the stress and pressure distributions of 
the brain model with the injuries observed in the head-
windscreen collisions. 

RESULTS AND ANALYSIS 

Involvement of vehicles 

Considering vehicle types involved in accidents in 
Changsha, the pedestrians were struck most frequently 
by passenger car and motorcycle. Figure 4a shows 
approximately 52 % of the accidents are passenger cars, 
and 22 % motorcycle-pedestrian collisions, 16 % truck, 
and 3.5 % bicycle. Compared to the China´s situation 
for Germany there can be registered mainly car 
involvement in pedestrian collisions (80.6%) (Figure 4b). 
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(b) 

Figure 4. Frequency distribution of vehicle type in pedestrian 
accident: (a) 3603 cases from Changsha Traffic 
Police Station, (b) 407 cases from GIDAS 
Hannover. 

Frequency of Pedestrian Accidents 

An analysis of frequency of pedestrian accidents was 
conducted with the collected data in terms of age 
groups, gender and injured body parts. 

Age distribution in pedestrian accidents 

Figure 5a illustrates the age distribution in pedestrian 
accidents for Changsha. 7.9% of injured pedestrians are 
children under 15 years old. The pedestrians under 20 
years old accounted for 18.1%. 71.9% of pedestrians 
involved in an accident were adults from 21 to 60 years 
old and formed the big group. Elderly pedestrians 60 
years old above accounted for 9.9% of all injured 
pedestrians. 

Figure 5b illustrates the distribution in pedestrian 
accidents for Hannover in different age groups: 32,5% 
for child pedestrians under 15 years old, 42,3% for 
pedestrian under 20 years old, 36,4% for 21-60 age 
group, and 21,4% for older pedestrians >60 age group. 

It can be seen that in Germany the highest risk exsiting 
for young and old pedestrians, compared to this in 
China the adult group of 20 to 50 years old is injured 
mainly. 

Gender distribution in pedestrian accidents 

Table 3A and 3B (Appendix) present the results for the 

age distribution of injured pedestrians in terms of 
gender. Of the Changsha pedestrians, 67 % of the 
pedestrians are male and 33 % are female. Of the 
Hannover pedestrians, 51.9 % are male and 48.1 % are 
female. We noted that the male pedestrians encounter 
in both countries for higher risks than that for females 
in vehicle accidents. 

 

 
(a) 

 
(b) 

Figure 5 Frequency distribution of age group in pedestrian 
accident (a) 403 cases from Changsha Wujing 
hospital, and (b) 206 cases from GIDAS Hannover  

Distribution of injury frequency by body parts 

Figure 6a presents the results for the distribution of 
injured body parts from Changsha cases. The head and 
lower extremities were found to be the most frequently 
injured[4]. Of the total pedestrian patients, 31.5% 
suffered head injuries. The lower extremity injuries 
accounted for 32.8%, and upper extremities 9.4%. In 
pedestrian accidents chest and pelvis injuries also took 
a significant proportion of 13.5 % of all injuries. 
Abdominal injuries were found in 6.2%, and the neck 
injuries were relatively rare, in 0.8%. 

Figure 6b presents the distribution of injured body 
parts for Hannover GIDAS data. 50.7% suffered head 
injuries. The lower extremity injuries accounted for 
63.5%, and upper extremities 38.7%. In pedestrian 
accidents chest and pelvis injuries also took a 
significant proportion of 17.1 % for the thorax and 
13.0% for the pelvis. Abdominal injuries were found in 
6.3%, and the neck injuries were relatively rare, in 
3.6%. The injury distribution is similar between China 
and Germany, the head and the legs are the major 
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exposed injured body parts, in Germany a higher injury 
risk of the arms can be seen in the diagrams. 
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Figure 6. Distribution of injury by body regions pedestrian 
(a) Changsha, and (b) GIDAS Hannover 

Severity and distribution of pedestrian injuries 

For an in-depth study of pedestrian injuries Changsha 
72 cases were selected from the Wujing Hospital with a 
sampling defined as follows: (1) the injuries were 
described with very detailed information which can be 
used to determine the injury severity with AIS code; (2) 
the pedestrian should sustain at least an AIS 1 injury; 
and (3) accident occurred during the period from 2000 
to 2005. 

AIS coding and analysis  

The severity of injury sustained by individual body area 
is given in Table 4. The percentage is that the number 
of body segment injuries refer to the total number of 
registered injuries by injury severity. With the detailed 
information of 72 cases from Wujing hospital, the 
injuries are rated on the AIS scale[5]. The overall injury 
severity classified with AIS code is summarized in 
Table 4A. 59.7 % of the cases with AIS 1 and 2 
minor/moderate injuries, and 25 % with serious injuries, 
the severe and critically injured pedestrians are 9.7% 
and 5.6 %, respectively. It was found that head and 
lower extremities were, again, the body parts most 
frequently injured. From the clinical documentation in 
Wujng hospital we noted that the head injury patterns 

are skull fractures and brain injuries, including cerebral 
concussion, lacerations, contusion, and intracranical 
hematoma. The common thorax injury patterns are rib 
fractures with hemoth and pneumoth. The leg injuries 
are more frequent than upper thigh fractures including 
the toe, tibia, fibula fracture. The pelvis injuries are 
parenchyma contusion. 

With the detailed information of GIDAS Hannover, the 
overall injury severity classified with AIS code is 
summarized in Table 4B. 90.8% of the cases with 
MAIS 1 and 2 minor/moderate injuries, and 6.2% with 
MAIS 3 serious injuries. The severe and critically 
injured pedestrians (MAIS 5/6) are 2.1%. 

 
Table 4A: Injury severity of pedestrians in selected 72 cases 

(Changsha) 
Injury Severity MAIS Number % 

Minor 1 3 4.2 
Moderate 2 40 55.5 
Serious 3 18 25.0 
Severe 4 7 9.7 
Critical 5 4 5.6 
Fatal 6 0 0 
Total – 72 100 

 
Table 4B: Injury severity of pedestrians in collected 206 

cases (GIDAS Hannorver) 
Injury Severity MAIS Number % 

Minor 1 231 68.3 
Moderate 2 116 22.5 
Serious 3 36 6.2 
Severe 4 7 1.0 
Critical 5 13 1.6 
Fatal 6 4 0.5 
Total - 407 100 

The compared injury distribution between Changsha 
/Hannover are shown the different sampling criteria, 
the data of Hannover consider the whole injury 
distribution in a statistical manner (minor to fatal). 
Changsha cases are representing  the situation of a 
hospital, therefore directly died persons at the scene 
(MAIS 6) are not included. 

ISS value and analysis  

The ISS value was calculated for the selected 72 cases 
from Changsha and 206 cases from GIDAS. Table 5 
(Appendix) presented the calculated ISS values. 

The injury severity grade ISS is a good predictor for 
the whole severity of the injured body related to the 
complexity of treatment and the outcome of survival. It 
can be seen that the german injured pedestrians has a 
better injury outcome, 91.7% suffered ISS<10. A 
polytraumatized victim with risky treatment starts at 
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ISS values above 15. In Germany those cases can be 
seen in 3.3% cxompared to China in 16.6%. 

Analysis of injury severity by body regions in age 
groups 
Table 6 (Appendix) presented distribution of injury 
severity by pedestrian body regions, and Table 7 
(Appendix) presentd Distribution of injury severity by 
age group. 

In all age groups the injury risk is very high for the 
China situation compared to the German situation. 
Nearly three-quarter  of the Hannover pedestrians 
suffered injury severity grades MAIS 1 only, expect the 
older age group of >60 years old ( 54.8%). 26.0% were 
MAIS 3+ injured. Compared to this 62.5% of the 
greater 60 years old pedestrians were MAIS 3+ injured 
in Changsha. A very low number of minor injured 
pedestrians could be registered there in all age groups.  

Correlation of skull-brain injuries with physical 
parameters 

From head-windscreen impact, the received contact 
force of the HBM-head model is 4.4kN and the 
intracranial pressure maximum 250kPa. From head-A-
pillar impact, the received contact force of the HBM-
head model is average 16kN and the intracranial 
pressure maximum 815kPa. 

The skull fracture appeared in an A-pillar impact, and 
there is lower risk of skull fracture in windscreen 
impact. The intracranial pressure maximum 250kPa 
from windscreen impact could correlate with minor 
coup/countercoup injuries. The intracranial pressure 
maximum 815kPa from A-pillar impact could predict 
severe coup/countercoup injuries. 

The simulation of head-brain impacts indicated that 
coup/countercoup pressure, Von Mises and shear stress 
were important physical parameters to evaluate the 
brain injury risk. 

The correlation of skull fracture with the predicted 
physical parameters can be determined. Thereby, we 
can finally obtain reasonable advices to improve safety 
design of car frontal structure for minimizing the risk 
of pedestrian head injuries. 

DISCUSSION 

Causation of Injuries 

The vehicle traffic accidents steeply increased in the 
past decade worldwide therefore in China as well as in 
Germany. But the injury situation related to traffic 
accidents seems to have different pictures for Germany 
and China. The annually fatalities in the reported 

accidents of China increased from 49,271 in 1990 to 
107,000 in 2004. The road traffic authority made large 
efforts to control incidence of the accidents, but the 
tendency of the accident growth is still a critical issue 
in China. Particularly, the fatalities of vulnerable road 
users formed a main proportion of all reported fatalities 
in traffic accidents. For instance about 12,500 
pedestrians were killed in 1990, and 26,000 in 2001, 
which accounted for about 26% of all traffic fatalities 
annually. Compared to this, for Germany the number of 
causalities could be reduced over the last 30 years 
continuously to a total number of currently 5361 in 
2005. The percentage of fatal pedestrians built 13% on 
that total number. 

The present study is based upon an analysis of 403 
accidents in urban area of Changsha in China and the 
area of Hannover in Germany. The evaluation method 
was described and the available accident data were 
analyzed. The used samples are small, but as a 
preliminary study the presented methodology for an in 
comparison of different in-depth accident studies could 
be used for comparison of the injury risk and injury 
outcome for different countries. Such methodology can 
be used for further studies with new collection of 
accident data in the area and special research issues.  

It was found that the present results are quite 
comparable with results from studies by other 
researchers. For instance, the pedestrian accident is a 
common problem in both motorized countries and 
motorizing countries, which occur frequently in city 
build up area, but the injury risk for pedestrians in 
Germany can be seen as much less danger as in China. 
On the other hand the combined results of the in-depth 
analysis of the two different areas of China and 
Germany are shown major resources for further 
countermeasures on car safety developments, i.e. 
young and old pedestrians needs to focus in Germany, 
adult pedestrians 20 to 50 years old needs to protect 
more in China. The finding of the frequency in age 
distribution is quite different from that in other 
motorized countries. Child pedestrian accidents 
accounted for 25.3% in the USA, 33.1% in Europe, and 
34.2 in Japan. A further study is needed to identify the 
factors which affect the different results. 

Pedestrian accident analyses have been conducted 
worldwide in the past four decades[8-11]. Pedestrian 
impact conditions and injury outcomes were identified 
from these studies. The findings of the distribution of 
pedestrian injuries to different body segments are 
compared between the results from this study and 
results from published studies by other researchers 
worldwide as presented in Table 6, showing the 
distribution of injured body regions (100%). As a 
common tendency, the head and the lower extremities 
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have been found to be the most frequently injured body 
regions. 

The analysis of pedestrian accidents in Changsha 
indicated that motorcycles and passenger cars are most 
frequently involved in vehicle pedestrian accidents 
compared to Germany where the major collision 
partner of a pedestrian is a car (80.6%). 43.9 % of the 
accidents in Changsha are motorcycle-pedestrian 
collisions, and 30.3 %, passenger cars. In the EU 
countries, the number of pedestrian strucked by 
passenger cars is around 60% to 85% of the reported 
vehicle pedestrian accidents[6], and 56% of the 
reported pedestrian accidents are caused by passenger 
cars in the USA. Due to the difference of involved 
vehicles from country to country, the priority of safety 
countermeasures should be given considering the 
frequency of involved vehicles [13-16]. 

Counter-measures 

Even that for Germany a good reduction of the number 
of fatalities and severe injured pedestrians can be 
registered over the last decade further measurements 
for safety can be seen as important, the head injury risk 
and the risk of lower extremities should be focussed in 
the future. 

There is great potential of reduction of the accidents 
and fatalities in China by enhancing safety 
consciousness of all road users, improving the traffic 
administration, and strictly implementing traffic laws. 

It is necessary to point out that a large amount of the 
accidents resulted from people’s mistake. The accidents 
and accident casualties mainly attributed to the 
causation factors. This study considered not the aspects 
of causation, but in-depth-analysis could be also a good 
tool for such research in different countries.  

Limitations 

It is also noticed that the limitations existed in this 
study. The data sources partly reflects the real situations 
of pedestrians in traffic accidents in Changsha and 
Hannover and not in the whole countries of China and 
Germany.  On the other hand, the used samples are 
influenced by their specific sampling criteria being 
different for Changsha and Hannover. For Changsha in 
some cases the medical records were not complete due 
to that the injured pedestrians left the hospital without 
the continual cure and the reports could not point out 
whether they have healed and in the sample not those 
fatalities were included which died directly on the 
scene. Another problem existed in Changsha on the 
medical records provided comprehensive data on the 
injuries , they seldom provided exact details of the 
locations and extent of the injuries, and it bring up a 

difficulty to classify the injuries according to the AIS 
code. Compared to this the data of GIDAS Hannover 
are comprehensive and give information on every issue 
of accident and injury details [6]. 

5 CONCLUSIONS 

Pedestrian accidents represent a group of vulnerable 
road users with high risk of unprotection, and in 
relation with the importance of pedestrians within the 
traffic of a country therefore a high priority should be 
given to this road user group in research of safe urban 
transportation.  

About over two thirds of injured pedestrians are male 
pedestrians. The exposure of injury risks to elderly 
people is much higher than that to younger pedestrians. 
This seems to be relevant for the German situation 
where the major injured pedestrians could be seen. In 
Changsha the main focus has to be given to the adults 
in the age of 20 to 50 years of age. In urban area of 
Changsha motorcycles and passenger cars are most 
frequently involved in vehicle pedestrian accidents. 

The head and lower extremity injuries are the 
predominant types of pedestrian injuries. Chest and 
pelvis were frequent injured, then followed by 
abdomen injuries, whereas injuries to upper extremities 
and neck were relatively infrequent. It is necessary to 
give the priority of injury prevention to the head and 
lower extremities. Meanwhile in China many European 
Cars are driven, therefore it can be expected that in 
some years the same safety standard and injury risk 
will be approached. Further in-depth studies may 
identify this common approach. 
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APPENDIX 

 
Table 3A: Distribution of pedestrian age and gender in traffic accidents (Changsha) 

0-15yr 16-60yr >60yr Total Age 

Number % Number % Number % Number  % 

Female 13 40.6 101 30.5 19 47.5 133 33.0 
Male 19 59.4 230 69.5 21 52.5 270 67.0 
Total 32 100 331 100 40 100 403 100 

 
Table 3B: Distribution of pedestrian age and gender in traffic accidents (GIDAS Hannover) 

0-15yr 16-60yr >60yr Total Age 
 
Gender Number % Number % Number % Number % 

Female 49 38.3 89 48.7 56 61.6 194 48.1 
Male 79 61.7 97 51.3 37 38.4 213 51.9 
Total 128 100 186 100 93 100 407 100 

Gender 
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Table 5: Correlation of injury severity with ISS value 

Changsha data GIDAS data 
ISS 

N % N % 
Sevirity 

< 10 53 73.6 350 91.7 Minor 
10-15 7 9.7 28 5.0 Moderate 
16-19 7 9.7 5 0.8 Serious 
20-39 5 6.9 11 1.4 Severe 
40-66 0 0 5 0.6 Critical 

75 0 0 4 0.5 Fatal 
Sum 72 100 403 100 - 

 
Table 6A: Distribution of injury severity by pedestrian body regions (Changsha) 

Slight, AIS<3 
(N= 43 ) 

Serious, AIS=3 
(N= 18 ) 

Fatal, AIS>3 
(N= 11 ) 

Total 
(N= 72 ) 

Injury severity 
 

Body segment Injury % Injury % Injury % Injury % 
Head 23 67.6 2 5.9 9 26.5 34 100 
Face 9 100 0 0 0 0 9 100 

Lower extremities  24 66.7 12 33.3 0 0 36 100 
Upper extremities  3 100 0 0 0 0 3 100 

Chest  6 66.7 3 33.3 0 0 9 100 
Pelvis  3 100 0 0 0 0 3 100 

Abdomen  3 60 2 40 0 0 5 100 
Neck  0 0 0 0 0 0 0 0 

 

Table 6B: Distribution of injury severity by pedestrian body regions (GIDAS Hannover) 
Slight, AIS<3 

(N= 347 ) 
Serious, AIS=3 

(N=36 ) 
Fatal, AIS>3 

(N=24) 
Total 

(N= 407) 
   Injury severity 

 

Body segment Number % Number % Number % Number % 
Head 192 94.0 7 1.9 15 3.1 214 100 

Lower extremities  232 92.2 30 7.5 1 0.3 263 100 
Upper extremities  144 97.5 6 2.5 0 0 150 100 

Chest  62 85.8 6 5.2 13 9.0 81 100 
Pelvis  54 97.7 1 0.4 2 1.9 57 100 

Abdomen  24 91.7 1 1.0 3 7.3 28 100 
Neck  15 87.4 0 0 3 12.6 18 100 

 
Table 7A: Distribution of injury severity by age group (Changsha) 

0-15yr 16-60 yr >60 yr Total Age 

 

MAIS 
Number % Number % Number % Number  % 

1 1 16.7 2 3.4 0 0 3 4.2 

2 1 16.7 35 60.3 3 37.5 39 54.2 

3 1 16.7 12 20.7 5 62.5 18 25 

4 2 33.3 6 10.3 0 0 8 11.1 

5 1 16.7 3 5.2 0 0 4 5.6 

6 - - - - - - - - 

Total 6 100 58 100 8 100 72 100 
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Table 7B: Distribution of injury severity by age group (GIDAS Hannorver) 

0-15yr 16-60 >60 总计 Age 
MAIS Number % Number % Number % Number % 

1 81 72.4 110 71.6 40 54.8 231 68.3 
2 40 23.2 47 18.8 29 29.3 116 22.5 
3 6 4.0 17 6.0 13 10.0 36 6.2 
4 0 0 3 0.9 4 2.6 7 1.0 
5 1 0.4 7 2.1 5 2.3 13 1.6 
6 0 0 2 0.5 2 1.1 4 0.5 

Total 128 100 186 100 93 100 407 100 

 
Table 8: Comparison of percentage distribution of pedestrian injuries by body region  

Body region China 
(Changsha)(%) 

GIDAS 
(%) 

Europe 
(%) 

Australia 
(%) 

Japan 
(%) 

USA 
(%) 

Head 31.5 26,4 29.8 39.3 28.6 32.7 
Face* 5.8 - 5.3 3.7 2.4 3.7 
Neck 0.8 2,2 1.8 3.1 4.5 0.0 
Chest 10.9 10,0 11.6 10.4 8.5 9.5 
Abdomen 6.2 3,5 3.8 4.9 4.8 7.7 
Pelvis 2.6 7,0 7.9 4.9 4.5 5.3 
Upper extremities 9.4 18,5 8.1 8.0 9.0 7.9 
Lower extremities 32.8 32,4 31.3 25.8 37.2 33.3 
Unkown 0.0 - 0.5 0.0 2.1 0.0 
Total 100 100 100 100 100 100 

* not distinguished from head injuries. 
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ABSTRACT 
 

The Ministry of Construction and 
Transportation of Korea (MOCT) has been 
conducted the side impact crash tests for the new 
passenger vehicles as a Korean New Car 
Assessments Programs (KNCAP) and provided 
crashworthiness and safety information to the 
public since 2003. Eleven compact passenger cars, 
four medium passenger cars and three SUVs and 
two Van type vehicles were evaluated according to 
the Korean side impact test protocols. Based on the 
test results, the most dominant factor for good star 
rating was the rib deflections of EuroSID-I. The 
next main factors were abdominal forces and pubic 
symphysis forces. The least influencing factors 
were viscous criteria and head injury criteria. Since 
KNCAP side impact program has been introduced, 
year after year, the newer vehicles gained the better 
grades. Especially, all SUVs and Vans with R-point 
over 700 mm get five stars due to higher side sill 
heights.  

 
The main purpose of this study is to evaluate 

the trends of strength of vehicle structure changes, 
interior package design parameters, protection zone 
of side impact airbag or type of airbags to add 
additional counter measurements of side impact 
performances, such as a pole type impact test. 
 
INTRODUCTION 
 

In 1999, Korean government established the 
Korean New car Assessment Program (K-NCAP) 
after 3 years research work. The main purpose of 
KNCAP is that to not only promote buying a safer 
car but encourage auto makers to undertake more 
efforts in building safer cars by publishing test 
results every year. KNCAP also provide 
information on proper use of safety devices in order 
to enhance user�s awareness and correct 
understanding on safety related devices such as 

airbag, ABS and seat belts. At the beginning, frontal 
KNCAP test protocol and evaluation methods were 
identical to USA NCAP and only passenger car 
category was tested. In 2005, up to 4.5 tons of small 
trucks and vans were included in the K-NCAP.  

 
The test items were only the full wrap frontal 

crash test and braking test until 2002, however, with 
55kph impact speed side crash test was added in 
2004 then in 2005, static roller and head restraint 
test were now part of K-NCAP as shown in Table 1. 
This year, the pedestrian head test will be added to 
evaluate the protection of pedestrian. Next year, 
2008, the pedestrian leg test and dynamic head 
restraint test will be conducted. Until 2011, the test 
items will be expanded up to 10 test items. 

 

 
Figure 1. History and progress of KNCAP 
  

ASSESSMENT OF SIDE CRASH ACCIDENTS 
 

Police reported accidents data in 2005 show 
that 74.3% (159,063 accidents) of all accidents 
(214,171 accidents) were car-to-car type accidents, 
the pedestrian accidents were 21.8% and vehicle 
only involved accidents were 4.0% as shown in 
Figure 2. According to the police reports, during the 
fiscal year of 2005, total fatality of car-to-car type 
accidents was 2,659. Among the car-to-car type 
accidents fatality, the most serious accident type 
was side collisions. The side impact type accident�s 
death was 717 (28 %). The following higher fatality 
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was rear collision (25%) and the frontal collision 
type was about 22% as shown in Figure 3. 
 
 
 
 

   

 

 
Figure 2. Traffic accidents, fatality and injury in 

2005 
 
 
 

 
 
 
 
 
 

 

 

 
Figure 3. Car-to-Car involved accidents, 

fatality and injury in 2005 
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As shown above, the side collision was the 
most frequent accident type and life threatening 
accident in domestic traffic environments with rear 
collisions.  

 
 

KNCAP TEST AND EVALUATION METHODS 
 

The method of the side crash tests currently 
conducted by KNCAP is defined and documented 
in the �Regulation of motor vehicle safety 
standards� and the detailed test procedures and 
methods are listed in the bylaw of the regulations. 

 
The test method and evaluation protocol is 

similar to the EuroNCAP with slightly higher 
impact speed. As shown in Figure 1, EuroSID-I is 
seated in the driver side. The reason higher impact 
speed than EuroNCAP is that the impact speed of 
Korean side impact regulation is currently set to 50 
kph as shown in Figure 4. Currently the moving 
deformable barrier speed is 55 kph in KNCAP. 

 

 
Figure 4. The schematic view of KNCAP side 

impact test 
 

Table 1. Comparison of KMVSS and KNCAP 

 
Regulation 
(Act. 102) 

KNCAP 
Side Impact 

Type 90◦ Side Impact Same 
Effect. 
Date 2003. 1.1 2003.1.1 

Speed 50 km/h 55 km/h 

Dummy EuroSID-1 EuroSID-1 

Rate Pass/Fail 5 Star rating 
 

The performance of vehicle safety is evaluated 
by four items, injury rate, possibility of door 
opening during the test and door opening ability of 
after test, and leaking of fuel. The injury rate is 
calculated by the performance of driver side 
EuroSID-1. The injuries of head, chest, abdomen 
and pelvis will be calculated by formulation as 

shown in Table 2. Each point of injury can 
interpolate and the total maximum possible points 
are 12 points.  

 
Table 2. Side KNCAP injury evaluation methods 
 Injury Criteria Points % AIS>3 

Head HPC 
650 -
1000 

0 - 4 5 - 20 

Rib def, mm 22 - 42 5 � 30 
Chest 

V*C, m/s 0.32-1.0 
0 - 4 

5 � 50 

Abdomen Force, kN 1.0-2.5 0 - 2 
Abdomen 
rupture (0) 

Pelvis 
Pubic 
Symphysis 
Force, kN 

3.0-6.0 0 - 2 
Abdomen 
rupture (0) 

Total 0 -12 5 - 50 

 
The safety levels can be divided by 5 steps and 

the highest level has 5 stars and lowest level of side 
impact safety can get only 1 star as shown in Table 
3. 

 
Table 3. KNCAP star rating system 

Star rating point 

★★★★★ 10.50 � 12.00 

★★★★ 9.00 � 10.49 

★★★ 7.50 � 8.99 

★★ 6.00 � 7.49 

★ 0.00 � 5.99 

 
 
KNCAP RESULTS AND DISCUSSIONS 

 
During the last four years (2003 � 2006), total 

21 vehicles were tested. Since small numbers of 
new vehicles were introduced in the market every 
year, KNCAP committee decided to selection of test 
vehicle with same class category as well as 
consideration of vehicle sales volume. Until 
recently the Korean new car sales have been 
dominated by large vehicle that including recreation 
vehicle (RV) - SUV and Van type cars, mediums 
size passenger cars as shown in Table 4. The 
KNCAP uses vehicle categories that align closely 
with the Code of Korean Vehicle Classifications 
(CKVC). The RV categories vehicle (SUV and Van) 
segments are combined in the KNCAP either 
Medium or Large depended on the engine sizes and 
vehicle weights. 
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Table 4. Sales Volume of Korean new car market 

 2003 2004 2005 2006 

Sub-compact 
741 

(-0.7) 
753 

(+1.5) 
759 

(-0.9) 
759 

(-0.3) 

Compact 
3,040 
(-5.6) 

2,816 
(-8.0) 

2,630 
(-7.1) 

2,441 
(-7.7) 

Medium 
4,739 
(+9.2) 

5,064 
(+6.2) 

5,493 
(+7.8) 

5,907 
(+7.0) 

Large 
 (incl. SUV) 

1,750 
(_22.3) 

1,988 
(+12.0) 

2,240 
(+11.2) 

2,502 
(+10.5) 

Unit: 1,000 vehicles,  
( ): % of increment or decrement. 

 
 

Table 5. Total Number of KNCAP side impact 
tested vehicles 

 2003 2004 2005 2006 

Compact 8 - 1 1 

Medium - 3 1 2 
Large (incl. SUV) - 1 4 - 

 
Based on the test results listed in Table 6 - 8, 

the most dominant factor for good star rating was 
the rib deflections of EuroSID-I. The next main 
factors were abdominal forces and pubic symphysis 

forces. The least influencing factors were viscous 
criteria and head injury criteria. All tested vehicle 
have full 4 points in HPC criteria thus the head 
injury criteria does not influence the overall star 
rating. In 2005, all tested vehicle have 5 stars due to 
their higher seating reference point, H-point, over 
700 mm. Since the impact point between the 
moving barrier and vehicle side structures are 
below the H-points, the influences in chest and 
abdomen injuries was negligible.  

 
Table 6. Test results and star ratings for compact cars 

Year of Test Maker Vehicle Grade 

KIA RIO-SF ★★★ 
GM-DAWOO KALOS ★★ 

HYNDAI NEW-VERNA ★★★★ 
HYNDAI CLICK ★★★ 

RENAULT- SAMSUNG SM3 ★★★ 

GM DAWOO LACETTI ★★ 
HYNDAI NEW-AVANTE XD ★★★★ 

2003 

HYNDAI LAVITA ★★★★★ 
2004 KIA CERATO ★★★★ 
2005 KIA PRIDE ★★★ 

 

Table 7. Test results and star ratings for the medium cars 

Year of Test Maker Vehicle Grade 

KIA OPTIMA REGAL ★★ 
GM-DAWOO MAGNUS ★★★ 2004 

HYNDAI NF-SONATA ★★★★★ 
2005 RENAULT- SAMSUNG SM5 ★★★★ 
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RENAULT- SAMSUNG SM5 ★★★★★ 
2006 

GM-DAWOO GENTRA ★★★ 
 

Table 8. Test results and star ratings for the SUVs and Vans 

Year of Test Maker Vehicle Grade 

2004 KIA X-TREK ★★★ 

KIA SPORTAGE ★★★★★ 

HYNDAI TUCSON ★★★★★ 

HYNDAI STAREX ★★★★★ 
2005 

SSANGYONG RODIUS ★★★★★ 

 
The rib deflections and abdomen forces for 

each test vehicles were shown in Figure 5 through 
Figure 7. As shown in Figures, if the rib deflections 
were less than 30mm or the abdomen forces were 
less than 1.0kN, most of all tested vehicles have at 
least 4 stars. To get the 5 stars, the rib deflections 
should be less than 25mm and the abdomen forces 
are less than 2.0kN.  
 

 

Figure 5. Rib deflection and abdominal force for the 
compact cars 
 

 

Figure 6. Rib deflection and abdominal force for the 
medium cars 

 

 

 

 Figure 7. Rib deflection and abdominal force for 
the SUVs and Vans 
 

As shown below Figures, the vehicle 
deformation, of course, differs greatly depending on 
the penetration speed at the door of the struck vehicle, 
and produces significant differences in the responses 
of the dummies. The amount of structural deformation 
of struck side directly influences the injury of rib 
deformation. To improve side crash safety 
performances, stiffer door impact beams or reinforced 
B-pillar structures are adopted recent model year 
vehicles. As alternative methods, additional proper 
padding material between door and occupant can 
protect the occupants. Even though there are no 
vehicles equipped with side thorax airbag or curtain 
airbag in domestically manufactured vehicles in the 
market. But from NHTSA study [ ], specifically side 
air bags systems appear to have improved side impact 
protection. Using a simple comparison of star ratings 
in the US side New Car Assessment Program (NCAP), 
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recent model year passenger cars and LTVs equipped 
with thorax air bags provided better overall thoracic 
and pelvic protection than vehicles not equipped. The 
vehicles equipped with thorax air bags may have other 
structural enhancements that contributed to their 
improved safety performance. 
Figures in below show that the relationships 
between rib deflections and structural intrusions of 
the struck side door at the level of armrest. 
 

 

Figure 8. Rib deflection and vehicle deflection at 
the arm rest for the compact cars. 
 

 

Figure 9. Rib deflection and vehicle deflection at 
the arm rest for the medium cars. 
 

 

Figure 10. Rib deflection and vehicle deflection at 

the arm rest for the SUVs and Vans. 
 
 
 

A correlation was found between door intrusion 
velocities and chest deflections. The abdominal and 
pelvis forces become high as the vehicle deformation 
at the height of SRP is larger. The amount of rib 
deflections were in proportion to the amount of side 
structural deformations. The less deformation of side 
structures improves the chest injury. In addition to the 
vehicle deformation and intrusion velocity, padding 
and side airbag can also affect injury criteria in a side 
impact. 
 
 
CURRENT PROBLEMS AND FUTURE KNCAP 
PROGRMS 
 

From this study, the performances of Korean side 
impact NCAP system was evaluated with 21 tested 
vehicles. Even though the evaluation periods was only 
4 years test data with the limited test vehicles, this 
system can promote to improve safety performances 
in side collisions.  
 

The most influencing factor for better star 
rating is rib deflection injury criteria. The most of 
vehicles that achieve the more than 4 stars reveal 
that their occupant rib deflection were less than 30 
mm. If the rib deflection was less than 25mm, it can 
be a five star rated vehicle. Also, the abdomen force 
is relatively larger factor effecting in safety rating 
due to more than 2.0kN force of abdomen receiving 
a cut in marks. The HPC is the least influencing 
factor in safety evaluation.  
 

 In side impact tests, the injury criteria have 
been decreased by the side stiffness, B pillar layout, 
door pad, and airbag. As a result, the side impact 
score have improved, and the HPC, chest deflection, 
and pelvis force showed nearly full scores. The 
scores in the side impact test have become better as 
the ground height of the seat reference point has 
become greater, e.g., the MPV due to the height 
relation between the MDB barrier face and the seat 
reference point. Since in MDB tests, the contact of 
the dummy head does not occur in most cases, the 
risk of head injury which has been frequently 
observed in real side collisions is difficult to 
evaluate. Some cars have a new head protection 
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device like a curtain airbag. Therefore, pole impact 
and other tests should be introduced to evaluate 
these kinds of devices and head injury risk. 
 

 
With close examinations of other NCAP test 

data such as NHTSA SINCAP, IIHS side impact 
and EuroNCAP, the KNCAP will be evaluated and 
updated to present better reproducing severalty of 
the real accidents with adoptions of progressive 
type MDB and EuroSID-2 dummy.  
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ABSTRACT 
 
Hexahedral elements with a single integration point 
have been the solid elements of choice to represent 
organs in human finite element models for impact.  
While those elements have been known to be 
efficient in terms of stability and computational 
cost, they are difficult to generate and meshing 
represents a significant part of a model 
development time. The ever increasing level of 
details of biomechanical models further increases 
these meshing difficulties.  In recent years, 
computing power has become affordable and new 
formulations of tetrahedral elements – that can be 
generated automatically even for complex shapes – 
have been introduced in the explicit finite element 
codes. The aim of this study was to evaluate the 
performance of two meshing approaches – semi-
automatic hexahedron meshing vs. automatic 
tetrahedron meshing – for a simple biomechanical 
application. In this study, a kidney model was build 
based on the geometry from Visible Human Project 
dataset. Five types of 3D solid elements (8 node 
bricks with a single and 8 integration points, 20 
node bricks, 4 and 10 node tetrahedrons) and two 
material laws (linear visco-elastic, hyperelastic 
viscous) were used to simulate a kidney blunt 
impact described in Schmitt and Snedeker [1].  
 
While the drawbacks of tetrahedral elements were 
observed in particular in terms of computing cost, 
the difference in model response was found to be 
acceptable in a biomechanical characterized by 
large specimen to specimen variability. 
Furthermore, the tetrahedral element stability was 
found to be excellent. 
For more complex shapes, the increased computing 
cost may be largely outweighed by the advantages 
of an automatic meshing approach. 
 
INTRODUCTION 
 
Hexahedral elements with a single integration point 
and hourglass control have been the elements of 
choice for human explicit finite element modeling. 

Tetrahedral elements have rarely been used despite 
the fact that they are easy to create automatically 
while the generation of high quality hexahedral 
elements is very difficult for complex shapes such 
as those seen in the human body. One reason 
maybe that the hexahedral elements had important 
computing cost, stability and mechanical response 
advantages over the tetrahedral elements available 
in the past. 
 
Human finite element models have become 
essential tools in automotive safety research. 
Besides numerous models of anatomical regions, 
several whole body human models are currently 
available (HUMOS2 from the HUMOS European 
consortium, THUMS from Toyota RD and the H-
Model from ESI). However those models still need 
to be improved before they are able to reliably 
predict the risk of injury resulting from an impact. 
Future improvements may include: 
- a more detailed description of the anatomical 
structures in order to better localize the injury 
prediction; 
- better numerical stability and robustness; 
- the consideration of specimen to specimen 
variations, both from geometrical and material 
properties standpoints. 
 
Such developments are likely to make even more 
difficult the meshing, which is critical and very 
time consuming in human finite element modeling. 
For example in the case of the abdomen, if we 
compare the mesh of the HUMOS2 [2] model with 
a more detailed description of the abdominal 
anatomy derived from the Visible Human Project, 
it becomes apparent that further refinement will 
make the meshing task very difficult if the organs 
such as the intestines and their mesenteric 
attachment are simulated individually (Figure 1). 
The mesh quality - in terms of quality metrics such 
as the Jacobian, internal angles etc - resulting from 
such a complex mesh would likely be relatively 
poor, affecting in turn the stability of the model.  
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Figure 1: HUMOS2 mesh vs. abdominal 
geometry contoured at the LBMC (half of the 
pelvis only is displayed). Currently, the level of 
detail of HUMOS2 and of other finite element 
models of the abdomen does not allow 
simulating all organs individually.  
 
Finally, the generation of different sets of meshes 
to take into account specimen to specimen 
variations would be time consuming even using 
scaling methods such as those used for the 
HUMOS2 model, as such methods are known to 
degrade the mesh quality, requiring manual 
corrections. 
 
Those expected difficulties, associated with the 
availability of improved tetrahedral elements in the 
explicit codes and the development of low cost-
high performance computing capability may make 
the drawbacks of tetrahedral elements acceptable, 
at least for research models. This can be evaluated 
by comparing simulation results using both 
approaches - tetrahedral and hexahedral meshing – 
while keeping all other modeling parameters 
identical (material properties, geometry etc). 
 
This comparison was already made in the past for 
quasi-static simulations of the femur: Ramos and 
Simões [3] compared the results of 4-node and 10-
node tetrahedral elements to 8-node and 20-node 
hexahedral elements and found the difference on 
the Von Mises stress predicted when loading the 
femoral head to be acceptable. While this is 
encouraging, these results obtained for hard tissues 
in an implicit code and quasi-static conditions are 
not necessarily applicable to soft tissues subjected 
to impact. 
 
In this paper the use of tetrahedral element for soft 
tissues simulation during an impact were evaluated 
using a simple kidney model. 
 
MATERIALS AND METHODS 
 
Choice of loading condition 
Schmitt and Snedeker [1] studied the 
biomechanical response of isolated kidneys 

subjected to blunt impact. In their experiments, a 
pendulum was used to impact human (N=3) and 
porcine (N=65) kidneys. For the current study, the 
porcine dataset was selected because of its large 
number of specimen and because it provides tests 
results for various impact energies – from 1J to 
6.08J – which are useful for the finite element 
model calibration. When comparing the human to 
the porcine kidneys results, the respective force 
versus displacement curves were of similar shape 
but slightly different amplitude. Based on their 
study, porcine and human kidneys are of similar 
geometrical shape and size.  
 
Model generation: geometry and meshes 
For the current study, a finite element model of the 
human kidney has been created based on the 
Visible Human Project dataset from the National 
Library of Medicine (Bethesda, MD). The image 
segmentation was performed manually using the 
IMOD (Univ. of Colorado, Boulder) software 
package in order to reconstruct a triangular surface 
representation of the organ. This surface was then 
scaled according to the geometrical average 
properties provided by Schmitt and Snedeker [1]. 
 
In order to simplify the problem and avoid a large 
number of numerical parameters, the kidney was 
assumed to be homogeneous and covered by a layer 
of shells representing the capsule covering the 
parenchyma. Two sets of meshes with similar 
number of elements were created using the ANSA 
software package (Beta-CAE, Thessaloniki, 
Greece): one hexahedral mesh with 1888 elements 
and one tetrahedral mesh with 1912 elements. The 
tetrahedral mesh was build automatically while the 
hexahedral mesh was build using surface to surface 
mapping. Those meshes were declined in five 
formulations of solid elements (Table 1) defined in 
the Radioss finite element code that was used for 
all simulations (Altair Engineering, Troy, MI). 
They were covered by 4-node shell or 3-node shell 
with coincident nodes on the outside surface. 
 
Material properties 
Two different types of material properties – hyper-
elastic viscous (law 62 in Radioss) and linear visco-
elastic (Bolzman law 34 in Radioss) – were used 
for the kidney. 
 

Table 1.  Elements used in the current study. 
Simulation 
name 

Element type 

Brick8-1P 8 nodes brick, single integration 
point and hourglass control 

Brick8-8P 8 node brick, 8 integration points 
Brick20 20 nodes brick 
Tetra4 4 nodes tetrahedron 
Tetra10 10 nodes hexahedron 
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The law 62 is an hyper-elastic law where the strain 
energy function is given by: 
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where the λi are the principal stretches, J the 
volume variation and μi, αi and β the material 
parameters. β can be defined using the Poisson 
ratio. The viscosity is modeled by a Prony series 
applied to all shear parameters. 
 
The material parameters of the first order Mooney-
Rivlin viscous material law (law17 in Pamcrash) 
used by Snedeker et al. [4] for the parenchyma in 
their model could not directly be used in this study 
because the respective formulations of the laws (62 
in Radioss and 17 in Pamcrash) differ in the way 
the bulk response and the viscosity are handled. 
Furthermore, the current study makes the 
assumption that the kidney is homogenous while 
the study of Snedeker et al. [4] identified the 
properties of the parenchyma while a (softer) fluid 
component was simulated inside the kidney. 
 
The material parameters used in the current study 
were therefore derived from the study of Snedeker 
et al. [4] properties as follows: 
- an order n=2 was selected for the strain energy 

function, with α1=2 and α2=−2. This would we 
equivalent to a 1st order Mooney-Rivlin model 
in the case of incompressibility (see 
Appendix). In that case, if the Mooney Rivlin 
model used by Snedeker et al. [4] was 
transposed to this study, the constants μ1 and 
μ2 would be the double of their C01, C10 

constants (see Appendix): μ1=410 kPa and 
μ2=363 kPa respectively. 

- a second order Prony series was used for the 
relaxation, keeping the same time constants as 
Snedeker et al. [4] (10 ms and 0.5 ms) and 
keeping similar ratio between the 
instantaneous and infinite moduli 
(γ=G∞/G0=0.6 for the first time constant and 
γ=G∞/G0=0.35 for the second time constant).  

- A Poisson ratio of 0.47 was assumed in order 
to simulate the quasi-incompressibility of the 
solid 

- The values of μ1 and μ2 were decreased by the 
same factor until a reasonable agreement was 
reached in terms of maximum displacement 
and maximum force in the 4.9J impact 
condition. 

 
A similar approach was used for the linear visco-
elastic law 34, keeping only one time constant 
(0.5 ms), and the same Poisson ratio (0.47). The 

properties finally selected are summarized in the 
Tables 2 and 3. 
 
It must be noted here that this approach does not 
aim to identify precisely material properties to use 
for the kidney subjected to blunt impact but only to 
be able to approximate the overall kidney response 
in order to compare the numerical performance of 
element types and laws. 
 
For the capsule, the material properties were based 
on quasi-static experimental results by Snedeker et 
al. [5]. The capsule was assigned a thickness of 
43µm and an elastic modulus of 15MPa as in their 
study.  It was also assigned the same Poisson’s 
ratio as the parenchyma (0.47) in the current study. 
 
Other simulation parameters 
The impactor and the wall were simulated with 
rigid bodies. The wall was fixed while the impactor 
was free to translate in the direction normal to the 
wall and was assigned an initial velocity. The 
contact between the kidney, wall and impactor 
were simulated using a bi-lateral surface to surface 
contact (type 7) in parallel with an edge to edge 
contact (type 11). A 0.05 friction coefficient was 
used for all contacts as used by Schmitt and 
Snedeker [1]. For the brick20 elements, all nodes – 
including the nodes located on the middle of the 
edges – were used in the contact interface with the 
impactor. In order to attach the shells of the kidney 
capsule to those nodes, a tied interface (type 2) was 
also defined. An overview of the simulation setup 
is provided Figure 2. 
 
Simulation matrix 
First, a parametric study with impact energies used 
by Schmitt and Snedeker [1] was performed in 
order to verify the ability of the selected material 
parameters to approximate the kidney impact 
response. The selected simulation matrix is 
available Table 4. This study was only performed 
using the brick8-1P elements.  
Then, the 4.9J simulation was selected as the 
baseline condition and all types of elements were 
compared. 
Finally, the impact velocity was increased until the 
model became unstable in order to test the tetra4 
and brick8-1P elements ability to handle extreme 
conditions.  
 

Table 2.  Selection of material parameters for 
the law 62 used in the current study 

Strain energy function 
parameters 

α1=2, μ1=205 kPa 
α2=−2, μ2=181 kPa 

ν=0.47  

Viscous parameters 
(Prony series) 

τ1=10 ms, γ1=0.60 
τ2=0.5 ms, γ2=0.35  
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Table 3.  Selection of material parameters for 
the law 34 used in the current study. 

G0= 205 kPa G∞ = 82 kPa 
ν=0.47 τ= 0.5 ms 

 
 
Table 4.  Summary of impact conditions for the 

test of the material parameters 
Velocity 

(m/s) 0.652 1.38 1.48 1.30 1.44 2.35 

Impactor 
mass (kg) 4.7 2.2 2.2 4.7 4.7 2.2 

Energy (J) 1 2.1 2.4 4.0 4.9 6.08 
 
 

 
Figure 2.  Overview of the simulation. 

 
 
Comparison metrics 
The model response was analyzed in terms of 
impactor force vs. impactor displacement curves, 
peak force and peak displacement, and energy 
dissipation. The force and displacement time 
histories were not available from the experimental 
studies and therefore could not be used to evaluate 
the models. The numerical behaviour was analyzed 
in terms of conservation of the energy balance, 
hourglass energy (when applicable), and time step 
conservation. 
 
Regarding the computational cost, all simulations 
were run on the same machine (a dual Xeon 
EM64T at 3.06GHz) on two processors using the 
version 5.1d SMP Linux version. The machine was 
not running other jobs, and the user time, total time 
(sum of user and system time) were always within 
1% of the wall clock time. The user time, number 
of time steps needed to finish the simulation and 
the cost per thousand cycles were used for the cost 
evaluation. 
 
 

RESULTS 
Comparison with the experimental data from 
Schmitt and Snedeker [1] at different energy 
levels (brick8-1P element only) 
All the simulations performed with the brick8-1P 
element at energy levels between 1J and 6J ended 
with a normal termination, even for the highest 
energy case. Also, the hourglass remained within 
10% of the energy of the simulation but there was a 
tendency for the hourglass to increase with impact 
energy, resulting in higher energy loss (from 3.2% 
at 1J, law 34 to 9.2% at 6J, law 62). Figure 3 shows 
a section of the mid-plane of the kidney at the peak 
impactor displacement for the 4.9J simulation. The 
force versus displacement response of the model 
was compared with the corresponding experimental 
results published by Schmitt and Snedeker [1] 
(Figure 4). Overall, the model response was similar 
to the experimental results, both in terms of peak 
force and peak displacement for all the energy 
levels with the exception of the 4J case. It must be 
noted that in the 4J test, the experimental peak 
force was between 650N and 850N, which is higher 
than the forces observed in the 4.9J test (between 
600 and 735N). If comparing the responses of the 
laws 34 and 62, the two material models give very 
similar loading paths, peak force and peak 
displacement. However they differ significantly in 
unloading path and energy dissipation in the impact 
(area under the curve). The energy dissipation for 
the law 62 was 4.4J against 3.95 to 4.7J in the 
experiment. The energy dissipation for the law 34 
was only 2.5J. 
 
Comparison of the results for the different 
elements types at 4.9J 
When testing the various element types, all 
simulations but two terminated normally. The 
law62 models using the brick8-8P and brick20 
elements terminated with a negative volume after 
19 ms and 32.4 ms respectively. All other 
simulations had energy balance errors lower than 
6% at the end of the simulation (see Table 5, 
summary of the runs) 

 
Figure 3.  Mid section of the kidney at initial 
impactor position and peak impactor 
displacement for the 4.9J simulation. 
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Figure 4.  Comparison of the model response and the porcine test results for six impact energies from 1J 
to 6.08J. The solid lines represent typical tests results for each energy level. 
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Table 5.  Summary of the runs 
 

Elem. Law 
Term. 
Time(ms) 

Error 
(%) 

Total 
kCycles

Total 
User (s) 

Time / 
kCycle 

Av Tstep 
(µs) 

brick8-1P law62 40 -5.7 58 816 14 0.69 
brick8-1P law34 40 -6.7 59 367 6 0.68 
tetra4 law62 40 -0.1 121 1427 12 0.33 
tetra4 law34 40 -0.4 153 599 4 0.26 
brick8-8P law62 19.2 99.9 51 3848 75 0.39 
brick8-8P law34 40 -0.7 247 3125 13 0.16 
tetra10 law62 40 -0.1 121 5025 41 0.33 
tetra10 law34 40 -0.5 157 1606 10 0.26 
brick20 law62 32.4 99.9 70 6563 93 0.46 
brick20 law34 40 -0.4 283 8137 29 0.20 
Where:  
Termination time: number of ms simulated (40 for a normal termination) 
Error (%): percentage of error in the energy balance at the end of the simulation 
Total kCycle: total number of cycles run to reach the termination time divided by 1000 
Total User (s): the computing time spent at the end of the simulation 
Time / kcycle: the average computing time needed to run 1000 cycles  
Av Tstep: average time step over the simulation 

 
 
The force vs. displacement curves for all elements 
types and the law 62 are presented on Figure 5. 
After an initial non linear section (up to 7mm 
approximately) where the response of all elements 
is very similar, the force vs. displacement curves 
become more linear and differences between the 
element types appear. However, the difference 
between all element types is small when compared 
with the specimen to specimen variations. Also, for 
the given element density, the responses of the 
tetra4 vs tetra10 elements were almost identical. 
Similarly, the responses of the brick8-1P, brick20 
and brick8-8P elements were very close until the 
computation terminated with an error for the 
brick8-8P. Overall; the tetra elements appeared 
stiffer than the brick8 elements with a 7% higher 
peak force and a 8% smaller peak displacement. 
The average stiffness was also calculated for each 
of the models in the region where the loading 
curves are almost linear (Figure 6). The tetra 
elements (48.5 N/mm) were approximately 14% 
stiffer than the brick8-1P elements (42.7 N/mm).  
Similar results were obtained for the law 34 
(Figure 7). A summary of all stiffness results is 
provided Table 6. The stiffening for the tetra 
elements was lower than 10% (approx. 47 N/mm 
vs. 43 N/mm). The difference in peak force 
between tetra and brick was less than 6%, while the 
difference in peak displacement was less than 5%. 
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Figure 5.  Force vs. displacement response for all 
elements types and the law 62 at 4.9J. The 
response of the 4 nodes and 10 nodes 
tetrahedron appears to be superimposed. 
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Figure 7.  Force vs. displacement response for all 
elements types and the law 34 at 4.9J. The 
response of the 4 nodes and 10 nodes 
tetrahedron appears to be superimposed. 
 
Table 6: Summary of stiffness depending on the 

element and the material law. 
All stiffness data are in N/mm 

 brick20 brick8 
1P 

brick8 
8P 

tetra10 tetra4 

Law34 43.1 42.9 43.4 47.0 47.0 
Law62 47.6 42.7 43.7 48.6 48.5 
 
Computing cost 
There were large differences in computing time 
since they varied from approximately 5min (brick8-
1P law34) to 2h26mn (brick20 law62) as described 
in Table 5. Multiple factors are responsible for 
those large variations, including: 
- the material law, with the law 62 being 2 to 6 

times more time consuming per cycle than the 
law 34; 

- the type of element, with variations of up to 1 
to over 6 on the cost per cycle (brick20 vs. 
tetra4) at identical material law; 

- the average time step for the simulation, with 
variations of 1 to 4 approximately (that factor 
being also linked to the element type). 

 
For a given material law, the tetra4 elements were 
faster than the brick8-1P if only the cost per cycle is 
considered, but the tetra4 models had a longer 
computational time since their average time step 
was lower.  
 
Numerical Stability in extreme conditions 
(brick8-1P and tetra4 only) 
 
When increasing incrementally the impact energy 
to 21.5J, the response of the brick8-1P and tetra4 
elements was very different (Figure 8). 
For the brick element, the hourglass energy 
increased rapidly with the impact velocity, resulting 
in a large loss in the energy balance: at 21.5J (4.7kg 
at 3m/s) with a law34, the simulation terminated 

normally but the energy loss reached 48% (Figure 
9). The deformation of the solid elements inside the 
mesh showed very large distortion in hourglass 
modes (Figure 10).  The model with the law 62 
terminated with error (Negative Volume) during the 
unloading phase at 21.05 ms of simulation time.  
The model terminated with error (Negative 
Volume) for higher impact energies. 
 
For the tetra element, much higher energy levels 
could be reached (Figure 11) with a better energy 
balance without apparent abnormal element 
distortion (Figure 9). At 37.6J (4.7kg at 4m/s), the 
simulation terminated normally with an error of 
2.6% on the energy balance for the law 62, and a 
14.6% error for the law 34. When further increasing 
the impact energy to 58.7J (4.7kg at 5m/s), the 
model with the law 34 terminated with error 
(Negative Volume) at 11 ms at simulation time but 
the model with the law 62 terminated normally with 
only a 5.2% error on the energy balance (Figure 
12). 
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Figure 8.  Force vs. displacement response for 
brick8-1P and tetra4 for laws 34 and 62 at 21.5J. 
The brick8-1P in law 62 terminated the 
simulation with an error during the unloading 
phase. 
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Figure 9.  Energy vs. time response for 
hexahedron elements types and law34 at 21.5J. 
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Figure 10.  Examples of effect of extreme loading 
conditions on the model response: hexahedron 
elements for 21.5J at 16ms (left) and tetrahedron 
for 58.7J at 6ms (right) 
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Figure 11.  Force vs. displacement response for 
tetra4 elements and for laws 34 and 62 at 21.5J, 
37.6J and 58.7J. The simulation terminated 
normally at 58.7J for the tetra4 
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Figure 12.  Energy vs. time response for 
tetrahedron elements types and law62 at 58.7J. 
 
 
 

DISCUSSION 
 
The material parameters used in the current study 
were identified by adapting properties proposed by 
Snedeker et al. [4] to approximate the overall 
response observed in the 4.9J experiments by 
Schmitt and Snedeker [1]. The laws selected were 
sufficient to approximate the overall response at 
other energy levels. There were larger discrepancies 
for some of the levels (4J in particular) but the 
comparison of the experimental results between 
different energy levels (4J vs. 4.9J) suggests that it 
may not be possible to match all the experimental 
responses with a single set of material properties or 
that other parameters that were not simulated have 
affected the testing results (positioning for 
example). While the material properties selected in 
this study may be inappropriate for other loading 
conditions, they are most likely sufficient for the 
current study which is only focusing on numerical 
aspects. 
 
Both material models showed a fairly linear 
response after the initial loading where the non 
linear response may be due to contact non linearity 
and inertial loading. This phase of the response may 
be too linear when comparing it with the 
experimental data. A higher non linearity of the 
loading curve could be obtained by increasing the 
value of the α exponents in the hyperelastic viscous 
law but this is beyond the scope of this study. The 
main difference between the two laws is that the 
energy dissipation was lower for the law 34, which 
can be explained by the lack of the second time 
constant used in the law 62. 
 
The effect of the number of integration points on 
the response was very limited: the brick20 and 
brick8-8P (fully integrated) were only marginally 
different from the brick8-1P element (with 
hourglass control) and the responses of tetra4 and 
tetra10 elements were virtually indistinguishable 
(Figures 5 and 7). 
This result is of course very likely to change if the 
number of elements is decreased or if the loading 
mode is changed to include larger strain and stress 
gradients. A study on the effects of the mesh 
density would be useful. In the current application, 
a 1900 element model only represents a refinement 
lower than 3 of the HUMOS2 model which has 
approximately 100 elements as dividing the element 
size by 2 multiply their number by 8. In the current 
study, the mesh average element size was 5mm, and 
such a size may be needed to represent the complex 
anatomical structure of the abdomen.  
 
When comparing the mechanical response of the 
various elements, the tetra (4 and and 10 nodes) 
elements used in Radioss appeared to be 14% stiffer 
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(in the 4.9J case) than the brick8 elements. These 
differences are small when compared with the 
specimen to specimen variations and the 
uncertainties associated with the determination of 
material parameters.  
 
In terms of stability, the brick8-8P and the brick20 
were the only elements that did not terminate 
successfully the baseline level runs (4.9J). The 
detailed reason for the failure – and the possibility 
to stabilize the simulation – was not investigated as 
the interest of those elements with the current mesh 
density is very limited: they were at least 6 times as 
costly per cycle as the brick8-1P element but gave 
almost identical results. Similarly, the interest of 
the tetra10 is limited with the current mesh density 
as it did also provide virtually identical results as 
the tetra4 at a cost per cycle almost 4 times higher. 
Overall, this makes the brick8-1P and the tetra4 the 
two most interesting elements for the current mesh 
density. 
 
When comparing the cost of the tetra4 and the 
brick8-1P, the lower time step of the tetra elements 
prevailed over its lower cost per cycle, resulting in 
a higher computing time (1.75 times higher in the 
case of the law 62). 
Overall, this lower time step for the same average 
volume is the main drawback of the tetra4 element 
when compared with the 8 node brick element with 
a single integration point. In a larger model, this 
may be mitigated by the fact that the time step may 
not be determined by the soft tissues but by harder 
tissues like bone. 
 
Regarding the stability of the brick8-1P elements, it 
must be noted that no effort was made to stabilize 
the simulations and it may be possible to further 
increase the brick stability in particular by changing 
numerical parameters such as the hourglass control 
formulation. Despite this and while using default 
options, both brick8-1P and tetra4 elements were 
stable for energies that were higher than the 
injurious energies proposed by Schmitt and 
Snedeker [6] (AIS = 5 for energies over 8J). This is 
a very encouraging result. For the conditions tested, 
the tetra element was much more stable than the 
brick, which had important hourglass problems. It 
was possible to reach very high compressions of the 
tetrahedral mesh, as the 58.7J simulation resulted in 
a compression of approximately 37.7mm while the 
initial thickness of kidney was 44mm. It is unclear 
if results obtained for such extreme deformations 
are realistic but the ability to terminate normally a 
simulation while respecting the energy balance is 
important when the complexity of a model increase 
and that the error termination of any of its 
components results in the failure of the simulation. 
 

CONCLUSIONS 
 
Simulations of the kidney subjected to blunt impact 
were conducted using an approximately 2000 
element finite element model. Five element 
formulations and two material laws were tested. 
The model was able to approximate the kidney 
response to impacts of various energies ranging 
from 1 to 6J. For the element density selected, the 
number of integration points in the elements had 
little effect on the response. The tetrahedral 
elements appeared to be slightly stiffer than the 
hexahedral elements but the stiffness difference was 
limited to less than 14%. The tetrahedral elements 
were also more stable than the bricks when 
subjected to very high impact energies. 
 
Overall for the current element size, the use of 
tetrahedral elements over 8 nodes bricks with a 
single integration point seems very promising. In 
the present study, their main drawback was their 
lower time step (at equivalent volume size) that led 
to higher computing cost (up to almost double). 
This would not be a significant drawback for 
research models considering the rapid evolutions of 
computing capability and the difficulty to generate 
hexahedral meshes for complex geometrical shapes. 
 
Possible extensions of this evaluation could include 
the study of the effects of mesh density and 
complex in-situ loading on the model response. 
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APPENDIX:  Mooney Rivlin vs. Ogden formulations 
for the strain energy function in the case of 
incompressibility. 
 
The Mooney Rivlin strain function is: 

)3()3( 210101 −+−= ICICW  
 
where: C01, C10 are material constants. The invariants are: 
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In the Ogden strain energy function: 
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where the µi and αi are the material constants and λi are 
the principal stretches. If using n=2, α1=2 and α2=−2, we 
obtain: 
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ABSTRACT 
 
This study aims at investigating head injury 
mechanisms for brain injuries, subdural or 
subarachnoidal haematoma (SDH or SAH) and 
skull fractures in adult pedestrian real world 
accidents by in-depth accident analysis and accident 
numerical reconstruction. Nine accident cases were 
carried out using a multi-body system pedestrian 
and cars� models to acquire the head impact 
conditions such as head impact velocity, position 
and orientation against the car�s bonnet or 
windscreen. These impact conditions were then 
imposed on a head, car�s windscreen and bonnet 
finite element model in order to calculate different 
mechanical parameters that are sustained by each 
victim during the impact. These calculated head 
stresses, strains and energies were then correlated 
with the observed injury patterns and compared to 
existing and available head injury mechanisms and 
tolerance limits. The accident investigation reports 
and pedestrian kinematics before the head impact 
came from the University of Birmingham (United 
Kingdom), INSIA (Spain) and DaimlerChrysler 
(Germany). They were worked out in the 
framework of an FP6 Integrated Project on 
Advanced Protection Systems (APROSYS). The 
head, the bonnet and the windscreen FEM, the 
injury mechanisms and tolerance limits have been 
developed at the University of Strasbourg (France) 
in a recent past. The reconstruction results show 
that the numerical tools employed predicted the 
observed injuries well. Nevertheless, it should be 
pointed out that the numerical tools used can only 
predict injuries reliably if both the pedestrian and 
vehicle side are modelled appropriately, i.e. with 
detailed finite element structures with well 
validated material and contact stiffness data. Brain 

neurological injuries were well correlated with 
brain Von Mises stress. Brain contusions occurred 
through high brain pressures. Skull fractures and 
SDH or SAH were well correlated with the global 
strain energy of the skull and of the brain/skull 
interface respectively. It has been concluded that 
these results showed that such numerical models 
are good tools to predict human head injuries. They 
will therefore be useful to improve the head 
protection devices i.e. the design, the conception, 
the evaluation and the optimization of cars� 
windscreens and bonnets against well defined 
injury criteria. 
 
INTRODUCTION 
 
In road traffic accidents involving cars and 
pedestrians, head injuries are one of the most 
common injury types and the main cause of severe 
fatalities. Therefore, a particular attention has to be 
paid to the pedestrians� head protection in road 
traffic in order to reduce these severe fatalities. 
Among others, efforts can be done to improve the 
protection ability of the cars� windscreens and 
bonnets. The following described methodology, 
that has been led during an Integrated Project of the 
6th Framework (Advanced Protective Systems: 
APROSYS), was designed to provide human head 
injuries numerical prediction tools. 
 
METHODOLOGY 
 
After having replicated the pedestrian�s body 
kinematics for different real world accident cases 
by using MADYMO software, it will be focused in 
that work on the head impact against the considered 
part of the striking car (i.e. car�s windscreen or 
bonnet). For that purpose we will use a finite 
element model (FEM) of the human head as well as 
one of the car�s windscreen and bonnet. These 
different real world accidents numerical 
reconstructions will allow us to calculate a great 
deal of mechanical parameters the victims will 
sustain. These calculated mechanical parameters 
will then be compared to existing human head 
injury mechanisms and tolerance limits. Indeed, it 
will be showed that such numerical models are able 
to predict head injuries. In fact, it will be interesting 
to compare the predicted injuries to the observed 
injuries in order to demonstrate the ability of such 
numerical models to predict injuries. More 
generally, it will be shown how powerful such 
numerical tools can be in order to design, to 
evaluate, to validate and to optimise car structures 
against physiopathological injury criteria. 
 
 



Baumgartner 2 

MATERIALS 
 
FEM of the human head 
 
The FEM of the human head that will be used in 
that part the study is the one developed at the 
University Louis Pasteur of Strasbourg in the past 
few years. That model is detailed in [KAN 97] in its 
first version as well as is in [WIL 03] in its more 
updated version. It is usually called the ULP FEM 
of the human head. A much more detailed 
description is proposed below. Such numerical 
methods and models have been largely used I the 
past few years by [LOV 75], [GEN 85], [THI 90], 
[MEN 92], [ZHO 96], [AND 00], [KIN 03] and 
[TAK 03]. The ULP FEM of the head is three 
dimensional with a continuous mesh. The meshing 
of the model has been achieved by using the 
HYPERMESH software. It contains 13208 
elements divided in 10395 brick elements and 2813 
shell elements and it weights 4800 g. This FEM 
includes the main anatomical components of the 
head which are illustrated in terms of mesh 
properties and mechanical behaviour in Table 1: the 
falx of the brain and the tentorium of the 
cerebellum, the brain/skull interface, the brain and 
the cerebellum, the skull, the face and the 
surrounding skin. The Table 1 gives also an 
illustration of each anatomical component which is 
modelled. The ULP FEM of the head is validated 
against experimental data from [NAH 77] and 
[TRO 92] in terms of brain accelerations and 
pressures and against experimental data from [YOG 
94] regarding skull bones fractures. The ULP FEM 
of the head is especially validated in case of long 
duration high dampened impacts that last more than 
15 ms and that usually reveal an important 
rotational acceleration component. This validation 
is refined by [BAU 01] who modelled the cerebral 
spinal fluid flow through the brain/skull interface 
and the lateral ventricles by introducing into the 
FEM a fluid solid coupling behaviour thanks to an 
arbitrary Eulerian Lagrangian formulation. That 
model has been developed by using the RADIOSS 
CRASH software. Of particular importance and 
rarely modelled, it must be underlined that the ULP 
FEM of the human head is able to predict skull 
fracture thanks to a Tsai Wu criterion. Such a 
criterion is based on the maximal tension and 
compression stresses that are sustained in shell 
elements. In terms of finite elements, if an element 
reaches the allowed maximal values, it is deleted. 
This means that it is taken out of the model from 
the next time step. That failure criterion is also 
detailed in Table 1. 
 
FEM of the car’s windscreen 
 
In order to represent a car�s windscreen a (1200 
mm x 800 mm) rectangular surface is regularly 

meshed by using 1536 three layered composite 
shell elements. Both external laminated glass layers 
which have a thickness of 2.2 mm are linked 
together through an internal poly vinyl butyl 
membrane which has a thickness of 1 mm. The 
three layered composite shell elements of the 
windscreen�s border are fixed to a rigid frame in 
order to represents the car�s mass and inertia. These 
border elements are free to translate but they are 
fixed in their three rotational degrees of freedom. 
Eventually added masses are set on these border 
elements of the windscreen in order to represent the 
mass and the inertia of the car. Nevertheless, that 
added mass has no significant influence on the 
dynamic response of the head during the impact as 
shown in a recent internal study. The mechanical 
behaviour adopted for both external laminated glass 
layers of the windscreen is an elastic plastic brittle 
law that allows rupture. The linking plastic 
membrane�s mechanical behaviour is assumed to be 
linear elastic. Both mechanical behaviours rely on 
the experimental data determined by [HAV 75] and 
detailed in Table 2. The validation of the 
windscreen FEM is based on a comparison between 
the damages which are observed and predicted by 
the FEM in a specific and standard head impact 
configuration. This windscreen FEM relies on the 
one developed by [MUK 00]. 
 
FEM of the car’s bonnet 
 
In order to model a car�s bonnet, a (1200 mm x 
1500 mm) rectangular surface has been regularly 
meshed by using 4500 shell elements. The 
thickness of each element is set to 1 mm. These 
shell elements� border are fixed to a rigid frame in 
order to represents the car�s mass and inertia as it 
has been done for the windscreen. These border 
elements are free to translate but they are fixed in 
their three rotational degrees of freedom. 
Eventually added masses are set on these border 
elements of the car�s bonnet in order to represent 
the mass and the inertia of the car. Nevertheless, 
that added mass has no significant influence on the 
dynamic response of the head during the impact as 
for the windscreen. The mechanical behaviour 
adopted for the car�s bonnet shell elements is elastic 
plastic (Johnson Cook mechanical behaviour law) 
as detailed in Table 3 for one case. It must be 
underlined that the contact stiffness characteristics 
between the pedestrian head and the vehicle at the 
head impact spot were not available and were 
therefore roughly estimated through EuroNCAP 
test data on alternative impact points. Furthermore, 
the EuroNCAP impactor test data has not been 
available for the vehicles involved in the accidents 
GP001 and GP002 for example such that the test 
data of a similar vehicle was used in these cases � 
VW Audi A3 instead of VW Golf 3 and VW Polo 
respectively. 
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Table 1. 
ULP FEM of the human head. Mesh properties and mechanical behaviour. 

 
Anatomical 

Segment Illustration Mesh Mechanical 
Behaviour 

Mechanical 
Characteristics 

Mechanical 
Characteristics 

Falx of the 
Brain 
and 

Tentorium 
of the 

Cerebellum 
 

471 
shell 

elements 

Linear 
Elastic 

e = 1 mm 
ρ = 1140 kg/m3 
E = 31.5 MPa 

ν = 0.45 

/ 

Brain/skull 
Interface 

 

2591 
brick 

elements 

Linear 
Elastic 

ρ = 1040 kg/m3 
E = 0.012 MPa 

ν = 0.49 
/ 

Brain 
and 

Cerebellum 

 

5508 
brick 

elements 

Elastic 
Plastic 

ρ = 1040 kg/m3 
K = 1125 MPa 

G0 = 0.049 MPa 
Ginf = 0.0167 

β = 145 s-1 

/ 

Skull 

 

1813 
three 

layered 
composite 

shell 
elements 

Elastic 
Plastic 
Brittle 

Cortical 
e = 2 mm 

ρ = 1900 kg/m3 
E = 15000 MPa 

ν = 0.21 
K = 6200 MPa 
UTS = 90 MPa 

UTC = 145 MPa 

Trabecular 
e = 3mm 

ρ = 1500 kg/m3 
E = 4600 MPa 

ν = 0.05 
K = 2300 MPa 
UTS = 35 MPa 
UTC = 28 MPa 

Face 

 

529 
shell 

elements 

Linear 
Elastic 

e = 10 mm 
ρ = 2500 kg/m3 
E = 5000 MPa 

ν = 0.23 

/ 

Skin 

 

2296 
brick 

elements 

Linear 
Elastic 

ρ = 1000 kg/m3 
E = 16.7 MPa 

ν = 0.42 
/ 
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Table 2. 
FEM of the car’s windscreen. Mechanical behaviour. 

 

Structure ρ 
[kg/m3] 

E 
[mm] 

E 
[GPa] ν εrt εmt 

σel 
[MPa] 

Glass 2400 2.2 65 0.22 0.000615 0.00123 3.8 
PVB 950 1 50000 0.22 / / / 

 
Table 3. 

FEM of the car’s bonnet example. Mechanical behaviour. 
 

Structure ρ 
[kg/m3] 

E 
[mm] 

E 
[GPa] ν a b 

n σmax 
[MPa] 

Bonnet 2700 1 69 0.3 120 567 0.623 345 
 
 
Human head injury mechanisms and tolerance 
limits 
 
     Introduction 
A first step would be to define the injury types. 
Even this classification is not definitive due to 
terminology differences which may exist. The 
second step will be to define the injury parameters, 
i.e. the mechanical parameters which lead a type of 
injury. At this level several assumptions exist in the 
literature. Finally a threshold value for each injury 
parameter must be defined in order to become a 
tolerance limit to a specific injury. This difficult 
exercise is based either on cadaver tests, animal 
tests or more recently on accident reconstruction. 
Tolerance limits estimation on cadaver is restricted 
to skull fracture. Injury analysis based on animal 
tests is a critical issue because animal acceleration 
field, even scaled to the human dimension and mass 
will not lead to similar brain loading conditions due 
to the shape difference. Finally real world accident 
simulation is some times critical because of the lack 
of accident data accuracy. 
     Human head injuries criteria 
In order to demonstrate the ability of the previously 
described numerical tools to predict human head 
injuries, the calculated mechanical parameters can 
be compared to existing human head tolerance 
limits. In fact, human head injury mechanisms and 
tolerance limits can be obtained by using FEM as 
detailed in a great variety of past studies. In our 
specific study, the FEM of the human head 
developed at the University Louis Pasteur of 
Strasbourg and described previously has been used. 
That model has allowed us, in previous studies 
achieved by [WIL 03] and [WAR 80], to establish 
human head injury mechanisms and tolerance limits 
as follows: 
� Brain contusions (CONT) occur when brain 

pressure reaches values of 200 kPa according 
to [WAR 80]. 

� Brain neurological injuries such as diffuse 
axonal injuries or haemorrhagic injuries (DAI) 
occur when brain Von Mises shearing stress 

reaches values of 18 kPa (for moderate injuries 
(MOD DAI)) and 38 kPa (for severe injuries 
(SEV DAI)) according to [WIL 03]. 

� Subdural haematoma (SDH) or subarachnoidal 
haematoma (SAH) occur when the global strain 
energy of the brain/skull interface reaches 
values of 5500 mJ according to [WIL 03]. 

� Skull fractures (SF) occur when the global 
strain energy of the skull reaches values of 
2200 mJ according to [WIL 03]. 

It must be kept in mind and strongly underlined that 
these injury mechanisms and tolerance limits are 
linked to a specific head FEM which is the one of 
ULP. It is common for other FEM to predict 
injuries thanks to other mechanical parameters like 
strains, displacements, or strain rates. It also usual 
for other FEM to use the same mechanical 
parameters as the ones proposed by ULP but with 
other values relatively to the tolerance limits. 
Indeed, the inferred tolerance limits are very 
sensible to the geometry of the model as well as to 
the mechanical behaviour of each anatomical 
feature which is modelled. The Table 4 reminds the 
different human head injuries mechanisms and 
tolerance limits. Indeed, it has been previously 
showed that FEM of the human head are able to 
predict injuries thanks to a correlation between 
calculated mechanical parameters on the one hand 
and injuries occurrence on the other hand ([WIL 
03]). For each calculated mechanical parameters 
(which is a specific injury indicator) there exists a 
range of values for which: 
� No specific injury is predicted. 
� A specific injury is possible (but the victim can 

also remain uninjured). 
� A specific injury is clearly predicted. 
These different ranges are detailed in the Table 4. 
For example, if the calculated brain pressure 
remains under 160 kPa, no injury is predicted. If 
that calculated brain pressure is between 160 kPa 
and 240 kPa, it will not be possible to indicate if 
brain contusions will occur or not. Eventually, if the 
calculated brain pressure exceeds 240 kPa, brain 
contusions will be predicted without any doubt. 



Baumgartner 5 

Table 4. 
Human head tolerance limits ranges 

 

Calculated 
mechanical parameter 

and 
injury indicator 

Injuries Uninjured Possibly injured Injured 

Brain 
pressure 

[kPa] 

Brain contusions 
(CONT) 

< 160 
> 160 
< 240 

> 240 

Brain 
Von Mises stress 

[kPa] 

Brain moderate 
neurological injuries 

(MOD DAI) 
< 14 

> 14 
< 22 

> 22 

Brain 
Von Mises stress 

[kPa] 

Brain severe 
neurological injuries 

(SEV DAI) 
< 30 

> 30 
< 46 

> 46 

Global strain energy 
of the brain/skull interface 

[mJ] 

Subdural or subarachnoidal 
haematoma 

(SDH or SAH) 
< 4300 

> 4300 
< 6500 > 6500 

Global strain energy 
of the skull 

[mJ] 

Skull fracture 
(SF) 

< 1700 
> 1700 
< 2700 

> 2700 

 
 
Real world accidents reconstruction 
 
Nine real world accidents are considered in that 
study: 
� One cyclist accident that has been collected 

and worked out at the University of 
Birmingham (BASC � United Kingdom) : 
BASC cyclist 001 (BC001). It has to be 
underlined that the cyclist did not wear any 
helmet. It is therefore possible to include such 
a vulnerable road user in that study and 
consider him as a pedestrian. In fact, from a 
head injury point of view, it is not critical to be 
a real pedestrian or another road traffic user. 
Nevertheless, if that cyclist would have worn a 
helmet, a helmet FEM would have been 
developed is order to reconstruct numerically 
that accident. 

� Eight pedestrians� accidents that has been 
collected and worked out at the University of 
Birmingham (BASC � United Kingdom), 
DaimlerChrysler (GIDAS � Germany) and the 
Institute for Automobile Safety (INSIA � 
Spain) respectively: 

� BASC: 
o BASC pedestrian 002 (BP002) 
o BASC pedestrian 022 (BP022) 
o BASC pedestrian 023 (BP023) 

� GIDAS: 
o GIDAS pedestrian 001 (GP001) 
o GIDAS pedestrian 002 (GP002) 

� INSIA: 
o INSIA pedestrian 002 (IP002) 
o INSIA pedestrian 003 (IP003) 
o INSIA pedestrian 006 (IP006) 

For each of these accident cases, one of the aims of 
the MADYMO software replication was to 
establish the relative position and velocity between 
the head and the windscreen or the bonnet of the 
striking car at the time of the head impact. The ULP 
FEM of the head is then positioned towards the 
windscreen or the bonnet in respect to the 
MADYMO software calculated position just before 
the head impact. The initial relative velocity 
between the head and the windscreen or the bonnet 
is then set on the nodes of the head on the hand and 
on the nodes of the windscreen or the bonnet on the 
other hand. That numerical analysis is done thanks 
to the RADIOSS CRASH finite element code. The 
pre processing and the post processing is achieved 
on a SUN SUNBLADE 150 workstation. The 
engine is running on a DEC ALPHA SERVER. 
Each accident case is run over a duration of thirty 
milliseconds. Such a running duration corresponds 
to a CPU time of eight hours approximately. The 
different mechanical parameters that are calculated 
during the head impact are the following: 
� Brain pressure. 
� Brain Von Mises shearing stress. 
� Global strain energy of the brain/skull 

interface. 
� Global strain energy of the skull. 
� Deleted elements of the skull (in order to check 

the ability of the model to predict skull 
fractures). 

It is important to notice that for some of these 
cases, a secondary ground impact occurred (BP002, 
BP022, BP023, GP001 and GP002). It is possible 
for that secondary ground impact to generate 
injuries too. In the undergoing study, that impact is 
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not presented. It remains a perspective for ongoing 
studies. Thus, an observed injury that may not be 
predicted by the numerical tools that are developed 
in that study may occur in the secondary ground 
impact. This has obviously to be check in future 
studies and compared to the first impact on the 
vehicle�s windscreen or bonnet. 
 
RESULTS 
 
Introduction 
 
For each accident case, a table shows the calculated 
mechanical parameters that lead to the predicted 
injuries as well as the observed injuries. If the 
observed injury is indeed predicted, a green square 
appears. And if the observed is not predicted, a red 
square appears. Moreover, if a star appears in the 
predicted injury column, this means that it is not 
really possible to decide whether or not the injury is 
predicted: there could be an injury but there could 
also not be an injury 
 
BASC cyclist 001 (BC001) 
 

Table 5. 
BC001 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injury 

Brain 
pressure 

[kPa] 
150 

NO 
CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

55 SEV DAI SEV DAI 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

2923 SAH NO SAH 

Global strain 
energy of the 

skull 
[mJ] 

790 SF NO SF 

 
The Table 5 shows the results of the numerical 
accident reconstruction of case BC001. In that 
cyclist accident case, the numerical model predicts 
well the brain neurological injuries (which are 
severe) but is unable to predict the subarachnoidal 
haematoma as well as the skull fracture. Both these 
injuries can not occur in the secondary ground 
impact since such an impact is not mentioned in the 
accident report. Moreover, the model represents 
well the absence of injuries as brain contusion in 
that case. 
 

BASC Pedestrian 002 (BP002) 
 

Table 6. 
BP002 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injuryt 

Brain 
pressure 

[kPa] 
130 CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

25 SEV DAI 
MOD 
DAI 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

2261 SAH NO SAH 

Global strain 
energy of the 

skull 
[mJ] 

2167 SF SF* 

 
The Table 6 shows the results of the numerical 
accident reconstruction of case BP002. In that 
pedestrian accident case, it seems that the brain 
contusions and severe neurological injuries as well 
as the subarachnoidal haematoma are linked to the 
secondary ground impact since the first impact 
simulation does not predict these injuries. In fact, 
such a secondary ground impact is mentioned in the 
accident report. Nevertheless, the observed skull 
fracture is well predicted by the simulation even if 
it could be possible for the victim not to sustain 
skull fractures according to the prediction criterion. 
 
BASC pedestrian 022 (BP022) 
 
The Table 7 shows the results of the numerical 
accident reconstruction of case BP022. In that 
pedestrian accident case, the victim sustained brain 
contusions, brain severe neurological injuries, a 
subdural haematoma and a skull fracture. 
Nevertheless, none of these injuries is predicted by 
the model. Brain moderate neurological injuries are 
possible but not sure. Therefore, it seems clear that 
the whole injuries sustained by that victim may be 
linked to the secondary ground impact which is 
mentioned in the accident report. Another 
hypothesis could be that the complete accident 
reconstruction process is wrong and led to wrong 
inputs for the FEM of the human head, the car�s 
windscreen and the car�s bonnet. In fact, wrong 
data may have been collected on the accident scene 
or badly interpreted. 
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Table 7. 
BP022 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injury 

Brain 
pressure 

[kPa] 
110 CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

18 SEV DAI 
MOD 
DAI* 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

1601 SDH NO SDH 

Global strain 
energy of the 

skull 
[mJ] 

461 SF NO SF 

 
BASC pedestrian 023 (BP023) 
 

Table 8. 
BP023 numerical simulation results. 

 
Calculated 
Mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injury 

Brain 
pressure 

[kPa] 
1590 CONT CONT 

Brain 
Von Mises 

stress 
[kPa] 

80 SEV DAI SEV DAI 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

21737 NO SDH SDH 

Global strain 
energy of the 

skull 
[mJ] 

25642 SF SF 

 
The Table 8 shows the results of the numerical 
accident reconstruction of case BP023. In that 
pedestrian accident case, each specific observed 
injury is predicted by the simulation shall it be 
brain contusions, severe brain neurological injuries 
or skull fractures. Besides, the model predicts a 
subarachnoidal or subdural haematoma whereas 
such a vascular injury is not observed.  
 
 
 
 

GIDAS pedestrian 001 (GP001) 
 

Table 9. 
GP001 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injury  

Brain 
pressure 

[kPa] 
65 

NO 
CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

10 NO DAI NO DAI 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

651 NO SDH NO SDH 

Global strain 
energy of the 

skull 
[mJ] 

1618 NO SF NO SF 

 
The Table 9 shows the results of the numerical 
accident reconstruction of case GP001. In that 
pedestrian accident case, no injuries are observed. 
That fact is well represented by the impact 
simulation. It has to be noticed that a secondary 
ground impact is mentioned in the accident report. 
It will therefore be important to check whether or 
not that secondary ground impact generates injuries 
even if the victim did not sustain any injury. 
 
GIDAS pedestrian 002 (GP002) 
 

Table 10. 
GP002 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injury  

Brain 
pressure 

[kPa] 
126 

NO 
CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

16 
MOD 
DAI 

MOD 
DAI* 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

2305 NO SDH NO SDH 

Global strain 
energy of the 

skull 
[mJ] 

4818 NO SF SF 
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The Table 10 shows the results of the numerical 
accident reconstruction of case GP002. In that 
pedestrian accident case, the model predicts well 
the absence of brain contusions and subarachnoidal 
or subdural haematoma. None skull fracture is 
observed but this is not predicted in the impact 
simulation since the impact simulation predicts a 
skull fracture which is not observed in reality. 
Moreover, the moderate brain neurological injuries 
are well predicted by the simulation even if it could 
be possible for the victim to not sustain such an 
injury. 
 
INSIA pedestrian 002 (IP002) 
 

Table 11. 
IP002 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injury 

Brain 
pressure 

[kPa] 
100 

NO 
CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

18 
MOD 
DAI 

MOD 
DAI* 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

225 NO SDH NO SDH 

Global strain 
energy of the 

skull 
[mJ] 

1258 NO SF NO SF 

 
The Table 11 shows the results of the numerical 
accident reconstruction of case IP002. In that 
pedestrian accident case, the only injury that is 
sustained by the victim (i.e. moderate brain 
neurological injuries) is well predicted by the 
model. Moreover, the model predicts well the 
absence of brain contusions, subarachnoidal or 
subdural haematoma as well as skull fractures. 
None secondary ground impact is mentioned in the 
accident report. 
 
INSIA pedestrian 003 (IP003) 
 
The Table 12 shows the results of the numerical 
accident reconstruction of case IP003. In that 
pedestrian accident case, the only injury that is 
sustained by the victim (i.e. moderate brain 
neurological injuries) is predicted by the model but 
is only predicted in a severe range (which is 
possible but not yet sure). Moreover, the model 
predicts well the absence of brain contusions, 
subarachnoidal or subdural haematoma as well as 

skull fractures. None secondary ground impact is 
mentioned in the accident report. 
 

Table 12. 
IP003 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value  

Observed 
injury 

Predicted 
injury 

Brain 
pressure 

[kPa] 
88 

NO 
CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

35 
MOD 
DAI 

SEV 
DAI* 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

1176 NO SDH NO SDH 

Global strain 
energy of the 

skull 
[mJ] 

233 NO SF NO SF 

 
INSIA pedestrian 006 (IP006) 
 

Table 13. 
IP006 numerical simulation results. 

 
Calculated 
mechanical 
parameter 

Maximal 
value 

Observed 
injury 

Predicted 
injury 

Brain 
pressure 

[kPa] 
110 

NO 
CONT 

NO 
CONT 

Brain 
Von Mises 

stress 
[kPa] 

15 
MOD 
DAI 

MOD 
DAI* 

Global strain 
energy of the 

brain/skull 
interface 

[mJ] 

1270 NO SDH NO SDH 

Global strain 
energy of the 

skull 
[mJ] 

530 NO SF NO SF 

 
The Table 13 shows the results of the numerical 
accident reconstruction of case IP006. In that 
pedestrian accident case, the only injury that is 
sustained by the victim (i.e. moderate neurological 
injuries) is well predicted by the model. The 
prediction is possible but not yet sure. Moreover, 
the model predicts well the absence of brain 
contusions, subarachnoidal or subdural haematoma 
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as well as skull fractures. None secondary ground 
impact is mentioned in the accident report. 
 
DISCUSSION 
 
Brain contusions 
 
Three accident victims sustained brain contusions. 
One of these contusions was well predicted by the 
accident numerical simulation whereas two of them 
were not predicted. Nevertheless in both cases 
where the simulation did not predict brain injuries, 
a secondary ground impact occurred. It is therefore 
possible that the secondary ground impact was 
responsible for that kind of injury. Besides, six 
victims did not suffer from brain contusions and 
this was very well predicted by the accident 
numerical reconstruction for each of these six cases. 
 
Brain neurological injuries 
 
Only one victim did not suffer from brain 
neurological injuries shall they be moderate or 
severe. The accident numerical reconstruction 
predicted well the lack of injury in that specific 
case. Four accident victims sustained some 
moderate brain neurological injuries. For all these 
cases, the accident numerical reconstruction 
predicted moderate brain neurological injuries. Four 
victims suffered from brain severe neurological 
injuries. For two of them the model predicted well 
the injury patterns. Nevertheless for both remaining 
victims, the accident numerical simulation 
predicted brain moderate neurological injuries. 
Thus, the right injury pattern was predicted but not 
in the right range. 
 
Subdural or subarachnoidal haematoma 
 
Three victims sustained a subarachnoidal or a 
subdural haematoma consecutively to their 
accident. For all these three accident cases, the 
model was not able to predict that specific injury. 
Nevertheless, in two cases the accident report 
mentioned a secondary ground impact that may be 
responsible for the observed injury. Besides, six 
accident victims did not sustain any subarachnoidal 
or subdural haematoma. Only for of these six 
victims the accident numerical reconstruction 
predicted such an injury. Thus, for the five other 
accident cases, none subarachnoidal or subdural 
haematoma was predicted. 
 
Skull fractures 
 
Four accident victims revealed a skull fracture. For 
two of them, the model predicted well that specific 
injury. Nevertheless, for the two remaining victims, 
the accident numerical reconstruction was not able 
to predict any skull fracture. It can be noticed that 

for one of these two cases, the accident report 
mentioned a secondary ground impact that might be 
responsible for that observed injury. Moreover, five 
victims did not suffer from skull fractures. The 
model predicted that none occurrence of injury well 
for four victims. Thus the model predicted a skull 
fracture only for one victim that did not reveal any 
skull fracture. 
 
CONCLUSIONS AND PERSPECTIVES 
 
From an injury prediction point of view it can be 
concluded that the numerical tools that have used to 
reconstruct the real world accident cases under 
study are pretty good (i.e. the FEM of the human 
head, of the car�s windscreen and bonnet). 
Moreover, they are much more powerful to predict 
the absence of injury. It has to be underlined that 
statistical results have not been derived from that 
study since the number of accidents considered is to 
low at that level. Nevertheless, in some cases, the 
observed injuries were not predicted at all. But in 
the majority of these accident cases, a secondary 
ground impact was mentioned in the accident 
report. It is therefore desirable to reconstruct 
numerically the second part of the accident in order 
to evaluate the mechanical field parameters that are 
sustained by each victim at that level. It could 
therefore be useful to compare the outcomes of both 
impact numerical reconstructions to infer which 
impact is responsible for which injury. A further 
step would be to increase the numbers of accident 
cases in the database. In fact, the numerical 
reconstruction of a great number of different cases 
would allow leading a statistical approach in that 
framework. Another perspective lies in the 
improvement of the numerical models that are used 
for the reconstructions. In fact, efforts have still to 
be made to access to more accurate geometries as 
well as mechanical behaviour of the car�s bonnet 
and windscreen and of the human head. 
Nevertheless, even if models are powerful and 
reliable, the complete accident reconstruction 
process has to be controlled very accurately. 
Indeed, the initial conditions of the head impact 
against the striking structure have to be known with 
a great precision if conclusions should be inferred 
from such numerical tools. Therefore the 
kinematics of the whole pedestrians � and thus the 
whole pedestrian and car model � have to be 
calculated with a high accuracy. This has been 
possible in the framework of that cooperation work 
between different European Institutes but asked for 
tremendous efforts. It can be concluded that these 
results showed that such numerical models are good 
tools to predict human head injuries. However, the 
numerical tools used can only predict injuries 
reliably if both the pedestrian and vehicle side are 
modelled appropriately, i.e. with detailed FE 
structures with well validated material and contact 
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stiffness data. They will therefore be useful to 
improve the head protection devices i.e. the design, 
the conception, the evaluation and the optimization 
of cars� windscreens and bonnets against well 
defined injury criteria. 
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ABSTRACT 

In industrialized nations, more than 25% of road 
traffic fatalities concern pedestrians. In some large 
urban areas, pedestrians account for as much as 40 to 
50 percent of traffic casualties. To investigate 
pedestrian impact requirements for regulation in 
Europe, four full-scale pedestrian impact experiments 
were performed on embalmed PMHS. Two impacts 
were conducted in a standard condition with the 
PMHS laterally at the center line of the vehicle with 
the struck-side limb positioned anteriorly. The 2 other 
tests were a reconstruction of two real accidents and 
the PMHS were hit by the vehicle front laterally from 
¾ right. Each PMHS was instrumented to measure the 
acceleration at points along the lower limb, the pelvis, 
the head. Pedestrian height being an important factor 
in the type of injuries sustained, the vehicle profile in 
relation to pedestrian height was recorded. After each 
test, a necropsy of each PMHS revealed the injuries to 
the tested PMHS. The distribution of vehicle contact 
areas and throw distance were noted. Because the 
head and lower limbs are the most commonly injured 
body parts for adult pedestrians, with head injury 
being the main cause of fatality, the analysis was 
focussed on these two body parts. The kinematics 
response of the pedestrian surrogates head was 
measured using precisely located targets. In 
particular, head velocity and head impact angle on the 
windscreen have at the instant of the impact been 
evaluated. The results provide complementary data 
for future pedestrian test methods and biofidelity 
assessment of a pedestrian dummy. 
 
 
 
INTRODUCTION 
 

Pedestrian crashes constitute the most frequent 
cause of traffic-related fatalities worldwide. On 
Europe roads, around 6 000 pedestrians are killed 
every year [3]. This translates in a death rate for the 
EU for 2002 of 15.7 killed pedestrians per 1 Million 
inhabitants. In Australia this figure is 12.3, in the 
USA 16.4 and in Japan 21.8. In developing nations, 
the number of killed vulnerable road users is even 

higher. The high number of pedestrian accidents 
justifies more safety efforts worldwide.  

 
Full scale experimental studies were performed to 

represent condition of pedestrian accident. If impact 
configurations are complex and varied, nevertheless it 
can be seen that lateral impacts make up for 74% of 
pedestrian collision (Henary B, 2003). Chidester and 
Isenburg (2001) reports that 356 (68%) of the 
pedestrians struck were oriented with their side to the 
striking vehicle, with 89 (17%) facing the vehicle and 
53 (10%) facing away. 
 

Head (31.4%) and legs (32.6%) each accounted 
for about one-third of the AIS 2-6 pedestrian injuries 
(Mizuno, 2003). But pedestrian injuries depend on a 
lot of parameters as the subject anthropometry, the 
initial position of the pedestrian, the front-end vehicle 
geometry which influences its kinematics (Meissner, 
2004). 
 

Many tests have been performed to study the 
behaviour of the pedestrian positioned laterally at the 
vehicle center line in a mid-stance gait position 
(“standard position”). Kerrigan et al (2005) studied 
mainly the kinematics of the pedestrian lower limb 
during impact and the kinematics of the head just 
before impact on the windscreen.  The purpose of 
Kam’s study was to document the development of a 
full-scale pedestrian impact test plan for dummies and 
PMHS. These tests were designed to accurately 
reproduce the kinematics and some of the injuries 
experienced by pedestrians struck laterally. 

 
The primary objective of the current study was to 

examine the pedestrian behaviour according real 
accidents conditions. Four full-scale pedestrian 
impact experiments were performed on embalmed 
PMHS. Two initial positions of the pedestrian were 
studied. The first concerns the “standard position”, 
the pedestrian were struck laterally. The second is 
based on real accidents reconstructions, with a ¾ 
frontal right  pedestrian struck. 
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MATERIAL AND METHODS 
 
PMHS preparation and characteristics 
 

All PMHS were obtained and treated in 
accordance with the ethical guidelines approved by 
the Timone Faculty of Medicine in Marseille, and all 
PMHS testing and handling procedures were 
approved by the Ethical committee of the Faculty of 
Medicine too. The subjects were embalmed and 
preserved at 3°C in Winckler's preparation which is 
made of many standard embalming ingredients: 
phenol, alcohol, formalin, glycerin, sodium and 
magnesium sulfate, potassium nitrate. Based on 
Crandall study, this fluid distorts only a few of the 
properties of hard tissues and the results for Winkler 
fluid appeared to approximate most closely those of 
the fresh tissue (Crandall, 1994). It allows to keep 
supple the sampling and to preserve for several 
months the soft tissues elasticity. Prior to testing, 
anthropometrical measurements were made and X-
Rays radiographs of the body were taken to verify the 
osseous integrity. Mean anthropometric 
characteristics of PMHS used in this study are given 
in Table 1. 
 
 
 

Table 1. 
Cadaver Physical data 

 
 Test01 Test02 Test03 Test04 
Gender M M M M 

Age 88 74 85 80 
Height 
(cm) 

175 185 161 175 

Weight 
(kg) 

67 86 44 62 

 
 
 
Full scale methodology 
 

Prior to the vehicle striking him, the PMHS was 
maintaining in initial position by a neck harness. This 
harness was attached to a tension load cell which 
determined the timing of surrogate release. It was 
switched off 10 milliseconds before the impact so the 
subject was submitted to the gravity during the 10 ms 
before the impact. This allowed for the subject to be 
nearly freestanding at the initial bumper contact and 
to take into account the friction shoe-ground as it is in 
reality. After positioning of the subject was complete, 
the car was propelled by a horizontal catapult toward 
the pedestrian and was decelerated 10ms after the 
impact. 

 
Positioning 
 

Two aspects of pre-crash stance were considered 
for this study. Two impacts were conducted with the 
PMHS in standard position. The 2 other tests were a 
reconstruction of two real accidents. 
Standard position 

Body orientation: Pedestrian is impacted on its 
right side. A lateral impact was chosen as 
standard position because this position is 
representative of real world accidents as a 
majority of pedestrians are struck laterally by a 
vehicle. 
Leg positioning: both feet are in contact with the 
ground and support the body’s weight equally. 
The width between both feet was chosen to have 
a stable stance. 

Position in real accidents 
Body orientation: the PMHS were hit by the 
vehicle front laterally from ¾ right, at the center 
line of the vehicle 
Leg positioning: both limbs are in contact with 
the ground. The struck leg was back along the 
centerline of the vehicle. 

 
 
Test Matrix 
 

Four full-scale pedestrian impact tests were 
performed. The vehicle used for the standard tests are 
a small one (Test01) and a big one (Test02). 
 
 

Table 2. 
Test matrix 
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standard 

 

     standard 

 

 Real position 

 

Real position 
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39.2km/h 39.7km/h 29.7km/h 37.2km/h 

V
eh

ic
le
 

Small sedan Big sedan Small sedan Big sedan 
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Instrumentation and measurement 
 

The instrumentation was mounted on the posterior 
side of the subject to avoid damages in the 
instrumentation during impact. The PMHS was 
instrumented with accelerometers fixed on the lower 
limb and the head. Four high-speed video cameras 
operating at 1000 frames per second were placed in 
order to record the kinematics during the impact 
event. After the test, the car deformations, the Wrap 
Around Distance (WAD) to head strike was 
measured. The WAD corresponds to the distance 
between the head impact and the floor along the front 
end of the car. An in-depth necropsy was performed. 
Trajectory and velocity data for the head were 
calculated from films. 
 
 

RESULTS 
 
Accelerations of the tibia and head 
 

Head and proximal part of the tibia accelerations 
were recorded. Due to the variability in subject 
anthropometry, the PMHS responses were normalised 
to the standard characteristics of the 50th percentile 
male weighing 75kg (Eppinger, 1984). The scaling 
variable λ and the scaled test parameters with 
subscript s were expressed in terms of the initial 
parameters with subscript i in following equations. 

Scaling variable 3/1)/75( iM=λ  (1) 

Velocity is VV =  (2) 

Acceleration λ/is AA =  (3) 

Time is TT ×= λ  (4) 

Acceleration-time histories are presented in 
Figures 1-4 for each test. The time of initial contact 
between the vehicle bumper and the PMHS’s lower 
extremity was defined to be t=0.  
 

Head impact occurred earlier in the standard tests 
(around 120ms after leg impact) than in real 
reconstruction (around 174ms after leg impact). We 
noted higher acceleration levels in real reconstruction 
(103g-112g) than in standard tests (67g-90g) although 
impact velocity was lower, especially for the test03. 
Moreover, if head impact peaks are very short in the 
case of real accident, the head acceleration at the head 
impact is clearly longer. 

.

Figures 1-4 (a) show the tibia acceleration during the 
first 25ms because the study focussed on the knee and 
leg injuries associated to the front bumper impact. 
Tibia acceleration showed a first initial peak with 
peak values between 89g (test03) and 245g (test02-
test04), these two tests having been performed with 
the big sedans at a almost identical impact velocity. In 
test02, a second peak is recorded in the tibia 
acceleration around 3ms after the first one, with a 
peak value of 766g. After 15ms, in three tests (test01, 
test02, and test04) the tibia is accelerated again until a 
significant peak value. The analysis of these peaks 
will be proposed in the discussion according to 
necropsy results given the injuries sustained in each 
test. 
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Figure 1. Test01: tibia acceleration (a) and head 
acceleration (b). 
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Figure 2. Test02: tibia acceleration (a) and head 
acceleration (b) 
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Figure 3. Test03: tibia acceleration (a) and head 
acceleration (b). 
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Figure 4. Test04: tibia acceleration (a) and head 
acceleration (b) 
 
 
 
 
Kinematics 
 
An important parameter is the specific pedestrian 
kinematics. The cinematic response of the pedestrian 
PMHS was evaluated using photo targets mounted on 
the head, on the proximal and distal parts of the 
femur, and on the proximal and distal parts of the 
tibia. The motion of each photo target was measured 
by recording the location of each photo target from 
high speed video images. The frame coordinate 
system, defined by the view of the high speed imager, 
is fixed with respect to the laboratory. A vehicle 
coordinate system was defined too.  
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Figure 5. High speed video images for the lower limb. 
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Figure 6. High speed video images for the head. 
 
 
 
 

Figure 5 shows the kinematics of the first 
impacted lower limb during the first 25ms. The first 
contact occurred between the bumper and the leg, 
followed by the pelvis or thigh-to-bonnet edge 
contact. 
In the full scale tests in standard position, the right 
lower limb impacted then the left lower limb. This 
second impact occurred at 30ms in the test01, and at 
15ms in the test02. In the full scale tests in real 
situation, because of a more frontal initial position, 
the bumper impacted the second lower limb directly 
after 24ms in the test03 and after 26ms in the test04. 
 

Figure 6 shows the kinematics of the head. In each 
test a visual examination of the video data allowed to 
determine the time of head strike. The head impact 

velocity, in the vehicle coordinate system, and head 
impact angle were measured and are given table 3. 
There is a significant difference in the shape of the 
head trajectory with head impact angles between 33° 
and 50°. Head impact velocities differed too, and for 
an equivalent car impact speed in the same PMHS 
initial posture, they could be lower (test01) or higher 
(test04) than the impact vehicle velocity. 

 
 

Table 3. 
Impact velocity and angle of the head 

 
 Test01 Test02 Test03 Test04 
Head impact velocity 37km/h 58km/h 30km/h 46km/h 

Head impact angle 33° 50° 42° 42° 
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Necropsy 
 

After testing, radiographs were taken and pre- and 
post-radiographs of the both lower limbs were 
analysed and compared. The post test necropsy results 
are presented in table 4. Only one fracture of the tibial 
diaphysis was observed. Ligament damages were 
observed in 3 tests in which the anterior cruciate 
ligament of the first impacted leg, the right one, was 
always injured. The PMHS used in the test01 
sustained a lot of lower limb injuries, in particular 
bone damage were noted in the second impacted 
lower limb. 

 
Table 4. 

Necropsy results 
 
 Test 

01 
Test 
02 

Test 
03 

Test 
04 

Right knee     
Knee ligaments     

MCL ×   × 
LCL     
ACL × ×  × 
PCL ×    

Articular capsule ×    
Fracture of the femur     

internal condyle ×  ×  
external condyle     

Fracture of meniscus     
Fracture of the tibia     

plateau ×    
diaphysis  ×   
spine     
malleolus   ×  

Fracture of the fibula     
diaphysis  × ×  
malleolus     

Left knee     
Knee ligaments     

MCL     
LCL × ×   
ACL    × 
PCL     

Articular capsule ×    
Fracture of the femur     

internal condyle ×  ×  
external condyle ×    

Fracture of meniscus ×    
Fracture of the tibia     

plateau × ×  × 
diaphysis     
spine ×    

Fracture of the fibula     
diaphysis     
malleolus    × 

 

 
DISCUSSION-CONCLUSION 
 

Four full scale tests were performed with PMHS. 
In two tests, the pedestrian had an initial lateral 
position (standard position) and in the next two tests, 
the pedestrian was impacted by the vehicle front 
laterally from ¾ right with a significant lower car 
impact velocity in one case (test03). These different 
initial configurations induced different consequences 
on the lower limb accelerations, head impact 
velocities and head impact angles. 
 

The results have showed a higher tibia initial 
acceleration in two tests (test02 and test04). For both 
tests, the vehicle used was a big car and the impact 
speed around 39km/h. An identical impact velocity 
was chosen in test01 but the full scale test was 
performed with a small sedan. This suggests that 
shape and model of the car has an effect on the tibia 
acceleration more significant than car velocity only. 
Because of the small number of tests, this suggestion 
has to be confirmed 

 
In the pedestrian leg impact requirement, the 

acceleration measured at the upper end of the tibia 
shall not exceed 200 g. (DIRECTIVE 2003/102/EC) 
to avoid contact bone fractures. In this present study, 
only one tibial diaphysis fracture was listed, but the 
maximal acceleration was around 760g. Peak 
acceleration around 200g induced no bone fracture. 
But the impact locations of the lower leg depend 
directly on the posture and the height of the 
pedestrian. An improved understanding of the relation 
between bumper height and knee-joint injuries is 
need. 

 
Ligament injuries were noted in 3 tests, two tests 

being in standard position. With a lateral pure impact 
as test01, the knee was bent laterally without bone 
fracture; leading to medial collateral ligament injury 
Nevertheless in this kind of initial posture, the lateral 
position of the left lower limb in the tests induced 
injuries of collateral ligaments on the left knee while 
the ¾ right latero-frontal position of the PMHS in the 
tests in real configuration induced cruciate ligament 
injuries. The second tibia acceleration peaks, recorded 
15ms after the impact seem to be due these ligament 
injuries. 
 

The kinematics response of the head was analysed 
in the four tests. The head impact velocity and the 
head angle were calculated in the vehicle system to be 
compared to EEVC tests. Generally, between the time 
of initial impact and head impact, the pedestrian is 
accelerated up to the velocity of the vehicle. The ratio 
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of the head velocity to the car travel speed is 0.66 for 
the test01, 1.1 for the test02, 0.67 for the test03, and 
1.12 for the test04. These results are in agreement 
with the ratios reported by Pritz. for big cars and 
Cavallero et all (1983) for small cars; 
The head impact angle differed in the 4 analysed cars. 
The different pedestrian heights do not explain the 
variation in the measurement of the impact angle. An 
identical impact angle was found for two tests (test03, 
test04) while the pedestrian height was 161 cm 
(test03) and 175cm (test04). Moreover, the car 
velocity was higher in test04. 

The pedestrian head impact requirement, proposed 
by the EEVC, with an impact angle and a head impact 
speed not depending on the car geometry do not 
reproduce correctly real conditions of pedestrian 
accident. It appears that new requirement have to be 
develop more especially for the head protection. 
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ABSTRACT 
 
In order to improve the pedestrian safety during an 
impact with a vehicle, subsystem tests have been 
defined to evaluate the aggressiveness of the front-
end of cars. These subsystems tests have to be 
reproducible and are representative of the three 
decomposed impacts of the pedestrian with the car: 
lower leg on the bumper, upper leg on the hood, 
head on the hood or the windscreen. The velocity, 
angle and mass of the adult headform impactor and 
its impact area are invariable parameters. Upper 
legform impactor parameters are determined by 
vehicle characteristics. Lower legform impactor 
parameters are invariable (velocity and 
positioning). Nevertheless, these decoupled tests do 
not take into account the influence of the whole 
body on impacts. Therefore, it appears important to 
compare these subsystem tests with global 
conditions observed in real accidents. The objective 
of this paper is to perform this work on two French 
vehicles. Concerning the global conditions, four 
full-scale experimental tests with PMHS and the 
associating multibody numerical simulations were 
performed in classical (lateral impact for the 
pedestrian, centred for the vehicle) and real 
configurations. 
In that way, two real accidents have been chosen in 
this impact configuration with a velocity value 
close to 40 km/h. Each reconstruction of accidents 
is based on In-Depth Accident Investigation first. 

Then, a parametric study using multibody models, 
validated with an experimental test, gives a 
hypothetic initial configuration of the accident. This 
configuration is used to put on an experimental 
reconstruction. Then, results from numerical and 
experimental studies are compared for the adult 
headform, the upper legform and the lower legform 
impacts. Finally, a global comparison is analysed 
more specifically on injuries not include on the 
subsystem approach. These injuries are also 
compared to Accidental Database to know whether 
their proportion is important or not. 
 
 
INTRODUCTION 
 
From 1980 to 2001, pedestrian accident proportion 
decreased in France. Since 2001, this tendency has 
been reversed and from 2004, pedestrian accident 
proportion has increased up to 16% of total French 
road accidents [ONISR, 2007]. 
The standard pedestrian accident configuration is 
characterised by a vehicle frontal Impact (67%), a 
pedestrian lateral Impact (80-90%) and velocities 
lower to 50 km/h (85 %) [Robertson et al., 1966, 
Ravani and al., 1981, EEVC, 1982 and 1998, 
IHRA, 2001]. 
 
In 1998, the EEVC (European Enhanced Vehicle-
safety Committee) published a pedestrian 
protection evaluation report [EEVC, 1998]. This 
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document led to a European directive 
(2003/102/EC) applied in October [EC-OJ, 2003]. 
The objective was to improve the pedestrian safety 
by reducing the aggressiveness of the front end of 
the cars regarding pedestrians. This regulation is 
decomposed in two phases. The phase one is 
already in application while the phase two is carried 
out. Moreover, EEVC report led to consumerist 
tests. In Europe, Euro NCAP tests are performed in 
order to defend consumers. 
Four subsystem tests reproduce and represent the 
three decomposed pedestrian impacts with the car: 
lower leg, upper leg, adult head and child head. 
Test protocols are based on a specific impact 
configuration which corresponds to the standard 
one, with about 30-40 km/h vehicle velocity. 
From existing data in the field of accident statistics, 
biomechanics and test results of EEVC report, 
subsystems limitation parameters evaluate front-end 
vehicle aggressiveness with acceleration, HIC, 
force, moments, knee lateral shearing and bending 
HIC parameters. Head and leg subsystems tests 
protocols and injury criteria are independent of the 
vehicle. Concerning the upper leg protocol, it is 
dependant of the geometry vehicle. 
 
Therefore, it appears important to compare these 
subsystem tests with global conditions observed in 
real accident. The objective is in particular to 
evaluate the influence of the whole body on the 
kinematics because it is not taken into account in 
subsystems tests. What can be the disparities on the 
different impact characteristics (lower leg, upper 
leg and head impact) when all the pedestrian body 
is considered (global configuration) and when it is 
decoupled in several body segments (subsystem 
tests)? The aim of this paper is to perform this work 
on two French vehicles and two global 
configuration types. 

METHOD 

General overview 

Three types of pedestrian impact configurations 
were analysed and compared in this work. 
The first configuration corresponded to the impact 
protocols defined by the subsystems tests 
performed in the framework of the Euro NCAP 
consumerist tests [Euro NCAP, 2004]. These 
experimental results were considered as the 
reference because they were compared with global 
conditions. However, the subsystem “Child Head” 
was not studied because it could not be compared 
with the others configurations described below (the 
two real accidents involved adults). 
The second configuration was a global 
configuration corresponding to a standard accident 
(lateral impact on the pedestrian side and centred on 
the front of the vehicle). Two complementary 
approaches were used to study this configuration. 

An experimental one based on full scale tests using 
PMHS subjects and then a numerical one based on 
the associated multibody simulation. 
The third configuration concerned real accidents 
which have been reconstructed from an in-depth 
accident investigation. These real accidents have 
been selected close to the standard configuration. 
Such as for the previous global configuration, both 
experimental and numerical approaches have been 
used. But in this case, the numerical reconstruction 
was made firstly with multibody simulations before 
the experimental reconstitution [bSerre and al., 
2006]. 
This study was applied to two different vehicles: a 
Peugeot 206 and a Renault Twingo.  
So, in all, four full-scale experimental tests with 
PMHS and the corresponding multibody 
simulations were performed in addition to the Euro 
NCAP consumerists tests. 

Sub-system tests 

NCAP tests procedures are effectives in Europe 
(Euro NCAP), US (USNCAP), Japan (Japan 
NCAP) and Australia (ANCAP). The Euro NCAP 
introduced pedestrian protection since 1999. 
Modifications have been done in 2005 to introduce 
vehicle evaluation with a four stars scale. Tests 
methods and injury criterions are based on the 
1998’s EEVC report. 
This method, proposed by the EEVC (Figure 1, 
[Davies and Clemo, 1997]) represents adult head, 
child head, upper leg and lower leg impacts. Four 
instrumented subsystems are projected on specific 
vehicle areas to constitute six configurations: 

� Adult head to windscreen 
 Output parameters: HPC, maximal 

acceleration 
� Adult head to bonnet 
 Output parameters: HPC, maximal 

acceleration 
� Child head to bonnet 
 Output parameters: HPC, maximal 

acceleration 
� Upper leg to bonnet leading edge 
 Output parameters: force and moment 
� Upper leg to bumper 
 Output parameters: force and moment 
� Lower leg to bumper 
 Output parameters: knee bending and 

shearing, maximal acceleration 
 
Adult head to bonnet, child head to bonnet and 
upper leg to bumper were not analysed in this work. 
Firstly real and standard accidents included two 
adults. So child impact was not compared. 
Secondly, head impacts were located on the 
windscreen, so head impact to bonnet is not 
analysed. Thirdly, upper leg to bumper impact is 
used for SUV (Sport Utility Vehicle) and real 
accidents vehicle type is a sedan one. 
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Figure 1. Pedestrian protection test methods 
proposed by EEVC WG10 

Standard configuration tests 

In this configuration, pedestrian had a standard 
posture corresponding to a walk and a road 
crossing. The pedestrian impact was lateral (right 
side) and the vehicle one was frontal, located in the 
centre of the front end. 
About the full-scale experimental tests, they had 
been performed using Post Mortem Human 
Subjects (PMHS). They were preserved at 3°C in 
Winkler’s preparation [Winkler, 1974]. This 
injection method allows to keep supple the 
sampling and to preserve for several months the 
soft tissues elasticity. Medical team checked the 
joint range of physiological mobility. X-Rays 
radiographs of the body were taken and an 
anatomist surgeon checked the osseous integrity in 
two planes (sagittal plane and frontal plane). 
The subject is instrumented with accelerometers 
fixed on tibia, femur, pelvis, sternum, cervical 
vertebrae and head. (Figure 2) 

 

Figure 2. PMHS sensors location 

 

At the beginning of tests, subject had a standing 
position maintained by an electromagnetic system 
linked to the pedestrian head (Figure 3). Ten 
milliseconds before impact, this system released the 
subject.  
A horizontal catapult propelled the car. From three 
to seven high-speed video cameras operating at 
1000 frames per second were placed in order to 
record the kinematics during the impact event. 
 

 

Figure 3. Experimental subject initial position 

Concerning the numerical approach, full scale 
crashes simulations were performed using Madymo 
software [aSerre and al., 2006]. The pedestrian 
model is composed by thirty-five rigid bodies, 
thirty-five joints and eighty-two ellipsoids. 
Mechanical characteristic joints and bodies were 
based on biomechanical data [Yamada, 1970] 
[Kajzer, 1999]. The model can predict lower leg 
fracture and head injury criterion: 
� Ten bodies connected by joints compose 

lower legs. Two rupture criteria are fixed, 
shearing force and bending moment. 

� Head injuries are evaluated by the HIC 
criterion. 

The vehicle model represents the front end of a 
sedan vehicle type (windscreen, bonnet, bumper 
and spoiler) [Glasson and al., 2000]. Fourteen 
parameters compose its geometry (Figure 4). 
Mechanical properties of the different parts of the 
car have been implemented from the Euro NCAP 
experimental tests. 
 

 

Figure 4. Pedestrian and vehicle numerical 
models (Madymo®) 

Pedestrian and vehicle models were validated 
qualitatively and quantitatively in a pedestrian 
impact configuration with experimental tests 
comparison jointly by Chalmers University, 
Faurecia and Laboratory of Applied Biomechanics 
of INRETS [Yang et al., 1993], [Glasson et al., 
2000]. These tests were realised with PMHS and 
several different geometric vehicles (sedan) with 
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impact velocity from 30 km/h to 40 km/h 
[Cavallero and al., 1983]. 
 
In this work, two full-scale experimental tests with 
PMHS and the associating multibody numerical 
simulations were performed in this standard 
configuration. Characteristics of numerical and 
experimental tests are resumed in Table 1. 
 

Table 1. 
Standard configuration tests characteristics 

 Peugeot 206 Renault Twingo 
 Exp. Num. Exp. Num. 
Impact 
type 

Frontal 
centred 

Frontal 
centred 

Frontal 
centred 

Frontal 
centred 

Vehicle 
Velocity 

8.9 m/s 8.9 m/s 8.9 m/s 8.9 m/s 

Subject 
size 

1m54 1m54 1m58 1m60 

Subject 
mass 

46 kg 46 kg 61.5 kg 60 kg 

Subject 
age 

86 
years 

- 
86 

years 
- 

Real accident configuration tests 

Concerning the real configuration, a global 
methodology has been defined in order to propose a 
reliable accident reconstruction [bSerre and al., 
2006]. This methodology gathered three 
complementary approaches (Figure 5).  
Each accident reconstruction was based on In-
Depth Accident Investigation first. Then, a 
parametric study using multibody models gave a 
hypothetic initial configuration of the accident. This 
configuration was used to put on an experimental 
reconstitution and to validate the reconstruction. 
 

 

Figure 5. Different approaches in the 
reconstruction method 

Accidents were chosen from an in-depth 
investigation performed at the laboratory 
Accidental Mechanism Department of INRETS 
[Girard, 1993]. These accidentologic data gave 
information to develop a first hypothetic 
configuration. From this, a numerical parametric 
study was realised to fix unknown parameters such 
as the vehicle velocity, its deceleration, the initial 
pedestrian position, etc. Each result was compared 

to accidental data to be validated or not. For 
example, Figure 6 shows the kinematics for two 
different initial pedestrian postures. After iterative 
simulations, configuration which was closest to real 
accidental data was selected. Only this final 
reconstruction configuration is presented in this 
work. Finally, from this most probable numerical 
reconstruction, an experimental test was realised 
with the closest conditions. 
Characteristics of numerical and experimental tests 
are in Table 2. 
 

 

Figure 6. Example of two different 
configurations 

 
Table 2. 

Real configuration tests characteristics 

 Peugeot 206 Renault Twingo 
 Exp. Num. Exp. Num. 
Impact 
type 

Frontal 
shift 

Frontal 
shift 

Frontal 
shift 

Frontal 
shift 

Vehicle 
Velocity 

8.3 m/s 8.3 m/s 
11.2 
m/s 

12.2 
m/s 

Subject 
size 

1m61 1m65 1m60 1m60 

Subject 
mass 

44 kg 55 kg 65 kg 60 kg 

Subject 
age 

85 
years 

> 50 
years 

64 
years 

> 50 
years 

 

RESULTS 

Vehicle 1: Renault Twingo 

Head Impact 

Head impact parameters (Table 3) have been 
calculated in the vehicle skew for experimental and 
numerical results. Head angle and velocity 
correspond to a pre-impact time (5 ms before). 
Head acceleration and HIC were calculated during 
impact. 
 
For all Sedan vehicles, Euro NCAP 
head/windscreen impact angle is 65 degrees. In 
both standard configuration (numerical and 
experimental tests), angle values are close. These 
values are half the Euro NCAP angle value. In real 
configuration, numerical (21°) and experimental 
(42°) head impact angle values are different. 



  Chalandon 5 

Nevertheless, these values are lower than Euro 
NCAP defined angle. 
 
For all Sedan vehicles, Euro NCAP 
head/windscreen impact velocity is 11.1 m/s. In 
standard configuration tests, velocities are lower 
than Euro NCAP value. In real configuration, 
results are close to Euro NCAP. 
 
For the Euro NCAP Renault Twingo test, maximal 
impact acceleration result is 94 g and HIC is 486. In 
standard and real configuration, maximal impact 
accelerations are around 1.5 higher (up to 180) 
while HIC is lower. Because in the real 
experimental configuration case, a crash sensor 
record was failed, no data are provided in axe X. 
Acceleration resultant could not be calculated. 
 

Table 3. 
Head impact parameters results for Renault 

Twingo 

 Basic Conf. Real Conf. 
 Exp. Num. Exp. Num. 

Sub 
System 

Angle 30° 28° 42° 21° 65° 
Velocity 
(m/s) 

- 8.1 12.5 9.3 11.1 

Acc. (g) 
153 154 

y:  
z:  

180 94 

HIC 423 261 - 316 486 
 

Upper leg impact 

The upper leg impact parameters (Table 4) 
correspond to thigh impact. Upper leg angle 
represents thigh angle. Velocity corresponds to 
thigh impact velocity. Force represents the contact 
of thigh with the bonnet and the moment is the 
internal thigh bending moment. In experimental 
tests these parameters were not measured. 
 
For Renault Twingo vehicle, Euro NCAP upper 
leg/bonnet impact angle is 41.3°. In standard and 
real configurations, numerical values are 
respectively 35° and 48°. Euro NCAP value is 
included in these results. 
 
For Renault Twingo vehicle, Euro NCAP upper 
leg/bonnet impact velocity is 6.91 m/s. In both 
configurations, velocities are close to this defined 
value. 
 
For the Euro NCAP Renault Twingo test, impact 
force is 5100 N and bending moment is 312 N.m. In 
both configurations, Forces are lower than Euro 
NCAP value and bending moment are close. 
 
 
 
 
 

 
 

Table 4. 

Upper leg parameters results for Renault 
Twingo 

 
 

Numerical 
basic Conf. 

Numerical 
real Conf. 

Sub 
System 

Angle 35° 48° 41.3° 
Velocity 6.7 m/s 7.4 m/s 6.91 m/s 
Strain 2370 N 1800 N 5100 N 
Moment 365 N.m 300 N.m 312 N.m 
 

Lower leg impact 

Knee bending and shearing in experimental tests 
are not calculated due to the lack of accuracy to 
separate the two phenomenons of translation and 
flexion.  
 
For all Sedan vehicles, Euro NCAP lower 
leg/bumper impact velocity is 11.1 m/s. Real 
configuration velocity is close to Euro NCAP value 
while standard configuration velocity is lower. 
 
For the Euro NCAP Renault Twingo test, maximal 
impact acceleration is 205 g. Standard and real 
configuration results vary from 190 to 320 g. 
 
For the Euro NCAP Renault Twingo test, maximal 
knee bending is 33 degrees. Numerical results from 
both configurations are much lower. 
 
For the Euro NCAP Renault Twingo test, maximal 
knee shearing is 4.2 mm. Results from both 
configurations are close to this value. 
 

Table 5. 
Lower leg parameters results for Renault 

Twingo 

 Basic Conf. Real Conf. 
 Exp. Num. Exp. Num. 

Sub 
System 

Velocity 
(m/s) 

8.9 8.9 11.2 11.1 11.1 

Acc. (g) 190 320 324  290 205 
Bending - 8° - 4° 33° 
Shearing 
(mm) 

- 8 - 6.4 4.2 
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Vehicle 2: Peugeot 206 

Head Impact 

The head impact parameters (Table 6) have been 
calculated in the same way than Renault Twingo 
parameters. However, the Peugeot 206 subsystem 
test has been done in the localisation showed in the 
Figure 7. This localisation is an aggressive part of 
the windscreen border. In the reality, the contact 
between pedestrian head and windscreen occurs 
around the centre of this vehicle part. Values can 
not be compared because of this difference. 
Because in the standard experimental configuration 
case, a crash sensor record was failed, no data are 
provided in Y axe. Acceleration resultant could not 
be calculated. 
 
For all Sedan vehicles, Euro NCAP 
head/windscreen impact angle and velocity are 
respectively 65 degrees and 11.1 m/s. 
In standard configuration, numerical head angle 
(42°) and experimental head angle (61°) are 
different. In real configuration, numerical and 
experimental angles are equivalent (42° and 45°). 
These values are lower than Euro NCAP value 
except for the experimental standard configuration 
test. 
In standard and real configurations, velocities are 
lower than Euro NCAP value. 
 

Table 6. 
Head parameters results for Peugeot 206 

 Basic Conf. Real Conf. 
 Exp. Num. Exp. Num. 

Sub 
System 

Angle 61° 42° 42° 45° 65° 
Velocity 
(m/s) 

10.6 7.1 8.3 6.9 11.1 

Acc. (g) x: 74 
z: 63 

42.5 122.7 108 - 

HIC - 138 155 654 - 
 
 

 
Figure 7. Impact location of Sub-system tests for 

the Peugeot 206 evaluation 
 
 
 
 
 

Upper leg impact 

For Peugeot 206 vehicle, Euro NCAP upper 
leg/bonnet impact angle is 34°. In standard and real 
configurations, numerical values are respectively 
30° and 34°, close to Euro NCAP value. 
 
For Peugeot 206 vehicle, Euro NCAP upper 
leg/bonnet impact velocity is 7.9 m/s. In both 
configurations, velocities are lower than this 
defined value. 
 
For the Euro NCAP Peugeot 206 test, impact force 
is 2819 N and impact bending moment is 382 N.m. 
In both configurations, forces are lower than Euro 
NCAP value. Concerning bending moment, 
numerical value in standard configuration is lower 
and in real configuration is close to Euro NCAP 
result. 
 

Table 7. 

Upper leg parameters results for Peugeot 206 

 
 

Numerical 
basic Conf. 

Numerical 
real Conf. 

Sub 
System 

Angle 30° 30° 34° 
Velocity 5.9 m/s 4.8 m/s 7.9 m/s 
Strain 1950 N 1470 N 2819 N 
Moment 265 N.m 360 N.m 382 N.m 
 

Lower leg impact 

For all Sedan vehicles, Euro NCAP lower 
leg/bumper impact velocity is 11.1 m/s. In both 
configurations, velocities are lower. 
 
For the Euro NCAP Peugeot 206 test, maximal 
impact acceleration is 150 g. Standard and real 
configuration results vary from 100 to 360 g. 
 
For the Euro NCAP Peugeot 206 test, maximal 
knee bending is 30°. Results from both 
configurations are close to this value. 
 
For the Euro NCAP Peugeot 206 test, maximal 
knee shearing is 4 mm. Numerical results from both 
configurations are much higher. 
 

Table 8. 

Lower leg parameters results for Peugeot 206 

 Basic Conf. Real Conf. 
 Exp. Num. Exp. Num. 

Sub 
System 

Velocity 
(m/s) 

8.9 8.9 8.3 8.3 11.1 

Acc. (g) 360 170 100 155 150 
Bending - 32° - 40° 30° 
Shearing 
(mm) 

- 27 - 32 4 

 
 



  Chalandon 7 

DISCUSSION 

Head impact 

Impact angle values are lower than Euro NCAP 
value except for one case. 
Angles vary with vehicle geometry and between 
simulations and experimental tests for some cases. 
Result variability between numerical and 
experimental tests seems to be the consequence of 
articular behaviour variability of PMHS and 
articular behaviour invariability of numerical 
pedestrian model. 
This variability between vehicle types seem to be 
the consequence of geometrical vehicle parameters 
(windscreen angle), PMHS size, weight and 
articular laxity. 
 
Impact velocities are globally lower than Euro 
NCAP defined value, except for Peugeot 206 tests 
in real configuration. In this test, vehicle velocity is 
close to Euro NCAP accident configuration (11.1 
m/s). Euro NCAP head velocity seems to be 
relevant. 
 
With impact velocities, lower than Euro NCAP one, 
maximum accelerations during impacts are one and 
half higher. In opposition, HIC is lower. 
These differences can be explained by variability of 
parameters like impact angle, impact velocity and 
material behaviour used to represent pedestrian 
head in Euro NCAP tests. 
 
What can be the disparities on the head impact 
characteristics when all the pedestrian body is 
considered (global configuration) and when it is 
decoupled in the head subsystem? 
From these results, head angle seems to be 
overvalued while velocity seems to be relevant. 
Concerning head angle in Euro NCAP, it is defined 
with regard to a horizontal line and not to the 
windscreen line. It should be more adapted to fix 
head subsystem angle with windscreen orientation. 
 

Upper leg impact 

Upper leg angle in standard and real configuration, 
for numerical and experimental tests, are close to 
Euro NCAP value. Moreover, angles seem to be 
dependant from vehicle. Euro NCAP upper leg 
angle value and its vehicle specificity might be 
relevant. 
 
Euro NCAP Renault Twingo velocity is included 
between real and standard configuration thigh 
velocities. 
About Peugeot 206 results, velocities are lower than 
Euro NCAP velocity. Peugeot 206 impact velocity 
seems to be overvalued for upper leg impact. 
Nevertheless, impact velocity vehicle dependence 
seems relevant. 

 
Impact forces are always lower than Euro NCAP 
results. This test seems to overvalue this impact 
parameter. 
 
Euro NCAP thigh bending moments seem to be 
relevant. In Renault Twingo case, Euro NCAP 
value is close to numerical results and in the 
Peugeot 206 case, Euro NCAP value is higher than 
results. 
 
What can be the disparities on the upper leg impact 
characteristics when all the pedestrian body is 
considered (global configuration) and when it is 
decoupled in the upper leg subsystem? 
From these results, vehicle velocity dependence, 
vehicle angle dependence and angle values seem to 
be relevant. About velocities parameter, it seems to 
be relevant for Renault Twingo vehicle and 
maximized for Peugeot 206 vehicle. Nevertheless, 
impact forces are too high in Euro NCAP 
configuration. 
 

Lower leg impact 

Leg impact velocity corresponds to impact vehicle 
velocity. Standard tests were realised with an 8.9 
m/s vehicle velocity. In real configuration, Peugeot 
206 case corresponds to a crash velocity close to 
Euro NCAP configuration. 
 
Between experimental and numerical tests, 
maximum acceleration values vary. These 
differences seem to come from vehicle geometry, 
pedestrian initial position, cadaveric rigidity and 
mechanical properties of numerical models. 
Moreover, Euro NCAP results do not maximised 
real and standard configuration results. In these last 
configurations, it is the vehicle which impact 
pedestrian. In Euro NCAP protocol, it is the leg 
which impact the vehicle. 
 
In the Renault Twingo case, the low lateral knee 
bending in standard configuration comes from knee 
kinematics. Indeed, the first knee kinematical 
movement is a lateral flexion (8°), then a posterior 
flexion (13°) and torsion (16°). In this case, initial 
pedestrian position corresponds to a right leg ahead 
and the impact side is on the right. During the first 
time of impact, pedestrian turn progressively his 
back to the vehicle. So, posterior flexion is 
maximized, lateral flexion is minimized. Knee 
lateral shearing is minimized too, and it is close to 
Euro NCAP value. 
In real configuration, for Renault Twingo case, 
pedestrian turn back a little to the vehicle. His 
kinematics movement minimized lateral bending 
and shearing. 
These cases are not critical pedestrian leg case for 
knee injured kinematics. 
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In Peugeot 206 cases, maximum of lateral knee 
bending are more important and reach 32° and 40°, 
close to Euro NCAP results. Lateral knee shearing 
reaches 27 and 32 mm. These kinematics are 
different with Renault Twingo ones. Lateral knee 
bending and shearing are maximised. 
 
What can be the disparities on the lower lag impact 
characteristics when all the pedestrian body is 
considered (global configuration) and when it is 
decoupled in the lower leg subsystem? 
From these results, Euro NCAP velocity value 
seems to be relevant. Lower leg sub-system seems 
to represent critical value in lateral bending, while 
it do not correspond to critical value in lateral 
shearing for knee. 
 
CONCLUSION 
The aim of this work is to compare Euro NCAP 
subsystem protocols and results with two full-scale 
configurations, standard and real, in order to 
evaluate disparities on the different impact 
characteristics when all the pedestrian body is 
considered (global configuration) and when it is 
decoupled (subsystem tests). Full-scale 
configurations are performed on two French vehicle 
using two complementary approaches, numerical 
simulation and experimental tests. 
Some differences have been observed between 
subsystem characteristics and body segment 
impacts coming from full-scale configurations. 
Concerning head impact, the defined angle by Euro 
NCAP is globally higher and could be adapted with 
the vehicle geometry. The corresponding defined 
velocity by Euro NCAP seems to be adapted. 
Concerning the upper leg impact, all Euro NCAP 
parameters are relevant to the global configurations 
except for the fixed Peugeot 206 velocity which is 
maximized. 
Concerning lower leg impact, subsystem protocol 
parameters are adapted, represents knee bending 
critical case but does not represent knee shearing 
critical case. 
This work has been done only on two vehicles 
(Renault Twingo and Peugeot 206) but will be 
extended to other vehicles in order to evaluate more 
accurately the influence of vehicle geometry, speed, 
etc. New vehicles which have a good evaluation in 
Euro NCAP will be tested in particular. 
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ABSTRACT 
 
Roadside safety barriers are designed to deflect 
errant vehicles back onto the carriageway, 
preventing them from encountering potentially 
dangerous off-road hazards or crossing into the 
opposing carriageway on dual carriageways. 
However, there are concerns that SUVs and MPVs, 
by virtue of their greater mass and height, may not 
be well catered for by the current design of safety 
barrier, which is tested to withstand an impact with 
a 1500kg standard car. 
 
An analysis of National accident statistics (all 
police-reported injury accidents in Great Britain) is 
presented, which indicates that the occupants of 
these larger vehicles generally incur less severe 
injuries than occupants of standard cars. Only a 
small proportion of road accidents involve barrier 
strikes, and the involvement of a barrier is 
associated with increased likelihood of rollover and 
increased injury severity for occupants of all 
vehicle types. These increases in rollover incidence 
and injury severity are found to affect SUVs and 
MPVs much more than standard cars (rollover 
incidence rises by factors of 4 for cars, 7 for SUVs 
and 9 for MPVs). 
 
However, detailed information on a small number 
of barrier strike accidents involving SUVs or 
MPVs taken from TRL’s in-depth accident 
databases (10 cases in total) indicates that the 
barriers themselves may not be to blame. The 
barriers are found to exceed their design 
specification in a number of cases, and the cause of 
the accident is found in several cases to be 
difficulty in controlling these larger vehicles in 
extreme situations. 
 
Despite the limitations of a lack of detail in the 
national accident statistics and a small number of 
cases for in-depth analysis, this study nevertheless 
offers a useful insight into an accident scenario in 
which SUVs and MPVs become less safe for their 
own occupants than standard cars. 
 

INTRODUCTION 
 
Roadside safety barriers, also known as vehicle 
restraint systems, are designed to contain errant 
vehicles, preventing them from encountering 
potentially dangerous off-road hazards or crossing 
into the opposing carriageway on dual 
carriageways. However, there are concerns that 
Sports-Utility Vehicles (SUVs) and Multi-Purpose 
Vehicles (MPVs), by virtue of their greater mass 
and height, may not be well catered for by the 
current design of safety barrier in the UK, which is 
tested to withstand a 1500kg standard car 
impacting at 70mph (112kph) at an angle of 70o. 
 
In terms of sales, the UK market share of SUVs has 
grown from 3% to 6% over the 15 years from 1990, 
and that of MPVs has more than doubled to a peak 
of 22% in 2001, though this has dropped back to 
20% in the last few years. However, 
proportionately more SUVs are involved in 
accidents, which may imply that there are more of 
them in the vehicle fleet. This could be explained 
by the fact that SUV-type vehicles have existed for 
a long time, whereas MPV numbers are growing 
from a much smaller base. As a result of this 
increasing market penetration, any problems 
associated with the crash characteristics of these 
vehicle types are likely to grow as time goes on. 
 
We therefore set out to determine the nature of real 
world crashes involving these larger vehicles, to 
determine whether differences exist between their 
crash characteristics and those of standard cars, 
particularly when vehicle restraints are struck and, 
if so, to quantify the size of the problem. There is 
currently a shortage of information on vehicles of 
this type, which fall somewhere between cars and 
light goods vehicles (LGVs) in terms of size; 
indeed, some of the larger MPVs are little more 
than vans with windows and seats. However, in 
contrast to LGVs, which generally do not carry 
passengers, and which tend to be driven by 
professional drivers, the vehicles of interest are 
frequently used to transport families, so they have 
the potential to produce a greater number of 
casualties in any collision.  
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MATERIALS AND METHODS 
 
National road accident data for Great Britain 
(England, Scotland and Wales - GB) were analysed 
for the years 1995 to 2004 inclusive. All injury 
road crashes are required to be reported to the 
police, who compile a standard set of data about 
the crash circumstances, which is subsequently 
entered into the national Stats19 database. Only a 
fairly crude categorisation of vehicle types is 
possible from this data source, with most SUVs and 
MPVs being simply classed as “cars”. Our analysis 
subset was therefore defined as “all injury road 
accidents involving at least one car-type vehicle”. 
It is possible that some SUVs and MPVs may have 
been miscoded as a non-car vehicle type, and so 
might be excluded from the subset. However, since 
the most likely collision partner for any vehicle is a 
car, a large proportion of these miscoded vehicles 
would still be included because their collision 
partners would make the accident eligible. 
 
Using vehicle registration marks (VRMs), this 
subset can then be linked to the national vehicle 
registration and licensing database, giving make 
and model information on the vehicles involved. 
By comparing this to a standard list of SUV and 
MPV makes and models drawn up for the purpose 
(see Appendix, Tables A1 & A2), these vehicle 
types could be identified in the road accident 
statistics. This process was not perfect, since errors 
at the data collection stage, either in recording the 
VRM, or in mixing up the VRMs between the 
vehicles in an accident could result in a blank 
record being returned or even the wrong make and 
model being assigned. Thus it is sometimes 
possible to see Porsche Carrera bicycles or Harley 
Davidson heavy goods vehicles involved in 
accidents. This problem was found to be worse in 
some years than others, but as far as could be 
ascertained, it never affected more than about 0.2% 
of vehicles. Sometimes the police do not see the 
vehicle involved and so do not record the VRM. 
This can happen in hit-and-run pedestrian 
accidents, where the vehicle is not traced, or 
possibly in some minor accidents which may only 
come to the attention of the police when the 
casualties attend hospital. Even when the linking 
was successful, the data from the licensing 
database was sometimes found to be incomplete, 
with only the make of the vehicle being available, 
so that it was not possible to say whether this was a 
standard car or an SUV or MPV. Because of this, 
five categories of vehicles were recognised in the 
analysis: 
 
SUV: Make/model data available and identified 

from Table A1 
MPV: Make/model data available and identified 

from Table A2 

Car: Car-type vehicle, make/model data 
available and not an SUV or MPV 

Other car: Car-type vehicle, make/model data not 
available or incomplete 

Other vehicle: Any other vehicle, regardless of 
whether make/model data was available. 

 
The “Other car” category doubtless contains some 
SUVs and MPVs, but they are not identifiable. 
 
Another difficulty associated with this linking 
related to geographical bias. VRM-linked data has 
not always been available; the process was 
introduced in the early 1990s, involving data from 
just a few police force areas, and national coverage 
was not achieved until 1997. Data in our sample 
from 1995 and 1996 lacked information from 
several large urban police force areas and was 
noticeably anomalous as a result. These years have 
been excluded from the results presented here. For 
the remaining eight years, VRM-linked data was 
available for 80±2% of all accidents. 
 
In each of the years studied, the overall sample 
sizes were of the order of 250,000 known cars, 
6,500 SUVs and 3,500 MPVs. 
 
RESULTS AND DISCUSSION 
 
Driver Characteristics 
 
For cars, the proportion of accident-involved 
vehicles with male drivers was found to exhibit a 
slight hint of a downward trend, from 63% to 61% 
over the study period. Both SUVs and MPVs had 
slightly higher proportions of male drivers, but 
with a more pronounced downward trend from 
68% to 62%. SUVs were significantly different 
from cars in this respect in all years. There were 
also differences in the ages of the drivers, as shown 
in Figure 1 which, for each of the eight years in the 
study period, shows the numbers of each accident-
involved vehicle type with drivers under 36 years 
old as a proportion of the total number of accident-
involved vehicles of that type in that year: 
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Figure 1.  Vehicles with drivers under 36 years 
old. 
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The accident-involved car driving population 
appears to be getting older, with a downward trend 
in the number of drivers under 36 years old. 
Reasons for this could possibly include 
demographic changes in the age structure of the 
population, an improvement in the accident 
involvement rate of young drivers, or some other 
factor. The proportions for SUV and MPV drivers 
show similar downward trends, converging in 
2003/04 at about 20 percentage points lower than 
cars, with just under 30% less than 36yrs, 
compared to just under 50% of car drivers. In 
general, this can probably be explained in terms of 
the drivers’ financial and social situations, with 
cost and image value probably making a standard 
car more attractive to a young vehicle buyer. SUVs 
and MPVs are both significantly different from cars 
as regards driver age in each of the eight years 
studied. 
 
Injury Outcomes 
 
Figure 2 compares known standard cars with SUVs 
and MPVs for each of the eight years considered, 
with respect to the highest injury severity recorded 
for the vehicle occupants (vehicles which hit 
pedestrians are excluded). For each vehicle type, 
the percentages indicate the number of vehicles 
with killed or seriously injured occupants as a 
proportion of all accident-involved vehicles of that 
type in that year. See Appendix for definitions of 
injury severity terms. 
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Figure 2.  Vehicles with killed or seriously 
injured occupants. 
 
The well-documented reduction in the rate of killed 
or seriously injured (KSI) occupants in GB over the 
study period is quite clear. The KSI rate in SUVs 
and MPVs is consistently lower than in cars (and 
this is statistically significant in each of the years 
considered), giving credence to the widely-held 
perception that these vehicles are safer for their 
occupants. Amalgamating the figures for all eight 
years, the KSI rates for SUVs and MPVs are both 
about 75% of the KSI rate for cars. The reason for 
this is probably related to the fact that the most 
likely collision partner is a smaller, lighter, 

standard car; incompatibility between cars and 
SUVs in particular is a well-recognised problem, 
with cars most likely to come off worse in any 
collision. This perception could change if the 
numbers of SUVs and MPVs were to rise to the 
point where the most likely collision partner is 
another SUV or MPV. Comparison of the three 
types of vehicle with respect to the numbers of 
uninjured occupants confirms that occupants of 
SUVs and MPVs are more likely to walk away 
from a crash uninjured than are car occupants. 
 
Accident circumstances 
 
Figure 3 is based on accidents involving 
pedestrians, where the pedestrian strike was the 
only impact which the vehicle experienced. Again, 
for each vehicle type, the figure shows the number 
of vehicles striking pedestrians as a proportion of 
all accident-involved vehicles of that type in that 
year. 
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Figure 3.  Vehicles in pedestrian accidents (no 
other vehicle involved). 
 
There is a steady decline over the study period in 
the proportion which pedestrian/car accidents form 
of all car accidents, from about 10% to about 8%. 
Over the same period, pedestrian/SUV accidents as 
a proportion of all SUV accidents have remained 
fairly constant at about 8%, while the figures for 
MPVs have climbed from about 9.5% to 10% 
before dropping back to about 9% in 2003-04. 
Overall, the figures for MPVs are consistently 
higher than those for SUVs, and this may be a 
reflection of different road environments that these 
vehicle types are used in. It is interesting that 
neither SUVs nor MPVs are following the 
downward trend in pedestrian accidents seen for 
cars. 
 
Figure 4 compares the three vehicle types with 
respect to the proportions which are involved in 
single-vehicle accidents (SVAs). It is interesting 
that the incidence of SVAs among cars rose by five 
percentage points to 20% over the eight years 
studied. Relative to cars, SUVs have historically 
had a higher proportion of SVAs, though they have 
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converged over the last three years of the study 
period. MPVs, on the other hand, show a lower 
involvement rate in SVAs over the whole eight 
years, with no indication of likely convergence in 
the future. 
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Figure 4.  Vehicles in single-vehicle accidents 
(no pedestrian involved). 
 
Figure 5 looks at vehicles which overturned during 
the accident. The data available are not sufficiently 
detailed to enable us to determine whether the 
rollover occurred before or after the first impact, 

 nor whether the roll was the most injurious event. 
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Figure 5.  Vehicles overturning. 
 
Clearly, SUVs are roughly twice as likely to 
overturn in an accident as cars are, although there 
is a rising trend among cars which is not seen for 
SUVs. These differences are statistically significant 
in each of the eight study years. MPVs, on the 
other hand, are slightly less likely to overturn than 
cars, but the differences are only significant in the 
final three years. Table 1 shows how injury 
outcome is affected by rollover. 
 

Table 1. 
Overturning vehicles by occupant injury severity and vehicle type (no pedestrian involved) 

 
Car SUV MPV Maximum severity 

in vehicle Number % Number % Number % 
Injured  55973 97.1 3146 95.1 775 95.2 
Uninjured 1662 2.9 162 4.9 39 4.8 
KSI 12260 21.3 645 19.5 152 18.7 
Slight & uninjured 45375 78.7 2663 80.5 662 81.3 
Totals 57635 100 3308 100 814 100 

 
Because rollover is a relatively rare occurrence, 
this table amalgamates the figures from the entire 
eight year period. Vehicles which struck 
pedestrians are excluded. Comparing this to Figure 
1, we see that the KSI rate for all three vehicle 
types has, as might be expected, risen. The KSI rate 
for cars is 21% when rollover occurs, compared to 
an average of about 6% in Figure 1. However, 
SUVs and MPVs, are much more badly affected by 
rollover, with their KSI rates now much closer to 
those of cars, whereas previously their KSI rates 
were only about 75% of that for cars. 
 
Figure 6 shows the proportion of vehicles which 
left the carriageway, either before or after impact. 
Cars show a rising trend from 2000 on, to such an 
extent that by 2004 a higher proportion of cars than 
SUVs leave the carriageway, whereas historically, 
SUVs were more likely to go off the road. MPVs 
appear to be much less likely to leave the 
carriageway than either cars or SUVs. 
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Figure 6.  Vehicles leaving the carriageway. 
 
The data available includes details of the objects 
struck by vehicles which left the carriageway. 
Although some 13% of cars and SUVs leave the 
carriageway, only about 10% strike anything in the 
process. Similarly, only about 7% of all MPVs 
strike anything off the carriageway. Table 2 gives 
details of the off-carriageway objects struck, using 
amalgamated data from all eight years. 
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Table 2. 
Vehicles by Off-Carriageway Object Struck and Vehicle Type 

 
Car SUV MPV Object struck 
Number % Number % Number % 

Road sign/signal 16514 8.5 359 7.1 180 9.0 
Lamp post 20421 10.5 316 6.3 172 8.6 
Telegraph pole 7022 3.6 162 3.2 60 3.0 
Tree 28182 14.5 693 13.7 276 13.7 
Bus stop/shelter 1220 0.6 20 0.4 10 0.5 
Central barrier 14813 7.6 453 9.0 210 10.5 
Road side barrier 14512 7.5 391 7.8 174 8.7 
Submerged 225 0.1 7 0.1 2 0.1 
Entered ditch 17473 9.0 638 12.7 216 10.8 
Other object 73802 37.9 1986 39.4 701 34.9 
Not coded 567 0.3 16 0.3 7 0.3 
Totals 194751 100 5041 100 2008 100 

 
The two barrier categories (central and road side) 
together account for about 15% of the off-
carriageway objects struck by cars, the proportions 
being somewhat higher for SUVs and MPVs. 
Overall, however, less than 1.5% of all accident-
involved vehicles strike safety barriers. This is a 

fairly small proportion, but Tables 3 and 4 
demonstrate that barrier strikes, while being 
associated with significantly worse outcomes for 
all vehicle types, have a particularly adverse effect 
on SUVs and MPVs. 
 

 
Table 3. 

Vehicles by overturning, barrier contact and vehicle type 
 

Car SUV MPV Vehicle 
overturning Number % Number % Number % 
No barrier strike       
Overturn  57879 2.9 3316 6.1 818 2.5 
No overturn 1966998 97.1 51442 93.9 31761 97.5 
Total 2024877 100 54758 100 32579 100 
Barrier strike       
Overturn 3213 11.0 348 41.2 88 22.9 
No overturn 26112 89.0 496 58.8 296 77.1 
Total 29325 100 844 100 384 100 

 
Table 4. 

Vehicles by occupant injury severity, barrier contact and vehicle type 
 

Car SUV MPV Vehicle 
overturning Number % Number % Number % 
No barrier strike       
KSI 109880 6.0 2327 4.6 1278 4.4 
Slight & uninjured 1725611 94.0 47975 95.4 28094 95.6 
Total 1835491 100 50302 100 29372 100 
Barrier strike       
KSI 3566 12.2 134 16.0 45 11.7 
Slight & uninjured 25570 87.8 703 84.0 339 88.3 
Total 29136 100 837 100 384 100 

 
The top half of table 3 is similar to Figure 5, and 
shows SUVs being more than twice as likely as 
cars to roll over in accidents generally, with MPVs 
being slightly less likely than cars to roll. The 

lower half of the table is based on the subset of 
vehicles which struck barriers, and shows a more 
than three-fold increase in rollover incidence for 
cars. This is likely to be related to the fact that 
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barriers are generally installed on high-speed roads, 
where any impact is more likely to result in the 
vehicle overturning. However, the figures for 
SUVs and MPVs indicate that these vehicle types 
are much more badly affected in these 
circumstances, with rollover incidence increasing 
by factors of nearly 7 for SUVs and 9 for MPVs. 
These differences are statistically significant for all 
three vehicle types. 
 
We have already seen (Table 1) that the KSI rate is 
particularly badly affected by rollover for SUVs 
and MPVs. Table 4 gives the injury outcome data 
for vehicles striking barriers, whether they 
overturned or not. Again, this uses amalgamated 
data from all eight years, and excludes vehicles 
striking pedestrians. 
 
The top half of Table 4 gives information similar to 
that in Figure 2 – that is, the KSI rate for SUVs and 
MPVs is about 75% of that for cars. The lower half 
of the table gives the results for barrier strike 
crashes and shows that, in these circumstances, 
SUVs become significantly less safe than cars in 
terms of the KSI rate, while MPVs become only 
slightly safer than cars. These results are consistent 
with Tables 1 and 3 above, where overturning was 
shown to have a disproportionately deleterious 
effect on injury outcome for SUVs and MPVs 
compared to cars, and the incidence of overturning 
was also shown to be disproportionately higher for 
SUVs and MPVs when a barrier was involved. 
 
CASE STUDIES 
 
In addition to the analysis of national statistics 
presented above, a small number of police reports 
on cases where an SUV or MPV had hit a barrier 
were available for detailed study. These cases were 
drawn from a collection of some 30,000 police 
reports on fatal accidents held by TRL, spanning 
the years 1986 to 2005. Table 4 indicates that there 
were 179 KSI cases over the study period, and of 
these, 23 involved a fatality. The police reports on 
ten of these cases were available. The results of 
these case studies, in most cases, indicated that the 
barriers themselves were not the cause of the 
problem. In a number of cases, the barriers out-
performed their specification in retaining these 
heavier vehicles on their own carriageway. There 
was no compelling evidence to indicate that the 
barriers were instrumental in causing the vehicles 
to roll over. In a number of cases, the barrier strike 
was only a glancing blow, and the loss of control 
and rollover could be attributed to over-reaction by 
the driver in terms of steering input in an attempt to 
regain the carriageway proper. In other cases, the 
vehicle was already completely out of control 
before the barrier strike. High speed was a factor in 
most of the cases, and the overall conclusion was 

that the problem lay in drivers’ inability to control 
their vehicles at high speeds in extreme situations. 
 
Only one case gave cause for concern. Here a 
stepped approach to a barrier was felt to have been 
instrumental in launching an SUV over the barrier 
into the opposing carriageway. This occurred 
despite the barrier being higher than normal 
specification would allow. It may be that such a 
stepped approach would be better avoided if 
possible. 
 
CONCLUSIONS 
 
1. There are significant differences between SUVs 
and MPVs and cars in terms of their accident 
characteristics. These can be summarised as 
follows: 

a. SUVs and MPVs are slightly more likely to be 
driven by males than cars are, and the average 
age of these drivers is significantly greater than 
that of car drivers. 

b. MPVs are more likely than cars to have 
accidents involving pedestrians. SUVs have 
historically shown the opposite tendency, but 
they have converged with cars in this respect 
recently. MPVs are less likely than cars to have 
single-vehicle accidents, but both cars and MPVs 
show a rising trend over time. SUVs have 
historically been more likely than cars to be 
involved in SVAs, but again they have 
converged in recent years. 

c. Occupants of Group vehicles are significantly 
less likely to be killed or seriously injured and 
more likely to be uninjured compared to car 
occupants. 

d. SUVs are significantly more likely to overturn 
during an accident than are cars. MPVs in recent 
years have shown a slight tendency in the 
opposite direction. 

e. Historically, SUVs have been more likely than 
cars to leave the carriageway, but a rising trend 
among cars has resulted in the opposite being the 
case in recent years. MPVs are significantly less 
likely to leave the carriageway than is the case 
for cars. 

f. Less than 1.5% of all the accident-involved 
vehicles studied hit safety barriers when they 
leave the carriageway. 

g. Barrier impacts are associated with increased 
incidence of rollover and higher injury severity 
outcome for all vehicle types, but 
disproportionately so for SUVs and MPVs. 
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2. Analysis of a small sample of cases from TRL’s 
Fatal Accident File collection has indicated: 

a. In most of the crashes the barrier out-
performed its specification in terms of the mass 
of the striking vehicle and the speed and angle of 
approach. 

b. It appears that the increased injury severity 
associated with SUVs and MPVs involved in 
barrier strikes may be a function of difficulties in 
controlling these vehicles in extreme situations, 
regardless of whether or not they struck a barrier. 
In several cases the barrier merely contained an 
already out-of-control vehicle. 

c. Only one case gave cause for concern. Here a 
stepped approach to a barrier was felt to have 
been instrumental in launching an SUV over the 
barrier into the opposing carriageway. This 
occurred despite the barrier being higher than 
normal specification would allow. This was more 
a shortcoming in the associated infrastructure 

than in the barrier itself. 
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APPENDIX 
 
     Police Injury Severity – In this paper, the UK government’s definitions of injury severity (Fatal (Killed), 
Serious or Slight) are used.  
 
‘Fatal’ injury includes only those where death occurs in less than 30 days as a result of the accident. Fatal does 
not include death from natural causes or suicide. 
 
Examples of ‘Serious’ injury are: 
• Fracture of bone 
• Internal injury 
• Severe cuts 
• Crushing 
• Burns (excluding friction burns) 
• Concussion 
• Severe general shock requiring hospital treatment 
• Detention in hospital as an in-patient, either immediately or later 
• Injuries to casualties who die 30 or more days after the accident from injuries sustained in that accident 
 
Examples of ‘Slight’ injuries are: 
• Sprains, not necessarily requiring medical treatment 
• Neck whiplash injury 
• Bruises 
• Slight cuts 
• Slight shock requiring roadside attention 
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Table A1. 
SUV Makes and Models 

 

Make Model Make Model 
Acura MDX Mazda Tribute 
ARO  Mercedes G-Class 
Asia Rocsta Mercedes ML-Class 
BMW X5 Mitsubishi Challenger 
Cadillac Escalade Mitsubishi Montero 
Chevrolet GMC Blazer Mitsubishi Pajero 
Chevrolet GMC Silverado Mitsubishi Pajero Io 
Chevrolet GMC Tahoe Mitsubishi Pajero Mini 
Chevrolet GMC Vega Mitsubishi Pajero Pinin 
Daewoo Korando Mitsubishi Shogun 
Daewoo Musso Mitsubishi Shogun Pinin 
Daihatsu Fourtrak Mitsubishi Shogun Sport 
Daihatsu Sportrak Nissan Navara 
Daihatsu Terios Nissan Patrol 
Dodge (USA) Durango Nissan Safari 
Dodge (USA) Ram Nissan Terrano 
Ford Explorer Nissan X-Trail 
Ford F150 Porsche Cayenne 
Ford Maverick Rover Range Rover 
Ford Ranger Ssangyong Korando 
Honda CR-V Ssangyong Musso 
Honda HR-V Ssangyong Rexton 
Hyundai Santa Fe Subaru Forester 
Hyundai Terracan Subaru Legacy Outback 
Infiniti QX4 Suzuki Escudo 
Isuzu Bighorn Suzuki Grand Vitara 
Isuzu Mu Suzuki Jimny 
Isuzu Trooper Suzuki Samurai 
Jeep Cherokee Suzuki SJ 
Jeep Grand Cherokee Suzuki Vitara 
Jeep Wrangler Tata Safari 
Kia Sorento Toyota 4Runner 
Kia Sportage Toyota Harrier 
Land Rover 109 Toyota Hilux 
Land Rover 110 Toyota Landcruiser 
Land Rover 127 Toyota Landcruiser Amazon 
Land Rover 88 Toyota Landcruiser Colorado 
Land Rover 90 Toyota Rav4 
Land Rover Defender UMM  
Land Rover Discovery Vauxhall Frontera 
Land Rover Freelander Vauxhall Monterey 
Land Rover Range Rover Volkswagen Touareg 
Lexus RX300 Volvo XC90 
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Table A2. 
MPV Makes and Models 

 

Make Model Make Model 
Chrysler Grand Voyager Mitsubishi Space Star 
Chrysler PT Cruiser Mitsubishi Space Wagon 
Chrysler Town & Country Mitsubishi Town Box 
Chrysler Voyager Nissan Almera Tino 
Citroen Berlingo Nissan Prairie 
Citroen C8 Nissan Serena 
Citroen Synergie Opel Agila 
Citroen Xsara Picasso Opel Zafira 
Daewoo Tacuma Peugeot 806 
Daihatsu Delta Peugeot 807 
Daihatsu Grand Move Peugeot Partner Combi 
Daihatsu Move Renault Avantime 
Fiat Doblo Renault Caravelle 
Fiat Multipla Renault Espace 
Fiat Ulysse Renault Grand Espace 
Ford Fiesta Courier Renault Kangoo 
Ford Focus Renault Megane Scenic 
Ford Galaxy Seat Alhambra 
Ford Tourneo Seat Terra 
Honda Odyssey Suzuki Wagon R+ 
Honda Shuttle Toyota Avensis Verso 
Honda Stepwagon Toyota Corolla Verso 
Honda Stream Toyota Estima 
Hyundai Atoz Toyota Granvia 
Hyundai Matrix Toyota Ipsum 
Hyundai Trajet Toyota Lucida 
Kia Carens Toyota Picnic 
Kia Sedona Toyota Previa 
Mazda MPV Toyota Space Cruiser 
Mercedes Vaneo Toyota Yaris Verso 
Mercedes V-class Vauxhall Agila 
Mitsubishi Chariot Vauxhall Meriva 
Mitsubishi Delica Vauxhall Sintra 
Mitsubishi Dion Vauxhall Zafira 
Mitsubishi Minica Volkswagen Caravelle 
Mitsubishi Mirage Volkswagen Microbus 
Mitsubishi RVR Volkswagen Sharan 
Mitsubishi Space Runner Volkswagen Touran 
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ABSTRACT

In this study, we propose a new model to analyze the 
data sensors evolution during different situation 
encountered by the driver. 
This modelling add to the classic Semi Hidden 
Markov Model (HMM) framework a weight feature. 

We then used our modelling to identify the driver's 
aim and the driving situation he's in. 
To assess the capacity of our modelling, we conduct 
an experiment which able us to record 718 driving 
sequences. 
On these sequences, our modelling choice allows us 
to predict the driver's situation with a 85% success 
rate. 
Moreover, this modeling gives some interesting 
results on the organisation of the driving activity. 
These results show the HMM effectiveness to model 
and predict drivers behavior. 

INTRODUCTION

To increase comfort and safety in vehicle, integrate 
communicative  systems  are  developed.  These 
systems could have various objectives and interact 
with  drivers  by  different  manners.  Navigation 
systems, anticollision system, cell phone hand free 
car kit, are example of such systems. 

Nevertheless,  even if  these  systems  often  increase 
security, most  of them don’t take into account the 
driving  situation  when  providing  their  assistance. 
Yet,  trying to help the driver without knowing his 
specific behaviour and the specific situation he’s in, 
bring  the  risk  of  giving  him  an  inadequate 
assistance.  This  could  disturb  him  at  a  critical 
moment [  Bellet&Tattegrain,  2003]. To avoid this, 
the interectation with the driver has to be adapted to 

his own behavior.

Thus, the precense of a sub-sustem able to understand 
the current driving situation and able to manage the 
interaction  with  driver  will  increase  system 
effectiveness. 

The  analysis  of  the  current  driving  situation  could 
now be done using the data  on the vehicle dynamics 
and on the driver's actions collected at each moment 
on the vehicle via the CAN bus1.

Nevertheless,  in  order  to  categorized  the  driver's 
current  situation,  every  system  need  to  compare  a 
data temporal series with a library of driving situation 
modeling and then select the most adequate.

Unfortunately, modeling these data is complex. They 
are  in  large  number,noisy  ,  time-related  and  are 
changing according  to  the  driver,  the  moment,  and 
the environment characteristics.

Thus,  to  model  the  data  recorded  during  driving 
situation,  various  modeling  were  used  like  linear 
system [weir & Chao 2005], statisticals techniques or 
neural network [Peltier 1993].

More  recently  the  Hidden Markov  Model  (HMM), 
previously used in  the voice  recognition field,  was 
also adapt to model the driving data evolution. These 
researchs  ([Forbes  &  al,  1995]  [Pentland  &  Liu, 
1999])  show that  this  modeling  seems adequate  to 
understand, model and predict driver’s behaviour.

Indeed,  a  modelling applied on the driver behavior 
data has to process multi-dimentionnal and temporal 
data.  Moreover,  it  appears  that  to  be  effective  a 
modelling has to intergrate 3 characteristics.

1 Controler Area Network : data bus, develop by 
Bosh in the 80's, for the serial communication in 
the vehicle, was ISO-normalised. Now it's 
commonly used in car to easily access to vehicle 
data.
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1. Existence of efficient algorithms to estimate  
the modelling parameters:  Although, some 
authors  point  out  that  methods  based  on 
expert rules give interesting results in both 
terms of prediction, and behavior analysis, 
these  methods  are  built  upon  the  visual 
analysis  of  the  data  and the  definition  of 
relevant  criteria.  They  required  a  long 
process  of  analysis  and  error/success 
[Bellet  &  al  2004].  So,  due  to  the  large 
amount  of  data  and  their  complexity,  an 
automatic  learning  process  is  necessary.  

2. a real-time adequation criteria of new data 
set to a model : In order to help the driver 
in a secure way, the situation he's in has to 
be quickly categorized. 

3. the modeling interpretation : Due to the 
large diversity of driving situations, the 
record of a few set of example during an 
experimentation can be biased by 
uncontrollable factors ( weathers, traffic 
...).
The presence of these factors could bring 
“noise” and change normally recorded data 
in these situations. Thus, when a modelling 
is build on this data, we need an expert 
point of view to valid /infirm his capacity 
to be a general modelling. 
Indeed, in [Pribe 1999] authors show that 
neural network give good results. 
Nevertheless, the recognition rate was low 
for some specific situations. As this 
modelling is like a “ black blox”, 
understanding mistakes was difficult and so 
was the improvement of the modelling.
Thus, in order to have this expert point of 
view, the modelling has to be interpretable 
in term of driving activity.

The HMM has these 3 characteristics which makes it 
usefull to model the data on driver behavior.

1. Baum-Welch  adapted  the  Expectation-
Maximization  learning  algorithm  to  this 
framework  [Baum  &  Eagon,  1967].  This 
algorithm  can  determine  the  models 
parameters  that  locally  maximize  the log-
likelihood of the data. 

2. The Forward algorithms could determine in 
real time the adequation between a data set 
and a modelling [Oliver & Pentland, 2000].

3. Kumagai  et  al  used  the  simplicity  of  the 

Hidden Markov Modelling  to  interpret  the 
structure  in  term of  driving  activity.  They 
show that the HMM give information on the 
succession  of  driver's  actions  and  state 
regarding a particular situation [ Kumagai et 
al, 2003].  

Using  these  characteristics,  previous  studies  using 
this modeling obtained satystifaying results.

However, they used complex sensors and analyzed a 
small panel of driving situations.Nevertheless, to be 
usefull a categorization system has to be able to use 
basic sensors and to analyse a large panel of driving 
situations. 

To fullfill these objectives, in this paper, we will first 
define a driving situation as a period of driving time 
where the driver has the same tactical objective (turn, 
overtake,...).  It's  characterized  by  the  aim  of  the 
driver  ,  the  infrastructure  (round-abound,  straight 
road, intersection,,.. ) and the initial characteristics of 
the situation (initial speed, position on road).

Thus,  we  aim  to  build  a  base  of  driving  situation 
modeling using HMM. This will allow us to define 
for an unknown sequence of data in which situation it 
may belong.

To achieve these objective, we choose  to make the 
HMM more adapted to the driving data analysis  by 
integrating characteristic  issued from knowledge on 
driving behavior.

Thus  we  develop  a  specific  modeling,  the  Weight 
Semi  Hidden Markov Model  (WSHMM) based on 
the HMM framework.

Moreover  as  we  study  a  large  panel  of  driving 
situations, some situations seems very closes in terms 
of driver behavior regarding the sensors used. 

To manage with this problem, we have to develop a 
new technic to manage with the promixity between 
different situations.

To expose  this  research,  this  paper  is  organized as 
follows. In the first part, after a short presentation of 
the HMM formalism, we will present here the studies 
on  this  framework,  in  the  field  of  transportation, 
which  we considered  to  be  the most  relevant.  The 
second  section  defines  the  WSHMM  and  the 
algorithm  developped.  In  the  third  part,  we  will 
expose the experimentation made. Finally,  we will 
present and discuss our results.
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1 HIDDEN MARKOV MODEL

presentation

The Hidden Markov Model (HMM) is a stochastic 
signal  modelling.  It  aims  to  model  discrete  or 
continuous  multidimensionnal  signal  by  a  random 
process. 

This framework supposed that the signal evolution 
can be considered as  the evolution of  2 processes 
( illustration  1). The first one is the visible signal, 
like what we can recorded from the sensors. It's said 
to be the visible process, named Y. Its value depends 
on another process. This second process S is why we 
can see that on the first process at each moment. Its 
values are not directly observable but can be derived 
from the  analysis  of  Y.  This  process  is  generally 
evolving  state  by  state  i   (  i∈[1: N ] and

N ∈[1:ℕ] )  and  fit  the  classic  Markov 
constraints [Rabinner, 1989].

For each state "i", the relation between Y and S is a 
probabilistic  one  defined  by  a  density  function  gi 

( figure 1).

This  modelling  is  classically  defined  by  3 
parameters.

● pij =P(S(t)=i  /  S(t-1)=j)  i , j∈[1: N ]  
(the probability that S is in state "i" at time 
"t" knowing that E is in "j" at time "t-1".

● i i∈[1 : N ]  :the  probability that  S 
is in state "i" at time "t" knowing that E is 
in "j" at time "t-1".

● i i∈[1 : N ] :  the  density  function 
attached to each state "i"

figure 1: classical representaiton of Hidden Markov 
Model

The  model  structure  allow  to  it  process  temporal 
and multi-dimensionnal data in a large amount.

These  qualities  were  first  successfully  used  in  the 
field of voice recognition. In this field, the invisible 
process was phoneme and the visible one the vocal 
signal.Using  the  vocal  signal,  word  said  could  be 
precisely diagnosted.

It's  now  used  in  various  applications  like  gene 
research , eye tracking or driver behavior recognition.

Hidden Markov Model and driver behavior

Indeed,  for  the  driver  behavior  recognition,  this 
model appears to be adapted.

From a theoretical point of view, some authors show 
that  the  driver  behavior  in  a  situation  could  be 
divided  into  several  phases  linked  in  a  logical 
manner.  For  example  Salcucci  propose  to  describe 
the  overtaking  by  different  typical  phases:  "weak 
acceleration", "lane changing", "strong acceleration", 
"straight and fast driving", "return on previous lane", 
"deceleration"[Salvucci & Liu, 1999] .

These phases could be modelled as the state of the 
invisible  process.  The  value  of  the  visible  process 
would  be  what  we  can  record  on  these  phases: 
activity of the driver (pedals and steering values) and 
vehicle dynamics (speed, acceleration).

Kumagai  et  al  shows that  HMM could be  used  to 
interpret  driving activity as  a succession of phases. 
Indeed,  they were  interested  in  the  potentially 
dangerous situations on the arrival at crossroads, by 
predicting  the  following  actions  of  the  driver 
[Kumagai, 2003].  To do that,  they used a detection 
model  of  the  stopping  sequence.  An  important 
concern  of  the  paper  of  Kumagai  et  al.,  is  "the 
topology interpretation of the model, in terms of the 
states,  as  well  as  the  level  of  the  states  of  the 
transitions". Although this interpretation is due to the 
simplicity  of  the  variables  used  (the  speed  and 
braking), it convinced us even more of the advantage 
of using HMM to understand driving activity.

This  link  between  HMM  framework  and  driving 
activity  partially  explains  the  good  results  of  this 
modeling  to  categorize  in  real  time  the  driver's 
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behavior  (  [Kumagai,  2003],[  Oliver  &  Pentland, 
2000], [Pentland, 1999]).

The  research  made  by  Pentland  and  Liu  is 
significant  of  this  fact.  Indeed,  using  HMM, 
Pentland  and  Liu  modeled  diversified  situations 
(stop at  the  next  intersection,  turn left  at  the next 
intersection,  turn  right  at  the  next  intersection, 
change  lane,  over-take  car,  go  straight)  under  the 
simulator,  (Liu  et  Pentland,  1999).  They  assumed 
that  the  human  driving  strategy  on  the  vehicle  is 
different  according  to  the  states  of  the  driving 
activity. For example, they divided the lane change 
into six successive stages: (1) center the car on the 
initial lane, (2) look if the opposite lane is free, (3) 
initiate the change of direction, (4) change of lane, 
(5) end of the change, and (6) center the car in the 
new  lane.  With  each  stage,  a  Kalman  Filter  was 
associated,  and  each  sequence  was  modeled  by  a 
HMM whose  input  parameters  were  the  adequacy 
criteria with each filter. They showed that this model 
had significant results. Indeed, 1.5 seconds after the 
beginning of the situation, the recognition was 95%. 
This research thus showed that when using HMM, 
we could quickly predict the driver's aim in a given 
infrastructure.

The  previous  work on  the  driver  behavior 
modelisation using HMM encouraged us to proceed 
in this way by keeping in mind the three following 
limitations:

• All  the  sensors  used  in  these  study aren't 
available  in  most  of  the  vehicles 
(eyetracking,  lateral  positioning  sensors)  . 
So using the modeling in real application is 
not an easy. Moreover, it's difficult to know 
if  the results  came from the  use  of  high-
performance  sensors  or  from  a  good 
modeling.

• Most  of  the  authors  select  only  few 
situations to compare.  As it  exists  a great 
number of driving situation, their results are 
biased  by  this  short  view  of  the  driving 
activity.  So,  in  order  to  understand  the 
difference between driving situations and to 
build  efficient  diagnostic  module,  it's 
important  to model the maximum number 
of driving situations.

• Will  the speed and rate  of  recognition be 
great enough to be useful in the assistance 
system?  It  could  be  unusable  if  5%  of 
confusion includes critical situations.

In order to resolve these three limits, we suppose that 
using driving expert knowledge to develop a specific 
HMM will increase  modeling efficiency.

Indeed,  preliminary  researches  shows  that  driving 
activity has two important particularities.

1.  From a  psychological  point  of  view,  the 
driving activity could be divided into phases 
[Bellet,1998].  Moreover  experiences  show 
that these phases are relatively stable.  We 
choose to model this kind of constraint. In 
order  to  integrate  this  important 
characteristic,  we  will  use  Semi  Hidden 
Markov Model [Rabinner, 1989].

This modeling is an extension of the HMM 
framework which allow  to precisely model 
the time spent in each state. Moreover, we 
suppose that  time spend in each state must  
be superior to 1 seconde. 

2. According to situations,  some sensors may 
bring  more  information  than  others 
[Salvucci  &  Liu,  2002].  For  example,  to 
model  a  “Turn  left”,  the  steering  wheel 
seems more important than the speed of the 
vehicle.  So,  we  were  conducted  to  use  a 
weight  concept  on  the  variable.   To 
implement  this  specificity  we  develop  a 
specific  modeling  the  weight  Hidden 
Markov Model. 

This modeling allows us to define for each 
situation and for each state,  what variables 
are the most relevant.  

To  solve  the  limits  of  previous  experiment,  we 
choose to integrate theses 2 particularities in a HMM. 
So, we develop a specific modeling the Weight Semi 
Hidden Markov Model  (WSHMM).  This  modeling 
integrate the capacity of specifically model the time 
spent in each state and the weight feature which is 
important  to define the important variables for each 
state.

 

Dapzol 4



2 WEIGHT SEMI HIDDEN MARKOV MODEL

To  improve  the  efficiency  of  the  Markov  model, 
some  authors  propose  various  extensions.  These 
extensions are usually constraints fixed on the model 
and chosen using some specific  knowledge on the 
studied phenomena [Pal & Hu, 2001].

Voice  recognition studies  brings a  lot  of  new and 
specific modellings. For example, Factorial Hidden 
Markov  Model  and  Hierarchic  Hidden  Markov 
Model are designed to model the different language 
level [Fine & al, 2001] and Coupled Hidden Markov 
Model is designed to integrate different information 
sources [Oliver, 2000].

An  easy  way to  insert  specific  knowledge  on  the 
HMM is to model explicitly the time spent in each 
state. The Semi-HMM were designed to that purpose 
[Rabinner, 1989].

In all cases, all the dimensions of the studied process 
have the same influence on the hidden process.

Nevertheless,  this hypothesis  is  often unwarranted. 
To our knowledge, except Heiga et al [Heiga & al, 
2004], no study introduce the concept of weight on 
the dimension of Y.

These  authors  were  focused  on  the  events  union 
Y t

r=y t
r   each weighted by a factor “ c j , r “, 

with r the rnth  dimension of y.  The density function 
associated with each state i is then defined as :

 g  yt | S t= j =g j  y=∑
r=1

R

c j , r gr , j yr  , 

with  ∑
r =1

R

c j ,r=1  and  R=dim(y).  They 

established  reestimation  formula  for  this  specific 
density function.

Definition 

In  this  paper,  we propose to apply the concept  of 
weight on the events intersection Y t

r=y t
r  . 

So,  we introduce  c j , r   for  j=[1:K]  and r=[1:R] 
,with R the dimension of y, and 

g j  y=∏
r=1

R

[ g j , r y r] c j, r with∏
r=1

R

c j , r=1 . (1)

y r  is the rneth dimension of y. 

c j ,r is the weight associate to the rneth  dimension for 
the jnth .

and g j , r a  Gaussian  density  with  parameters 
[m j ,r ,  j , r ] .

So an HMM with such a density function has these 
parameters ={ , p ,m , ,c } . 

Algorithmes

To be useful, an Hidden Markov Model has to have 
at least 3 problems solved [Rabinner1989].

a) estimation  of  the  probability  of  an 
observation

b) estimation  of  the  hidden  state  s1...T  who 
most probably generated y1...T

c) model parameters estimation.

For the 2 first  problems, classic  solutions could be 
found in [Rabinner, 1989] by replacing g i  by (1).

For  the  problem  of  determining  the  model 
parameters, we used the E-M algorithm [Dempster & 
al, 1977].  This algorithms was adapt by Baum and 
Welch to the particular case of HMM, and consist of 
an  reestimation  process  of  the  model  parameters. 
This process converges to a local  optimum of data 
likelihood [Rabinner, 1989].

Thus, using theses results, we  algorithmically  solve 
the  3  classics  problems  and  make  this  modeling 
usable to analyse driving activity [Dapzol, 2006].

3 EXPERIMENTATION

To assess our model, we conduct an experimentation 
which aims to record behaviour data on various real 
driving situations.  We choose to  study the specific 
effect of infrastructure and driver's aim on behaviour. 
So, we fixe other factors which could influence the 
activity.

The  5  subjects  were  chosen  in  order  to  have  a 
homogeneous  population  in  term  of  age  and 
experience  of  driving  (about  40  years  old  and 
experiment drivers).

The  instruction  was  to  drive  naturally  (overtake  if 
they feel it necessary; go to the speed they want…). 
Furthermore, in order to interfere less than possible, 
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the driving direction were given as soon as possible. 

In the same way, the duration of the experiment was 
about only 1h ( depending on trafic ) in order to  the 
driver tiredness didn’t change his behaviour. At last, 
the  experiment  took  place  only  when the  weather 
was sunny and the visibilty satisfaying.

Subjects had to drive in predetermined urban course. 
This course was situated in town and motorway and 
was  chosen  to  include  various  driving  situations 
(intersection  and  turn  left,  round  abound  and  go 
straight….). 

We  use  the  experimental  vehicle  MARGO  which 
allows us to record data : 

● from the driver (clutch, accelerator, steering 
wheel, …),

● from  the  vehicle  (speed  and  longitudinal 
acceleration),

● from  the  environment  (the  front  and  the 
back scene were recorded on a video).

Software  developed  in  LESCOT  allows  us  to 
synchronize, visualize, and analyze these data. With 
this we defined driving sequences by a period where 
the driver has a homogeneous tactical aim and we 
characterized theses sequences by

• the urban context (town, motorway…)

• the initial speed,

• the infrastructure,

• the aim of the driver (as categorised from 
an expert view),

• the different events which occurred in the 
sequence  –  pedestrian  crossing  the  street, 
car overtaking the driver –

 

In  this way, 1209 driving sequences were defined, 
interpreted  and  characterized  by  those  previous 
factors.  The  average  sequences length  is  about  15 
seconds. Of course each of them was associated with 
sensors evolution data.

Then, we defined “driving situation” as a group of 
sequences  homogeneous in  term of  urban context, 
infrastructure,  aim  of  the  driver,  and  the  initial 
speed.

Unfortunately,  some  external  events  change  the 
normal organization of the driver’s action (activity 

of another vehicle, change of light when crossing an 
intersection...).  So  firstly,  to  model  the  driver’s 
action,  we  just  keep  sequences  without  external 
events  (718 sequences) . 

To allow the constitution of a group of test sequences 
and of learning sequences for each situation, we keep 
only situations with more than 5 sequences. 

We then have 36 situations respecting in accordance 
with this criteria ( turn-left at medium speed in an X 
intersection , overtake at low speed in a straight line 
...)

In each situation, we have 19,5 sequences on average 
(see [Dapzol, 2006] for more details).

We will now use these data to implement and test our 
modelling.

4 RESULTS 

In this section, we will present results obtained using 
our  new  model,  and  a  method  we  developed  to 
manage the diversity of driving situations.

Model Implementation Method and Partitions 
Definition

We associated each of the 36 driving situations with a 
WSHMM which has d as parameters.

Each  of  these  driving  situations  d ∈[1 : 36] was 
also associated with a set of recorded data sequences
{ SDd ,q , q∈[1 : N d ]} ,  with  Nd   the  number  of 

sequences for the situation d. These sequences were 
divided in two groups: the learning one with  N d

L  
sequences (126 sequences in total) and the test one 
with N d

T  sequences (592 sequences in total).

Using the reestimation formulas presented in (2), we 
computed for each WSHMM the optimal parameter 
of each modeling (the matrix of transition, the matrix 
of weight and the different parameters of the normal 
distribution of each state).

To  optimize  the  number  of  state  and the  topology 
( the differnent link between states), we use topology 
learning algorithms and expert validation which are 
presented in [Dapzol, 2006].
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Although  we  optimized  each  model  parameters, 
driving  situations  are  sometimes  very  similar.  For 
example, depending on the driver and on collected 
data, the behavior while turning in a T intersection 
and  turning  in  an  X  intersection  often  seems  the 
same.

So, in order to avoid confusion, we choose to group 
some situations and to define different partitions of 
all the situations.  As models can be very different in 
term of topology and learning sequence number, we 
developed a specific method. 

This technique is based on a probabilistic distance 
between  situation  and  hierarchic  ascending 
classification ([Dapzol, 2006]).

So, we considered firstly every situation separately. 
Then  we  computed  the  distance  between  each  of 
them. 

To computed the distance between 2 situations, we 
chose  the  pseudo-distance  defined  by  Nechyba  & 
Xu for the HMM [ Nechyba & Xu, 1998]. 

M 1 ,M 2=1− P SA1| M 2P SA2| M 1
P SA1| M 1 P SA2 | M 2

 

With SAi the learning sequence associated with Mi 

and if Mi correspond to more than one situation

 
P SA |M = min

k ∈[1:m ]
P SA |M k 

. 

This  distance  has  the  advantage  to  evaluate  the 
proximity between models with different dimensions 
by  computing  the  model  likelihood  regarding  the 
learning sequence associated to each one.

The  process  consist  in  considering  firstly  all  the 
modelling  then  computing   Mi ,M j
∀ i , j=[1:36] .When  this  distance  is 

computed, the 2 closest situations are grouped. Then 
we  process  iteratively.   is  re-calculated  on  the 
new partition; and another, the 2 closest partition are 
grouped. This process is done until one group stayed 
( figure 2).

At each step, we computed 2 rates: 

• The  global  rate  equals  to  the  number  of 
sequences  well  recognized  divided  by 
number of sequences for all situation.

• The  normed  rate  equals  to  the  mean  of 
recognition rate for each situation

The evolution  analysis  of  these  2  rates  shows that 
between the 10th and the 17th grouping the 2 rates are 
closed.  So  at  this  time,  errors  are  uniformly 
dispatched  between  situations.  Before  the  10th 

grouping, some situations are badly recognized ( like 
changing  lane  ).  They  make  the  normed  rate 
decrease. After the 17th grouping, these situations are 
grouped and then recognized. The normed rate goes 
higher than the global rate.

Moreover,  at  the  10th and  18th grouping,  a  break 
appears  in  the  rate  evolution.  Thus,  we  define  2 
partitions of the total number of situations.

• a large  partition  which is  composed of  26 
groups  of  situations  (  the  recognition  rate 
here is 75.35%)

In  this  partition,  the  situations  grouped  are  those 
close  regarding  the  infrastructure.  For  example, 
situation  in  a  « T  intersection »  and  in  a  « X 
intersection »with  the  same  objective  are  grouped. 
The type of sensors used and the proximity between 
behavior in these two infrastructures bring confusions 
between situations. To avoid this, another sensors are 
required like eye tracker or gps.

• a medium partition which is composed of 18 
groups of  situations,  (  the  recognition rate 
here is 87.88%)

In  this  partition,  situations  with  a  large  panel  of 
possible  behaviors  are  grouped  together.  For 
example,  the situation « changing lane » correspond 
to  many  different  behaviors.  It's  confused  with 
« follow  lane  in  light  curve ».  Here  too,  another 
sensors  could  help  us  to  decrease  the  number  of 
confusions. Moreover, to build a robuster modeling, 
situations  with  heteregenous  behavior  could  be 
divided  into  different  one  in  order  to  have  « one 
situation one type of behavior ».

Another  partition  seems  important.  The  first  one 
where  the  recognition  rate  goes  further  than  90%. 
This partition is formed after the 24th grouping and is 
composed of 12 groups of situations ( the recognition 
rate here is 90,53%).
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Test

We tested  our  modelling  effectiveness  on  these  3 
partitions using 2 criteria “off line diagnostic” and 
“on line diagnostic”.

For  each  SCd , q of  the  592  sequences  (

d ∈[1 :36] , q∈[1 : N d
T ] ) in our test base and for 

each  modelling  d ∈[1 :36] ,  we  calculate  the 
probability that  the sequence is own by the situation 
“d” P SCd * , q |d  .

A sequence own by the situation d* is  recognized 
when the most probable situation is d * .

P SCd * , q |d = max
d ∈[1 :36]

P SCd ,q |d .

Moreover,  using the Forward-Backward algorithm, 
for every time t0,  we calculate the probability that 
the sequence is recognized before t0.

At  last,  for  a  group  of  situation,  we  said  that  a 
sequence own by the situation d0 is recognised when 
the most  probable  situation  is  in  the  group of  the 
situation d0.

This comparison was made on all the test-sequences.

Moreover,  to  point  out  the  real  utility  of  our 
modeling  specifity,  we  test  different  kind  of 
modeling (  HMM, Semi-HMM, and Weight  Semi 
HMM).

“off line diagnostic”
The first criteria is evaluated on all the data of each 
test sequence (figure 4). This criterion is useful to test 
if  the  modelling  was  able  to  discriminate  different 
patern for each situation.

In  future,  the  possibility  of  using  this  "off  line" 
modelling  criteria  could  be  used  to  label  data 
automatically. 

The  next  chart  shows  the  recognition  rate  for  the 
different partitions and for different modelling types.

The integration of the two features in the proposed 
modelling appears important to make a diagnostic on 
the small and the intermediate partition. For the large 
partition,  some  of  the  driving  situations  are  very 
close. So the learning process converged to a weight 
matrix very close too. The weight concept can’t be 
useful in this case.

On the contrary, the WSHMM seems more effective 
than the HMM for the small partition (91% vs 88%) 
and a lot more for the intermediate partition (88% vs 
80%).

These results confirm our choices in our modelling. 
Indeed,  if  a  small  number  of  situations  could  be 
classify  using  HMM,  a  large  number  of  situations 
brings a supplementary complexity. The integration 
of specific features matched with the driving activity 
characteristics  (weight,  time modelling)  could be  a 
solution to this problem.

Finally with less complex sensors, and a number of 
situations increased, we are closed from the previous 
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figure 4 : In order to determine the recognition rate 
« off line », all the data of each sequence are used to 

make the categorization

Illustration  3: likelihood evolution according to a data 
set and a collection of modeling

Toutes les données sont utilisées pour la catégorisation.All the data is used for the categorisation

situation 1

situation 2

Situation 3

Situation 4

time

Log likelihood

Online diagnostic Offline diagnostic

1s 2s



studies ([ Pentland, 2002], [Kumagai, 2003]).

On line diagnostic

We  also  tested  our  modelling  with  a  second 
criterion.  The  “online  diagnostic”  was  calculated 
using  only  the  t0 first  seconds  (t0=1,2)  of  each 
sequences (illustration 5). This criterion is useful to 
evaluate  the  model  capacity  to  give  an  earlier 
diagnostic.

In this case, the recognition rate was good (75 % for 
the  intermediate  partition  and for  a  recognition  in 
1second).  The  rate  “online”  2  seconds  after  the 
beginning  after  the  sequences  is  close  to  the  rate 
“offline” (see illustration 6).

 

Moreover, confusion seems not due to a modelling 
problem  but  due  to  an  intrinsinc  difficulty  to 
discriminate  some  situations  in  the  first  seconds. 
Indeed for some situations, the simplicity of the used 
sensors  doesn’t  allow  us  to  predict  the  situation 
earlier. For others, only the analysis of the final state 
of the vehicle could categorize them correctly.

For example, sequences where the driver turn in an 
intersection and sequences where the driver stop are 
badly  recognised  with  only  the  data  of  the  first 
seconds. Only the study of the eye movement could 
improve the recognition rate.

Finally with less complex sensors, and a number of 
situations increased, we are closed from the previous 
studies ([ Pentland, 2002], [Kumagai, 2003])

Results for unusual behavior.

We  also  test  the  capacity  of  the  WSHMM  to 
categorize unusual behavior.

Indeed, in some sequences, the driving situation was 
unusual.  The  difference  could  be  due  to  external 
events  (  unpredictable  obstacle,  unexcepcted 
behavior of another car ) or due to unusual behavior ( 
the driver didn't see the light, the infrastructure,... ). 
Results  for  these  sequences  are  given  in  the  chart 
above. 
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Illustration 5: on ligne diagnostic
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Illustration  6:  recognition  rate  according  to 
time using WSHMM

Large 
partition

Medium 
partition

Small 
partition

0,0000

0,1000

0,2000

0,3000

0,4000

0,5000

0,6000

0,7000

0,8000

0,9000

1,0000

recognition according to time

Recognition 
using all the 
data

With the 2 first 
seconds

With the first 
second

partition

re
c
o

g
n

it
io

n
 r

a
te



Illustration 8 recognition rate comparison 
between n prototical sequences and unsual 
sequences. The comparision is made a 
posteriori, with all the data of each sequence, or 
with only the first one or two second of data  of 
each sequence.

Although the recognition rate for unusual sequences 
is  less than the one on prototypical  one (  49% of 
sequences  well  recognised  for  the  large  partition 
versus  66  %  for  the  prototypical  ),  it's  still 
satisfaying for the small partition ( the rate is almost 
80%).

The  recognition  rate  difference  between  usual 
sequence and unusual one is approxitavely constant 
and is equals to 15-20%. 

This implies that for a part of unusual sequences the 
change of the driving activty is too important to be 
model  with  the  same  modeling  as  the  one  for 
protoypical one.

Separating out the driving activity

The markovain modelings could give earlier 
diagnositc of the driving activity. Morevorer, it 
appears that this modeling could give information on 
driver behavior in road situations. In fact, this 
formalism is focused on automatically dividing the 
sensors’ evolution into several phases. These phases 
are homogeneous in terms of sensor variability. 
They could be interpretable (see figure 3). The 
interpretation could be done using both the 
parameters of the model and the division of the 
experiment’s sequences. 

The figure 9 shows a situation where the driver 
turned left after at an intersection (figure 4). Here 
the phases automatically learned could be 
interpreted as 1) drive normally 2) see the 
intersection / starting to decelerate 3) steering left 4) 
steering back to normal  5) stabilization : steering 
wheel near to the straight position and speed 

increasing.

This expert interpretation allows us to envisage more 
precise and adaptive assistance systems:  this 
modeling allows us to know precisely which phase of 
the situation the driver is in. Thus, when approaching 
a slow vehicle, if the driver is still in the "normal 
driving" phase, the proposed assistance could be an 
alarm indicating the vehicle in front. Then if the 
driver is in the phase "slow down" but if the braking 
is not sufficient, the assistance could be either an 
alarm, or temporary control of the car. Then once the 
driver is in the stabilization phase, the assistance 
could help to stabilize his speed.

In this example, the driver sees a slow vehicle ahead. 
The various phases learned automatically by the 

software could be interpreted by the expert by mixing 
it with the video and the densities functions of the 
model. In this example, the expertise gained from 
ARCOS (Bellet et al, 2004) could bring us to label 
those phases as:  1) drive alone (to drive normally) 2) 
notice the obstacle (detecting the car ahead) 3) slow 
down 4) regulation (to strongly slow down) 5) 
stabilization (to stabilize his speed) 6) follow-up (to 
drive normally with a stabilized speed behind the 
vehicle).

This expert interpretation allows us to envisage more 
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Illustration 10:  behavior of a driver arriving at 
a slow vehicle (tractor)
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Illustration 9: driver's behavior when turning 
left at intersection  / middle speed
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precise and adaptive assistance systems:  this 
modeling allows us to know precisely which phase 
of the situation the driver is in. Thus, when 
approaching a slow vehicle, if the driver is still in 
the "normal driving" phase, the proposed assistance 
could be an alarm indicating the vehicle in front. 
Then if the driver is in the phase "slow down" but if 
the braking is not sufficient, the assistance could be 
either an alarm, or temporary control of the car. 
Then once the driver is in the stabilization phase, the 
assistance could help to stabilize his speed.

Of course, this separating out is not always 
meaningful. There are many sensors and the driving 
situation often seems too complex to label the 
various stages clearly.

The separation into phases will be more efficient in 
future research because, at the time, all the 
parameters had an equal importance in the modeling 
of each situation. Nevertheless in some situations, it 
was important to know precisely which parameters 
were the most important in each phase of the 
situation. Future research will solve this problem by 
allowing a new type of information: the importance 
of each parameter in each phase.

Conclusion

To manage in a secure way the interaction between 
driver and electronics devices, driver's behavior has 
to be analysed and categorized. This will assure the 
driver  to  have  the  most  adapted 
assistance/information according to his situation. 

In order to categorized the driver current behavior, a 
modelling  of  the  driver's  actions  according  to  a 
specific  situation  had to  be  developped.  This  will 
allows  us  to  underdstand  in  real  time  in  which 
situation the driver is in.

In this study, we propose a new modeling based on 
the HMM framework. To achieve our objectives, we 
extend  the  HMM  to  the  WSHMM  by  using  the 
SHMM and adding a weight feature. Then for this 
modelling, we develop efficient algorithms for both 
the inference, the decoding and the learning process. 

To test our model, we conduct an experiment in real 
conditions which allow us to record various data on 
the driver behaviour.

Finally,  we  assess  our  model  using  two  criteria 
which shows that  comparing with  other  modelling 
type, our modelling choices increase the recognition 
rate.

We  show  that  with  more  situations  analysed  our 
results are closed than those of previous studies.

Furthermore,  the  modelling  proposed  seems  to  be 
adapt to point out the sequential characteristic of the 
driving activity.

From  a  practical  view,  the  weight  feature  and 
algorithms  associated  could  be  used  to  find  which 
variables  are  necessary  to  discriminate  situations. 
This  could  be  used  to  choose  the  right  sensors 
regarding an application.

Nevertheless  to make the system useful  in vehicle, 
recording data and studying more complex situations 
and different types of driver will be necessary.

This  will  have  to  be  done  integration  of  pre-
processing techniques for the variables. At last, even 
if  the mains  study  consider driving as  a  series  of 
independent  driving  sequences,  a  long  term 
dependency  between  sequences  exists.  Integrating 
this  characteristic  will  improve  not  only  the 
recognition  rate  but  also  knowledge  on  driver 
behaviour.

At  last,  nowadays new studies  bring large  flow of 
data.  Now  these  data  are  manually  analysed  and 
divided into several driving situations. Test are now 
in  course  to  use  our  modelling  mixed  with  break-
point  modelling  to  automatically  process  all  these 
data. This will shorter the time spent on the analysis 
and decrease the possible mistakes.
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ABSTRACT 
 
This research takes place in the AIDE1 project [1] 
and is an extension of the INRETS-LESCOT 
previous work done in CEMVOCAS2 project [2]. 
Synthetically, LESCOT objective in AIDE is to 
design and develop a Drivers Availability Estimator 
module (DAE) in charge to assess drivers� ability to 
receive and process information while driving.  
In order to study drivers� level of availability, an 
experiment has been conducted on open road, in 
real driving conditions. This paper will present the 
methodology carried out and the data collected. 
Thirty drivers have participated to this experiment. 
They had to drive an experimental car by using a 
guidance system. They also had to describe visual 
and auditory information displayed by a home 
made device introduced on the car. After driving, 
participants were interviewed in order to collect 
their opinion concerning the message impact on the 
primary driving task.  
This paper will present the method used and the 
main results obtained. Then, we will discuss the 
concept of �availability� according to the driving 
conditions (current road infrastructure, goal 
followed, driving action carried out and event 
occurrences), and we will present the interest and 
the validity of this method for �demanding driving 
situation� classification, witch is the main goal of 
the DAE module diagnosis. 
 
INTRODUCTION: CONTEXT AND 
OBJECTIVES 
 
During the two last decades, the quantity of in-car 
information sources has considerably increased, 
under the combined effect of several phenomenons. 
The first change is due to the development of 
driving aid systems. If, up until now, only a few 
systems are already on the market (e.g. vehicle 
guidance and navigation aid, traffic information 
systems, car status alarms), several technologies are 

                                                 
1 AIDE : Adaptive Integrated Driver-vehicle 
interfacE (6th PCRD Européen Project 2004-2008) 
2 CEMVOCAS : CEntralized Management of 
VOCal interfaces aiming a better Automotive Safety 
(5th PCRD Européen Project 1997-2001) 

now in pre-market phase and/or start to be 
implemented on top-range cars. Even if each of 
these technologies has benefited of an ergonomics 
design in order to support their integration into the 
primary driving task, the increasing number of aid 
functions and the cumulative logic of the systems 
integration in the car (which everyone can install 
him/herself in his/her own vehicle) can nevertheless 
creates several risks. The first one is the risk of 
overloading the driver with information. The 
second one is the risk of inter-messages conflict if 
different pieces of information are delivered 
simultaneously. A centralised management device 
is consequently essential to avoid these risks. 
Another source of information in the car is the 
telephone. With the development of mobile phone 
technology, the telephone has made a massive entry 
into vehicles without anybody really being capable 
of controlling this phenomenon. So, today we are 
witnesses to the introduction of a truly parallel task 
� telephoning � that is liable to enter into conflict 
with the driving task. In this context, it is essential 
to develop a device able to take into account the 
requirements of the driving situation in order to 
manage telephone in �real time�. This is necessary 
both for filtering incoming calls in demanding 
situations, and to assist the driver in a more safety-
conscious management of telephone conversation 
while driving. 
Lastly, the interest in automobiles that is shown by 
information and telecommunications industries at 
present is a sign of a new diversification of 
information sources in the car (e-mails, fax, web 
services and other �office functions�). Here again, 
the easiness of transporting these technologies will 
make them difficult to control (some of them are 
already available on mobile phones). Therefore, it 
would be better to think about a global 
technological solution today, rather than hope to 
solve the problem on purely legislative levels at a 
later date. 
In this context, several problems need to be solved 
in a very short term: how to avoid the driver 
overloading in front of this heterogeneous 
information flow? What information should be 
delivered, and when? How to avoid detrimental 
interference between different pieces of 
information? And, on an even more general level, 
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how to avoid the negative impact of these sources 
of information on driving safety? All these 
considerations require to design an integrative 
technology that will provide a centralised 
management of on-board information. To be really 
safe, information management must be also 
adaptive. By adaptive, we mean being able to adjust 
the management and the Human-Machine 
Interaction modes according to the current driving 
context and the momentary driver�s capacities. 
Indeed, the driver is not always in condition to 
receive and/or to process messages sent by 
information systems. Main reasons are the driver�s 
own status (like physiological status) and the 
driving situation demand (complexity of the road 
environment, level of traffic, weather conditions, 
manoeuvre that requires all his/her attention).  
The objective of the AIDE project [3] is to design, 
develop and validate an innovative Adaptive 
Integrated Driver-vehicle interfacE (AIDE) which 
aims to maximise the efficiency and the safety 
benefits of advanced driver assistance systems and 
to minimise the level of workload and distraction 
imposed by in-vehicle information systems and 
nomad devices (Amditis et al, 2005). 
As an �adaptive� and �integrative� information 
manager, AIDE device should contribute to solve 
these problems by implementing a set of adaptive 
interface functions. These could include, for 
example, delaying non-critical information in 
demanding driving situations and adapting the 
timing and intensity of warnings in relation to the 
driver status and/or characteristics.  
In the frame of this global AIDE project, INRETS-
LESCOT sub-task is to design and develop a 
specific module called Drivers Availability 
Estimator (DAE). This module is in charge to 
assess drivers� level of availability to receive and 
process information while driving. This module 
will has to manage the information intended to the 
driver in an adaptive way, according to the 
requirements of the current driving task and the 
availability/unavailability status of the driver. 
Availability is a user centred concept defined at 
LESCOT during CEMVOCAS project [2], in order 
to �translate� the driving demand problem in a 
pragmatic way focused on attention sharing and in-
car information management: if the driving demand 
is high, driver�s attention must be focused on the 
driving task and, consequently, s/he is not available 
to do another task. On the contrary, the driver is 
potentially available when the driving demand is 
low. 
Nevertheless, availability is not equal to mental 
workload [4]. If a high workload generally means 
that the driver is unavailable, low workload doesn�t 
systematically indicate that a message could be 
send at this time. Sometimes, low workload 
situation also require all driver�s attention. Indeed, 
workload is only one of the sub-dimensions of the 

most global concept called �availability�. A very 
important one, but only one of them. To illustrate 
our purpose, let us considering an example of 
driving action, like overtaking a vehicle. On the one 
hand, it is surely possible to find overtaking 
situations with a very high level of workload (like 
overtaking a long truck on a short straight line 
under the rain) but, on the other hand, overtaking 
situations with a low workload are also possible 
(overtaking a slow car on a straight line under the 
sun). Now, if you consider the problem of 
telephoning while driving, which is particular 
relevant in AIDE project: how many drivers would 
like to have a phone call just when they start to 
overtake? And how many would decide to launch a 
phone conversation just before to start an 
overtaking manoeuvre? Probably not any one. If 
they have the choice, all drivers will probably 
decide to achieve the overtaking before calling or 
answering. Overtaking situation is not a particular 
case. The same reasoning could be more or less 
applied to roundabout or highway entrances, left 
turn situations, intersection crossing when the 
driver doesn�t have the priority, pedestrian 
occurrences on the road, and so on. For all of these 
demanding situations, the driver is not available for 
a phone call, even if the mental workload may be 
low.  
As regards this analysis, what is the real 
�Shakespearean question� for on-board information 
management: workload, or availability? For us, 
availability assessment is more relevant than 
workload measurement for an intelligent 
information manager, especially when considering 
the filtering problem (to allow or not information 
diffusion), or in order to support a safer attention 
sharing between driving and extra-driving 
activities. 
Availability is clearly dependant of driving 
situation demand. First at all, driving demand 
requires as much strain (external constrains) as 
stress (subjective level). We are surely agree with 
the classical ergonomics distinction between 
external demands versus individual reaction to 
these demands [4], but according to the �adaptive 
HMI� objectives, an availability / unavailability 
diagnosis seems more relevant and pragmatically 
easiest to implement than a workload assessment. 
At last, but not least, availability aims to take into 
account the potential, as well as the effective 
driving demand. Indeed, it is not relevant to send a 
phone call in a roundabout approaching phase, 
because of the potentiality rapid variation of the 
driving situation. At every moment, the situation 
can change and become critical. It is consequently 
essential that the driver stays focused on the driving 
task. For a safe information management, a phone 
call must be for example delayed from the 
beginning of the approaching phase, independently 
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of the traffic conditions and the driver's mental 
workload at this time. 
Previous works done in CEMVOCAS project [2] 
has shown that it�s possible to partly assess the 
driver�s availability level by considering data 
coming from �basic� sensors which reflect the 
driver�s actions on vehicle controls (like pedals, 
steering wheel, blinkers) and the dynamics of the 
car (vehicle speed, accelerometers). If 
improvements are required to have a more robust 
technology, CEMVOCAS final tests in real driving 
conditions with end-users have clearly confirmed 
the feasibility and interest of an �availability 
diagnosis� for managing on-board information.  
However, CEMVOCAS experiment has only 
empirically validated the availability concept by a 
pragmatic way. It is then expected through this new 
AIDE experiment, based on both objective 
performances and subjective measures, to collect 
new materials for an in-depth analysis of the 
availability concept. 
The main focus of this paper will be the method 
implemented in real driving condition with 
potential end-users of AIDE device. Around of 50 
hours of on-road ecological data have been 
collected and will be presented and discussed in the 
following sections. 
 
METHOD 
 
For this study, 30 drivers have participated. They 
had to drive an experimental car by using a 
navigation system. They also had to describe visual 
and auditory information displayed by a home 
made device introduced on the car. After driving, 
participants were interviewed in order to collect 
their opinion concerning the message impact on the 
primary driving task and their availability to receive 
and process it.  
 
Apparatus 
 
Each participant drove the INRETS-LESCOT 
experimental car (Renault Scenic). Various 
apparatus were located on the vehicle: miniature 
cameras, digital video recorder, sensors to collect 
driver�s actions on commands, and external sensors 
for road environment perception (stereoscopic 
cameras and telemeter).  
A computer was recording objective parameters 
collected via the vehicle sensors.  
An experimental home made system, displaying 
visual (pictograms or texts) and auditory 
information (auditory messages) has been 
introduced in the vehicle.  
During the entire experiment, drivers were filmed 
by video cameras. Five main views were recorded: 
a view of the driver (allowing driver�s face 
observation and eyes movement analysis), a view of 
the road scene ahead (driving environment in front 

of the car), a view of the outputs of perceptive 
system available on the experimental car (allowing 
traffic conditions analysis), a view of the messages 
sending device used by the experimenter, and a 
view of some objectives parameters (speed of the 
car, pedals status, etc) also collected during the 
experiment. A microphone has been used to record 
all drivers� spontaneous comments and/or self-
assessment measures during the driving task. 
 
Itinerary 
 
The experimental road we have selected is 
composed by 70 Km near Lyon, including 
motorway, national, rural roads and urban streets in 
order to have a whole of different situations related 
to the static and dynamics environment. Various 
configurations of road have been chosen both in 
urban and country areas like roundabouts, 
intersections, straight sections, curves, entrances 
and exits of motorways, an so on. 
 
Driver’s tasks: 
 
The experiment was divided in 2 main phases of 1 h 
15: The Driving Part and the Interview Part. 
The Driving Part consisted to let the participant 
drive on the itinerary. While driving, the participant 
had to follow the route according to visual and 
auditory information given by the on-board 
navigation system. Simultaneously, s/he had to run 
a listening and describing task according to 
messages emitted by the on-board system described 
above. When considering this experimental task, 
the information to deal with were not related to the 
driving task and induced a verbal answer about 
what s/he had heard or seen from the onboard 
system.  
On the route, messages were sent at 50 preset areas 
on the itinerary. These areas were the same for all 
participants. Other messages have been sent to 
assess the driver�s availability in particular high 
demanding situations, if they occur (e.g. overtaking 
a truck, pedestrians in crossing, obstacle 
occurrences). However, when considering the route, 
the type of messages sent (auditory, textual or 
pictogram) was counterbalanced from a participant 
to another for each situation.  
The informations were sent while the driver was 
performing his/her manoeuvre, like turning to the 
left or to the right at intersections, entering in 
roundabout, entering on motorway, going in a 
straight line, changing of lane, overtaking, etc. The 
number of sending auditory, textual and pictogram 
messages during the route was respectively the 
same. Finally, three groups of participant have been 
consequently formed. Moreover, in order to collect 
�data of reference�, some drivers (control group) 
didn�t receive any messages during the trip. All 
trials were carried out in daytime. Time of trials had 
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been chosen to avoid too high density traffic and 
traffic jam. 
The Interview Part was taken place immediately 
after driving, on a laboratory room. The participant 
had to watch the video tape recorded during the 
driving phase. For all the situations with messages 
the driver had received when s/he was performing 
his/her manoeuvre, s/he had to provide subjective 
estimates on different scales (see later). When 
considering the group without messages, they had 
to evaluate these various concepts too, at the same 
areas, as the other group.  
 
Experimental procedure 
 
At first and before starting the test, the 
experimenter had to globally describe what the 
driver would have to do: to drive a car by using the 
navigation system, describe the various messages 
s/he received from the on-board system and make a 
self-assessment of his/her own driving performance 
after performing each manoeuvres while receiving a 
message. The experimenter provided some 
examples to explain what the participant had to do 
when s/he received a guidance message and other 
messages. In order to know if s/he had understood 
the required task, the driver had to train with the 
description of the visual and auditory messages s/he 
got before leaving INRETS place. Instructions 
given to drivers were to respect the Highway Code 
Book in agreement with the traffic rules. Before 
going, the driver had to adjust the rear-mirror view 
and the seat.  
On the route, the first three messages were 
necessary to make the experimenter sure that the 
participant was able to hear, to read and to describe 
the messages while driving in easy conditions. This 
first step was considered as training too. Then, the 
test began and the answers from the participants 
according to the message were recorded. All along 
the driving test, an experimenter was behind the 
driver and worked on a computer which was 
sending information to the on-board system. 
Another experimenter was on the left seat and 
recurrently invited the driver to provide his/her real 
time self-assessment of driving task performance, 
more particularly after each message delivery. 
After driving, the participant had to watch a video 
tape of the experimental driving phase on the 
laboratory room. For all the situations with 
messages the driver had received when s/he was 
performing his manoeuvre, s/he had to provide a 
subjective assessment of:  

- The disturbance effects of the message. 
- The difficulties to perform the driving 

task.  
- The visual message acceptance.  
- The auditory message acceptance.  

- A new self-assessment of driving task 
performance (without listening the real 
time value recorded while driving).  

These subjective measures have been collected via 
a set of Likert non graduates scales (10 centimetres 
black line including only 0 on the left and 10 on the 
right; subject must put a cross on it). In the same 
way, the group without messages had to evaluate 
these various dimensions too.  
 
Data collected 
 
For each message sent to the driver, 6 subjective 
measures concerning the message impact on the 
primary driving task have been collected for each 
participant and for each preset areas of the itinerary. 
The performance related to the description of 
messages has been evaluated by the experimenter: 0 
when the driver was not able to describe the visual 
or auditory message s/he had received; 1 when the 
driver partially described the message and 2 when 
the driver perfectly described it. This last measure 
is an objective one for the driver�s availability level 
assessment.  
 
Participants 
 
Thirty experienced drivers (15 males drivers, and 
15 females drivers), between 23 and 60 years old, 
have participated to the experiment. They had a 
driving experience of 10 000 Km per year, which 
would be the average mileage for a regular driver in 
France, and driving licence of 5 years at least. 
According to the experimental conditions, 
participants were divided into 2 groups:  
One group was composed by 20 subjects who 
performed the driving task with visual and auditory 
messages (10 males drivers, and 10 females 
drivers).  
The other group (control group) was composed by 
10 subjects who achieved the task without receiving 
any information (5 males drivers and 5 females 
drivers).  
 
RESULTS 
 
In this section, we describe the results related to the 
subjective method implemented to assess driver�s 
availability. Objective results concerning the 
messages performance are also displayed. All these 
measures are at first analysed for the whole 
itinerary and for all driving situations.  
 
Global results for the whole itinerary and for all 
situations 
 
     Message disturbance effect - In the following 
graphic 1, the subjective mean values of the 
disturbance effects of pictogram, textual and 
auditory messages are studied.  
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Graphic 1.  Mean values related to disturbance 
effects of textual, pictogram and auditory 
messages for the whole itinerary. 
 
When considering the disturbance effects of these 3 
types of presentation, there are no significant 
differences between pictogram and textual 
messages (non parametric Mann-Whitney test, 
p=0,190).  
On the contrary, concerning the disturbance effects 
induced by auditory messages, it is significantly 
lower (p<0,001).  
 
     Difficulties to perform the driving task - The 
graphic 2 displays the various mean values for other 
criteria related to the driver�s availability for the 
whole situations. 
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Graphic 2.  Mean values of criteria related to 
driver’s availability for the whole itinerary and 
for all conditions (with and without messages). 
 
The mean value related to the difficulties that the 
participant had to perform the driving task is of 4,6.  
As we will see later, 4.6 (more or less 0.5) is also 
the frontier value between two main categories of 
driving situations particularly relevant for 
availability assessment: the demanding situations 
and the non demanding situations.  
 
     Visual versus Auditory message acceptance - 
Concerning the acceptance of the visual versus 
auditory messages, there are significant differences 
(non parametric Wilcoxon test, p<0,001): for 
drivers, auditory messages are easier to deal with 
than visual messages and the auditory message 
acceptance is significantly better than visual 
message acceptance (for text as well as for 
pictogram).  

 
     Real time versus after experiment self-
assessment of the driving performance - Results 
related to self-assessment of the driving 
performance on real time versus after the 
experiment are not significantly different 
(parametric test t with paired samples, p=0,013). In 
fact, drivers are estimating their driving 
performance on real time as the same way as after 
the experiment.  
 
     Message performance - While driving, the 
participant had to describe or repeat the messages 
sent by the on-board system. The value affected to 
the message performance was 0 for a wrong 
description of the message, 1 for a partially correct 
description of the message and 2 for a correct 
description of the message.  
The message performance of the driver for the 
whole itinerary is presented on the graphic 3 below.  
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Graphic 3.  Textual, pictogram and auditory 
messages performance for the whole itinerary. 
 
The performance is significantly changing 
according to the type of presentation of the message 
(KHI2 test, p<0,001).  
In fact, the quality of the messages description is 
better for auditory messages (97% of true 
responses) than for pictogram messages (87% of 
true responses). Moreover, as a general rule, an 
auditory or a pictogram message will be easier to 
process than a textual message (69% of true 
responses). Furthermore, while driving, participants 
were more disturbed by a textual or a pictogram 
message than by an auditory message as it appeared 
on the graphic 1.  
These results � which are in line with several 
classical results available in ergonomics literature 
(for example [5], [6], [7]) � are explaining why, in 
our experiment, the message performance is getting 
worse when the message is visual, especially 
textual. The main interest of this result for this 
section is the confirmation that our experiment 
doesn�t introduce any experimental bias. 
 
Demanding versus Non-Demanding situations 
 
As explain in the introduction part, one of the aim 
of this experiment is to provide new materials for 
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an in-depth analysis of the availability concept 
empirically assessed and validated in CEMVOCAS 
project. According to CEMVOCAS experience, 
acquired on a close itinerary, message delivery 
during this new experiment has been partly done 
during demanding situations, partly done during 
non-demanding situation.  
A typical non-demanding situation is an urban, 
motorway or rural straight line, without any traffic 
(or with a low traffic). In these cases, drivers are 
available and their attention share is generally not a 
problem for a safe driving.  
Demanding situations constitute a more complex 
category. The level of availability depends on the 
road infrastructure complexity, the traffic condition, 
and the difficulty of the current manoeuvre carried 
out by the driver. 
It is at least expected from this experiment to 
provide rational method and measures for driving 
situations categorization, according to the different 
level of availability assessed by the drivers.  
In this second section, we present results focused 
on the global distinction between demanding versus 
non-demanding driving situations. Then, the third 
section will present an in-depth analysis of 
demanding situations. 
 
     Message performance - The message 
performance of the driver for non-demanding 
versus demanding situations is presented on the 
graphic 4 below. 
The performance is significantly changed according 
to the type of presentation of the message for 
demanding situations (KHI2 test, p<0,001) but not 
for non-demanding situations (KHI2 test, p=0,154). 
For non-demanding situations, the rate of correct 
responses is higher than 85%: 88% for textual 
messages, 95% for pictogram messages, 95% for 
auditory messages. By contrast, when considering 
demanding situations, the quality of the messages 
description is better for auditory messages (98% of 
true responses) than for pictogram messages (82% 
of true responses). 
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Graphic 4.  Textual, pictogram and auditory 
messages performance of the driver for Non 
Demanding Situations (NDS) versus Demanding 
Situations (DS). 
 

Moreover, an auditory or a pictogram message will 
be significantly easier to process than a textual 
message (only 58% of true responses) in these 
complex situations. 
When the sending message is a pictogram (KHI2 
test, p<0,001) or a text (KHI2 test, p<0,001), there 
is a significant difference between non-demanding 
versus demanding situations indicating that these 
types of messages are more difficult to take into 
account by the driver when he�s performing a 
difficult manoeuvre. For the driver, an auditory 
message will be easier to understand and take into 
account what ether the complexity of the situation. 
For this type of message, there are not significantly 
differences between non-demanding versus 
demanding situations (KHI2 test, p=0,474). 
 
     Message disturbance effect - In the following 
graphic 5, the subjective mean values of the 
disturbance effects of pictogram, textual and 
auditory messages are studied for demanding versus 
non-demanding situations. 
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Graphic 5.  Mean values related to disturbance 
effects of textual, pictogram and auditory 
messages for Non Demanding Situations (NDS) 
and Demanding Situations (DS). 

When considering mean values obtained for 
disturbance effects of textual, pictogram and even 
auditory messages, there are significantly higher 
when situations are demanding (parametric t test, 
p>0,001). In fact, values for disturbance effects of 
textual and pictogram are exceeding 6 for 
demanding situations. For non-demanding 
situations, these values are lower than 3.  
By comparison, auditory messages disturbance 
effect in demanding condition is less important, but 
stays nevertheless high and significant.  
These results indicate that, if drivers are generally 
able to receive auditory message whatever the 
conditions, negative impact and stress increasing 
could occur in demanding conditions.  
Concerning textual or pictogram messages, 
disturbance effects are very high for demanding 
situations.  
For non-demanding situations, drivers declare to be 
generally able to receive any type of messages 
without any major disturbance effect on the driving 
activity.  
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     Difficulties to perform the driving task � The 
graphic 6 displays the various mean values for other 
criteria related to the driver�s availability for 
demanding versus non-demanding situations.  
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Graphic 6.  Mean values of criteria related to 
driver’s availability for Non Demanding 
Situations (NDS) and Demanding Situations 
(DS) and for all conditions (with and without 
messages). 
 
In connecting with the group of non-demanding 
situations previously defined, the driver was going 
in a straight line on urban, motorway, national and 
departmental areas with no or low traffic. For this 
category, the mean values for the difficulties to 
perform the driving task is of 2,4 on our subjective 
Likert scale.  
Concerning the demanding situations, the driver 
was turning to the left in crossroad, crossing 
intersection without the priority, dealing with a 
right or a left tight curve, overtaking, was going in a 
straight line with traffic, entering in a roundabout, 
entering in a motorway, leaving a motorway, line 
changing to the left or to the right.  
By contrast with non-demanding situations, the 
difficulties to perform the driving task are here 
significantly higher (more than the double) for a 
mean value for of 5,45.  
This subjective measure is consequently strongly 
linked to the driving demand and well reflects the 
driver�s level of availability. Indeed, the participant 
had significantly more difficulties to drive when 
situation were complex to manage (parametric t 
test, p<0,001). 
 
     Visual and Auditory message acceptance - 
In the same way, a visual or an auditory messages 
are easier to accept when the situation is not 
difficult to manage (parametric t test, p<0,001), 
especially when the message is vocal (parametric t 
test, p<0,001). Thus, all these types of messages 
could be presented to the driver for non-demanding 
situations. 
 
     Real time and after experiment self-
assessment of the driving performance - The 
mean values related to the driver assessment of 

his/her driving performance on real time and after 
the experiment are not significantly different each 
over for non-demanding as well as for demanding 
situations (parametric test with paired sample, 
p<0,001). These results are confirming the results 
obtained for the whole itinerary and let think that 
they could be gathered in only one measure instead 
of 2 measures. Moreover, the mean values related 
to the driving performance assessed on real time or 
after the experiment significantly decreased with 
the complexity of the situation (parametric test with 
independent sample, p<0,001). However, even for a 
demanding situation, driver�s performance value 
exceeds 7 (whatever the moment of assessment: on 
real time or after the experiment). It means that our 
subjects are globally satisfied by their driving 
performances for the whole itinerary. 
 
In-depth analysis of demanding situations 
 
In this section, we are presenting an in-depth 
analysis of driver�s availability measures in 
demanding conditions. We focus our analysis on 
two particular cases of demanding situations: 
dealing a tight curve on the left and on the right 
versus entering or leaving a motorway area (with 
traffic). 
We will see in this section how the different 
subjective measures are evolving between these two 
groups of demanding situations. 
 
     Message disturbance effect � The graphic 7 
below is presenting the disturbance effects of 
textual, pictogram and auditory messages on the 
driver in curve versus s/he on motorway entering or 
leaving (with traffic). 
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Graphic 7.  Mean values related to disturbance 
effects of textual, pictogram and auditory 
messages in the case of dealing with a curve 
versus entering or leaving a motorway area. 
 
When considering mean values obtained for 
disturbance effects of pictogram and auditory 
messages, there are significantly higher when 
entering or leaving a motorway area than dealing 
with a tight curve (parametric t test, p<0,05). 
However, as regards to the mean values obtained 
for disturbance effects of textual messages, there 
are no significant differences between these two 
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types of situations (parametric t test, p=0,365). The 
mean value of disturbance effect of textual 
messages in the case where the driver is dealing 
with a curve (5,59) is quite similar with the mean 
value of disturbance effect of a message for all 
conditions (with and without a message) in the case 
where the driver is entering or leaving a motorway 
area (5,55). 
Therefore, even if the mean values obtained for 
disturbance effect of a textual message was 
different when considering non-demanding 
situations versus demanding situations; this 
difference does not appear when considering 
demanding situations group. However, for 
pictogram and auditory message, the difference 
between these two types of situation is more 
important and these measures are evolving from a 
medium demanding situation to a high demanding 
situation.  
 
     Difficulties to perform the driving task - The 
graphic 8 displays the various mean values for other 
criteria related to the driver�s availability when 
entering or leaving a motorway area dealing with a 
tight curve. 
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Graphic 8.  Mean values of criteria related to 
driver’s availability in the case of dealing with a 
curve versus entering or leaving a motorway 
area and for all conditions (with and without 
messages). 
 
Concerning the situations where the driver is 
dealing with a tight curve, the mean values for the 
difficulties to perform the driving task is 4,15 on 
our subjective Likert scale.  
Concerning the situations of entering or leaving a 
motorway area, the difficulties to perform the 
driving task are here significantly higher 
(parametric t test, p<0,05). The mean value of 
difficulties to perform the task is 5,87. 
For this measure, the mean values for each category 
from a middle demanding to a very high demanding 
situation progressively evolve without a big 
difference from a category to another. 
 
     Visual and Auditory message acceptance - 
In the same way, a visual or an auditory messages 
are easier to accept when the driver is dealing with 

a tight curve than when is entering or leaving the 
motorway (parametric t test, p<0,05). 
However, the mean values related to auditory 
message acceptance are increasing more slowly 
without an important difference than the mean 
values linked to the measure of the visual message 
acceptance.   
 
     Real time and after experiment self-
assessment of the driving performance - 
The mean values respectively related to the driver 
assessment of his/her driving performance on real 
time and after the experiment are not significantly 
different when considering the situations of dealing 
with a curve versus entering or leaving on a 
motorway area (parametric t test, p=0,474 for real 
time self-assessment of driving performance and 
p=0,376 for after experiment self-assessment of the 
driving performance). 
As regards the real time and the after experiment 
self assessment, the mean values are changing when 
considering the various categories of situations 
more or less demanding from the dealing curve 
situations to the entering or leaving a motorway. 
They can increase or decrease considering the type 
of situations categories analyse. 
 
     The message performance - The message 
performance of the driver for �curve� versus 
�motorway� situations is presented on the graphic 9 
below. 

0%

20%

40%

60%

80%

100%

Curve E/L
motorway

Curve E/L
motorway

Curve E/L
motorway

Wrong
Incomplete
True

Textual VocalPictogram

Graphic 9.  Textual, pictogram and auditory 
messages performance in the case of dealing 
with a curve versus entering or leaving a 
motorway area.  
 
The message performance is changing according to 
the type of presentation of the message for the two 
types of situations. For tight curve situations, the 
rate of correct responses is equal or up to 70%: 70% 
for textual messages, 90% for pictogram messages, 
and 90% for auditory messages. 
By contrast, when considering entering or leaving 
motorway area, the quality of the messages 
description strongly decreases for textual messages 
(46% of true responses). For pictogram messages 
(83% of true responses) and especially auditory 
messages, performance is not so changing (96% of 
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true responses) (KHI2 test, p=0,401 for pictogram 
message and p=0,446).  
Therefore, the objective measure of message 
performance is clearly changing when considering 
textual messages but not pictogram or auditory 
messages from a medium demanding situation to a 
high demanding situation.  
 
DISCUSSION 
 
This research is focused on the in-car information 
management problem, by considering the driving 
demand, on the one hand (road infrastructure, event 
occurrences, manoeuvre to be performed), and the 
driver�s level of availability, on the other hand. 
Some previous results collected in CEMVOCAS 
project have empirically validated (i.e. end-users 
opinions) the availability concept for an efficient 
HMI adaptation.  
Through this new AIDE experiment, it is then 
expected to define methods and tools, based on 
objective performances and subjective assessments, 
to analyse and measure driver�s level of 
availability.  
Five subjective measures have been collected by 
using the video film recorded during the driving 
phase: the disturbance effects of the message, the 
difficulties to perform the driving task, the visual 
message acceptance, the auditory message 
acceptance and a self-assessment of driving task 
performance (additional to a real time self-
assessment recorded while driving).  
The objective measure studied in this paper is the 
message performance based on reading /describing 
visual or vocal messages.  
The results obtained from subjective and objective 
measures of driver�s availability are firstly studied 
for the whole itinerary, then for demanding versus 
non-demanding situations, and lastly for different 
levels of demanding situations. 
 
Global results for the whole itinerary  
 
Two main important results are presented in this 
section dedicated to the whole itinerary analysis. 
Firstly, human drivers availability to receive vocal 
message while driving is systematically higher than 
availability for visual messages (text as well as 
pictogram). Both, objectives measures (message 
performances) and subjective assessments (message 
disturbance and message acceptance values) clearly 
confirm this well-know fact: drivers have more 
chance to be disturbed by a textual or a pictogram 
message, than by an auditory message.  
These results are not new, but confirm that the 
methods and the tools implemented for this 
experiment haven�t introduced any experimental 
bias at this level. 
The second interesting result in this section 
concerns measures of self-assessment of the driving 

performance on real time versus after the 
experiment. As presented, we haven�t observed any 
significant difference between the 2 moments of the 
self-assessment measurement (while driving versus 
in lab). This result is probably the most important 
for this section. Indeed, as it was not possible to ask 
to the driver 5 subjective measures while driving, 
only one of them (i.e. real time self-assessment of 
the driving performance) has been collected during 
the driving task. Therefore, it was expected that �in 
lab� data collected, based on the experimental film 
as support, would be similar than a real time 
assessment. Regarding this result, our expectation 
seems to be confirmed. It let us to think that drivers 
can well estimate all the subjective dimensions 
related to the availability concept even if the criteria 
measures are not collected on real time, but via a 
video film recorded during the driving phase. 
 
Results concerning demanding situations 
 
Demanding versus non-demanding situations 
comparisons reveal that all the collected measures, 
objective as well as subjective data, are 
significantly different between the various driving 
situations. As a consequence, they are well adapted 
in order to assess the driver�s level of availability. 
Concerning the objective measure related to 
message performance - in relation with the driving 
situation demanding level and the modality of 
presentation (visual versus vocal) - several 
significant effects have been found. For non-
demanding situations, the rate of correct responses 
is very high for all messages, even if text 
performance is lower (88%) than pictogram / vocal 
messages (95%). By contrast, Visual message 
performance (more particularly concerning text) 
significantly decreases in demanding conditions, 
and consequently provides a good indicator of a 
low level of availability of the driver. These types 
of messages are more difficult to take into account 
by the driver when he�s performing a difficult 
manoeuvre. It is not (or less) the case for auditory 
messages. 
Concerning our subjective measures collected 
trough various Likert scales, they are also deeply 
linked with the driver�s level of availability.  
First at all, the difficulties to perform the driving 
task scale provides a high discriminating measure 
to distinguish demanding versus non-demanding 
situation: in easy driving conditions, the mean 
measured value is 2,4 points, against 5,4 points in 
demanding conditions.  
The disturbance effect subjective measure is also 2 
(vocal) or 3 (visual) times superior in demanding 
versus non-demanding situations. All theses 
differences are significant, for all types of 
messages. They reveal a negative impact on the 
driving activity in demanding conditions and, 
probably, an increase of cognitive stress. This 
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impact is more limited for auditory messages, even 
if it is nevertheless effective. The same results have 
been found via the visual message acceptance and 
auditory message acceptance scales, which are 
directly related with availability concept in their 
visual versus auditory dimensions.  
For the two last measures, related to the driving 
performance self-assessment (on real time and after 
experiment), a significant difference also appears 
between demanding versus non-demanding 
situation. Nevertheless, the discriminating 
capacities of these two measures are limited, due to 
the high mean values systematically given by our 
drivers, whatever the demanding conditions. 
 
Results concerning in-depth analysis 
 
As discussed in introduction, one of the 
fundamental objectives of this experiment was to 
design methods and measurement tools for driving 
situations categorization, according to the different 
level of availability self-assessed by the drivers.  
As described in the previous section, significant 
differences have been observed, which validate the 
abilities of the implemented methods for 
demanding versus non-demanding situations 
distinction. Nevertheless, in-depth analysis reveals 
that it is also possible to provide a more detailed 
classification of demanding situations. 
As examples, two particular cases of demanding 
situations have been presented in this paper: 
dealing a tight curve on the left and on the right 
versus entering or leaving a motorway area (with 
traffic). These two categories of situations are very 
different in terms of mean values related to the 
driver�s availability measures. Indeed, dealing with 
a curve, even if it is a tight and difficult bend, is 
less demanding than entering or leaving a 
motorway area with normal or high traffic 
conditions. The main subjective and objective 
measures collected in this experiment are 
significantly different from one to the other case. 
Moreover, between these two categories (medium 
versus high demanding situation), several other 
categories of situations have been identified as 
more or less demanding. This last result is not 
reported in the present paper, but the curves versus 
motorway distinction demonstrate that it is possible 
to provide a multi-level classification of demanding 
situations, hierarchically structured, in relation to 
the driver�s availability. 
 
CONCLUSION 
 
In another way, data collected during this 
experiment and analysis presented in this paper 
have been used for the DAE design and 
development, in order to automatically assess the 
driver level of availability from objective 
parameters collected in real time by the car sensors. 

This part of the project is described in another 
paper [1]. 
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ABSTRACT 
 
This paper presents whiplash simulations and 
analyses under various impact conditions and 
acceleration levels by employing a rigorously 
validated biofidelic multi-body (MB) model of the 
whole human spine. The novel MB model 
possesses highly advanced material properties such 
as viscoelastic behaviour, active-passive muscles, 
and geometric nonlinearities. Validation is carried 
out comparing the motion segment responses, the 
MB model responses for frontal and lateral 
impacts, the vertical loading results, and the 
responses of thoracolumbar region in rear-end 
impact. The model successfully reproduces the 
characteristic motion of the head and neck when 
subjected to rear-end crash scenarios. Whiplash 
simulations involve not only the responses of the 
ligamentous spine model, but also predictions of 
the model with active/passive musculature. The 
MB model simulation results and model 
predictions such as head translations and rotations, 
muscle and ligament forces, and intervertebral 
angles show good agreement with experiments. 
The study is limited to presenting the kinematics 
and kinetics of the cervical spine. The biofidelic 
whole human spine model proves to be a highly 
capable and versatile platform to simulate various 
traumatic whiplash injury situations. 
 
INTRODUCTION 
 
Multi-body/discrete parameter models possess the 
potential to simulate the kinematics and kinetics of 
the human spine, both entirely and partially. Multi-
body models have advantages such as less 
complexity, less demand on computational power, 
and relatively simpler validation requirements 
when compared to FE models. Williams and 
Belytschko [1] constructed a three-dimensional 
human cervical spine model for impact simulation, 
which included a special facet element which 
allows the model to simulate both lateral and 
frontal plane motions. In a similar but an advanced 
manner, van Lopik and Acar [2] generated and 
validated a three dimensional multi-body model of 
the human head and neck using the dynamic 
simulation package MSC.visualNastran 4D. The 
model of the head-neck complex involves rigid 

bodies representing the head and 7 vertebrae of the 
neck interconnected by linear viscoelastic disc 
elements, nonlinear viscoelastic ligaments, 
frictionless facet joints and contractile muscle 
elements describing both passive and active muscle 
behaviour. Using a different approach, the 
emphasis is more on the lumbar spine in Jaeger and 
Luttmann’s work [3]. Monheit and Badler [4] 
constructed a kinematic model of the human spine 
and torso based on the anatomy of the physical 
vertebrae and discs, range of movement of each 
vertebra, and effect of the surrounding ligaments 
and muscles. Broman et al. [5] generated a model 
of the lumbar spine, pelvis and buttocks to observe 
transmission of vibrations from the seat to L3 in the 
sitting posture. De Zee et al. [6] built a multi-body 
human spine model partially, in which only the 
lumbar spine part was completed, consisting of 
seven rigid segments as pelvis, the five lumbar 
vertebrae and a thoracic part, where the joints 
between each vertebra set of two was modelled as a 
three degrees-of-freedom spherical joint. Ishikawa 
et al. [7] developed a musculoskeletal dynamic 
multi-body spine model in order to perform 
Functional Electrical Stimulation (FES) effectively 
as well as to simulate spinal motion and analyse 
stress distributions within the vertebrae. The 
muscles were incorporated to the skeletal model by 
using 3D analysis software MSC.visualNastran 4D. 
 
This paper reports a rigorously validated biofidelic 
multi-body (MB) model of the whole human spine 
including whiplash simulations and analyses under 
various impact conditions and acceleration levels. 
The main advantage associated with the model lies 
in incorporating the whole spinal components such 
as vertebrae, ribs, muscles, intervertebral discs, and 
ligaments, which helps to simulate and validate 
more realistically. The MB model devoid of 
muscles is validated against Panjabi and 
colleagues’ experiments conducted using a bench-
top trauma sled and isolated cervical spine 
specimens [8, 9]. These studies used cadaveric 
cervical spine specimens devoid of all non-
ligamentous soft tissues fixed to a bench top sled 
device where an acceleration pulse is applied to the 
base of the specimen to reproduce whiplash 
trauma. These tests constitute an alternative to 
experiments using volunteers or whole body 
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cadavers. They have been successfully used for 
developing computational models that simulate 
whiplash trauma and provide valuable insights into 
the complex events and interactions that cause 
injuries to the cervical spine [10].  
 
METHOD 
 
The MB model utilised in the simulations is 
recently developed by the authors [11, 12]. The 
model embodies highly advanced material 
properties such as viscoelastic behaviour, active-
passive muscles, and geometric nonlinearities. 
 
Multi-Body Model Characteristics 
 
The multi-body model developed is constructed by 
employing a similar methodology to the cervical 
spine multi-body model of van Lopik and Acar 
[10]. The vertebrae were modelled as rigid bodies, 
interconnected by linear viscoelastic intervertebral 
disc elements, nonlinear viscoelastic ligaments and 
contractile muscle elements possessing both 
passive and active behaviour. The dynamic 
simulation package MSC.visualNastran 4D 2001 is 
utilised as the computational medium. 
 
The multi-body model of the whole human spine 
incorporates four essential elements: the vertebrae, 
the muscles, the ligaments and the intervertebral 
discs. The solid model of the upright erect human 
spine constituted the basis for the developed multi-
body model, in which the geometrical surfaces that 
defined realistic anatomical dimensions of the 
spinal parts are entirely constructed from CT scans 
by Van Sint Jan [13] at the University of Brussels, 
Belgium, and stored into the software, Data 
Manager of Multimod project. These solid bodies 
not only include the essential parts of the vertebrae, 
but also accommodate other selected skeletal parts 
such as the head, the ribs, the clavicles, the 
scapulae, and the iliacs. The CT-scanned segments 
of the human skeletal parts are combined to form 
the whole solid model as shown in Figure 1. 
 
Muscles are incorporated into the model as 
contractile muscle elements possessing both 
passive and active behaviour. The most essential 
muscle groups, such as fascicles of the erector 
spinae and multifidus, are integrated. Necessary 
geometric and morphologic features such as the 
origins, insertions and dimensions are taken from 
various studies in the literature [14-16]. In 
MSC.visualNastran 4D, linear actuator element is 
used to incorporate the muscles, governed by an 
external software, Virtual Muscle v.3.1.5 of Alfred 
E. Mann Institute at the University of Southern 
California [16] that runs within Matlab/Simulink 
and communicates with MSC.visualNastran 4D at 
each incremental step. 

 

 
 

Figure 1. The solid model of the human spine as 
the basis of the multi-body model: (a) the entire 
spinal column, (b) with the head, (c) with the 
head and the ribs, and (d) with the head, the 
ribs, the clavicles, the scapulae, and the iliacs. 

 
The ligaments in the present model are chosen as 
nonlinear viscoelastic ligaments. All six common 
types of ligaments are introduced to the model, 
which are ALL (anterior longitudinal ligament), 
PLL (posterior longitudinal ligament), LF 
(ligament flavum), JC (joint capsules), ISL 
(interspinous ligament) and SSL (supraspinous 
ligament) as depicted in Figure 2. The necessary 
biomechanical properties of human spine ligaments 
are taken from the literature [17, 18]. 

 

 
Figure 2. Ligaments and the intervertebral disc 
in the multi-body model. 
 
Intervertebral discs are modelled as bushing 
elements in MSC.visualNastran 4D as illustrated in 
Figure 2. All translational and rotational degrees of 
freedom are allowed in a bushing element, but they 
are restricted through spring-damper relationships. 
The intervertebral discs are located at the centre of 
the space between the upper and lower end plates 
of adjacent vertebrae at a fixed distance relative to 
the centre of the upper vertebrae. There are no 
discs between the axis, atlas and occiput.  Material 
properties of the disc for the model are collected 
from the studies in the literature [18-21]. 
 
All the constituting elements of the whole human 
spine are integrated to form the MB model as 
shown in Figure 3. 
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Figure 3. Oblique and rear views of the multi-
body model of the whole human spine. 

 
Multi-Body Model Validation 
 
The validation of the multi-body model is 
conducted rigorously by comparing motion 
segment responses in the cervical spine, MB model 
responses in the cervical spine for frontal and 
lateral impacts, vertical loading for cervical spine, 
and MB model responses of thoracic and lumbar 
regions in rear-end impact. In 15g frontal and 7g 
lateral impact cases, the model is validated against 
well-known NBDL data [22]. In Figures 4 and 5, 
typical results from frontal and lateral impact cases 
are shown, respectively. C3C4 displacements and 
rotations under certain loading are provided in 
Figure 6 as an example for validation by using 
motion segment responses. 
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Figure 4. Head occiput and head centre of 
gravity trajectories in the horizontal (X) and 
vertical (Z) planes (OC lower, CG upper graph). 
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Figure 5. x linear acceleration of head centre of 
gravity vs. time in lateral impact. 
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Figure 6. Displacements of model motion 
segment C3C4 in response to applied rotational 
load of 1.8 Nm for extension shown against the 
experimental results [23]. Resulting 
displacements are shown along the vertical axis, 
translations (□) on the left, rotations (○) on the 
right. Anterior shear (+AS), posterior shear (-
AS), left lateral shear (+LLS), right lateral shear 
(-LLS), tension (+TNS), compression (-TNS), 
right lateral bending (+RLB), left lateral 
bending (-RLB), flexion (+FLX), extension (-
FLX), left axial rotation (+LAR) and right axial 
rotation (-LAR). 
 
ANALYSIS & RESULTS 
 
The MB model is used to simulate the experimental 
conditions of Panjabi and co-workers [8, 9], who 
utilised a bench-top sled to simulate whiplash 
trauma on ligamentous human cadaveric cervical 
spine specimens which were without the muscle 
tissue and mounted to the sled at T1. The whiplash 
trauma input in the horizontal direction was 
introduced as the profile of the sled acceleration-
time curve to the base of the specimen represented. 
The acceleration input was a triangular pulse with 
duration of 105ms and peak accelerations of 2.5g, 
4.5g. 6.5g and 8.5g (1g = 9.8m/s2). 
 
In the MB simulation, all muscles are deactivated. 
The motion of T1 is constrained so only translation 
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along the x-axis was allowed. No gravitational 
effect is taken into consideration at this stage. The 
acceleration profiles are triangular with the same 
105ms duration and corresponding peak 
accelerations as depicted in Figure 7. 
 
The resulting head rotations and translations are 
compared against the results for the 8.5g trauma 
class. 
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Figure 7. T1 acceleration profiles used as input 
to the cervical spine model. 
 
The response of the ligamentous spine model to the 
8.5g trauma acceleration is provided schematically 
in Figure 8. In the resulting head-neck motion a 
characteristic S-shaped curvature of the neck with 
lower level hyperextension and upper level flexion 
and subsequent C-shaped curvature with extension 
at all levels of the entire cervical spine are 
observed. 
 

 
Figure 8. Response of the model to 8.5g 
whiplash acceleration for 0, 60, 120 ms 
(respectively, from left to right). Muscles were 
deactivated completely. 
 
The head rotation, and head vertical and horizontal 
translations for the 8.5g case compared with the 
experimental results [24] is provided in Figure 9. 
The model shows a similar response to the 
cadaveric spine specimen, where head rotation 
follows a similar pattern but with a higher peak 
value. The MB model returns back slightly slower 
than is seen with the spine specimen soon after the 
maximum rotation and maximum posterior 
translation of the head. The vertical displacement 
of the head reaches a peak of around 6 cm below 

the initial height and shows good agreement with 
the experimental results. 

 
Figure 9. Model head translations and rotations 
for 8.5 g case compared to experimental values 
(which are shaded with similar colour). 
 
During the acceleration part of the impulse, the 
head translates posteriorly and inferiorly with 
respect to T1 as the spine extends. Around 60 ms 
time period, the development of the characteristic 
S-shaped curvature of the cervical spine is 
observed. The vertebral rotation graphs in Figure 
10 depicts that during this time period the upper 
levels of the spine (C0-C3) are flexed while the 
lower levels (C5-T1) are extended as observed 
from the experimental results. In the 75-100 ms 
time period, the upper vertebrae of the model 
change from flexion to extension as the whole 
model becomes more and more extended into a C-
shaped curvature as also observed in the 
experiments. Maximum extension of the head and 
neck is reached at approximately 130 ms, slightly 
later than the experimental results. In the later 
stages of trauma the head rebounds almost 
completely to its initial starting configuration. 
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Figure 10. Intervertebral rotations at 8.5g 
impact. 
 
Model predictions for head translations and 
rotations are provided in Figures 11-13, From 
which it can be observed that the more severe the 
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impact, the greater the rotations and translations 
are. 
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Figure 11. Model head translations and 
rotations for 6.5 g case. 
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Figure 12. Model head translations and 
rotations for 4.5 g case. 
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Figure 13. Model head translations and 
rotations for 2.5 g case. 
 
The maximum intervertebral rotations of the model 
for the four cases simulated are presented in 
Figures 14-18. For the C2-C3 level of the cervical 
spine, the graph (Fig. 14) show that although the 
upper levels are initially forced into flexion in the 
model, the levels of flexion experienced are 
slightly smaller than the experimental values, 
which may be an indication of the model being 

slightly stiff in flexion in these areas.  The levels of 
extension experienced in the later stages of impact 
show better agreement with the experimental data. 
Figures 15-18 show the maximum intervertebral 
extension rotations experienced by the lower five 
levels of the spine model. From the results, it seems 
that generally level C6-C7 appears to be too stiff 
when compared to the experimental results.  
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Figure 14. Maximum intervertebral angles 
achieved for C2-C3.  
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Figure 15. Maximum intervertebral angles 
achieved for C3-C4. 
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Figure 16. Maximum intervertebral angles 
achieved for C4-C5. 
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Figure 17. Maximum intervertebral angles 
achieved for C5-C6. 
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Figure 18. Maximum intervertebral angles 
achieved for C6-C7. 
 
In order to investigate the effects of musculature, 
the muscles are incorporated into the model in two 
ways; as passive musculature and as active 
musculature. The comparison of model predictions 
for maximum intervertebral disc forces in tension 
and compression cases for 8.5g acceleration are 
tabulated in Table 1. 
 
Table 1. Comparison of maximum disc forces in 
tension and compression for 8.5g acceleration 

case.  
 
Force (N) C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 

Maximum tension 
No muscles 95 62 25 2 0 

Passive 223 132 64 31 0 
Active 103 47 13 3 0 

Maximum compression 
No muscles 224 273 281 279 265 

Passive 257 303 294 310 289 
Active 394 417 432 423 402 

 
In maximum tension predictions for 8.5g case, the 
inclusion of passive musculature significantly 
increases the values at each level. Within each 
case, the forces decrease from C2-C3 to C6-C7. 
Inclusion of active musculature normalises the 
values towards no-muscle case, which appears to 
be more realistic in the light of the experimental 
data. In maximum compression predictions, active 
muscles seem to have a considerable effect on the 
maximum values with relatively higher 
magnitudes, whereas both no muscle and passive 
muscle cases exhibit similar values. 
 
CONCLUSIONS 
 
This study shows that the MB model of the whole 
human spine can be used to simulate a ligamentous 
cervical spine undergoing whiplash trauma. The 
MB model devoid of muscles is validated against 
test results, while most of the simulation results and 
model predictions showed good agreement with 
experiments. The model can successfully reproduce 
the characteristic motion of the head and neck 
when subjected to rear-end impact. The differential 
movement between the head and T1 causes initial 

flexion in the upper joints as the head translates 
backward, without rotation, relative to T1. 
 
In the most severe impact case of 8.5g, the head 
rotations and displacements show reasonably good 
agreement with experimental data, particularly in 
following the trends of the empirical graphs. 
However, the model predictions yield slightly 
larger values than the experimental results. 
 
The inclusion of the muscles into the model does 
not significantly alter the head and cervical spine 
rotations.  However, the forces occurring at 
intervertebral levels are considerably affected due 
to muscle tensioning. It could be concluded from 
the model predictions with active musculature that 
an initially unaware occupant would not be affected 
in terms of cervical spine kinematics, but would be 
influenced via the varying loads within the soft 
tissues such as intervertebral discs.   
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ASTRACT 
 
The UK’s On The Spot (OTS) accident data 
collection project started in 2000 and continues to 
investigate 500 crashes per year. Investigations are 
undertaken minutes after the collision has occurred 
to gather all the perishable information. At the time 
of writing over 3,000 crashes involving all road 
users and all injury severities have been examined. 
The OTS database provides a unique insight into 
the prevailing factors that have been seen to cause 
crashes and the associated human injuries and 
vehicle and infrastructure damage that have been 
witnessed by the crash investigation teams. 
 
The research objective of this paper is to outline the 
pre and post-crash circumstances of 108 pedestrian 
crashes. The nature of the events that led to the 
collision, including the respective travelling speeds, 
time and distance from the moment the impact was 
inevitable are described. The information provided 
can be used to begin to outline the potential 
effectiveness of future crash mitigation systems. 
Further, the impact speeds are correlated to the 
injuries the pedestrians suffered with respect to the 
impact partner. Lower limb and head injuries are 
highlighted to be the most frequently injured body 
regions. The risk of injury for pedestrians with 
respect to the cars’ speed at the point of impact is 
outlined and comparison made with the literature. 
 
The small sample size is a limitation to the work, 
which has not at this stage been proven to be 
representative of the UK pedestrian accident 
population. Further, the nature of real world crash 
investigation means that some of the calculated 
speed values have reasonably large ranges. 
However, the work does offer an up to date review 
of the risk and type of injury versus impact speed 
for modern vehicles. In addition, the study starts to 
describe the in-depth pre-crash circumstances 
witnessed in real life crashes. 
 
INTRODUCTION 
 
Significant numbers of pedestrians are injured or 
killed as a result of being struck by motor vehicles 
every year. The relative importance of pedestrians 

with respect to all traffic casualties varies between 
different countries, but typically the most common 
crash scenario involves them being struck by the 
front of a passenger car. One major factor that 
influences pedestrian injury outcome during a 
collision is the vehicle speed at the point of impact. 
This study provides a comparative review of real 
world casualty injury severity for pedestrians who 
were struck by the front of a car with respect to the 
speed at impact. 
 
BACKGROUND 
 
Vehicle speed affects both the risk of an accident 
and the associated injury severity. It has been 
observed that a reduction of the speed limit on a 
road from 60 kph to 50 kph produced a 20 % drop 
in pedestrian accidents, and a 50 % drop in 
pedestrian fatalities [1]. Also, pedestrian accidents 
are known to occur at a wide variety of speeds [2], 
although the majority (about 85 %) are believed to 
be below 50 kph [3]. Pedestrians are usually hit 
from the side, and are 3 to 4 times more likely to be 
crossing the path of the vehicle than travelling in a 
parallel direction to it. Cases where the vehicle runs 
over the pedestrian (where the wheels travel over 
the pedestrian as they lie in the road) are rare, with 
estimates varying between 2 % and 10 % [4] of 
pedestrian casualties. 
 
The body parts with the highest risk of injury 
(frequency x severity) for a pedestrian struck by a 
vehicle are the head, followed by the lower 
extremities, the thorax, and the pelvis [4]. For non-
fatal injuries, the lower extremities have been seen 
as the most frequently injured. These injuries 
tended to be to the knee ligaments for impact 
speeds around 20-30 kph, and to be fractures for 
accidents around 40 kph [5]. 
 
The head is often subject to two impacts, the first 
with the car itself, and the second with the ground 
as the pedestrian is thrown from the car. In relation 
to the relative severity of these two impacts, the 
literature is divided. Some observe that the primary 
impact (with the car) is the most severe impact [4]. 
This is in line with papers suggesting that the 
injuries caused by secondary impact are fewer and 
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less serious than those caused by primary impact 
[6]. However, others claim that the secondary 
impact is often a source of injury comparable to the 
primary impact [3]. 
 
Euro NCAP undertakes pedestrian sub-system 
impactor tests that are designed to rate new car 
models on the protection they offer to pedestrians 
in a frontal impact. In order to produce repeatable 
and scientific measurements leg forms and head 
forms are used to represent the pedestrian’s 
associated body regions. The leg and head forms 
are projected towards the vehicle at 40 kph. The leg 
forms impact with the bumper and the bonnet 
leading edge and the head forms strike the bonnet 
at a variety of locations. The impactors are 
instrumented and the resulting measurements are 
used to predict the risk of injury.  
 
While speed is certainly a factor directly linked to 
the severity of injury during pedestrian-vehicle 
collisions, other factors also come into play, 
making a pure assessment of the effects of speed 
very difficult. For example one study has shown 
that a long bonnet on a car reduces the injury risk 
of pedestrians in collision with that car [4]. This 
difficulty is exacerbated by the varied nature of 
pedestrians, who will be of all ages, and have very 
different biomechanical tolerances [2]. As people 
age their biomechanical strength decreases leaving 
them more vulnerable to injury for a given loading 
condition. 
 
For several reasons, including those noted above, it 
is impossible to predict solely from the speed of an 
accident what the injury outcome of a given 
pedestrian will be. Fatal accidents have occurred at 
very low speeds, under 20 kph and as low as 12 
kph; and slight injuries have been seen at much 
higher speeds (above 40 kph) [2] [4]. However, it is 
possible to identify boundary speeds, where the 
proportion of accidents changes from being mainly 
slight accidents to mainly severe accidents, and 
where the proportion changes from mainly 
survivable accidents to mainly fatal accidents.  
 
In 1979 these boundary speeds were observed by 
Ashton and Mackay as being 30 kph for the 
transition from mostly slight to mostly severe (AIS 
2+), and between 50 and 60 kph for the transition 
from mostly survivable to mostly fatal [2]. Ashton 
and Mackay determined the impact speed 
distribution of cars involved in pedestrian accidents 
where the pedestrian was contacted by the front of 
the car. This data was taken from at-the-scene 
studies at the Accident Research Unit, University 
of Birmingham. They weighted the data so it 
matched the proportions of slight, serious and fatal 
casualties seen in the national UK data.  
 

The causes of the pedestrian injuries were also 
discussed by Ashton and Mackay. The at-the-scene 
studies showed that contact with the vehicle was 
responsible for more life-threatening or fatal head 
injuries than contact with the ground, and also that 
the windscreen frame was more likely to give a 
serious head injury than contact with the 
windscreen glass or the bonnet. There were other 
trends in the type of injuries suffered: head injuries 
were the most frequent injury sustained by those 
having non-minor injuries, with leg injuries being 
the second most common. The likelihood of injury 
for all the body regions increased with injury 
severity. 
 
Their work has been used in the “Think! Road 
Safety” campaign by the Department for Transport, 
and is also a good basis for comparison with the 
results of this report. With changes in medical 
technology, population demographics and vehicle 
design, the boundary speeds, causes and 
distribution of injuries may now have changed. 
 
METHOD 
 
OTS Methodology 
 
The On-The-Spot (OTS) Accident Data Collection 
Study has been developed to overcome a number of 
limitations encountered in earlier and current 
research. Most accident studies (such as the UK 
Co-operative Crash Injury Study, CCIS) are 
entirely retrospective, in that investigations take 
place a matter of days after the accident and are 
therefore limited in scope to factors which are 
relatively permanent, such as vehicle deformation 
and occupant injuries. They do not, in general, 
record information relating to evidence existing at 
the crash site, such as post-impact locations of 
vehicles, weather and road surface conditions, nor 
do they consider events leading up to the accident, 
such as the driving conditions encountered as the 
protagonists approached the crash site and their 
behaviour. It is these factors which give an insight 
into why the accident happened. The police, who 
do attend the scenes of accidents while such 
“volatile” data are still available to be collected, 
tend to have other priorities, such as ensuring the 
injured receive help, clearing the scene to restore 
the flow of traffic and looking for indications that 
any of the parties involved has broken the law.  
 
The philosophy of the OTS project was to put 
experienced accident researchers at the crash scene 
at the same time as the police and other emergency 
services. The Study is thus still retrospective, in 
that the accident has already happened, but the 
timing is such that it should be possible to gather 
information on the environmental and behavioural 
conditions prevailing just before the crash. This 
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provides valuable in-depth data on the causes as 
well as the consequences of crashes, and allows 
countermeasures to be developed in the fields of 
human behaviour and highway engineering as well 
as vehicle crashworthiness. This is potentially a 
major improvement on the data currently available 
from other studies. A study of this type had not 
been conducted in the UK for over 20 years, and 
comparison of the results of the current study with 
those of the previous one should provide interesting 
insights into the changes which have taken place 
over that period. 
 
The Study involves two teams, from the Vehicle 
Safety Research Centre at Loughborough 
University (VSRC) and the Transport Research 
Laboratory Limited (TRL), working in close co-
operation to produce a joint dataset. Work on the 
development of the Study design and procedures 
began in 1998. Protocols were developed to be 
consistent with recent international activities. 
These include the EC proposals for the 
development of a Pan-European Accident Database 
based on recommendations from the 
Standardisation of Accident and Injury Registration 
Systems (STAIRS) project. 
 
Funding for the project came from the Road Safety 
Division at the Department for Transport and from 
the Highways Agency. Full data collection began 
in 2000 with a requirement to collect detailed 
information on 500 accidents per year. This was a 
large and complex activity, involving close 
collaboration between two geographically remote 
research teams operating from TRL in Berkshire 
and VSRC in Nottinghamshire. Both teams 
developed the project using common protocols and 
liaison techniques with the emergency services, 
hospitals, HM Coroners and local authorities and 
including routine technical links with the expertise 
available at the two institutes. 
 
The Study has seen a very close working 
relationship between the research teams and their 
respective local police in Nottinghamshire and 
Thames Valley. This link was strengthened by the 
inclusion of a serving police officer on each team, 
which provided a secure, direct and reliable link 
with the local police command and control 
systems, thus ensuring immediate crash 
notifications. Response vehicles, fitted with blue 
lights and driven by seconded police officers, were 
used to transport each research team safely to the 
scene. In this way it was possible to cover a larger 
area than in previous studies. The response 
technique ensured that the combination of a 
relatively large area and increased traffic densities 
on modern roads allowed larger samples of crashes 
to be investigated than were attained in some 
earlier studies. 

 
Given the attention to detail in establishing the 
necessary infrastructure, the well designed 
sampling plan and conformity to common 
investigation protocols, the DfT/HA OTS project 
provides an example of “best practice” in this field. 
As far as the authors are aware, no other country is 
systematically collecting on-scene data, to a pre-
defined sampling plan and with such effective co-
operation from all relevant public services 
contributing to the necessary input data. 
 
It takes many years to establish useful databases 
and it is essential to have continuity to gain the best 
value from the database over the long term. The 
OTS project has two main strengths, compared 
with more conventional studies. The first is having 
access to volatile scene data including transient 
highway factors and climatic conditions, which are 
particularly important for determining accident 
circumstances, especially when investigating 
vulnerable road user accidents. The second is the 
ability to interview witnesses at the scene, thus 
gaining an insight into behavioural characteristics, 
and how these may have been influenced by the 
transient factors referred to above. 
 
Terminology and Definitions of Key Variables 
 
     Impact Speed - The collision or impact severity 
is determined by the OTS investigation team. 
Wherever possible, physical scene evidence is used 
to derive estimates of the speed of the vehicle at the 
point of impact. These techniques include 
mathematical reconstructions based on the trace 
marks which vehicle tyres leave on the road surface 
due to heavy braking and evaluation of the 
pedestrians’ throw distance correlated to the 
probable impact speed. 
 
Often there is very little physical evidence either on 
the road surface or vehicle that can be used to 
calculate an impact speed. Sometimes the only 
evidence of pedestrian impact with the vehicle are 
faint cleaning marks on the bumper or bonnet 
surface. In such cases it is still possible to estimate 
impact speeds, but the level of accuracy is clearly 
lower. The OTS team collates information from 
witnesses, crash participants and the characteristics 
of traffic flow along with other scene related 
information to validate and help inform any vehicle 
to pedestrian impact speed measures. 
 
     Police Injury Severity - The casualties’ injury 
severity is classified by Road Casualties Great 
Britain (RCGB) [7] and by OTS according to the 
UK government’s definitions of Fatal (Killed), 
Serious or Slight.  
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‘Fatal’ injury includes only those where death 
occurs in less than 30 days as a result of the 
accident. Fatal does not include death from natural 
causes or suicide. 
 
Examples of ‘Serious’ injury are: 
• Fracture of bone 
• Internal injury 
• Severe cuts 
• Crushing 
• Burns (excluding friction burns) 
• Concussion 
• Severe general shock requiring hospital 

treatment 
• Detention in hospital as an in-patient, either 

immediately or later 
• Injuries to casualties who die 30 or more days 

after the accident from injuries sustained in 
that accident 

 
Examples of ‘Slight’ injuries are: 
• Sprains, not necessarily requiring medical 

treatment 
• Neck whiplash injury 
• Bruises 
• Slight cuts 
• Slight shock requiring roadside attention 
 
     Abbreviated Injury Scale (AIS) - The OTS 
casualties’ injuries and characteristics (gender, age, 
height, weight etc.) are obtained from police 
reports, questionnaires, hospital records or HM 
coroner reports depending on the casualties’ injury 
severity. The injuries sustained are coded using 
‘The Abbreviated Injury Scale (AIS) 1990 
Revision’ (Association for the Advancement of 
Automotive Medicine, AAAM).  
 
Each injury description is assigned a unique six 
digit numerical code in addition to the AIS severity 
score. The first digit summarises the body region; 
the second digit identifies the type of anatomical 
structure; the third and fourth digits identify the 
specific anatomical structure or, in the case of 
injuries to the external region, the specific nature of 
the injury; the fifth and sixth digits identify the 
level of injury within a specific body region or 
anatomical structure. Finally, the digit to the right 
of the decimal point is the AIS severity score. This 
study specifically uses the AIS code for the body 
region injured and the AIS severity score. The body 
regions injured are classified by: 
• Head 
• Face 
• Neck 
• Thorax 
• Abdomen 
• Spine (cervical, thoracic and lumbar) 
• Upper Extremity 

• Lower Extremity 
• Unspecified 
 
The AIS severity score is a consensus-derived 
anatomically-based system that classifies 
individual injuries by body region on a six point 
ordinal severity scale ranging from AIS 1 (minor) 
to AIS 6 (currently untreatable), shown in table 1. 
 

Table 1. 
Possible values of AIS 

 
AIS Score Description 

1 Minor 
2 Moderate 
3 Serious 
4 Severe 
5 Critical 
6 Maximum 
9 Unknown 

 
MAIS denotes the maximum AIS score of all 
injuries sustained by a particular occupant. It is a 
single number that attempts to describe the 
seriousness of the injuries suffered by that 
occupant. 
 
HAIS denotes the highest AIS score of all injuries 
to a given body region sustained by an occupant. It 
is a single number that attempts to describe the 
seriousness of the injuries to a given body region 
suffered by that occupant. 
 
The AIS system therefore allows injuries to be 
coded by their type and severity in terms of threat 
to life. In OTS, the injuries are then correlated with 
the associated vehicle damage to try to determine 
the ultimate cause of each individual injury. 
 
The research undertaken by Ashton and Mackay 
used an earlier version of the AIS dictionary (1976 
Revision). In summary the two dictionaries can not 
be directly compared for specific injuries, but like 
the AIS 1990 Revision, this version had six injury 
scores per injury ranging from 1 to 6. There were 
however, far fewer injury descriptions and the 
overall evaluation was much simpler than that 
documented later in AIS 1990. The severities of 
some individual injuries have also changed 
between the two versions, with some now having a 
higher AIS severity score, but others a lower score. 
Therefore, direct comparisons between Ashton and 
Mackay are not necessarily ‘like by like’ for the 
different AIS scores for the body regions injured. 
 
OTS Sample Selection 
 
OTS crashes involving pedestrians were selected 
and further filtering applied to identify cases with 
all the pertinent data available. Each case was 
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reviewed in detail and where appropriate 
enhancements were made to the information 
available with respect to the injury severity, type 
and causation and the vehicle impact speed. The 
case reviews were undertaken by researchers 
working at the VSRC and TRL. The work was 
coordinated to ensure harmonisation between the 
two research centres and a common database was 
populated. All OTS crashes involving pedestrian 
casualties that were available in July 2006 were 
reviewed. 
 
A separate database was created from the data for 
the use of this project, including all the details 
which would be required for a study of pedestrian 
casualties. This consisted of data on 175 
pedestrians struck by vehicles, and for each 
pedestrian the best estimate of the impact speed 
was given. The impact speed was calculated using 
physical evidence if present, and other means of 
estimating the speed if the physical evidence was 
inconclusive. Of the 175 pedestrians, 41 % had an 
impact speed based on robust physical evidence, 
with the remaining 59 % having an impact speed 
estimated with other methods, sometimes including 
some physical evidence and on other occasions 
relying more on subjective opinion. 
 
Physical evidence which was used to estimate 
impact speed includes the length of skid, and the 
distance the pedestrian was thrown after impact. 
Other methods used for estimating the impact 
speed include the speed limit of the road and the 
likely speed given the conditions, damage to parts 
of the car such as the windscreen, and the estimates 
of witnesses and the investigation team at the 
scene. Figure 1 shows a photograph of a car 
involved in a pedestrian impact. The impacts with 
the bonnet and windscreen can clearly be seen, and 
such evidence can be used to estimate the impact 
speed. 
 

 
Figure 1.  Car involved in a pedestrian impact. 
 
Of these 175 pedestrians, only those involved in 
frontal impacts with cars were used. In addition, 
only those whose injury severity (both MAIS and 

police injury classification, slight, serious or fatal) 
was known were included in the study. This 
reduced the sample to 108 pedestrians. Of these 
108, 49 % had impact speed calculated using 
physical evidence, while the remaining 51 % of 
impact speeds were estimated using other methods. 
Figure 2 shows how the methods of determining 
the impact speed were distributed. 
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Figure 2.  Basis of impact speed measurements 
for the 108 pedestrians. 
 
 
RESULTS 
 
Pre-Crash Characteristics 
 
     Braking Before Impact - The OTS pedestrian 
database recorded details of any braking believed 
to be performed by each car before it struck the 
pedestrian. Table 2 shows these details for the 108 
pedestrian casualties in the sample. 
 

Table 2. 
Braking before impact for the vehicles striking 

the 108 pedestrians 
 

 Number of pedestrians 
 Fatal Serious Slight Total 
Braking 
Unknown 

1 7 26 34 

Locked Wheels 2 10 9 21 
No Braking 2 8 11 21 
Some Braking 2 11 19 32 
Total 7 36 65 108 
 
For about a third of the pedestrians it was not 
known whether the car attempted to brake before 
the impact. The effect of braking on the impact 
speed is shown in figure 3, which shows the 
cumulative impact speeds for the 108 pedestrians. 
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Cumulative impact speed for 108 pedestrians in OTS sample

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100

Impact speed (kph)

C
u

m
u

la
ti

ve
 %

No braking
Some braking
Locked wheels
Braking unknown

 
Figure 3.  Variation of cumulative impact speed 
with braking. 
 
Accidents where the car locked wheels before the 
accident tend to have larger impact speeds than 
accidents where there was some or no braking. But 
the cases with the highest impact speeds occur 
when there is no braking. 
 
     Causes and Contributory Factors - The OTS 
database records the likely causes of each accident 
in a number of different ways. The first method is 
to select a “precipitating factor” for each accident. 
The 108 pedestrians in the OTS sample were from 
107 accidents, 99 of which had a “definite” 
precipitating factor. These precipitating factors are 
shown in table 3.  
 

Table 3. 
Precipitating factors in pedestrian impacts 

 
Precipitating factor No. of 

cases 
% of 
cases 

Pedestrian entered carriageway 
without due care (driver not to 
blame) 

78 72.9 

Failed to avoid pedestrian 
(pedestrian not to blame) 

10 9.3 

Failed to stop 3 2.8 
Pedestrian fell in road 3 2.8 
Loss of control of vehicle 2 1.9 
Failed to avoid object or vehicle 
on carriageway 

1 0.9 

Failure to signal or gave 
misleading signal 

1 0.9 

Other 1 0.9 
No definite factor 8 7.5 

 
This shows that in the vast majority of cases the 
precipitating factor was the pedestrian stepping into 
the carriageway without due care. 
 
For each of the precipitating factors, one or more 
contributory factors can be given which are deemed 
to have contributed to the precipitating factor. The 
11 most frequent contributory factors for the 107 
pedestrian accidents are shown in table 4. 
 

Failure to look is the most frequent contributory 
factor recorded here, although it does not 
distinguish between failure of the driver or 
pedestrian. 

 
Table 4. 

Contributory factors to pedestrian impacts 
 

Contributory factor No. of 
cases 

% of 
cases 

Failed to look 23 21.5 
Inattention 21 19.6 
Carelessness, reckless or 
thoughtless 

20 18.7 

Cross from behind parked car 16 15.0 
Ignored lights at crossing 10 9.3 
Surroundings obscured by 
stationary or parked car 

10 9.3 

Failure to judge other persons 
path or speed 

8 7.5 

Impairment through alcohol 7 6.5 
In a hurry 7 6.5 
Person hit wore dark or 
inconspicuous clothing 

3 2.8 

Lack of judgement of own path 3 2.8 
 
In 2005, another method of recording the 
contributory factors toward the accident was 
introduced in OTS (and the older cases were 
retrospectively coded to the new standard). This 
does not give the contributory factors towards the 
precipitating factor, but rather the contributory 
factors to the accident itself. The 8 most frequent 
contributory factors to the 107 pedestrian accidents 
in the OTS sample are detailed in table 5. 
 

Table 5. 
Contributory factors (2005) in pedestrian 

impacts 
 

Contributory factor No. of 
cases 

% of 
cases 

Pedestrian: Failed to look 
properly 

43 40.2 

Pedestrian: Crossing road 
masked by stationary or parked 
vehicle 

20 18.7 

Pedestrian: Wrong use of 
pedestrian crossing facility 

6 5.6 

Injudicious Action: Exceeding 
speed limit 

5 4.7 

Injudicious Action: Disobeyed 
automatic traffic signal 

4 3.7 

Pedestrian: Failed to judge 
vehicle’s path or speed 

4 3.7 

Pedestrian: Impaired by alcohol 4 3.7 
Error or Reaction: Failed to 
look properly 

3 2.8 
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Once again, the majority of the accidents are 
deemed to have been caused by the pedestrian. 
 
Injury Causation 
 
     Risk of injury by impact speed – Ashton and 
Mackay produced risk curves which attempted to 
show the risk of injury to a pedestrian for a given 
impact speed. The following graphs compare the 
findings from the OTS sample of pedestrians to 
those in Ashton and Mackay. 
 
Figure 4 shows the cumulative impact speed for the 
108 pedestrians in the OTS sample. Figure 5 shows 
the cumulative impact speed for the pedestrians 
with non-minor (MAIS > 1) injuries, and Figure 6 
shows the cumulative impact speed for the 
fatalities. The equivalent curves from Ashton and 
Mackay are also shown. 
 
In the OTS data, pedestrians tend to be struck at 
higher speeds than those seen in the Ashton & 
Mackay paper. The 50th percentile for all the 
casualties is about 30 kph for the OTS pedestrians, 
compared to only 20-25 kph for the Ashton & 
Mackay dataset. It also appears that a greater 
proportion of non-minor injuries are caused at 
higher speeds for the OTS data. The 25th percentile 
impact speed for non-minor injuries in OTS is 
approximately 25 kph compared to about 30 kph 
for the Ashton and Mackay data, while the 75th 
percentile impact speed is approximately 7 kph 
faster for OTS. 
 
Although there are very few fatalities in the OTS 
data (only 7), these follow a similar trend to the 
non-minor injuries. However it should be noted 
that while fewer non-minor injuries and fatalities 
are occurring at high speeds, more fatalities and 
non-minor injuries are occurring at lower speeds, 
even though overall the number of casualties 
injured at a given speed has reduced. This trend of 
injuries occurring over a wider speed range than 
shown by Ashton and Mackay is true for both non-
minor and fatal injuries. 
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Figure 4.  Cumulative impact speed for all 
pedestrian casualties. 
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Figure 5.  Cumulative impact speed for non-
minor (MAIS > 1) casualties. 
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Figure 6.  Cumulative impact speed for 
fatalities. 
 
From the OTS data, figure 7 was produced which 
shows how the probability of suffering each 
severity of accident varies with impact speed. Note 
that the non-minor category no longer includes 
fatalities. This has been changed so that all injuries 
add up to 100 %. 
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Figure 7.  Probability of injury from OTS data, 
by MAIS. 
 
As speed increases the probability of suffering a 
minor injury decreases, and the probability of 
suffering a serious injury or fatality increases. The 
number of cases at high speeds was very small, so 
the pedestrians with impact speeds above 60 kph 
have been combined. A second version of this 
figure is shown in figure 8 where the Police 
definitions of slight, serious and fatal are used to 
describe the casualties, rather than MAIS. 
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This can be compared with figure 9, which shows a 
reproduction of data in the Ashton & Mackay paper 
to produce a similar graph showing the probability 
of injury. Note that the Aston & Mackay paper 
does not give clear details of the number of 
casualties, so these have not been included. This 
figure was produced by estimating the area under 
the curves of a graph, and so is probably only 
accurate to about 10 %. But this is enough to 
compare the trend shown with that given by the 
OTS data. 
 

Probability of injury from OTS data, using Police severity (slight, 
serious, fatal)
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Figure 8.  Probability of injury from OTS data, 
by Police severity. 
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Figure 9.  Probability of injury from Ashton and 
Mackay data, by Police severity. 
 
Comparing these figures tells a similar story to the 
cumulative impact speed curves. At impacts below 
30 kph, the incidence of serious injuries is the same 
or higher in the OTS data than in the Ashton & 
Mackay data. At speeds above this, pedestrians in 
the OTS data were less likely to suffer a serious or 
fatal injury than those in the Ashton & Mackay 
dataset. 
 
     Body Regions Injured - Figure 10 details the 
distribution of injuries suffered by all surviving 
pedestrians aged between 15-59. This age range is 
chosen to match that used by Ashton & Mackay to 
display the same data, and gives 43 pedestrians 
from the 108 in the OTS dataset. The injury 
distribution is demonstrated using the most severe 
injury suffered to a particular body region (HAIS), 
and is given as a percentage of the 43 pedestrians. 
For example, about 50 % of pedestrians had 

injuries to the head, with the highest injury being 
an AIS 1 injury. About 20 % of pedestrians had 
injuries to the head the worst of which has an AIS 
greater than 1. So in total, over 70 % of the 
pedestrians suffered an injury to their head. 
 
Most of the pedestrians hit by the front part of a car 
suffer injuries to the head, arms and legs. This 
agrees with the Ashton and Mackay data.  
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Figure 10.  Injury distribution of OTS survivors 
aged 15-59. 
 
Figure 11 shows the results for the 22 pedestrians 
with non-minor (MAIS > 1) injuries, who survived. 
The same data from the Ashton & Mackay paper is 
also included, which had 308 survivors suffering 
non-minor injuries. 
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Figure 11.  Injury distribution of non-minor 
(MAIS > 1) casualties from OTS and Ashton 
and Mackay. 
 
For all body regions apart from the head and pelvis, 
a larger percentage of pedestrians in the OTS 
dataset suffered some kind of injury. In the arm, 
leg, and pelvis region the percentage suffering 
minor injuries is not very different between the two 
sets of data. There is a slight increase in minor head 
injuries to the OTS pedestrians, and a large 
increase in minor neck and abdomen injuries. 
 
The OTS data shows large increases in non-minor 
injuries for the neck, chest, arm and leg regions, 
and a decrease in non-minor injuries to the head. 
The decrease in non-minor injuries to the head is 
possibly the most important change as far as 
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fatalities are concerned. Ashton & Mackay showed 
that over 90 % of pedestrians who were fatally 
wounded had a non-minor injury to their head. 
 
There were only two fatalities present in the OTS 
data for the age range 15-59, so the details of those 
cases have not been included here. 
 
     Causes of Injury - Figure 12 shows the causes 
of the head injuries sustained by pedestrians in the 
OTS dataset. This is shown as the percentage of 
injuries of that severity (all, non-minor (AIS > 1), 
and causing death) for which the cause was known, 
rather than the percentage of pedestrians. Of the 
108 pedestrians in the dataset, there were 144 head 
injuries of known origin. 
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Figure 12.  Causes of head injuries in OTS 
dataset. 
 
The windscreen, A-pillar and contact with the 
ground cause the most head injuries, of all 
severities. Although contact with the vehicle does 
cause more injuries than contact with the ground 
(as stated by Ashton & Mackay), there is no single 
part of a car which causes as many injuries. While 
injuries caused by the A-pillar become increasingly 
important as the severity increases, contact with the 
windscreen and the ground causes more injuries of 
all severities. 
 
Figure 13 shows the causes of the leg injuries 
suffered by pedestrians in the OTS sample. 
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Figure 13.  Causes of leg injuries in OTS 
dataset. 
 

The front bumper is the most frequent cause of all 
leg injuries, and is by far the most important cause 
of non-minor leg injuries. Contact with the ground 
is the second most frequent cause of leg injuries, 
although the vast majority of these are minor, AIS 
1 injuries. The bonnet surface is the second most 
important cause of non-minor leg injuries. 
 
Figure 14 looks at leg injuries caused by contact 
with the front bumper (the most important cause of 
leg injuries), and shows how the injury severity 
depends on the impact speed. 
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Figure 14.  Cumulative impact speed of leg 
injuries caused by front bumper. 
 
As would be expected, pedestrians struck at higher 
speeds receive more serious injuries. Above 30 
mph (48 kph) all leg injuries caused by the front 
bumper are at least of severity AIS 2. A similar 
effect is seen between impact speed and head 
injury, which is shown in Figure 15. 
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Figure 15.  Cumulative impact speed for head 
injuries. 
 
Non-minor head injuries occur at greater speeds 
than minor (AIS 1) head injuries. The 50th 
percentile is about 43 kph for AIS 2+ injuries, 
compared to about 34 kph for minor head injuries. 
 
DISCUSSION 
 
Pre-Crash Characteristics 
 
Braking before the accident does seem to have an 
effect on the injury severity of the pedestrian. From 



Cuerden 10 

the 108 pedestrian impacts studied in detail, 41 % 
of those where there was “some braking” were 
killed or seriously injured, compared to 48 % of 
those where there was “no braking”. But of the 
pedestrians where the braking was recorded as 
“locked wheels”, 57 % were killed or seriously 
injured. 
 
The impact speeds for pedestrians where the car 
locked wheels seem to be higher than those for 
other braking conditions, which explains why these 
pedestrians were more often killed or seriously 
injured. But this does not explain why cars whose 
wheels had locked have higher impacts than those 
where there was no braking. This is likely to be due 
to statistical variation in the relatively small 
sample. 
 
The majority of the pedestrian impacts seemed to 
be caused by poor judgement on the part of the 
pedestrian, with the 3 most frequent contributory 
factors (as used in OTS from 2005) relating to 
mistakes by the pedestrian. Of the causes attributed 
to the driver of the car, exceeding the speed limit 
was considered a contributory factor in only 5 % of 
cases (compared to 40 % of cases where the 
pedestrian did not look properly). 
 
Impact Speed 
 
Large differences are seen when the cumulative 
impact speed curves from the OTS data are 
compared to the equivalent curves from Ashton & 
Mackay. Firstly, the difference between the speeds 
at which fatalities occur compared to the impact 
speeds for all casualties is much greater in the 
Ashton and Mackay data. Taking the 50th 
percentile, there is a difference of about 28 kph 
between the fatalities and all the casualties, 
compared to about 12 kph for OTS. The impact 
speeds for all the casualties are also lower in 
Ashton & Mackay than in OTS, by about 8 kph. 
 
There are also differences in the shape of the 
curves. The OTS curves change more gradually 
than the Ashton & Mackay curves, and the curves 
cross above the 50% line. This means that the 
Ashton & Mackay casualties are spread over a 
smaller speed range, and peak at lower speeds than 
the OTS casualties. 
 
These relationships between impact speed and 
injury severity are complicated. The largest 
difference is that, in general, the impact speeds for 
all the casualties being hit in the OTS dataset are 
higher than those shown by Ashton and Mackay. 
Making the assumption that all pedestrians who are 
struck by a car are injured in some way, there are a 
few possible explanations for this: either 
pedestrians are, on average, struck at higher speeds; 

the datasets are biased to include more accidents at 
higher speeds; or the methods used to estimate the 
impact speeds tend to overestimate (or Ashton & 
Mackay under-estimated). 
 
When the casualties are split by severity, it appears 
that the non-minor and fatalities in Ashton & 
Mackay were occurring at lower speeds, and over a 
smaller spread of speeds, than in the OTS data. The 
increase in speed required to inflict a non-minor 
injury would suggest that cars have become more 
pedestrian-friendly in some way since 1979, with 
higher impact speeds required to produce the same 
degree of injury. The increase in speed for a fatality 
agrees with this improvement in pedestrian 
friendliness, and could also suggest that pre-
hospital and hospital trauma care has improved a 
pedestrian’s chance of surviving. 
 
These changes are also present in the graphs which 
attempt to show the probability of suffering a 
slight, serious or fatal injury at different speeds. 
For example, from the Ashton & Mackay paper the 
chance of a pedestrian being killed between 60-70 
kph is approximately 95 %, whereas the probability 
of a fatality at impact speeds greater than 60 kph is 
about 50 % in OTS. Unfortunately, at these higher 
speeds the sample sizes are very small in the OTS 
data, but impacts between 50-60 kph also produce a 
lower percentage of fatalities in OTS. 
 
At speeds lower than this, the percentages of 
fatalities in the two sets of data are similar. At 
speeds between 20-60 kph there tend to be fewer 
serious casualties in OTS compared to Ashton and 
Mackay, although at speeds lower than this there 
are more serious injuries in OTS. 
 
It is possible that the methods used to estimate the 
impact speeds could have an effect on the results, 
for example if they consistently overestimated the 
impact speed. For the OTS data, it has been shown 
that estimates based on physical evidence tend to 
give larger impact speeds than estimates made 
using other methods. This is probably due to the 
fact that there is less likely to be suitable physical 
evidence (such as pedestrian throw or skid marks) 
at impacts of lower speed, so other methods of 
estimation need to be used. There is no evidence 
that these other methods under/over estimate 
compared to the estimates based on physical 
evidence. 
 
The increase to the impact speed observed in the 
boundary condition between serious and fatal 
injury outcome is a very interesting finding. This 
could be due to many interrelated factors. Not least, 
in the 30 years since Ashton and Mackay 
completed their innovative research the standard of 
pre-hospital and hospital medical care has 
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significantly improved with advances in technology 
and working practices. There have been significant 
road and vehicle design changes that have also 
occurred in this period. In addition, the exposure 
and associated pedestrian demographics have 
changed, resulting in different groups of people 
being more or less at risk of being struck by a car 
with respect to their age and even socio-economical 
status. 
 
Injury Distribution 
 
For all survivors the head, arms and legs are the 
body regions of pedestrians which most frequently 
suffer both minor (AIS = 1) and non-minor (AIS > 
1) injuries. Unfortunately, because there are so few 
fatalities in the OTS dataset the difference in injury 
distribution between non-minor casualties and 
fatalities could not be investigated. The OTS data 
shows that increasing impact speed is related to 
increasing severity of both head and leg injuries. 
The most consistent difference between the data 
sets is that there are more head injuries in the 
Ashton & Mackay data for non-minor casualties 
and fatalities. This is one possible explanation for 
the greater percentage of fatalities in the Ashton & 
Mackay data, although the increase in head injuries 
is relatively small. 
 
Apart from a small decrease in head injuries, the 
pedestrians who are hit by cars do not show any 
great reduction in injuries to separate body parts 
compared to those seen by Ashton & Mackay in 
1979, even though it has been shown that higher 
speeds are required to produce the same injury 
severity. It is possible that this is related to the 
higher impact speeds compared to the 1979 data, 
where any possible improvement is being masked 
because pedestrians are being hit at higher speeds. 
To determine whether this is the case, the data 
would need to be split by both body region and 
speed, which unfortunately would leave the sample 
sizes too small to be meaningful. 
 
Causes of injury 
 
The two regions most frequently injured in a 
pedestrian impact are the legs and the head, and it 
is these regions where the causes have been 
investigated in more detail. 
 
The majority of leg injuries are caused by the front 
bumper, as would be expected. This is shown in the 
OTS data, with 53 % of AIS 2+ leg injuries caused 
by the front bumper for the OTS pedestrians. 
Impact with the bonnet surface makes up another 
20 % of the non-minor leg injuries. 
 
Head injuries are the leading cause of fatalities to 
pedestrians, so determining the causes of these 

injuries is very important if cars are to be further 
adapted to be pedestrian friendly. For the 
pedestrians in the OTS dataset, the most common 
causes were contact with the windscreen, the A-
pillar and the carriageway/footway. Ashton and 
Mackay identified contact with the A-pillar as 
causing more serious injuries than contact with the 
windscreen or bonnet, and for OTS the proportion 
of injuries caused by the A-pillar increases as the 
injury severity increases. 
 
Although more injuries are caused by contact with 
the car than with the road, contact with the ground 
causes more injuries than any single region of a 
car. The bonnet, which has been the focus of many 
attempts to improve the results of pedestrian 
crashes, has been shown here to be one of the least 
import causes of fatalities. This could mean that 
improvements in bonnet design have been 
successful, but now efforts should probably be 
concentrated elsewhere. 
 
CONCLUSIONS 
 
• The majority of pedestrian impacts are caused 

by the actions of the pedestrian. 
 
• In 1979, Ashton and Mackay reported that the 

boundary car impact speed for the transition 
from mostly slight to mostly severe (AIS 2+) 
pedestrian casualties was approximately 
30kph. The OTS dataset mirrors this finding. 

 
• Further, Ashton and Mackay reported that the 

boundary car impact speed for the transition 
from mostly severe to mostly fatal pedestrian 
casualties was between 50 and 60kph, whereas 
the OTS dataset shows this change to occur 
above 60 kph. However, the number of fatal 
cases in the OTS database above 60kph is very 
small and this is an important factor to note 
when presenting the data. 

 
• The OTS pedestrian impact speeds are more 

distributed than reported by Ashton and 
Mackay with proportionally more at the lower 
and higher speed ranges respectively. 

 
• Head and leg injuries are the most frequent in 

the OTS dataset, which agrees with the 
findings of Ashton and Mackay. 

 
• Most head injuries in the OTS dataset are 

caused by contact with the A-pillar, 
windscreen or the ground. Contact with the 
bonnet seems to be relatively unimportant. The 
most frequent cause of leg injuries is impact 
with the front bumper. 
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In terms of future work, the following points 
should be considered. 
 
OTS is a continuing project. As more pedestrian 
accidents are investigated, the greater numbers will 
allow more robust conclusions to be drawn from 
the results, and may also allow other factors to be 
investigated. Estimates of impact speed will also 
become more representative and reliable. 
 
While this project has concentrated on pedestrian 
collisions with the front of cars, the OTS project 
investigates accidents involving all types of 
vehicles. It would be a simple extension to this 
project to consider these vehicles, although there 
are far fewer associated pedestrian injuries. 
A further study could also investigate collisions 
with other vulnerable road users, such as pedal 
cyclists and motor cyclists. 
 
The OTS project investigates a representative 
sample of all traffic crashes, involving all road 
users and injury outcomes. There would be some 
merit in enhancing a percentage of crash 
investigations with additional reconstruction effort 
beyond the current scope of the OTS project to 
provide analysis projects, such as this study, with 
comparative cases that could be used to validate the 
wider database findings. Examples could include 
utilising specialist crash reconstruction software 
techniques to give a more in-depth understanding 
of the crash kinematics for a sub-sample of cases. 
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ABSTRACT 
 
Previous studies have demonstrated that booster seats 
reduce the risk of seat belt syndrome, in particular the 
occurrence of abdominal organ injuries, by 
improving the fit of the seat belt on young children 
and encouraging better posture and compatibility 
with the vehicle seat itself.  However, other 
researchers have shown that abdominal injuries are 
still prevalent even with the use of booster seats.  In 
the US, as booster seat use increases and more data 
become available, particularly on older children in 
booster seats, the abdominal injury risk to these 
children should be revisited. Therefore the objective 
of this study was to quantify the time trend increase 
in appropriate restraint for rear row(s) seated children 
age 4 to 7 years old and define the prevalence of 
abdominal injuries in those restrained by belt-
positioning booster seats.  A probability sample of 
4,517 crashes involving 5,259 children, weighted to 
represent 89,588 children in 77,153 crashes was 
collected from an on-going child specific crash 
surveillance system between December 1, 1998, and 
December 31, 2005.  Appropriate restraint, including 
the use of belt positioning boosters, increased from 
17% to 67% among 4 to 7 year olds during the time 
period of data collection.  In frontal impacts, 
abdominal injuries occurred among 0.25% of all 4- to 
7-year-olds, including 0.32% of those in seat belts 
and 0.04% of those in belt-positioning booster seats. 
Among children restrained in belt positioning booster 
seats, we were not able to detect a difference in the 
risk of abdominal injuries between the age groups 
This study, conducted on a dataset with increased 
booster use by 6 and 7 year olds, confirms previous 
analyses that point to a reduced abdominal injury risk 
for children in belt-positioning booster seats.  
Abdominal injuries still occurred in some booster-
seated children, however, suggesting the need for 
further in-depth study into the circumstances 
surrounding these injuries. 
 

INTRODUCTION 
 
Abdominal injuries are the second to head and face 
injuries in young children using adult seat belts. [1] 
Reported injuries to this region focus on “seat-belt 
syndrome”, which consists of belt-induced abdominal 
injuries and lumbar spine fractures. [2-6]  While all 
children are at risk of developing seat belt syndrome, 
the poor fit of the belt in younger children likely 
places them at higher risk than older children.  In a 
study of abdominal injuries in belted children, the 
scenarios resulting in injury involved several vehicle 
and child factors such as seat belt geometry not ideal 
for children (e.g. a shallow lap belt angle), position of 
the shoulder belt behind the back or slouched posture 
to position the knees over the edge of the seat. [7]   
 
The use of a belt positioning booster seat (BPB) 
improves these factors by improving the fit of the 
seat belt on young children and encouraging better 
posture and compatibility with the vehicle seat itself. 
They are the recommended restraint for 4 to 8 year 
old children according the American Academy of 
Pediatrics and National Highway Traffic Safety 
Administration.  Booster seats are designed to 
improve lap and shoulder belt fit on children, 
minimizing the factors that result in abdominal 
injury. Our previous research has confirmed this in 
real world crashes by showing booster seats reduce 
the risk of injury to children age 4-7 years old by 
59% compared to similar age children in adult seat 
belts.  This reduction in injury risk was particularly 
evident in the abdomen, resulting in 0 injuries per 
1,000 booster seat restrained children in crashes 
versus 4.4 per 1,000 for children in belts. [1]  This 
analysis conducted on data from 1998 to 2002 was 
based primarily on children age 4 and 5 years of age 
due to the usage practices during that time period.  In 
the time since this research was published, however 
child restraint use including booster seats among 
children age 4 to 8 years of age has improved by 54% 
[8] and, as more children, in particular older children, 
are appropriately restrained in booster seats, 
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continued monitoring of their real world experience 
is paramount.   
 
Recently, other researchers have questioned the issue 
of abdominal injury prevention by booster seats.  
Several studies have reported the occurrence of these 
injuries in other field studies.  In France, a study of 
1629 children under 10 years old involved in crashes 
during 1992 and 1993 revealed that abdominal and 
pelvic injuries represented 13% of AIS 2 and greater 
injuries sustained by booster-seated children. [9] 
Using data from this study, Trosseille reported on the 
abdominal injuries sustained by nine booster-seated 
children but reported few crash or restraint use details 
such as impact type, severity, booster seat type or 
presence of misuse. [9]  More recently, Johannsen 
used data from the European CHILD (CHild Injury 
Led Design) project to reconstruct real world crash 
events in an effort to validate newly designed 
abdominal sensors for the Q family of ATDs.  In his 
study, he reconstructed and reported on four cases of 
frontal impacts involving abdominal injury in 
booster-seated children. [10]  In a recent study of 
booster-seated children in Australia, Brown reported 
on 2 children who sustained abdominal injuries, one 
as the result of a frontal impact and one as the result 
of a side impact. [11]   
 
Due to the changing nature of the booster use 
landscape and these case series reports of abdominal 
injuries in booster seat restrained children, this issue 
deserves further investigation.  Therefore the 
objective of this study was to quantify the time trend 
increase in appropriate restraint for rear row(s) seated 
children aged 4 to 7 years old and define the 
prevalence of abdominal injuries in those restrained 
by belt-positioning booster seats.   
 
METHODS 
 
Study Population and Data Collection 
 
Data collected from December 1, 1998 to December 
31, 2005 as part of Partners for Child Passenger 
Safety (PCPS) were used in this analysis.  Detailed 
descriptions of the study population and methods 
involved in data collection and analysis have been 
previously published. [12]  PCPS consists of a large 
scale, population based, child-specific crash 
surveillance system in which insurance claims from 
State Farm Insurance Co. (Bloomington, IL) function 
as the source of subjects. Crashes qualifying for 
inclusion were those involving at least one child 
occupant < 15 years of age riding in a model year 
1990 or newer State Farm-insured vehicle. 
Qualifying crashes were limited to those that 

occurred in fifteen states and the District of 
Columbia, representing three large regions of the 
United States (East: NY, NJ [until 11/01], PA, DE, 
MD, VA, WV, NC, DC; Midwest: OH, MI, IN, IL; 
West: CA, NV, AZ, TX [starting 6/03]).  On a daily 
basis, data from qualifying and consenting claims 
were transferred electronically from all involved 
State Farm field offices to researchers at The 
Children’s Hospital of Philadelphia and University of 
Pennsylvania.  Data in this initial transfer included 
contact information for the insured, the ages and 
genders of all child occupants, and a coded variable 
describing the medical treatment received by all child 
occupants.  Data in this initial transfer included 
contact information for the insured, the ages and 
genders of all child occupants, and a coded variable 
describing the level of medical treatment received by 
all child occupants as reported by the policyholder 
(no treatment, physician's office or emergency 
department only, admitted to the hospital, or death).  
 
A stratified cluster sample was designed in order to 
select vehicles (the unit of sampling) for the conduct 
of a telephone survey with the driver. Vehicles 
containing children who received medical treatment 
following the crash were over-sampled so that the 
majority of injured children would be selected while 
maintaining the representativeness of the overall 
population.   If a vehicle was sampled, all child 
occupants in that vehicle were included in the survey. 
Drivers of sampled vehicles were contacted by phone 
and, if medical treatment had been received by a 
passenger, screened via an abbreviated survey to 
verify the presence of at least one child occupant with 
an injury. All vehicles with at least one child who 
screened positive for injury and a 10% random 
sample of vehicles in which all child occupants who 
were reported to receive medical treatment but 
screened negative for injury were selected for a full 
interview; a 2.5% sample of crashes where no 
medical treatment was received were also selected. 
The full interview involved a 30-minute telephone 
survey with the driver of the vehicle and parent(s) of 
the involved children. Only adult drivers and parents 
were interviewed. The median length of time 
between the date of the crash and the completion of 
the interview was six days, with 95% of interviews 
completed within 47 days of the crash. 
 
Variable Definitions 
 
Restraint status of children was determined from the 
telephone survey.  Children were classified as 
unrestrained or restrained, with the restraint type 
further classified as seat belt, belt-positioning booster 
(BPB), or child safety seat (CRS).  Among the 169 
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children aged 4-7 for whom paired information on 
restraint use was available from both the telephone 
survey and crash investigations, agreement (child 
restraint vs. no child restraint / unrestrained) was 
96% between the driver report and the crash 
investigator (kappa value for agreement beyond 
chance=0.86, p<0.001).  Seating location of each 
child was determined from the telephone survey. 
Among the 170 children for whom paired 
information on seating position (front versus rear) 
was available from both the telephone survey and 
crash investigations, agreement was 99% between the 
driver report and the crash investigator (kappa value 
for agreement beyond chance=0.99, p<0.001).  
 
Survey questions regarding injuries to children were 
designed to provide responses that were classified by 
body region and severity based on the Abbreviated 
Injury Scale (AIS) score, and have been previously 
validated for their ability to distinguish AIS 2+ from 
less severe injuries. [13]  For the purposes of this 
study, children were classified as injured if a parent/ 
driver reported a clinically significant injury:  any 
injury with an AIS score of 2 or greater (concussions 
and more serious brain injuries, all internal organ 
injuries, spinal cord injuries, and extremity fractures). 
 
Separate verbal consent was obtained from eligible 
participants for the transfer of claim information from 
State Farm to CHOP/Penn, for the conduct of the 
telephone survey, and for the conduct of the crash 
investigation.  The study protocol was reviewed and 
approved by the Institutional Review Boards of both 
The Children's Hospital of Philadelphia and The 
University of Pennsylvania School of Medicine.   
 
Data Analysis 
 
The primary purpose of these analyses was to 
compute the increase in appropriate restraint for 
children 4 to 7 years of age over the time period of 
study and the relative risk of abdominal injury for 
those restrained in belt positioning booster seats 
compared with seat belts.  Chi-square tests of 
association were used to compute p-values under the 
null hypothesis of no association between restraint 
type and risk of injury.  Logistic regression modeling 
was used to compute the odds ratio (OR) of injury for 
those seated in belt-positioning booster seats versus 
seat belts, both unadjusted and adjusted for several 
potential confounders including differences in driver 
age (< 25 years vs. 25 and older), seating position 
(front vs. rear), crash severity (intrusion, towaway/no 
intrusion, non-towaway), and vehicle type.  
 

Because sampling was based on the likelihood of an 
injury, subjects least likely to be injured were 
underrepresented in the study sample in a manner 
potentially associated with the predictors of interest. 
[14] To account for this potential bias, and to adjust 
inference to account for the stratification of subjects 
by medical treatment and clustering of subjects by 
vehicle, robust chi-square tests of association and 
Taylor Series linearization estimates of the logistic 
regression parameter variances were calculated using 
SAS-callable SUDAAN: Software for the Statistical 
Analysis of Correlated Data, Version 9.0 (Research 
Triangle Institute, Research Triangle Park, NC, 
2006). Results of logistic regression modeling are 
expressed as unadjusted and adjusted odds ratios 
(OR) with corresponding 95% confidence intervals 
(CI).   
 
RESULTS 
 
This analysis includes 5,259 restrained 4 to 7 year old 
children in 4,517 crashes, weighted to represent 
89,588 children in 77,153 crashes.  Overall, 41% of 
children were appropriately restrained in child 
restraints or belt positioning booster seats during the 
time period of data collection. Eighteen percent were 
restrained by harness-based child restraint systems 
(CRS), 23% by belt positioning booster seats (BPB), 
and 59% by the vehicle seat belts.  The overall risk of 
AIS 2 or greater injuries to all body regions was 
1.13% for all restrained children, and 0.70% and 
1.43% for appropriately and inappropriately 
restrained children, respectively.   
 
Table 1 shows the distribution of the study sample in 
terms of the child’s seat position, driver 
characteristics, crash severity and vehicle type. 
Appropriately restrained children were more likely to 
be seated in the outboard positions and be driven by a 
parent at the time of the crash.  Inappropriately 
restrained children were more likely to be in crashes 
resulting in intrusion or vehicles towed from the 
scene.   
 
Trends in Appropriate Restraint Use 
 
During the time period of data collection, appropriate 
restraint increased from 17% to 67% for 4 to 7 year 
old children, a three-fold increase during the seven-
year period.  For the older children, 6 to 7 years of 
age, appropriate restraint increased from 3% in 1999 
to 50% in 2005.  For the younger children, 4 to 5 
years of age, appropriate restraint increased from 
30% to 82% in the same time period.  Figure 1 shows 
the time trend increase in appropriate restraint for 4 
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to 5 year old and 6 to 7 year old children, stratified by 
CRS, high back BPB and low back BPB use.   
 

Table 1.   
Characteristics of Crashes Involving Children 

Aged 4 to 7 Years by Appropriate and 
Inappropriate Restraint Use* 

Characteristics 

Appropriate 
Restraint 

(%) 
(unweighted 

n=1613) 

Inappropriate 
Restraint  

(%) 
(unweighted 

n=3646) 
P 

Value 
Seat position    
   Left rear 46.2 38.9 <0.001 
   Center rear 9.7 18.4  
   Right rear 44.1 42.7  
Driver      
   Aged <25 yrs 5.4 5.3 0.90 
   Parent of  
         child 

87.1 79.5 <0.001 

Crash severity    
   Intrusion 7.1 8.4 0.011 
   Towaway,  
      no intrusion 

23.6 28.1 
 

   Not towaway, 
      no intrusion 

69.2 63.5 
 

Vehicle type    
   Passenger car 42.9 44.1 0.66 
   SUV 24.3 22.2  
   Minivan 26.8 27.4  
   Large van 1.6 2.3  
   Pickup truck 4.4 4.0  
*Data presented as weighted percentages 
 
In 1999, 65% of appropriately restrained 4 to 5 year 
old children were using a harness-based CRS, 28% in 
a high back BPB, and the remaining 8% in a low 
back BPB.  By 2005, a larger proportion of 4 to 5 
year olds were in booster seats, with 41% and 24% in 
high and low back BPB, respectively.  Thirty-five 
percent remained in CRS.  For 6 to 7 year old 
children, few children were appropriately restrained 
in 1999 (3%), 80% of which were in a harness-based 
CRS.  By 2005, the appropriately restrained 6 to 7 
year old children (50%) were primarily in booster 
seats, 42% and 39% in high and low back BPB, 
respectively.  The remaining 19% were in CRS.  
 
Abdominal Injury Risk 
 
In order to examine abdominal injury risk of those 
restrained in belt positioning booster seats, the 
analysis was further restricted to the subset of 
children in frontal impacts, who were restrained by 
BPB (high back or low back) or seat belts at the time 
of the crash.  This resulted in 2,102 children in 1,789 
crashes, weighted to represent 34,301 children in 

29,061 crashes.  The overall abdominal injury risk 
was 0.25% for all 4 to 7 year olds, including 0.30% 
for 4 to 5 year old children and 0.20% for 6 to 7 year 
old children. Table 2 shows the abdominal injury risk 
by age group for children restrained by BPB and 
vehicle seat belts.    
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Figure 1.  Time trend increase in appropriate 
restraint for 4 to 5 year old and 6 to 7 year old 
children. 

 
Children aged 4 to 7 using the vehicle seat belt were 
more likely to sustain abdominal injuries than 
similarly aged children using belt positioning booster 
seats  (OR 9.22, 95% CI, 2.01-42.36).  The younger 
age group, children 4 to 5 years of age, showed a 
significant increase in abdominal injury risk when 
using seat belts (OR 13.99, 95% CI, 1.66-117.8).  
The older age group, children 6 to 7 years of age, also 
showed an increased abdominal injury risk when 
using seat belts but this finding did not reach 
statistical significance (OR 5.61, 95% CI, 0.65-48.2).  
Among children restrained in belt positioning booster 
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seats, we were not able to detect a difference in the 
risk of abdominal injuries between the age groups 
(OR 0.82, 95% CI, 0.07-9.23).  When stratified by 
seat belt type, the results were similar with a 
reduction in abdominal injury risk for booster seated 
4 to 7 year olds over both lap belted children (OR 
5.16, 95% CI, 1.37-19.42) and lap/shoulder belted 
children (OR 10.20, 95% CI, 2.05-19.42). 
 

Table 2.   
Abdominal Injury Risk for 4 to 7 Year Old 

Children by BPB and Seat Belt Use 

Age 
Group  
(yrs) 

BPB (%) 
(unweighted 

n=388) 

Seat belt (%) 
(unweighted 

n=1,714) 

P 
Value 

All 4 to 7  0.04 0.32 0.004 
4 to 5 0.03 0.46 0.015 
6 to 7 0.04 0.23 0.116 
*Data presented as weighted percentages 
 
Table 3 shows the abdominal organ injured by 
restraint type.  The table shows a count of injured 
organs, therefore it may sum to greater than the 
number of children injured.  .  Injuries to children in 
seat belts occurred more commonly to the stomach 
and intestines than the solid organs such as liver and 
spleen.  Only three children in BPB were injured in 
this study sample, resulting in one injury to the liver, 
stomach/intestines and other organ.   
 

Table 3.   
Distribution of Injured Abdominal Organ by 

Restraint Type 

Organ of Injury 
BPB 
(n=3) 

Lap 
Belt 
Only 
(n=9) 

Lap and 
Shoulder 

Belt 
(n=22) 

Liver 1 1 2 
Spleen 0 2 3 
Stomach/Intestines 1 5 9 
Other Organ 1 1 4 
Unknown 0 0 4 
 
DISCUSSION AND CONCLUSIONS 
 
Our research findings confirm those of previously 
published studies indicating an increase in 
appropriate restraint among children aged 4 to 7 
years old. [15, 16]  This percentage continues to 
increase over time; however in 2005, 20% of 4 and 5 
year old children and 50% of 6 and 7 year old 
children continued to be inappropriately restrained in 
vehicle seat belts.  This points to the need to continue 
education and legislative efforts toward appropriate 

restraint in this age range.  .  Recent research has 
shown that, in the United States, appropriate restraint 
increases in states that amended child restraint laws 
to mandate booster seat use up through age 7 years. 
[15]  
 
Appropriately restrained children were using a 
combination of CRS, high back and low back booster 
seats.  CRS and high back BPB are the most common 
restraints for the younger age group but the 
proportion of low back BPB continues to increase.  
Most appropriately restrained children in the older 
age group are in belt positioning booster seats, also 
demonstrating a rise in the proportion of low back 
boosters.  While all booster seats have guides to 
position the lap portion of the belt low and flat across 
a child's upper thighs, high back boosters also 
provide head support and upper belt guides to 
optimize the position of the shoulder portion of the 
belt.  As low back booster use increases, research to 
better understand the experience of children in these 
restraints should continue.  
 
This study extends previous reports that belt-
positioning booster seats reduce the risk of abdominal 
injury in children 4 to 7 years of age by studying a 
greater percentage of 6 and 7 year olds. [1]  While 
children in BPB are at significantly decreased risk of 
these injuries, some abdominal injuries still occurred.  
These included injuries to both the solid and hollow 
organs, including some injuries that may be 
associated with seat belt syndrome. Abdominal 
injuries in booster-seated children continue to be rare 
events but deserve more detailed examination 
through review of in-depth investigations.   
 
Limitations 
 
This research is conducted on crashes involving State 
Farm Insurance Co. policyholders only. State Farm is 
the largest insurer of automobiles in the United 
States, with over 38 million vehicles covered; 
therefore, its policyholders are likely representative 
of the insured public in this country. The surveillance 
system is limited to children occupying model year 
1990 and newer vehicles insured in 15 states and the 
District of Columbia. Our study sample represents 
the entire spectrum of crashes reported to an 
insurance company including property damage only, 
as well as bodily injury crashes. While our sample 
included a significant number of vehicles with 
intrusion into the occupant compartment, it is 
possible that the PCPS study does not have a 
representative sample of the most severe crashes. 
Nearly all of the data for this study were obtained via 
telephone interview with the driver/parent of the 
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child and is, therefore, subject to potential 
misclassification. On-going comparison of driver-
reported child restraint use and seating position to 
evidence from crash investigations has demonstrated 
a high degree of agreement.  Some misclassification 
of seat type may occur due to the changing market of 
child restraints such that many are combination seats 
that may be used with a harness or a lap and shoulder 
belt. In addition, misuse of the booster seat and the 
lap and shoulder belt may not be fully accounted for 
in these analyses. 
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ABSTRACT 
 
A tractor semi-trailer unit equipped with on- 
board instrumentation that measured speed, 
lateral accelerations, and the roll angle of the 
vehicle was driven around a test site (inter-
change ramp) under varying wind conditions.  A 
portable weather station was installed in the 
centre of the test track.  The rollover threshold of 
the truck was calculated based on the 
characteristics of the vehicle and then compared 
with the lateral accelerations measured on the 
test vehicle.  An analysis of the data indicated 
that there existed significant differences in lateral 
accelerations under scenarios of varying wind 
speeds, verifying that wind can contribute to 
rollover.  An analysis of the rollover threshold 
revealed that the lateral accelerations 
experienced by the truck were often greater than 
the rollover threshold for brief periods of time.  
The time periods were not sufficiently long 
enough to cause rollover of the vehicle.  
 
The research demonstrated that the technique 
developed on this project could be used to 
determine the safe speed for heavy trucks 
operating on specific sections of the roadway. 
 
INTRODUCTION 
 
The main objective of this research was to 
determine how lateral forces are affected by 
wind as a heavy truck traverses a highway curve 
or interchange loop-ramp.  The procedure 
developed for this research was unique compared 
with other procedures for testing lateral 
accelerations or forces in that a truck was 
maneuvered around a curve a number of times, 
under varying wind conditions and vehicle 
speeds.  The design of this experiment was such 
that a statistical analysis of the vehicle’s dynamic 
responses could be carried out based on various 
wind conditions.  The experiment also 

demonstrated a new approach for determining 
the maximum safe speed for trucks on highway 
curves based on the geometric characteristics and 
wind conditions. 
 
TRUCK ACCIDENT CHARACTERISTICS 
 
Commercial trucks make up a significant portion 
of the traffic stream on many highways in North 
America.  In the United States in 1999, there 
were nearly eight million registered heavy 
vehicles, which accounted for 3.5 percent of the 
registered vehicle fleet.  In addition, the average 
miles traveled per truck (26,014 miles) was more 
than double the average mileage for passenger 
vehicle (11,888 miles) in 1999 (1).  In terms of 
safety, four percent of the 11 million accidents in 
the United States in 2001 were caused by 
commercial trucks.  In total, trucks accounted for 
eight percent of all vehicles involved in fatal 
crashes, but only four percent of vehicles 
involved in injury and property damage only 
crashes (1).  These figures suggest that while 
truck accidents occur less frequently than other 
types of vehicles, many of these accidents are 
more severe. 
 
Large trucks were involved in 18,000 rollover 
events in the United States, of which, 622 were 
fatal crashes (1).  Eleven thousand of the rollover 
events resulted in injury, indicating that the 
injury occurrence in a rollover is high (61%) 
compared to total truck accidents (21%).  
Combination trucks accounted for 11,000 of all 
heavy truck crashes while single-unit trucks 
accounted for 7,000 crashes (1). 
 
In Canada, there are fewer heavy vehicles than in 
the United States.  In 2000, there were 
approximately 661,000 heavy trucks (straight 
trucks and combination trucks with weights 
greater than 4,500kg) (2), of which, 528 were 
involved in fatal collisions. This represents about 
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12 percent of all fatalities on the road (2).  In 
total, truck rollovers account for 13 to 38 percent 
of all truck accidents, and of these, between 40 
and 60 percent occur on highway interchange 
ramps (3).   
 
BACKGROUND 
 
Variables that contribute to truck rollovers can 
be divided into four categories – vehicle 
characteristics, highway features, environmental 
and human factors.  In many cases, truck 
rollovers are caused by excessive speed as trucks 
negotiate short radius curves on highway ramps. 
Hildebrand and Wilson (4) studied in detail 53 
heavy freight vehicle collisions between 1993 
and 1996 in New Brunswick.  In 15 cases, 
rollover was the initial factor in the incident and 
more than a third of these occurred on highway 
ramps.  Excessive speed was the main 
contributing factor causing five of the accidents, 
and in the sixth case, speed and load shift 
combined to cause the accident.  Other vehicle 
characteristics, besides speed, that affect a 
vehicle’s rollover threshold include the height to 
the center of gravity, type of suspension, and 
track width.  Highway features that commonly 
contribute to rollover accidents include posted 
speed limits, curve radii and lengths, super-
elevation, and deceleration lane widths.  Human 
factors encompass the characteristics of the 
driver’s control of the vehicle.  Environmental 
factors include wind force and direction as well 
as rain, snow, ice, etc.   
 
The effect of wind on the stability of heavy 
vehicles is an important safety consideration and 
the primary focus of this research project.  For 
the most part, limited research has been 
undertaken on this topic, although it has been 
noted to be a critical safety factor in areas with 
frequent high winds, or in areas prone to strong 
gusts.  In Atlantic Canada, the Confederation 
Bridge between New Brunswick and Prince 
Edward Island, the “Wreckhouse” area in 
western Newfoundland and the Tantramar 
Marshes in New Brunswick are three examples 
of areas where wind often plays a critical role in 
the stability and safety of heavy vehicles.  These 
areas are frequently closed to truck traffic due to 
wind conditions.  Two of these sites are in close 
proximity to the study area for this research 
project.   
 
When a truck negotiates the curves or ramps on a 
highway, wind may play a considerable role in 

causing the vehicle to rollover at lower speeds 
than expected, or it may be responsible for 
preventing rollover when it might have occurred 
at higher speeds.  In the case of a truck traveling 
around a curve, a strong gust of wind from the 
inward side (coming from the centre of the 
curve) may provide the extra force required at 
the critical moment to cause the overturning 
forces to exceed the resisting forces, resulting in 
rollover.  On the other hand, a gust of wind from 
the outward side (coming from outside of the 
curve) may provide a counter-force that helps 
resist the overturning forces.  
 
There are many mathematical models and 
computer simulations that are used to estimate 
the dynamic responses and rollover thresholds of 
heavy vehicles.  These include the: 
 
• PHASE-4 computer program developed by 
     the Texas Transportation Institute and the  
     Texas State Department of Highways and  
     Public Transportation (5).     
• University of Michigan Transportation   
     Research Institute (UMTRI) model (6). 
• Linear yaw plane model (7). 
• TBS model (7). 
• Static roll model (7). 
 
Most of the previous research has involved 
modeling or tilt-table tests.  This study was 
directed to obtain over-the-road measured 
results.  This provided a means for researchers to 
compare actual field condition data with the 
theoretical results.  
 
Figueredo (8) designed a data acquisition system 
to collect field data on lateral acceleration 
experienced by the vehicle, roll angle of the 
trailer, and the vehicle speed.  The purpose of 
this project was to equip a five-axle-tractor-semi-
trailer with instrumentation that would measure 
the dynamic forces exerted on a vehicle in 
transit, and to use this data to determine the 
lateral forces experienced by the vehicle while 
moving around a curve.  The testing process took 
place over 1,110 km of highway between 
Moncton, New Brunswick and North Sydney, 
Nova Scotia.  From this study, it was found that:  
 
• the Data Acquisition System (DAS) provided     
    an acceptable method of collecting dynamic 
    characteristics of a heavy vehicle while in  
    motion. 
• that it provided a high level of accuracy of the  
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    recorded data. 
• the data can be used to determine the dynamic  
    stability of a vehicle in motion. 
 
METHODOLOGY 
 
In order to measure the dynamic forces acting on 
a heavy vehicle while in motion, several pieces 
of equipment were required.  Figuereo’s (8) Data 
Acquisition System (DAS) was used to collect 
data on lateral forces experienced by the vehicle, 
roll angle of the trailer, and vehicle speed.  Wind 
conditions (i.e. speed and direction) were 
measured using a weather station that was 
positioned near the test ramp. 
 
The Data Acquisition System DAS-P1000 uses a 
set of sensors and a central processing unit to 
collect the dynamic response characteristics of 
the tractor-semi-trailer while in motion.  Its 
features include: 
 
• central processing unit. 
• three tri-axial accelerometers. 
• steering wheel optical sensor. 
• roll angle sensor. 
 
The three tri-axial accelerometers measured the 
lateral, vertical, and longitudinal accelerations on 
the truck while in motion.  One was placed at the 
top of the rear of the trailer, another near the 
fifth-wheel assembly, and the third in the cab of 
the truck.  The steering wheel optical sensor 
provided a measure of the steering angle of the 
truck at any given instant and was attached to the 
steering column.  The radar gun was used to 

collect the actual speed data of the truck, and 
was placed in the cab of the truck, aimed towards 
the road.  The roll angle sensor located on the 
roof on the centerline of the rear of the trailer 
measured the vertical displacement of the top of 
the truck, which was used to measure the roll 
angle of the trailer.  The central processing unit 
was a PC-based system that collected the data at 
1/5 second intervals.  
 
The weather station was used to measure the 
wind speed and direction near the ramp.  A 
simple vane-and-cup anemometer was used, and 
combined with a data logger, measured the wind 
speed and direction at 1 second intervals. 
 
The site selected for this research was near 
Moncton, New Brunswick, at the interchange 
between Route 2 (Trans Canada Highway) and 
Route 15.  The eastbound-to-northbound ramp 
was utilized for vehicle testing as shown in 
Figure 1.  The vehicle was instrumented, and 
testing took place between October 2003 and 
March 2004.  A total of 54 test runs were 
completed over four separate days.  The same 
vehicle was used for all of the runs to normalize 
for the effects of vehicle characteristics on lateral 
acceleration.  The driver was required to follow 
the yellow edge line as closely as possible to 
control for human factors as the vehicle traveled 
along the ramp.  The testing occurred over 
several months because of the need to coordinate 
the availability of all personnel with the days 
when the wind conditions satisfied the testing 
criteria and roads were clear of ice and snow.  
 

 

 
 

Figure 1.  Loop ramp test site.

Test Site 
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There are a number of reasons why this location 
was selected as the test site.  First, the ramp has a 
history of rollover accidents, which was 
approximately two times the rate on adjacent 
ramps in the area.  Anecdotal evidence indicates 
that the ramp can be challenging for trucks to 
maneuver because of its configuration.  The ramp 
has two curves connected by a tangent.  The curve 
at the entry to the ramp has a radius of 90m and a 
length of 314m.  A tangent with a length of 108m 
follows this curve.  The second curve at the end of 
the tangent has a radius of 80m and a length of 
182m.  While traveling along the first curve, an 
unfamiliar driver is generally cautious, and 
traverses the curve at a reasonable speed.  On the 
subsequent tangent, the driver tends to accelerate, 
assuming the controlling curve has passed.  
Additionally, the tangent consists of a small down 
grade, which may add to the vehicle speed.  When 
the driver enters the second curve, the speed is 
often greater than the speed through the first 
curve.  This second curve has slightly smaller 
radius than the first, which causes an increased 
chance of vehicle rollover.  The speed posted at 
the beginning of the first curve was 50 km/h.  
After the testing was completed, the speed posted 
at the beginning of the ramp was reduced to 40 
km/h.  A second posting of 40 km/h was posted at 
the mid-point of the tangent.  
 
The second reason this ramp was chosen was 
because of the openness of the area.  The area 
around the interchange is relatively clear of 
obstructions such as trees or buildings.  In 
addition, the openness of the area results in 
sustained high winds that can be measured and 
used in determination of the effect of wind on 
truck rollover.  The openness also allowed for an 
unobstructed view of the entire site.  
 
TESTING  
 
The trials were performed to determine the impact 
of lateral forces exerted by the wind on a heavy 
vehicle as it traveled around a highway ramp.  A 
summary of the testing times and weather can be 
found in Table 1.  Results were reported for 50 
out of the 54 test runs because data were not 
accurate from four of the test runs due to 
instrumentation errors.  
 

 
 

Table 1. 
Testing Conditions 

 
 

Date Number 
of Runs 

Wind 
Condition 

Day 1 
November  15, 

2003 
14 

Calm 
(≤8.8 km/h) 

Day 2 
November 16, 

2003 
5 

Calm 
(≤8.8 km/h) 

Day 3 
December 11, 

2003 
12 

Moderate 
(8.8 to 19.0 

km/h) 

Day 4 
March 25, 

2004 19 
Strong 

(≥19.0 km/h) 
 
The trials were made at varying speeds, with 
attempts to hold truck speeds constant at 35, 45, 
and 55 km/hr.  However, the actual speeds of each 
run varied somewhat as the curves were traversed. 
 
ANALYSIS  
 
Data on the dynamic behavior of the truck was 
collected for each trial run.  In order to study 
rollover potential, the lateral accelerations were 
examined.  A typical lateral acceleration plot is 
shown in Figure 2. 
 
The elements of Figure 2 are as follows: 
 
A – The truck enters the curve to the right and the 
lateral accelerations to the left begin to increase. 
 
B – The average maximum lateral acceleration 
peaks.  
 
C – On the tangent, the lateral acceleration begins 
to decrease as the truck exits the curve and lateral 
acceleration approaches base conditions. 
 
D – On the second curve, the lateral accelerations 
once again begin to rise and reach a peak value.  
 
E – At the end of the second curve, a small peak 
in lateral accelerations can be experienced, most 
likely due to a combination of speed increase and 
the “sudden snap” noted by drivers.  
 
F – When the truck enters Highway 15 North, the 
lateral accelerations begin to recede.  
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Figure 2. Lateral accelerations through test site. 

 
Each run was analyzed by determining the peak 
lateral accelerations the trailer and the truck 
experienced.  To determine the contribution of the 
wind forces on lateral accelerations, each run was 
categorized based on vehicle speed and wind 
speed.  The average peak lateral accelerations for 
the runs in each group were calculated and a 
comparison made between the different groups.  
The lateral accelerations (Ax) in bold text in 
Table 2 indicate the average maximum lateral 

acceleration recorded by each accelerometer for 
the various wind and truck speeds.  The second 
row (Vt) in each group of vehicle speeds 
represents the average truck speed for the group.  
The third row (Vw) represents the average wind 
speed for the group.  The final row (N) indicates 
the number of observations in the group.  Each 
observation corresponds with a ramp run, and was 
sorted based on the position on the ramp, i.e. 
curve 1 or curve 2.

  

TABLE 2.  
Lateral Accelerations 

Curve 1 Curve 2 

Wind Speed (km/h) Wind Speed (km/h) 
Vehicle 
Speeds  
(km/h) 

Test 
Results 

   0-8.8  8.9-18.9    >19.0     0-8.8   8.9-18.9    >19.0 

Ax (g’s) 0.157 0.222 0.291 0.187 0.229 0.281 
Vt (km/h) 35.7 39.7 38.8 36.4 39.0 39.8 
Vw (km/h) 4.6 14.1 21.6 5.3 16.1 23.1 

<42 

N 5 5 4 5 3 4 

Ax (g’s) 0.233 0.264 0.362 0.269 0.327 0.370 
Vt (km/h) 44.1 45.7 46.1 44.1 47.8 46.8 
Vw (km/h) 3.0 14.1 21.4 3.6 16.2 21.3 

42-49 

N 5 2 10 7 7 5 
Ax (g’s) 0.306 0.331 0.409 0.337 0.366 0.397 
Vt (km/h) 51.4 53.9 51.4 52.6 54.8 52.1 
Vw (km/h) 3.6 15.5 21.2 3.9 15.7 21.4 

>49 

N 6 7 6 6 6 7 
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where:  
Ax =  equals lateral force on vehicle (g’s). 
Vt = average speed of test vehicle (kph). 
Vw = average speed of wind (kph). 
N = number of runs in sample.  
 

 

Figures 3 and 4 illustrate the trends in the lateral 
accelerations on curves one and two, 
respectively, by classes of wind speed.  Each 
series plotted represents varying vehicle speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Maximum lateral accelerations by 
wind speed on curve 1. 
 

 
 
Figure 4.  Maximum lateral accelerations by 
wind speed on curve 2. 
 
 
The lateral accelerations were compared 
statistically to determine if wind speed and 
vehicle speed have an effect on the lateral forces 
measured.  The Student’s t-test for the 
comparison of means assuming unequal variances 
was used for the analysis.  A summary of the tests 
for significance results is presented in Table 3. 

Table 3. 
Tests of Significance for Trailer Accelerometer 

 
Significant 
Difference? 

Vehicle 
Speed 
(kph) 

Wind Speed Class 
(kph) Curve 

1 
Curve 

2 

<42 0-8.8 vs. 8.9-18.9 
8.9-18.9 vs.> 19.0 

Yes 
Yes 

Yes 
Yes 

42-49 
0-8.8 vs. 8.9-18.9 
8.9-18.9 vs.> 19.0 

Yes 
Yes 

Yes 
Yes 

>49 
0-8.8 vs. 8.9-18.9 
8.9-18.9 vs.> 19.0 

Yes 
Yes 

Yes 
Yes 

 
For each vehicle speed category, the low and 
middle wind speeds and the middle and high 
wind speeds were compared.  For each curve and 
for each vehicle speed, it was determined at the 
95 percent confidence level that as wind speed 
increased so did the lateral accelerations. 
 
The roll threshold for the truck was also 
calculated using the static roll model and 
compared to the peak lateral accelerations 
experienced by the truck.  Table 4 lists the values 
for the determination of the rollover threshold for 
this truck.  
 
The truck rollover threshold varies between 0.47 
and 0.54 g’s for the test unit, depending on 
superelevation development and trailer roll angle.  
The maximum average lateral accelerations found 
to occur on the truck were 0.409 g’s and 0.397 
g’s for curve 1 and curve 2.  This indicates that 
the empty unit experienced lateral forces that 
were 86 and 74 percent of the rollover threshold 
for the vehicle. 
 

Table 4. 
Rollover Threshold 

 
Values for Static Roll Model 

Calculation 
Curve 

1 
Curve 

2 
Track Width (m) 2.0 2.0 

Maximum roll angle of the 
trailer (degree) 20 11 

Lateral shift of the centre of 
gravity of the trailer (m) 0.44 0.24 

Height of Centre of Gravity of 
Truck (m) 2.0 2.0 

Roll Centre Height (m) 0.78 0.78 
Maximum Superelevation 0.07 0.08 
Rollover Threshold (g’s) 0.473 0.539 

0 
0.05 

0.1 
0.15 

0.2 
0.25 

0.3 
0.35 

0.4 
0.45 

<8.8 8.8-18.9 >18.9 
Wind Speed (km/hr) 
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<42 kph 42-49 kph >49 kph 
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Curve 1, Vt > 49, Vw > 19kph
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During the testing, there were individual lateral 
force events that actually resulted in the rollover 
threshold being exceeded.  The results for day 4, 
run 3 (D4R3) are shown in Figure 5.  The plot 
of peak accelerations shows two events that 
exceeded the calculated rollover threshold (with 
lateral accelerations of 0.582 g’s and 0.492 g’s 
compared to the rollover threshold of 0.473g’s).  
These events were spikes in the lateral 
accelerations and may have been caused by a 
strong gust of wind or other external road 
factors.  Baker and Reynolds (9) estimated that 
in order for rollover to occur, the rollover 
threshold must be exceeded for more than 0.5 
seconds (10).  The duration of these peaks were 
short enough (<0.2 seconds) that the vehicle did 
not enter a roll condition before the vehicle 
experienced forces below the roll threshold.  
However, the results show that wind gusts of a 
longer duration could have caused the vehicle to 
roll.  

 
CONCLUSIONS 
 
This research investigated the impact that wind 
has on heavy truck rollover.  It was found that 

wind does compound the lateral forces 
experienced by a truck, even when the wind 
speed is not extreme.  The additional lateral 
forces results in net changes to effective lateral 
accelerations thereby compromising roll 
stability of the unit.  
 
The maximum wind speed observed during 
these tests was approximately 28 kph, which 
was not perceptible to the driver.  In strong 
winds, when a driver can feel the wind blowing 
against the truck, the lateral forces would be 
expected to be much higher.  By investigating 
how a seemingly imperceptible wind increase 
can increase the lateral forces experienced by a 
truck, design guidelines and speed signing can 
be adjusted to improve the safety of vehicles 
operating on highway curves and ramps.  This 
research confirmed that the procedures 
developed in this project, using an improved 
data acquisition system, could be adopted to 
evaluate wind forces on heavy trucks.  The tests 
developed as part of this research could be used 
to recommend speed advisories on interchange 
ramps and other curves on a highway system.  
 

 

 
 

Figure 5.  Lateral Accelerations for Test on Day 4, Run 3.



Wilson 8 

RECOMMENDATIONS 
 
From the research it was found that similar 
methods could be utilized to further the 
understanding of the impact of wind forces on 
truck rollover.  Lateral accelerations could be 
measured on trucks in other high-risk areas, 
such as Prince Edward Island’s Confederation 
Bridge, using a data acquisition system similar 
to the one developed in this study.  The impact 
of wind speeds could then be determined by 
combining the results of the dynamic 
characteristics of the truck with wind data from 
weather stations.  Results such as those 
presented in Table 2 and Figures 2 and 3, would 
assist operators in better managing traffic in 
these high-risk areas.  If further testing of this 
type is considered, it is recommended that the 
data acquisition system on the truck be 
improved by adding:  
 
• A GPS unit to log the truck position, speed  
    and direction. 
• An on-board anemometer to measure wind  
    speed and direction. 
• Pressure sensors to measure the wind force 

on the sides of the truck. 
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ABSTRACT 
 

The authors of this paper would like to introduce the results of the National Research Project Ministry of 
Transport CR called BlackBox.  
Project goal is to integrate functions of vehicle's monitoring behaviour pre-crash, during crash and post-
crash to the current or developed motor vehicles systems, for the purpose: 
 

•Create an instrument for support to make clear specific road traffic accident (chain accident, etc.); 
•Make easer the guilty and innocence clarification; 
•Make easer the process of insurance event liquidation; 
•Increase the active safety (psychological subconscious of driver about the possibility to documentation 
behaviour of vehicle); 
•Increase the process of legislation to embed system in vehicles; 
(e.g. in police, fire brigade vehicles, driver's school); 

 
Participants of the project: Transport Research Centre, e4t electronics for transportation, Brno University of 
Technology Faculty of Civil Engineering. Project is solved in cooperation with experts of Department of 
Forensic Engineering, Traffic Police, Insurance Companies etc. 

 

HISTORY 
The Black Box units for motor vehicles were firstly planned in early seventies, when the USA Nation 
Bureau for Road – Traffic Safety started using device, which was able to workout the analog signal and was 
able to save gained data.  
In 1974 were thousand cars equipped by this device. Therefore it covered many groups of drivers. Thanks to 
this device the analysis of many accidents was possible and it recorded whole process of deceleration of the 
vehicle, especially ∆v. During this year General Motors introduced airbag system in several model lines. 
There was implemented a special unit whose main characteristic was a data collection and its evaluation 
whether the airbag should have been activated.  
In 1976 GM introduced SDM module (Sensing and Diagnostic Module), which was improved to so called 
DERM (Diagnostic and Energy Reserve Module) in 1990. The main target of this module consists of 
recording and saving data from measuring sensors including error messages at the time when the airbag is 
activated. In 1990 GM installed the first sophisticated electronic accident data recorder in F1 cars. 
As it is clear from the article above, firstly the mentioned units were designed as a diagnostic tool for a 
determination of the reasons for the airbag activation. Later, units were used for accident reconstructions. It 
was asked by insurance companies and police. 
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In 1992, thanks to the co-operation of Great Britain, the Netherlands and Belgium the European project 
called SAMOVAR (Safety Assessment Monitoring on Vehicle with Automatic Recording) came into 
existence. This project is targeted on motor cars monitoring by black boxes and its possibilities to improve 
road – traffic safety. 

During years, there were more attempts of some alternatives of the black box but it was not widespread 
used.  

 

CURRENT STATUS 
 
Nowadays, it is not obligatory to use Black box car units in the car in the Czech Republic. This project 
should make the next step to standardize using of this unit by law. It is possible to image using of these units 
in cars with higher risk (police, taxi, ambulance etc.). 
Association for the advancement of technology (IEEE-SA) started working on P1616 project, concerning 
implementation of a universal standard of a black box for motor cars. The black box should be called 
MVEDR - Motor Vehicle Event Data Recorder - and it should work like the same unit in airplanes. This 
device is being developed for usage in all types of motor cars used in the road transportation. MVEDR 
project standardizes and defines how the data will be gained, recorded and transferred. The next thing that is 
mentioned by MVEDR is how these data as date, time, place, speed, number of passengers etc. will be 
recorded. These data could be used for better development of the passive – safety systems.  
Within UNECE (United Nations Economic Commission for Europe), there were proposals from the French 
expert concerning the standardization study of an events data recorder (EDR)  
GRSG group within WP.29 asked for cooperation on the international accident data recorder. 
 
We should thing about the topic, why the current units are not used, nowadays. We can see the answer in 
three main areas: there is no legislative support; units are not implemented to the car; no support for data 
analysis. 

 

THE BLACK BOX STUDY PROVES ACCIDENT DECREASE  
The human behavior is the main factor for the road – traffic safety. Concerning this reason it is very 
important to motivate people to behave on road more responsible. Following and recording of a driver’s 
behavior could lead to confrontation with the driver’s statement, later. It means that drivers, who are aware 
of this, change their behavior before the accident happen. This should lead to decrease of road accidents. 
In 1992, the project SAMOVAR (Safety Assessment Monitoring on Vehicle with Automatic Recording) 
took place in Europe. Great Britain, the Netherlands and Belgium took part in this project. SAMOVAR 
project worked also within 'DRIVE 2' project.  
It was targeted on cheap electronic systems for recording car data and its communication with other systems 
and databases. SAMOVAR system included a central interface, which integrated several subsystems used 
by car or the fleet manager. The complete subsystem included these functions: 

• Monitoring and recording of parameters of the car’s systems 

• The dangerous car, driving or surroundings warning 

• Advise driver’s position, trip and other information 

• Detect and record details about the accident 

 

Within SAMOVAR project the Dutch national road safety research institute (SWOV) made a study No.R-
97-8. The main target of this study was to find out whether the road – traffic safeness could be increased by 
driver’s confrontation with objective data and his/her own behavior recorded by telematics device in the car.  
There were 270 cars with this device included in the study. This devices concerned 'accident reconstruction 
recorders', 'trip recorders' or 'journey recorders'. 
The accident data included in the study were recorded within one year period before and after 
implementation of the device. 
This study showed a big reduction of accidents of different fleets, whose driver’s behavior was monitored. 
The calculated result is that there was 20% decrease of accidents in these fleets. 
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In SAMOVAR project was monitored 850 cars within one year period. The result was 28% accident 
decrease and 40% decrease of expenditures spends on repairs. 
The following table (tab.1) proves this fact. Companies using black boxes are mentioned in this table. 
(Source Siemens VDO – Automotive)  

 

Table 1.  

 Decrease of accidents within one year period while fleets use Black box 

 

 Accident 
decrease 

Expenditures 
decrease 

SAMOVAR -28 % -40 % 

WKD Security -30 % - 

Vienna police -18 %- -40 % 

Suedbaden Bus Co. -18 %- -59 % 

Taxi Hatscher -66 %- - 

Berlin police -20 % -25 % 

Border police -9 % -34 % 

Rotterdam police - -25 % 

London met. police -25 % - 

 

 

SYSTEM PROPOSAL 
 

Demands on unit 
It is possible to divide demands on unit into two categories: technical and economical. Technical part has to 
provide collecting of relevant data (speed, lights, current position, etc.), its verification and later objective 
processing. Using of data from the CAN – BUS supplement by other measured parameters is presumed. It is 
important to reach the lowest expenditures from the economical point of view and to keep the widest 
spectrum of functions. This philosophy is fulfilled by integrating as much function as possible to current car 
unit. This solution should reduce duplicate HW features (GPS system, CAN, display…), makes the process 
of implementation to the car easier and make the same thing during tests and certification. 

 

The recorder that we proposed count on optional implementation to car categories: personal car, lorry car, 
bus that have CAN – BUS. The implementation to other cars without CAN – BUS is also possible but it 
needs installation of autonomous sensors. The system takes data from the CAN – BUS periodically. The 
system analyses data and writes them to the cyclical buffer. When is buffer full, data are re-written. This 
process is stopped when the accident is detected. This is decided when some specific limits are exceeded. 
The following criteria were important when we proposed parameters for recording in Black Box unit: 

• Information accessible on CAN - BUS 

• Architecture of the current car systems with perspective of their further development 
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• Proposed standards (USA) 

• SW compatibility with the current products on the market designated for analysis of recorded data  

• Suggestions and recommendations of Škoda Auto developers, experts of Institute of Forensic 
Engineering, etc.  

 

The proposal supposes a record about the accident in the length of 90s (60s before collision and 30s after 
collision. It should be possible to record 810 s when the collision is multiphase). 

 

Figure 1.  

 Internal architecture of the application for data recording 

 

 
 

 

 

 

NEW DIRECTIONS IN THE TRAFFIC ACCIDENTS´ RESEARCH 
 

There will be possible to find stimulation for analysis and improvement of active safety on the model 
construction „driver-car-external circumstances“ for both human and technical factor. The active safety has 
to be understood in context of other features. It depends on each accident’s individual conditions and there 

hardware (CAN, GPS, GSM, radar, …) 

Operational System 

Platform Abstraction Layer 

Vehicle Data Acquisition 

    Data analysis 

     Fault status record           Records Memory 
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are specific questions about reasons and ways how the accident has arisen. For example if there is a stack-up 
on the highway there are some important questions: 
 

• Was the intention of changing the line advised on time and was the direction light used? 
• Were the following cars warned on time by switching on the warning lights? 
• Did other cars use any type of warning? 
• Is there also reason for accident like driver’s fault with following high side acceleration? 
• Was the process of the accident influenced by side wind? 
• Was the car stability influenced by road defects? 
• Was the car’s brake potential fully used? 
• Were other brake or avoidance maneuvers done? 
• How big were distances between vehicles and their speed before accident? What was the time 

interval between collisions of vehicles? 
  

Providing, that all cars taking part in the accident would content Black box, we could answer these questions 
exactly, thanks to recorded data.  
Black box opens new possibilities and perspectives of the traffic accident research. It concerns results of 
analysis which provide optimalization of existing safety conceptions in vehicles constructions or new 
technical features (driving assistant, braking assistant). The substantial thing is that in contrary to tests and 
controlled driving tests, it is possible to analyze real reactions evoked by subjective feelings, fear and panic. 
We can gain data not only about behavior of normal driver but also about things diverge from standard. 
The driver – dynamic mathematic model was developed in the end of 80´s for analyzing drivers´ behavior 
within situation leading to an accident. The combination of these factors should have been analyzing using 
the model mentioned above. Better description and research of characteristic maneuvers was wrecked 
because of lack of data and its low quality. Data did not give us enough information about behavior of the 
driver/car model when danger occurs before collision. Black box unit is able to provide these data in good 
quality and reliability.  
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ABSTRACT 
 

In road traffic accidents involving 
pedestrians or cyclists against cars, head injuries are 
one of the most common injury types and the main 
cause of fatalities. Recent in deep accident analysis 
demonstrates that the windscreen, pillars and 
bonnet are very often involved in case of severe 
pedestrian head injury. The present study proposes 
an active protection system for pedestrian or cyclist 
head impact against the windscreen (and in 
particular against the pillar) and bonnet area. In 
case of an automotive impact with a pedestrian, 
contact or non contact transducers record the impact 
and transfer the information to actuators which 
open the bonnet and eject a dampened flexible 
protective panel which covers the windscreen and 
pillars. This active protection system prevents the 
pedestrian’s head to come into direct contact with 
the hard windscreen or pillar and provides a 
dampened surface on which the head hits, 
decreasing the risk of head trauma. The panel can 
eventually be released a few hundreds of 
milliseconds after head impact in order to provide 
visibility to the car driver. A second panel is added 
under the bonnet in order to decrease the risk of 
head injuries when the pedestrian head impacts the 
bonnet. 

The present proposal suggests illustrating 
the efficiency of the proposed active and passive 
protection systems based on the simulation of the 
pedestrian kinematics and the numerical analysis of 
the head-protective system interaction at the time of 
impact. In a first step, the multibody simulation of 
the pedestrian kinematics showed that an activation 
of the protective panel within 100 ms and 
remaining until 250 ms after the impact is 
appropriate to avoid any direct head contact with 
the windscreen or the pillar. The multi layered 
flexible protective panel has then been optimised in 
terms of layer thickness, elastic-plastic and failure 
properties against both, HIC value and new 
biomechanical head injury criteria for adults. 
Simulations have also been done to evaluate the 
bonnet system in terms of HIC and biomechanical 
criteria. 

 

INTRODUCTION 
 

Accident statistics [1] show that more than 
42.000 fatalities occur in traffic accidents in Europe 
per year. Among these accidents 15% are 
pedestrian and 10% are cyclist. 71% of the 
pedestrian accidents are non severe or mild, 27% 
are serious and 2% are fatal. In the case of 
pedestrian accidents the most frequent injuries 
concern the head (31%) and the legs (32%). 60% of 
all fatalities are caused by head injuries occurring 
when the pedestrian’s head impacts the front of the 
vehicle (bonnet or windscreen) or the ground. As 
the fatal or severe head injuries are strongly 
correlated with car initial speed, these impacts 
concern most often the windscreen and pillar area. 

The European Enhanced Vehicle Safety 
Committee (EEVC WG 10 and WG 17) has 
developed test procedures to assess the level of 
pedestrian protection for vehicle fronts. Based on 
the EEVC WG 17 report, legal requirements have 
been derived, such as European Directive 
2003/102/EC [2]. In order to be conform to the 
legal requirements of the phase I (took effect in 
2005) and phase II (will take effect in 2010) of the 
European Directive 2003/102/EC on pedestrian 
protection, passive and active protection systems 
must be developed. New conception solutions must 
be found for the bumper, the front end and 
especially for the bonnet and the windscreen to 
provide the ability of these parts to absorb kinetic 
energy without exceeding load limits for the 
pedestrian. Concerning the windscreen area, it is 
well known that the central area seldom causes 
severe injuries but, as soon as the head impact is 
close to the frame or against the pillar, the 
outcomes are quasi-systematically dramatic. A 
possible solution, proposed by Kuehn [3] consists 
in adding an airbag system under the bonnet. These 
airbags uplift the bonnet and cover the A-pillars and 
the lower windscreen frame. The bonnet is raised 
40 ms after the impact of pedestrian’s legs on the 
bumper. This system is illustrated in Figure 1 and 
allows an important decrease of the HIC (Head 
Injury Criteria) value for a velocity of 40 km/h. 
This solution has two main advantages: firstly, the 
airbags uplift the bonnet and increase thus the 
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deformation space under the bonnet (which 
enhances the kinetic energy absorption) and 
secondly, they protect the pedestrian against the A-
pillars. However this system only protects the lower 
part of the A-pillars and does not take into account 
the upper part and the roof edge. Moreover, this 
protective design is known to be a quite expensive 
solution. 
 

 
Figure 1. Passive protection system with airbags 
uplifting the bonnet (Kuehn, [3]). 
 
Other solutions exist, but only for the bonnet 
improvement with regards to pedestrian head 
protection. As illustrated in Figure 2 the bonnet 
inner panel is traditionally designed as a rib 
structure supporting the bonnet outer panel. 
 

 
Figure 2. Traditionnal bonnet inner panel rib 
structure (Kerkeling, [4]). 
 
The main problem with this type of structure is the 
presence of stiff points: at these points the HIC (or 
HPC) often exceeds the limit of 1000. With regards 
to pedestrian protection it would be preferable to 
have a uniform stiffness all over the bonnet. This is 
the reason why many automobile manufacturers 
have proposed new bonnet inner panels. One 
solution is to increase the number of ribs in the 
inner panel: this makes the stiffness more 
homogenous even though some stiff points remain. 
Another solution is to change the structure of the 
bonnet inner panel: multi-cones are drawn in the 
inner panel and glued to the outer panel. The main 
advantage of this solution is the ability to adjust the 
bonnet stiffness by several parameters: geometry of 
cones, cut-outs of cones and glue type. The Figure 
3 illustrates these two bonnet inner panel structures 

[4]. The both solutions yield much more 
homogeneous stiffness distribution. 
 

 

 
Figure 3. New bonnet inner panel structures: 

• top: inner panel with more ribs 
• bottom: multi-cones inner panel 

(Kerkeling, [4]). 
 
The improvement of the capability for kinetic 
energy absorption for the bonnet without exceeding 
load limits for the pedestrian requires appropriate 
bonnet stiffness as well as an adequate deformation 
space under the bonnet. To achieve these 
requirements a new solution consists in setting 
actuators under the bonnet so as to raise the bonnet 
after sensors have detected a collision with 
pedestrian legs [5]. This system is illustrated in 
Figure 4. 
 

Figure 4. Passive protection system with sensors 
and actuators for lifting of motor bonnet 
(Scherf, [5]). 
 
In the present study a solution that was designed to 
protect the pedestrian head against both the 
windscreen (with the A-pillars) and the bonnet is 
proposed. In the case of an automotive impact with 
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a pedestrian, contact or non-contact transducers 
record the impact at bumper level and transfer the 
information to actuators which open the bonnet and 
eject a dampened flexible protective panel which 
covers the windscreen and the pillars as shown in 
Figure 7. This active panel prevents the pedestrian’s 
head to come into direct contact with the hard 
windscreen and provides a damping surface on 
which the head hits, diminishing the risk of head 
trauma. The plate can eventually be released a few 
hundreds of milliseconds after head impact in order 
to provide visibility to the car driver. During a 
vehicle-pedestrian accident the head does not 
always hit the windscreen: the impact point 
depends of several parameters, such as the vehicle 
speed or the pedestrian size. For this reason, a new 
bonnet structure with a protective panel under the 
upper panel of the bonnet has been designed. 

The timing of this new system has first 
been evaluated with multibody pedestrian 
kinematics simulation in order to define the 
appropriate time for ejecting the protective panel. 
This new active protection system has then been 
modelled with finite element software and 
evaluated in terms of HIC and maximum 
acceleration (according to European Directive 
2003/102/EC). Finally the new design has been 
evaluated numerically by modelling the head 
impact with an anatomical head FEM model. This 
permitted it to express the performance of the 
solution against biomechanical based head injury 
criteria. The same procedure has been used to 
evaluate the bonnet solution: first, according to 
European Directive, simulations with a standard 
pedestrian head have been carried out and secondly 
an anatomical head has been used to evaluate the 
bonnet in terms of biomechanical criteria. 
 
REQUIREMENTS 
 
Directive 2003/102/EC 
 
In the Directive 2003/102/EC [2] two head forms 
are considered: a child head with a mass of 2.5 kg 
and an adult head with a mass of 4.8 kg. The impact 
angles of the head forms are set to 50° measured 
from the ground reference line for the child head 
and to 65° for the adult head. Both head forms 
should impact the bonnet with a velocity of 40 
km/h. 
In terms of head criteria the Directive 2003/102/EC 
advocates an HIC (Head Injury Criteria) lower than 
1000 for both child and adult head forms, and a 
maximal linear acceleration of the centre of gravity 
of the head form (γmax) between 405 and 495g for a 
child head form and between 337.5 and 412.5g for 
an adult head form. All these requirements are 
illustrated in Figure 5. 
 

 
 Child head Adult head 

velocity 40 km/h 40 km/h 
mass 2.5 kg 4.8 kg 
HIC 1000 1000 
γmax 405 to 495g 337.5 to 412.5g  

Figure 5. Directive 2003/102/EC requirements. 
 
EuroNCAP 
 
The impactor characteristics in EuroNCAP tests 
[3], in terms of mass and impact velocity, are the 
same as in Directive 2003/102/EC. Nevertheless the 
impact zones are more precisely defined in this 
protocol thanks to a splitting of the bonnet into 48 
zones, as shown in Figure 6. This splitting enables 
the definition of two impact zones: one for the child 
head (C) and one for the adult head (A).  
In term of injury criteria the one chosen is the HIC, 
the value of which must not exceed 1000. 
 

 
 Child head Adult head 

velocity 40 km/h 40 km/h 
mass 2.5 kg 4.8 kg 
HIC 1000 1000  

Figure 6. EuroNCAP Protocol requirements. 
 
THE ACTIVE PROTECTION SYSTEM 
 
Pedestrian Kinematics 
 
The entire kinematics of the pedestrian was 
computed with a multibody approach (Madymo 
code) in order to fix the triggering of the system. Of 
particular importance was it to define the time 
range between bumper-leg contact and head –
windscreen contact. Therefore a side impact 
between a pedestrian and a car has been carried out 
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Figure 7. Illustration of the active pedestrian head protection system. 
 

Time = 0 ms Time = 30 ms Time = 70 ms Time = 110 ms  
Figure 8. Illustration of pedestrian kinematics when hit by a car for protective panel activation triggering 
purpose. 
 

    
Figure 9. Illustration of the active pedestrian head protection system. The arrow in the picture points the 
active panel and its positioning over the windscreen pillar and roof rail. 
 
with the initial velocity of the car set to 11.28 m.s-1. 
The multi-body simulations show that an activation 
of the protective panel within 100 ms after the 
impact for approximately 150 ms is appropriate to 
avoid any direct head contact with the windscreen 
or the pillars as illustrated in Figure 8. It has been 
shown that this time range is efficient for typical 
vehicle speed, i.e. 11 m.s-1. 
The relevance of the proposed protective system 
has then been evaluated numerically with a 
windscreen model or panel model and two different 
head models, a standard pedestrian head and an 
anatomical head. 
 
Head Modelling 
 
Two head finite element models have been used for 
the head impact simulations: a standard pedestrian 
head model and an anatomical head FEM model for 
which injury criteria have been defined in earlier 
studies. 
The pedestrian head model is the standard ISO 
model represented in Figure 10, which consists of 
three parts, i.e. an aluminium sphere, an aluminium 
plate and a rubber skin. Each of the three parts is 
modelled with an elastic law in conformity with 
values reported in Table 1. The head model is made 
of 3020 eight-node brick elements. 

The anatomical head model is the ULP finite 
element head model [6]. This model, which is 
described more in details in the literature, includes 
the face, the dura matter (falx and tentorium), the 
subarachnoidal space, the brain and the cerebellum 
as shown on the Figure 11. 

End plate

Rubber skin

Aluminium sphere
 

Figure 10. Standard ISO pedestrian head model. 

Table 1. Mechanical properties of the  
different parts of the pedestrian  

head finite element model. 
 ρ (kg.m-3) E (MPa) υ 

Aluminium 
sphere 

2800 200000 0.29 

Rubber skin 1950 7 0.4 
End plate 2800 200000 0.29  
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Figure 11. Illustration of the ULP finite element head model. 
 
Tolerance limits for this model have been 
established by reconstructing 64 real world accident 
cases [7, 8] and summarized in Table 2. In order to 
evaluate the relevance of active protective panel on 
the windscreen, these limits will be used to predict 
the severity of head injuries and will be considered 
for further panel optimisation. 
 

Table 2. Tolerance limits related to the ULP 
head FE model [8]. 

 

Mechanical 
 parameter 

Maximum 
strain  

energy in the 
 CSF layer 

Maximum  
Von Mises  

stress 

Maximu
m strain 

 energy in  
the skull 

Injury 
Subdural or  

Subarachnoid 
 haematoma 

Moderate  
DAI 

Severe  
DAI 

Skull 
fractures 

Tolerance 
 limit 

4211 mJ 27 kPa 39 kPa 833 mJ 
 

 
Windscreen Modelling 
 
FEM Model 
 
The windscreen consists of three layers (two glass 
layers and a PVB layer) whose characteristics are 
given in Table 3. Each material is supposed to have 
an elastic brittle behaviour [9]. The A-pillars have 
been considered as rigid bodies. 
The damping material is represented by four layers 
of eight-node bricks (11.740 bricks with a total 
thickness of 30 mm). The chosen damping material 
is expanded polystyrene with an 85 kg.m-3 density 
whose behaviour law has been established through 
experimental compression tests. The stress strain 
behaviour in compression is illustrated Figure 12. 
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Figure 12. Stress strain curve of expanded 
polystyrene. 

Table 3.Mechanical properties of the 
windscreen. 

 

 
ρ 

(kg.m-

3) 

E  
(GPa) 

ν εt1 εm1 
t 

(mm) 

Glass 2400 65 0.22 
6.15e-

4 
1.23e-

3 
2.2 

PVB 950 50 0.21 0 0 2  
 
 

 
Figure 13. General view of pillar, windscreen 
and protective panel mode. Protective panel is 
only partially represented. 
 
 
Head Impact Conditions 
Head impacts have been carried out to evaluate the 
new protective system first in terms of HIC with the 
pedestrian head model and then in terms of 
biomechanical criteria with the ULP head model. 
The chosen initial conditions for the simulations are 
close to a typical pedestrian head impact condition 
as defined here after. The model was impacted at 
the junction between the windscreen and the A-
pillar, with an impact angle of 65° and an initial 
velocity of 5 m.s-1. Figure 14 represents the head 
before the impact. This impact condition is 
considered to be the most significant as it considers 
a quite critical situation. 
 

SCALP 

SKULL BRAIN 

FACIAL 
BONE 

FALX 
 

TENTORIUM 

CSF 

 

Damping material 

Windscreen A-Pillar 
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Figure 14. Illustration of the pedestrian 
standard head impact initial condition on the 
windscreen or protective panel: the standard 
head has an initial velocity of 5 m.s-1 with an 
impact angle of 65° with the windscreen. 
 
Bonnet Modelling 
 
FEM Model 
The numerical model of the bonnet is characterised 
by the following components: the upper panel 
represented by 4032 four nodes shell, the protective 
panel represented by three layers of eight-nodes 
brick (12 096 bricks with a total thickness of 30 
mm) and the engine block modelled with 4019 four 
nodes shell elements and 2664 eight-nodes brick 
elements. The different parts of the bonnet model 
are illustrated in Figure 15. 
 

Figure 15. General view of upper panel (blue), 
protective panel (magenta) and engine block 
(green). 
 
The chosen material for the upper panel is 
aluminium which is supposed to have an elastic 
plastic behaviour, the characteristics of which are 
given in Table 4. The protective panel material is 
expanded polystyrene, the characteristics of which 
are the same as those used for the windscreen 
model. The engine block has been considered as 
rigid body. 
The boundary conditions are one of the most 
important parameters that influence the behaviour 
of the bonnet. The upper panel of the bonnet FEM 

model is fixed in two points in the front of the 
bonnet and the engine block is fixed. 
 
 

Table 4. Mechanical properties of the bonnet 
upper panel. 

 
ρ  

(kg.m-3) 
E  

(MPa) 
υ 

σe  

(MPa) 
b  

(MPa) 
n 

σm  
(MPa) 

2700 65000 0.3  567 0.623 345  
 
Head Impact Conditions 
The chosen initial conditions for the simulations are 
those prescribed by the EuroNCAP Pedestrian 
Testing Protocol. The head was impacted in the 
middle of the bonnet, with an initial velocity equal 
to 11.1 m.s-1 and an impact angle measured from 
the ground reference equal to 65°. The position of 
the head before the impact is represented in Figure 
16. 
 
 

 
Figure 16. Illustration of the initial impact 
conditions of the standard head model on the 
bonnet: the initial velocity is equal to 11.1 m.s-1 
and the impact angle is 65° measured from the 
ground reference. 
 
Bonnet Evaluation Method 
Based on 425 EuroNCAP tests, procedures have 
been defined to built stiffness corridors for the 
different vehicle front parts area (bumper, bonnet 
and windscreen). These corridors have been 
obtained by recording the normal acceleration of 
the centre of gravity of the head: this acceleration is 
integrated twice to get the displacement and 
multiplied with the impactor mass to get the normal 
impact force. All the obtained force-displacement 
curves have been classified into three categories 
defined by EuroNCAP [11]. The bonnet FEM 
model is considered as “yellow bonnet”, i.e. its HIC 
is between 1000 and 1350 and its force-
displacement curve is inside the corridor 
represented in Figure 17. 

1.1.11 −= smv 65° 

65° 

Engine block 
Protective panel 

Upper panel 

1.5 −= smv  
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Figure 17. Simplified stiffness corridor for a 
“yellow bonnet” (HIC between 1000 and 1350) 
and proposed upper panel stiffness. 
 
RESULTS 
 
Windscreen Results 
 
In order to demonstrate the improvement brought 
by this new system all simulations have been done 
with and without the protective panel. Radioss code 
has been used for this purpose. The simulations 
have been carried out first with regards to standards 
in terms of HIC and maximal linear acceleration. 
The results are given in Figure 18 and Figure 20. T 
+hese results demonstrate the real improvement 
brought by the proposed system: as the HIC value 
decreases significantly when a protective panel is 
added to the windscreen and the A-pillars. The 
same improvement can be observed in terms of 
maximal linear acceleration of the centre of gravity 
as a whole HIC value has been divided by about 8 
and remains under tolerance level when the 
protective panel is activated. 
Same simulations have been carried out with the 
ULP model in order to predict the potential injuries 
during the impact of the head against the 
windscreen alone and the windscreen with the 
protective panel. The results are reported in Figure 
21 in terms of maximum strain energy in the skull 
and in terms of maximum strain energy in the CSF 
layer and intracranial Von Mises shearing stress. 
The recommended tolerance limit for the maximum 
strain in the CSF layer is 4211 mJ, which is 
equivalent to an injury risk of 50% of subdural 
haematoma. 
The results show that, without damping material, 
the maximum strain energy in the CSF layer 
reaches 7370 mJ (this implies a significant risk of 
subarachnoid or subdural haematoma) whereas this 
value decrease to 755 mJ with the protective panel, 
eliminating the SDH risk. 
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Figure 18. Evolution of the linear acceleration 
of the standard head form centre of gravity 
during impact with and without protective 
panel over the windscreen. 
 
The same trend can be observed for the maximum 
strain energy in the skull as the initial value of 2038 
mJ without damping material decreases to 95 mJ 
when adding the panel, eliminating thus the skull 
fracture risk. 
The results in terms of Von Mises stress are given 
Figure 21 (c). Here again the risk of moderate 
neurological injury has been eliminated by the 
protective system. 
 
 

 
(a) 

 
(b) 

Figure 19. Localisation in sagittal section 
of the maximum Von Mises stress 
response computed with the ULP head 
model impacting the windscreen (a) and 
the windscreen with protective panel (b). 
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Figure 20. HIC and γmax results for the two cases (with and without damping material). 
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(c) 

Figure 21. Intracranial head response computed with the ULP head model impact against the windscreen 
(black) and the windscreen with the protective panel (grey) in terms of strain energy in the skull (a), strain 
energy in the CSF layer (b) and in term of maximum brain Von Mises shear stress (c). 
 
In Figure 19 the distribution of the intracranial Von 
Mises stress is shown. The maximum area is 
situated at the same place and only the maximum 
values vary. 
 
Bonnet Results 
 
In the same way as for the windscreen, all the 
simulations have been done with and without the 
protective panel. The bonnet has first been 
evaluated with regards to standards in terms of HIC 
and maximal linear acceleration. The results are 
given in Figure 22. The results in terms of HIC 
show the improvement due to the adding of a 
protective panel under the bonnet: with the panel 
the HIC value is 989 and is under the recommended 
limit of 1000. The same trend can be observed in 
terms of maximal linear acceleration of the centre 
of gravity of the head. 
The two situations (with and without protective 
panel) have always been simulated with regards to 
biomechanical criteria. The results are reported in 
Figure 23 in terms of maximal strain energy in the 
skull, maximal strain energy in the CSF layer and in 
terms of maximum brain Von Mises shear stress. In 
the case of an upper panel without the protective 
panel, all the results are over the tolerance limits. 
The maximum strain energy in the skull reaches 

13667 mJ, the limit being 833 mJ (Figure 23 (a)), 
so there is a very high risk of skull fracture. The 
maximum strain energy in the CSF layer is 6282 mJ 
whereas the limit is 4211 mJ (Figure 23 (b)) which 
corresponds to a high risk of subdural or 
subarachnoidal haematoma. Finally the maximum 
brain Von Mises shear stress reaches the value of 
42 kPa (limit being 39 kPa) for severe neurological 
injuries (Figure 23 (c)). All these values decrease 
significantly when adding the protective panel 
under the bonnet: the maximum strain energy in the 
shull and in the CSF layer stays under the tolerance 
limits, and in the skull, even though the value of the 
maximum strain energy has significantly decreased, 
it remains slightly above the limit. Figure 24 shows 
the distribution of the intracranial Von Mises stress. 
The area of the maximum Von Mises stress varies 
when adding the protective panel: this area is 
situated on the top of the brain for simulations 
without the protective panel and inside the brain 
with the protective panel. 
The numerical study of the proposed solution 
showed a real improvement when adding a 
damping panel on the windscreen or under the 
bonnet, in terms of HIC and maximum linear 
acceleration as well as in terms of biomechanical 
criteria. 
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Figure 22. HIC and γmax results for the two cases (with and without damping material). 
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Figure 23. Intracranial head response computed with the ULP head model impact against the bonnet 
(black) and the bonnet with the protective panel (grey) in terms of strain energy in the skull (a), strain 
energy in the CSF layer (b) and in term of maximum brain Von Mises shearing stress (c). 
 

 
(a) 

 
(b) 

Figure 24. Localisation of the maximum Von 
Mises stress response computed with the ULP 
head model against the bonnet (a) and the 
bonnet with protective panel (b). 

CONCLUSION AND DISCUSSION 
 
The proposed innovative solution for protection of 
the pedestrian head during impacts on the 
windscreen or the pillars has been shown to be 
efficient if propelled in the 100 – 250 ms time 
frame. It decreases significantly the risk of head 
trauma for these pedestrians, in terms of HIC 
criteria as well as with regards to biomechanical 
criteria. The same improvements have been 
obtained with the new bonnet solution: when 
adding a protective panel under the bonnet, the risk 
of head injuries decreases importantly. Moreover 
these inventions have a huge economical and social 
interest as safety is a society priority but also an 
important sale argument. 
 
REFERENCES 
 
[1] Otte, D: Possibilities of head protection 

analysis on the basis of accident data, 
Medical University Hannover. 

[2] Directive 2003/102/EC of the European 
Parliament and of the Council, 17th 
November 2003. 

MPa 

MPA 



Tinard 10 

[3] Kuehn, M: Assessment of vehicle related 
pedestrian safety, Paper Number 05-0044. 

[4] Kerkeling, Christoph: Structural hood and 
hinge concepts for pedestrian protection, 
GM Europe, Paper number 05-0304. 

[5] Scherf, Oliver: Development and 
performance of contact sensors for active 
pedestrian protection systems, Siemens 
restraint systems GmbH, Paper number 
05-0021. 

[6] Kang HS, Willinger R, Diaw B, Chinn B 
(1997) Validation of a 3D anatomic human 
head model and replication of head impact 
in motorcycle accident by finite element 
modelling. Proceedings of the 41st STAPP 
Car Crash Conference, Lake Buena Vista, 
USA, November 1997, pp 329–338  

[7] Willinger R., Baumgartner D., Human 
head tolerance limits to specific injury 
mechanisms, International journal of 
Crashworthiness, Vol 8, No 6, 2003, 
pp.605-617. 

[8] Marjoux D. et al : Head injury prediction 
capability of the HIC, HIP, Simon and 
ULP criteria, IRCOBI Conference, Madrid 
(Spain), September 2006. 

[9] Mukherjee, S.: Modelling of head impact 
on; laminated glass windshields, IRCOBI 
2000. 

[10] EuroNCAP, Assessment protocol and 
biomechanical limits, Version 4.1, March 
2004. 

 



  

  Coelingh 1 

COLLISION WARNING WITH AUTO BRAKE - 
A REAL-LIFE SAFETY PERSPECTIVE 
 
Erik Coelingh 
Lotta Jakobsson 
Henrik Lind 
Magdalena Lindman 
Volvo Car Corporation 
Sweden 
Paper Number 07-0450 
 
ABSTRACT 
 
Automotive safety has gained an increasing amount 
of interest from the general public, governments, 
and the car industry. This is more than justified by 
traffic accident statistics, as each year around 1.2 
million people die due to road traffic accidents. For 
these reasons safety remains a core value of Volvo 
Cars. This paper presents some of the latest active 
safety developments within Volvo Cars.  
Rear-end collisions are common accident scenarios 
and a common cause of these accidents is driver 
distraction and thus not reacting in time. No vehicle 
system is a substitute for the most important safety 
feature in any vehicle: the driver.  However, Volvo 
is harnessing innovative technologies to help alert 
drivers to avoid potential collisions and reduce the 
potential impact speed when a collision cannot be 
avoided. 
One of those systems is Collision Warning with 
Auto Brake where the area in front of the vehicle is 
continuously monitored with the help of a long-
range radar and a forward-sensing wide-angle 
camera fitted in front of the interior rear-view 
mirror. A warning and brake support will be 
provided for collisions with other vehicles, both 
moving and stationary. Additionally, if the driver 
does not intervene in spite of the warning and the 
possible collision is judged to be unavoidable; 
intervention braking is automatically applied to 
slow down the car. This aims at reducing impact 
speeds and thus the risk for consequences.  
This system has been verified using innovative 
CAE methods and practical tests. Finally, it is 
discussed how the benefit of such systems can be 
judged from real-life safety perspective using traffic 
accident statistics. 
 
INTRODUCTION 
 
Over the years, automotive safety has gained an 
increasing amount of interest from the general 
public, governments, and the car industry. Traffic 
accident statistics more than justify this focus, as 
each year around 1.2 million people die due to road 
traffic accidents [1].  
Safety is and remains a core value of Volvo Cars, 
and it has a long tradition. A successful way to 
attain continuous improvements in safety 

development is a working process based on real 
world situations and the feed-back of this 
information into the product development. This 
working method has been found very effective in 
passive safety development [2]. The present study 
applies this working process into development of 
new active safety systems. Active safety systems 
require a wider scope of the study and performance 
goals, thereby expanding to accident occurrence 
beside injury protection and opponent vehicle 
beside host vehicle. The aim of this paper is to 
present some of the latest active safety 
developments within Volvo Cars and to put them 
into context of the working process [2]. 
 
REAR-END COLLISIONS 
 
This section will put the area of rear-end collisions 
in the context of real-world situations. Accident 
data will be used as the basis for the problem 
definition as well as for the calculation of benefit. 
A brake-down of the problem definition is used to 
guide the evaluation and performance prediction 
process. For this purpose, three different sets of 
accident data will be used. 
 
Statistical accident data bases 
 
Three databases from three different countries are 
used as the basis for the problem definition. 
  

 
 
Figure 1.  Volvo’s Traffic Accident Research. 
 
Volvo's statistical accident database contains Volvo 
vehicles in Sweden in which the repair cost due to 
an accident exceeds a specified level, currently 
SEK 45000. The database, which contains 
information about the crash, the vehicles and the 
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occupants including injuries if any, is further 
described in [2]. 
The GIDAS database (German In-Depth Accident 
Study) is the second European database used in this 
study. Traffic accidents within Hanover and 
Dresden and the rural areas surrounding these cities 
are investigated according to a statistical sampling 
process [3]. 
As a complement to the European data, NASS/CDS 
(National Automotive Sampling System 
Crashworthiness Data System) is also used [4]. 
CDS provides in-depth crash investigations of a 
representative sample of police-reported tow-away 
crashes throughout the United States. Data is 
weighted to provide a nationwide estimate of all 
types of crashes and injuries. 
 
Problem definition 
 
Compared to the evaluation of passive safety 
systems, active safety systems require a wider 
scoop of the study and performance goals. It 
includes accident occurrence together with injury 
protection for opponent vehicles as well as for the 
host vehicle, as illustrated in Figure 2. 
 
 Minor-

Severe 
Accidents 

Occupant 
injuries 

Host    
vehicle 

   

Opponent 
vehicle 

  

 
Figure 2.  Problem definition active safety. 
 
Najm et al. [5], focusing on light vehicle crashes in 
the NASS/GES database, show that rear-end 
collisions are most frequent among all crash types 
accounting for 29% of all crashes. In the present 
study, the numbers of occurrences are clustered in 
impacts instead of collisions. Note that a collision is 
an event where possibly several vehicles can be 
involved and an impact is a consequence for a 
single vehicle. The aspects of self protection are 
accident reduction and occupant injury reduction 
from the host perspective. Partner protection is thus 
accident reduction and occupant injury reduction 
from the opponent perspective. Below, these will be 
dealt with separately. 
 
     Self protection 
The distribution of impact configurations is shown 
in Figure 3. Approximately 50% of all impacts are 
to the front of the vehicle. Frontal impacts into an 
opponent motor vehicle's rear end account for 6-9% 
of the total share. Even though different selection 
criteria for the different data sets are used, the 
distributions are quite similar.  

The occupant injury share from this type of impact 
situations can be seen in Figure 4 of all MAIS2+ 
injuries. In the three datasets used, frontal impacts 
into an opponent motor vehicle's rear end account 
for up to 5% of the total share of MAIS2+ injuries. 
The relatively small share is mainly due to the 
relatively low impact severity level in comparison 
to the other frontal impact situations. 
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Figure 3.  Distribution of impact configuration 
from a host perspective. 
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Figure 4.  Distribution of MAIS 2+ injuries from 
a host perspective. 
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However, excluded in Figure 4 are all AIS1 
injuries, such as e.g. AIS1 neck injuries. These 
injuries are frequent, can occur even at low impact 
severity and are the most common injury type of all 
in a frontal impact according to Volvo's statistical 
data base [6]. 

 
     Partner protection 
If considering impact situations from a partner 
protection perspective, the majority of impacts to 
the rear of the car is due to another passenger 
vehicle running into them. As can be seen in Figure 
5, 12% in GIDAS, 6% in the Volvo data and 4% in 
NASS/CDS of the totals, were vehicles impacted 
from the rear by another passenger vehicle. These 
differences probably reflect the differences in 
collection criteria for the different data sets. 
NASS/CDS only covers tow-away situations; the 
Volvo data is collected based on a repair cost limit, 
including also situations without tow-away. In 
GIDAS even low-impact severity events are 
included and by that the most comparable set to the 
data in NASS/GES as used by [5]. 
Occupants in the opponent vehicles are also 
exposed for possible occupant injuries. In the 
vehicle impacted from the rear, the most common 
injury type is AIS 1 neck injuries, often referred to 
as whiplash injuries [7]. These injuries are very 
frequent and can occur even at low impact severity.  
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Figure 5.  Distribution of impact configuration 
from an opponent perspective. 
 
     Accident occurrence 
For intervention and development of active safety 
systems it is also important to understand the 

parameters influencing the accident type and traffic 
situation of interest and further consider reasons 
behind accident occurrence. It is not only important 
to understand what happened in an accident, but 
also to understand why an accident happened in the 
first place 
Driver inattention and thus not reacting in time is a 
major cause of rear-end accidents. In the 100-Car 
Naturalistic Driving Study, the first study of its 
kind where detailed information on a large number 
of near-crash events is collected, nearly 80 percent 
of all crashes and 65 percent of all near-crashes 
involved driver inattention just prior to the onset of 
the conflict [8]. Inattention was a contributing 
factor for 93 percent of rear-end-striking crashes. 
The problem definition points out the importance of 
the area as well as the focus in the development 
process. In the next section Collision Warning with 
Auto Brake is introduced. A detailed description of 
the system, as well as brief summary of the 
difference between the first and second generation, 
will be presented. 
 
COLLISION WARNING WITH AUTO BRAKE 
 
Collision Warning with Auto Brake is an active 
safety system that helps the driver to avoid or 
mitigate rear-end collisions. It uses forward-looking 
sensors to detect obstacles ahead of the vehicle. 
When a high risk for a rear-end collision is detected 
the system helps the driver by providing a warning 
and brake support. If the driver does not react in 
time and a collision is judged to be unavoidable, the 
system will automatically brake the vehicle. This 
may not avoid the accident, but the consequences 
can be reduced. 
This system is introduced in two steps. The first 
generation, called Collision Warning with Brake 
Support, is currently on the market in the new 
Volvo S80 allowing activation on vehicles that are 
moving or have been detected as moving. The 
second generation, called Collision Warning with 
Auto Brake, will be introduced in the near future. 
The latter system includes the functionality of the 
prior system but will also activate for stationary 
opponent vehicles in certain scenarios and will 
provide auto brake. The differences and the 
motivation for the two generations are explained in 
Coelingh et al. [9].   
 
Sensor System 
 
Information about the traffic situation in front of 
the host vehicle is obtained from two sensors: 
- A 77-GHz mechanically-scanning forward-

looking radar, mounted in the vehicles grille, 
which measures target information such as range, 
range rate and angle in front of the vehicle in a 15 
degree field-of-view. 
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- A 640*480 pixel black and white progressive 
scan CMOS camera, mounted behind the 
windscreen, which is used for classifying the 
objects, e.g. as vehicles, in a 48-degree field-of-
view. Since the camera is used for reporting both 
vision objects and lane markings, the field of 
view was chosen to work for both. 

The combination of these two independent and 
complementary sensors provides high-confidence 
in lead-vehicle detection. This is important as the 
system should not be activated for stationary 
objects that are part of the normal driving 
environment, e.g. manhole covers. With only a 
radar sensor one cannot distinguish between 
reflections from a vehicle and reflections from any 
other object. However, the additional object 
classification of the camera is used to distinguish 
between vehicles and non-vehicles therefore the 
risk for false activations can be significantly 
decreased. 
  
Collision Warning 
 
The Collision Warning (CW) function is targeting 
to avoid or mitigate collisions by means of warning 
the driver ahead of a possible collision. The system 
requires high usability, low number of nuisance 
alarms and an efficient Human Machine Interface 
(HMI). The Collision Warning system should 
provide a relative late warning in order to reduce 
nuisance alarms and to reduce the possible misuse 
where an early warning system may build a trust 
that is falsely interpreted by the driver to allow for 
execution of non-driving tasks. The activation of 
the Collision Warning will therefore approximately 
occur when the driving situation is considered to be 
unpleasant. However, it shall allow the driver to 
brake to avoid or mitigate an accident provided the 
following distance was initially longer than the 
warning distance (refer next paragraph). 
 
    Threat Assessment 
The aim of the threat assessment is to understand if 
the information from the forward sensing system 
shows that there is a risk for collision. The first step 
is to approve a lead vehicle as staying in the 
forward path within a given time to collision 
utilizing intra-vehicle and yaw-rate information. 
Given an approved lead vehicle a second step 
calculates a total warning distance, i.e. the predicted 
distance required for avoiding a collision. The total 
warning distance base calculation is derived from a 
sum of three distinct distance calculations. The first 
is the driver reaction distance which is obtained 
from the predicted driver reaction time multiplied 
by vehicle speed. The second is the system reaction 
distance which is obtained from the system reaction 
time multiplied by vehicle speed. The third is the 
braking distance to avoid impact using the current 
physical states of the lead vehicle and the host 

vehicle using the constant acceleration model for 
the behavior of the host and the target vehicle 
closely mimicking the CAMP late warning 
algorithm [10]. The sum of above provides a total 
warning distance. If the distance to the forward 
vehicle becomes lower than the total warning 
distance a warning is to be issued.  
Furthermore, in order to further reduce nuisance 
alerts, a predicted driver reaction time modulated 
by driver action is used. As an example the 
predicted reaction time is normal when the driver 
has the foot on the pedals and is following the lead 
vehicle in a common way. In the event the driver is 
releasing the throttle or starting to brake, the 
predicted reaction time is reduced since the system 
predicts that the driver is aware of a potential 
danger ahead. Another action performing similar 
reduction is negotiating a curve. The reduction of 
the driver reaction time leads to a lower warning 
distance and consequently less risk of alerting a 
driver in a normal driving situation.  
 
     Collision Warning HMI  
An efficient HMI for a warning system is 
characterized by a low driver reaction time, as this 
is crucial for improving the possibility for the 
driver to mitigate or even avoid a collision. 
Moreover, an efficient HMI puts requirements on 
low false and nuisance alarm rates, since there is a 
risk for overexposure that may lead to drivers 
deactivating the system. A number of studies have 
been executed related to efficient visual warning 
interfaces. The selected warning interface is a dual 
modality warning incorporating visual and audible 
channels. The visual warning is a flashing red 
horizontal line located in the lower part of the 
windshield in the forward direction of the driver, 
refer Figure 6. The sound consists of tone burst 
with harmonics content. When the audible warning 
is active the sound system is muted. 
. 

 
 
Figure 6.  Collision Warning head-up display. 
 
The Collision Warning can be turned off by a main 
switch. The system includes a warning distance 
setting using three levels. The levels have been 
defined by balancing driver behavior in late brake 
situations versus normal driving behavior. The 
warning distance settings are differentiated by the 
deceleration level used in the different settings, i.e. 
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the predicted brake ability by the driver. They also 
reduce warnings in normal driving situations to 
different levels.  
 
Auto Brake 
 
Although it is expected that a large share of drivers 
unaware of a hazardous traffic situation, will be 
able to escape this situation due to the received 
collision warning, there are cases when drivers are 
not able to react in time to the warning. In that case 
it is beneficial to the driver to get support in the 
upcoming collision event. This can be achieved by 
reducing the collision energy by optimizing driver-
initiated braking or through automatically putting 
on the brakes prior to the collision event, see also 
[11] and [12]. 
When providing autonomous interventions that 
override or complement the driver’s actions, one 
has to ensure that customer satisfaction is not 
negatively affected by false interventions. 
Customer acceptance is crucial in order to increase 
take rates and thus to increase the overall real-life 
safety benefit of the system. It is therefore 
necessary to implement a decision making strategy 
that reduces the amount of false interventions while 
not missing collision events where the driver needs 
support. 
Therefore, an intervention decision should be based 
on two main information categories: traffic 
situation data and driver actions. The traffic 
situation data is used to quantify the risk for a 
collision event, in other words a threat assessment 
is performed. This assessment will never be perfect 
as sensor information is usually a subset of the 
totally available information and mostly affected by 
latencies. So, a collision may appear to be 
unavoidable but is in reality avoidable. Hence, a 
driver that takes distinct steering and/or braking 
action is judged to be in control of the situation and 
should be trusted. The driver override function is to 
detect these distinct driver actions. 
As soon as the support system has performed the 
threat assessment and driver override detection, the 
outcome can be weighted by the brake intervention 
strategy and a decision on an autonomous brake 
intervention can be taken. 
 
     Threat Assessment  
The aim of the threat assessment is to fuse sensor 
information from the vehicle environment to a 
collision risk. The collision risk is a probability for 
a collision to take place, given that the currently 
observed physical states will be governed by a 
model for the traffic scenario until the collision 
instant. The current implementation of the threat 
assessment makes use of a constant acceleration 
model for the behavior of the host and target 
vehicles.  

When it comes to the quantification of the collision 
risk, the motion of the host vehicle in relation to the 
target vehicles is analyzed. A possible collision 
event is said to be imminent as soon as neither 
steering nor brake action would lead to an 
avoidance of the collision. In terms of accelerations 
this means as soon as the maximum achievable 
lateral and longitudinal acceleration due to steering 
and braking action is less than the needed 
respective accelerations, a collision is imminent. 
The ratio of the needed acceleration and maximum 
achievable acceleration for braking and steering 
actions is denoted braking threat number (BTN) 
and steering threat number (STN), respectively, and 
has been introduced in [13] as quantifier for the 
collision risk. In [14] this concept is extended to a 
more generally valid approach. 
A derivation of the BTN and STN can be found in 
[13]. Principally, the idea is to treat the longitudinal 
and lateral dimension as being independent. Then 
the BTN can be estimated from the host 
acceleration, range, range rate and range 
acceleration measurements. In case of the STN, the 
derivation requires two steps. First, the time until 
the possible collision instant is computed and 
second, the needed lateral acceleration that would 
lead to a lateral displacement for avoiding the target 
at the collision instant is estimated. Thus, 
measurements for lateral offset between host and 
target at the collision instant is needed, as well as 
measurements for host and target widths. Both 
BTN and STN are used in the decision process. 
Threat assessment is based on a pure physical 
interpretation of traffic situation data that is 
reported by a sensor system. Although this 
information could suffice to determine if a possible 
collision event requires immediate braking action, a 
driver might be fully aware of the situation but has 
more information available than the sensor system 
can report. It is therefore necessary to consider 
driver actions in order to determine if the driver is 
overriding the support system. 
 
     Driver Override 
The objective of the driver override function is to 
inhibit a brake intervention when the driver has the 
situation under control. However, this is difficult or 
even impossible to measure and therefore driver 
inputs as steering and braking activities are 
considered instead, as these are the natural 
countermeasures in a collision event. Furthermore, 
the release of the accelerator pedal is considered, as 
this indicates that any further acceleration is 
undesired, and it can be assumed that the driver is 
thereby acknowledging a collision risk. 
Since the level of action that is required to activate 
a steering or brake override depends on the driver 
and on the traffic situation, the decision threshold is 
empirically determined through extensive testing in 
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real life traffic situations with a large number of 
drivers. 
 
     Brake Intervention  
When both collision risk and driver override flags 
are available a decision on a brake intervention can 
be made. Since there are two numbers available that 
quantify the collision risk, these number need to be 
fused. Clearly, several methodologies can be 
employed. Most straight forward approaches are the 
usage of the min or max operator yielding a 
conservative or progressive approach, respectively. 
A more thorough discussion of the decision 
concepts for collision avoidance is given in [11] 
Still, it can be reasoned what role the BTN has 
when it come to autonomous brake intervention. 
When the STN reaches or exceeds one, the driver is 
no longer able to steer away. In other words, the 
only option that remains for the driver is to brake. 
Additionally, it can be shown that the BTN is larger 
than the STN in many traffic scenarios. Usually, in 
the remaining situations the BTN has rather large 
values but still below one. This suggests that the 
STN alone can be used to trigger autonomous 
braking, yielding a mixture between the 
conservative and the progressive approach. 
When a progressive intervention strategy is used for 
a support system the false intervention rate is 
usually increased. In order to achieve a progressive 
intervention approach with a low false intervention 
rate, the override flags play a key role. Making use 
of flag timing in relation to collision risk enables an 
inhibit strategy that reduces the false intervention 
rate. Naturally, the trimming of the inhibit strategy 
is based on physical interpretation of traffic 
situations and testing results with either artificially 
generated traffic situations or real-life traffic 
situations. 
In the first stage there are two intervention types: 
pre-charge and increased sensitivity for Emergency 
Brake Assist. In a scenario where the rear-end 
collision risk is judged to be credible, meaning that 
the BTN and STN are increased but have not yet 
reached one, these intervention types are activated 
simultaneously. The pre-charge prepares the brake 
system for upcoming brake activation in order to 
reduce latencies. Furthermore, an increased level of 
pre-charge is applied upon indication that the driver 
has released the throttle pedal in response to the 
threat of collision. The brake system continuously 
monitors the brake pressure and brake pressure 
gradient of driver-initiated brake applies. When 
both exceed a certain threshold, full braking is 
applied automatically until the brake pedal is 
released (EBA), refer [15]. When a rear-end 
collision is judged to be credible, this threshold will 
be lowered, such that the driver can obtain full 
braking faster and with less effort. At low relative 
velocities, this brake boosting function can help to 

avoid a collision, alternatively it will mitigate it, i.e. 
reduce impact speed. 
In the second stage, the above described idea is 
expanded by adding the autonomous braking to the 
intervention types. Again, the same sequence as 
above is valid, but as soon as the imminence of the 
collision is reached and the target object is 
confirmed as a vehicle, the auto brake command is 
issued and the host vehicle is slowed down at a 
deceleration of 0.5g. Moreover, the engine torque is 
automatically reduced to a level comparable to a 
full release of the accelerator pedal. 
As a precaution, the autonomous intervention 
length in time is bounded to 1.0 seconds. According 
to first principals the collision has to occur within 
that time frame, and thus a longer intervention is 
not needed. In the rare case of a false intervention 
the intervention length and thus the inconvenience 
for the driver is limited. 
By using the principles described above, auto brake 
can reduce the impact speed with up to 15 km/h, 
depending on the driving scenario.  
 
SYSTEM PERFORMANCE 
 
In the verification of the complete Collision 
Warning with Auto Brake system, validating both 
the function performance and the chosen concept 
are of importance. Minimum requirements for true 
positive and false positive performance need to be 
fulfilled and verified with a certain confidence 
level. The objectives of the tests are: 
- to verify that the system provides an intervention 

in driving scenarios that constitute a high risk for 
a rear-end accident (true positives) and does not 
fail to intervene in these collision scenarios (false 
negatives); 

- to verify that the system does not disturb the 
driver with false activations, under normal 
driving conditions (false positives). 

 
The true positives are verified in a set of rear-end 
accident scenarios that have been defined based on 
real-world accident statistics. These vary in terms 
of absolute speed and acceleration of host and 
target vehicle, lateral off-set between host and 
target, driver behavior etc. For all scenarios 
acceptance criteria for the collision warning 
activations have been defined.  
The false negatives are verified during extensive 
testing on public road. Normal driving conditions 
have been formally defined using a real-world user 
profile. This profile represents the driving 
conditions in terms of road type, lighting and 
weather conditions, driver population etc. 
 
     Verification Methods 
The Collision Warning with Auto Brake system has 
been verified in the selected real world scenarios 
using different verification methods. In a specially 
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developed simulation environment, Volvo Cars 
Traffic Simulator (VCTS) realistic Simulink 
models for traffic environment, driver, vehicle 
dynamics, sensors, actuators etc. are incorporated. 
The Collision Warning systems can either be 
represented by Simulink models (off-line 
simulation) or by the embedded control unit 
(hardware-in-the-loop simulation).  

 
Figure 7.  Volvo Cars Traffic Simulator. 
 
The advantage of VCTS is the possibility to batch-
analyze the collision warning systems in a large 
number of collision and non-collision scenarios, in 
a repeatable way. Acceptance criteria have been 
defined based on ground-truth data from the 
simulation environment. 
In order to physically test the collision warning 
system in different collision scenarios, without any 
risk for personal injuries and property damage, 
special test equipment has been developed. Target 
vehicles are represented by large inflated balloons 
that allow for collisions with the host vehicle. 
 

 
Figure 8.  Physical test environment. 
 
The balloon can be attached to a horizontal beam 
connected to another rig vehicle, such that it also 
can represent a moving target in different scenarios. 
   
REAL-LIFE SAFETY EVALUATION 
 
Predicting the real-life safety benefit of active 
safety systems covers the broad variety from the 
driver-car interaction to issues such as socio-
economic impact by reducing accidents and 
occupant injuries. This area is complex and today 
impossible to cover completely. Even the more 
limited focus of a car manufacturer is wide. As 
illustrated in Figure 2; host as well as opponent 
vehicle, accident as well as occupant injuries are 
involved.  

For the systems in the present study, diverse issues 
such as speed reduction and driver interacting (e.g. 
warning) are key items and need to be understood 
and handled separately.  
 
In Lindman and Tivesten [16] a method for 
estimating the benefit of autonomous braking 
systems using accident data was presented. It 
specifically presents a method to estimate the 
effectiveness of reducing speed prior to impact.  
The method used for estimating effectiveness of 
reducing speed prior to impact [16] makes it 
possible to use any occupant injury risk estimation. 
Presuming 100% market penetration and system 
performance as well as optimum friction 
circumstances etc, approximately 50% of the 6-9% 
of frontal impacts where the collision object is the 
rear of a vehicle will be avoided, i.e. collisions at 
low speed. For many accident situations the impact 
speed and hence the consequences will be reduced. 
The most frequent occupant injuries in rear-end 
collisions are AIS1 neck injuries, both in the host as 
well as in the opponent car. AIS1 neck injuries in 
frontal impacts account for the majority of all AIS1 
neck injuries although rear-end impacts account for 
the highest risk of acquiring this type of injury [7]. 
Even in these first stages of the development phase 
for autonomous driver support systems, the risks of 
AIS1 neck injuries can be considerably reduced 
both in the host and opponent vehicles just by 
avoiding a portion of host vehicle frontal impacts 
using a speed reduction system. 
 
Understanding and quantifying driver-interacting 
aspects are more difficult than speed reduction 
calculation. The complete picture is only given in 
real world situations where, today, only limited data 
is available. In Najm et al. [17] 66 subjects 
participated in a FOT for a period of four weeks for 
the purpose of evaluate a combination of forward 
crash warning and adaptive cruise control. The 
study indicates that the system might prevent 3%-
17% of all rear-end-crashes, expressed as a 
"conservative estimate". 
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Figure 9.  Exposure shift due to auto brake [16]. 
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The total benefit prediction is a combination of host 
and opponent vehicle protection. For the systems 
presented in the present study, Figure 9 illustrates 
the exposure shift with and without speed reduction 
and injury risk (MAIS2+ and AIS1 neck injuries) 
for the host vehicle with respect to accidents and 
occupant injuries based on Volvo passenger cars. A 
general assessment of injury reduction due to this 
system related to partner protection can also be 
performed, however then based on a diverse sample 
of cars, i.e. not only Volvo cars.  
The benefit of a system is a sum of the four boxes 
in Figure 2 combining effects on driver interaction 
as well as speed reduction. By adding together the 
different known aspects a total estimation can be 
made. 
 
SUMMARY AND DISCUSSIONS 
 
A break-down of the problem definition was used 
to guide the evaluation and performance prediction 
process as well as the system development. In this 
particular case it was discussed that rear-end 
collisions are relatively frequent and expose the 
occupants in the host as well as in the opponent 
vehicle to possible occupant injuries. The challenge 
is to aim for reduction of accident occurrence and if 
not possible impact severity reduction for reducing 
likelihood of occupant injury.  
 
Collision Warning with Auto Brake is the second 
generation of Volvo Cars’ collision avoidance and 
mitigation system. Currently rear-end collisions are 
addressed and the amount of auto brake is limited. 
Different test methods were used to verify and 
validate the systems performance. The results show 
that warning and auto brake are activated according 
specification during the selected set of collision 
situations. Furthermore, on road evaluation shows 
that risk of disturbing the driver under normal 
driving conditions is acceptably low. However, it 
can never be guaranteed that the system will always 
activate during a collision and that there will never 
be a false activation, but verification showed that 
the Collision Warning function performs well in 
terms of balancing nuisance and false activations 
versus correct activations. 
 
This study presents some initial steps in assessing 
the performance of the system from a real-life 
safety perspective: 
1. Determine the speed reduction that is achieved 

by the system in all collision scenarios. 
2. Determine how the driver population reacts to 

warnings in the set of collision scenarios; refer 
[10] and [18]. Among the four different setting 
evaluated in [18] the Collision Warning head-
up display of Figure 6 showed favorable 
results. The average brake reaction times were 
significantly faster for the selected head-up 

display warnings (approximately 200 ms), as 
compared to alternative solutions. The same 
result was found for the median, minimum and 
maximum reaction times. The selected display 
also performed best related to low amount of 
missed warnings. Based on these results, the 
warning concept is promising, although more 
aspects of driver interaction are involved. 

3. Determine how many drivers avoid a collision 
because of a warning and brake support or how 
much speed reduction is achieved by driver 
braking upon a warning. This is an extensive 
area for research and it is dealt with in a large 
number of scientific studies. The knowledge 
needed requires testing in realistic situations 
and it needs to be balanced with experiences 
from studies dealing with passenger car driver's 
behavior. E.g. Ljung et al. [19] show that 
reactions to a warning system's HMI depend on 
previous exposures to warnings. 

 
These threes steps address the true positive 
performance and the majority of the challenges are 
found in the area of collision warning. Other 
aspects, which also need more focus, are driver 
acceptance of nuisance and false activations and 
system adaptation. These areas of performance 
evaluation will gain from using information 
collected in naturalistic driving studies and field 
operational tests with relevant selection of subjects. 
During the development of Collision Warning with 
Brake Support, field studies were done based on a 
real-world user profile. Another type of field 
operation test, with a different system, was 
performed by Najm et al. [17] and it addresses the 
issue of driver acceptance. The study by Najm et al. 
indicates the importance of finding a good balance 
of nuisance and false activations versus correct 
activations. System adaptation over time is an 
aspect that requires solid field data and is further 
discussed in [20], although not dealing with the 
particular system discussed here.  
 
Future field follow-up of this system will not only 
give feedback regarding the performance of the 
system but also be the basis for future system 
development. Then enhanced data can be collected 
to give feed-back on collision avoidance as well as 
speed reductions. This needs to take into account 
issues such as speed reduction, driver reaction, 
system adaptation and customer acceptance, which 
all are important aspects in the total benefit 
estimation. This information will improve the 
prediction done in this study, although, the 
evaluation methods presented in this study show a 
good start for prognosis of real-world performance. 
As a result, the enhanced knowledge can be used to 
further develop system performance, possibly 
expanded to cover other situations as well. 
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CONCLUSIONS 
 
This study presents a second generation of a 
collision avoidance and mitigation system, 
Collision Warning and Auto Brake, aiming at 
reducing the occurrences of as well as 
consequences of a rear end collision. The total 
safety benefit is difficult to predict in absolute 
numbers. The evaluation methods presented in this 
study show good prognosis for real-world 
performance by addressing occupant protection and 
accident avoidance both in host and opponent 
vehicle.   
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ABSTRACT 
 
A revolution in automotive technology is underway globally. Automobiles of the 21st century will feature 
radically improved safety and sustainability attributes. Safety R&D is embracing active and passive 
systems, and advanced vehicle propulsion R&D is tackling cleaner, more reliable energy sources. The 
innovations currently under development across multiple transportation venues including aerospace have 
the potential to alter automotive vehicle designs and supporting infrastructures around the globe by 2025. 
 
These revolutionary changes suggest a critical need to rethink vehicle architecture and materials 
requirements. Versatile, durable, and lightweight plastics, plastic composites and plastic-metal hybrid 
materials that increase the efficiency, crashworthiness, and functionality of today’s vehicles hold immense 
potential to radically enable and optimize advanced vehicle technologies for the future. An important step 
was taken in this direction in 2002 when the Plastics Division of the American Chemistry Council 
(ACCPD) then known as the American Plastics Council, published Plastics in Automotive Markets—Vision 
and Technology Roadmap1 to help define this potential. 
 
Recognizing this need and building on Plastics in Automotive Markets, ACCPD sponsored a Technology 
Integration Workshop in November 2005 to begin exploring the full potential of polymer-based materials 
to enhance next-generation systems (passive and active) for superior automotive safety.  The National 
Highway Traffic Safety Administration (NHTSA) Office of Vehicle Safety Research contributed its 
expertise to the process.  R&D priorities were explored in four automotive areas (Interiors, Body/Exterior, 
Powertrain & Chassis, Lightweighting).  
 
The Technology Integration Workshop Report provides a baseline for a more expansive safety road 
mapping effort examining Plastic and Composite Intensive Vehicles (PCIVs) that will reflect the consensus 
of leading technology developers, polymer and composite researchers, automotive safety engineers, 
designers, manufacturers, and government. This collaborative approach will also help industry, academia, 
and the government labs identify opportunities for new partnerships to pursue specific technologies or 
opportunities and will aid NHTSA in coordinating R&D and leveraging resources. 
 
This paper explores the role of the Plastics Industry in facilitating development of Future Vehicle 
Architectures with enhanced active and passive systems for improved automotive safety worldwide.  
 
INTRODUCTION 
 
Plastics In Automotive Markets Today  

Plastics encompass a wide variety of functional polymeric compounds that exhibit a vast range of desirable 
properties.  They are durable, strong and lightweight.  They can be made transparent, translucent or opaque; 
soft, flexible or hard in almost any shape, size or color.  They can be heat-, chemical- and corrosion-
resistant.  They are excellent thermal and electrical insulators and also can be made electrically and 
thermally conductive.  Because of plastics’ versatility, they are extremely cost-effective in a wide variety of 
commercial applications including a broad range of uses in the transportation market. 
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The use of both thermosets and thermoplastics in passenger vehicles has grown from about 30 kilograms 
per vehicle in 1970 to about 150 kilograms today.  A midsize automobile manufactured in North America 
is about 10-12 percent plastics by weight. The material volume is much higher.  Because plastics are 
versatile and lightweight, they make up approximately 50 percent of the material volume of new cars.  
 
The Need for Fuel Efficiency and Reduction in Green House Gases  
 
Leading experts say that the easiest and least expensive way to reduce the energy consumption and 
emissions of a vehicle is to reduce the weight of the vehicle. To achieve lightweight architectures, without 
compromising on rigidity, automakers have been researching the replacement of steel with plastics, 
composites, foams, aluminum and magnesium. The recycling and recovery of end-of-life vehicles, which 
involves recovery targets of 85%, are driving the auto industry to adopt lightweight materials technology to 
meet these recovery targets2.  
 
Weight reduction also offers a potentially cost-effective means to reduce fuel consumption and greenhouse 
gases from the transportation sector. It has been estimated that for every 10% reduction in the weight of the 
total vehicle, fuel economy improves by 5-7%. Thus for every kilogram of vehicle weight reduction, there 
is the potential to reduce carbon dioxide emissions by 20 kg.  
 
Automakers Are Increasing Utilization of Lightweight Materials 
 
Global emphasis is being placed on greenhouse gas reduction and fuel efficiency improvement in the 
transportation sector. Many vehicle manufacturers and suppliers are investing significantly in lightweight 
materials research and development and commercialization. Most companies are working toward the goal 
of increasing the use of lightweight materials to achieve more market penetration by manufacturing 
components and vehicle structures and designing new vehicle architectures that maximize the utilization of 
lightweight materials.  
 
The American Chemistry Council (ACC) data indicate that currently: 

- the average vehicle uses about 150 kg of plastics and plastic composites, versus 1163 kg 
(2559 lbs) of iron and steel3,  
• the automotive industry uses engineered polymer composites and plastics in a wide range 

of applications, as the second most common class of automotive materials after ferrous 
metals and alloys (cast iron, steel, nickel) which represent 68% by weight; other non-
ferrous metals used include copper, zinc, aluminum, magnesium, titanium, and their 
alloys. 

• the plastics contents of commercial vehicles comprises about 50% of all interior 
components, including safety subsystems, door and seat assemblies; 

• industry trends project a substantial increase in use of automotive plastics over the next 
two decades for reducing vehicle net weight, and for improving environmental impacts 
and fuel efficiency in response to consumer pressures, and to exploit the rapid advances 
in materials science and technology.  

 
ACC Technology Integration Workshop  
 
The Technology Integration Workshop held in November 2005 and resultant Report4 examining the role of 
plastics in future automotive safety represents a collaborative effort of 45 experts representing 29 
organizations including plastics producers, auto manufacturers (OEMs), Tier suppliers, universities, and 
government resources.  These experts provided a “snapshot in time” of the priorities for enhancing future 
automotive safety with plastics by specifying 130 industry challenges and more than 190 activities for 
overcoming them.  This information was synthesized into the ACC Technology Integration Report.  The 
Workshop was a collaborative effort involving the ACCPD and the National Highway Traffic Safety 
Administration of the U.S. Department of Transportation.  
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Automotive Safety Today  
 
Drivers are safer than they have ever been, in part because of safer cars, higher safety belt use and stronger 
safety laws.5  However, according to statistics, worldwide, the number of people killed in road traffic 
crashes each year is estimated to be almost 1.2 million.6 That’s 3000 people killed on the world’s roads 
every day. The number injured in road traffic accidents is estimated to be as high as 50 million – the 
combined population of five of the world’s large cities. According to World Health Organization data, 
deaths from road traffic injuries account for around 25% of all deaths from injury.7 It is expected that, 
without efforts and new initiatives to tackle the causes of road traffic injuries and deaths, they will rise by 
some 65% between 200 and 20208 
 
In the United States more than 43,000 people die annually on roadways – the equivalent of an airplane 
crashing every day with nearly 120 people aboard – and fatality numbers have remained largely stagnant 
for the past two decades. In Japan there were 6,871 traffic accident deaths in 2005, the first time since 1956 
that the number has fallen below 7,000. The number of casualties may be falling, but the number of 
accidents in Japan is higher than ever. According to the European Union, in 2000, road accidents killed 
over 40,000 people in the European Union and injured more than 1.7 million. The age group most affected 
is the 14-25 year olds, for whom road accidents are the primary cause of death. One person in three will be 
injured in an auto accident at some point in their lives. The directly measurable cost of road accidents is of 
the order of EUR 45 billion. Indirect costs (including physical and psychological damage suffered by 
victims and their families) are three to four times higher. The annual figure is estimated at EUR 160 
Billion, equivalent to 2% of the European Union’s Gross National Product. 
 
As long as the number of highway deaths and crashes remains high, automotive producers will continue to 
seek innovative solutions that make people safer in their cars and trucks. The plastics industry has been an 
active partner in this process of innovation (see Figure 1) and remains committed to action. Globally, the 
World Health Organization and the United Nations are increasing their focus on automotive safety as a 
growing concern, particularly in developing nations with rapidly expanding economies, such as China and 
India where automobile use is growing rapidly.  The ACC Technology Integration Report reflects the 
plastic industry’s strong commitment to enhanced automotive safety and is aligned with both domestic and 
global needs.  

 
Figure 1. 

Overview of Use of Plastics to Enhance Safety in Today’s Vehicles 
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Technology Activities and Priorities in Four Key Areas 
 
To meet the significant challenges associated with enhancing automotive safety, automotive and plastics 
producers, along with their suppliers, have identified a preliminary research agenda and set of priorities.  
The Technology Integration Workshop Report presents R&D priorities in four automotive areas that 
together capture the broad range of plastics applications in vehicles (see Figure 2).  These four areas are 
Interiors, Bodies and Exteriors, Powertrain and Chassis Components, and Lightweighting: 

� Interior – Priorities for improving safety in the passenger compartment include making safety 
advances affordable through innovative design and more efficient manufacturing capabilities, 
designing for increased vehicle compatibility, accommodating an aging driver population, 
including more safety features in reduced package space, and enhancing safety belt designs. 

� Body & Exterior – From bumpers to body panels, laminated safety glass to rear parking assists, 
research activities must include energy management technologies that resist vehicle intrusion, 
impede roof crush, and reduce body and exterior weight without compromising safety performance. 

� Powertrain & Chassis – Research in this area focuses on components that generate and deliver 
power and include the frame and its working parts.  R&D priorities include pursuing significant 
advancements in engineering and research capabilities for designing with plastics, exploring new 
ways to optimize safety and fuel efficiency, expanding predictive modeling capabilities for 
composite materials, and developing the new safety components that will be required for future 
alternative vehicles and powertrain options.     

Figure 2. 

Summary of Highest-Priority Research and Development Needed to  
Enhance Future Automotive Safety with Plastics 

 

 

� Lightweighting – The transition to lightweight materials from conventional ones requires research 
activities that will increase the overall value of plastics in automobiles; develop new, high-
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performance components that lower the center of gravity of a vehicle; improve crash avoidance and 
performance systems; and enhance pedestrian safety. 

 
Common Themes and Top Priorities  
 
At the Technology Integration Workshop, six important themes were repeatedly cited as central to the 
challenge of enhancing future automotive safety using plastics.  
 

1. Improve Characterization and Predictive Modeling of Plastics – Continuous improvement in 
predictive modeling of the crash performance of plastic components is vital to strengthening the 
position of plastics as a preferred automotive material. Automotive designers also require 
extensive materials characterization data for new plastics as they become available.  Obtaining 
reliable, validated constitutive data may require a coordinated, industry-wide effort.     

 
2. Develop Material Classifications, Test Standards, and Performance Specifications – To encourage 

design engineers and original equipment manufacturers (OEMs) to choose plastics over competing 
materials, designers must be confident in the materials’ ability to achieve required performance in 
the application.  Because plastics are less familiar than metals to most design engineers, the 
plastics industry must benchmark performance and create material classifications to characterize 
their products.  Afterward, OEM material performance specifications and test methods must be 
updated and expanded to reflect the unique properties and capabilities of these new materials.   

 
3. Enhance Crash Performance with Improved Energy Management – Managing the impact energy 

created during a crash and protecting occupants from absorbing too much of this energy is a 
fundamental part of vehicle safety.  Advanced plastic components and systems in the interior, 
body and exterior, and powertrain systems are sought to allow automakers to manage crash energy 
in creative, more effective ways. 

 
4. Uncover Plastic Opportunities under Evolving Active and Passive Safety Standards and 

Lightweighting Regulations – Understanding technology needs for meeting evolving safety 
standards and lightweighting regulations addressing both crash worthiness and crash avoidance is 
a necessary foundation for planning future plastics research. The industry must better define 
plastics performance requirements of new safety standards and use with new integrated 
components, alternative fuel vehicles, powertrain options, and transportation infrastructure.  Once 
these issues are determined, new opportunities for optimizing safety and lightweighting with 
plastics should be identified.  

 
5. Accommodate Changing Demographics to Older Population – As the population of older drivers 

increases, improved counter measures and crash performance systems will be needed to keep these 
passengers safe.  Many older drivers have lower biomechanical tolerances and require special 
safety features to avoid injury.  With targeted research, highly versatile plastics may enable 
important advances in safety features that are needed to protect the 65-and-older population. 

 
6. Make Automotive Safety with Plastics Affordable – Optimizing material selection for automotive 

safety components will require that plastics become more affordable, both as a material and as 
they enable efficiency gains throughout the vehicle manufacturing and assembly process.  At the 
same time, the perception among automotive customers must be changed to appreciate the value 
of safety features enabled by plastics to increase their willingness to select those features. 

 
CONCLUSIONS  
  
By pursuing an initial collaborative technology agenda focused on R&D priorities most needed to enhance 
safety, the plastics industry and its key stakeholders have taken an important first step toward enhancing 
automotive safety with plastics.  The Technology Integration Report provides a baseline for more 
expansive safety road mapping efforts that will reflect the consensus of leading technology developers, 
polymer and composite researchers, automotive safety engineers, designers, manufacturers, and 
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government. This collaborative roadmapping approach is now underway in the United States and will also 
help industry, academia, and government labs identify opportunities for new partnerships to pursue specific 
technologies or opportunities. The roadmap will provide an integrating R&D agenda to align R&D efforts 
across public and private sectors and will aid NHTSA in coordinating R&D and leveraging resources. The 
aggregate impact will be increased efficiency and speed in developing successful automotive safety 
solutions—both active and passive. 
 
In the Technology Integration Report, the plastics and automotive industries have articulated their wish to 
journey toward a future in which innovative materials will radically improve vehicle safety for passengers 
and pedestrians. Subsequent road mapping efforts will produce a clear set of directions defining an efficient 
and cost-effective route toward that future. To propel the plastics and automotive industries along 
this chosen route, collaborative partnerships among industry, universities, and government will generate the 
requisite power and momentum. The journey will entail rigorous challenges, yet the destination is 
worthwhile and careful planning and road mapping will ensure its success. 
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ABSTRACT 
 
Larger vehicles, such as goods vehicles with a 
gross vehicle weight in excess of 3500kg or 
passenger vehicles with more than 16 seats, are 
involved in fewer accidents per billion vehicle 
kilometers travelled than passenger cars. However, 
these larger, heavier vehicles are involved in more 
fatal accidents per billion vehicle kilometers than 
passenger cars. The UK Department for Transport 
is currently reviewing its priorities for safety of 
large goods vehicles and large passenger vehicles. 
Phase 1 of the review has included an extensive 
literature search to identify how previous changes 
in regulation have affected casualty figures and to 
identify the predicted benefits from more recent 
research. Phase 2 of the review includes analysis of 
accident data, including STATS19 (GB national 
statistics), European CARE database and other UK 
based studies such as the  Heavy Vehicle Crash 
Injury Study (HVCIS), Co-operative Crash Injury 
Study (CCIS) and the On-the-Spot (OTS) study. 
HVCIS is the only UK study that routinely collects 
nationally sampled accident data specifically 
relating to larger vehicles and plays a pivotal role 
in this review.  
 
The project will identify the most cost effective 
countermeasures for larger vehicles taking 
predicted casualty reduction, cost of 
implementation, technical feasibility and likely 
date of introduction into account. For the first time 
in the UK, statistical modeling techniques, which 
are currently used to predict national casualty 
reductions, are used specifically for the analysis of 
casualties in accidents involving larger vehicles 
only. 
 
This paper reports the findings of the analysis, to 
date, including analysis of the HVCIS fatal 
accident database which contains over 1800 fatal 
accident cases involving larger vehicles. Fatalities 
are comprised of large vehicle occupants and their 
opponents. The paper features pedestrian impacts 
as an example of one of the potential key areas of 
interest that has been identified by this research.  
 
 
 

 
INTRODUCTION 
 
This project has been carried out to assist the UK 
Department for Transport to help further improve 
road safety in the UK beyond 2010. The project 
also identifies some measures that could assist in 
meeting the 2010 casualty reduction targets. The 
project assesses the performance of existing safety 
measures and identifies where future road accident 
casualty savings can be made. The aims of the 
project are to determine how previous research and 
resulting measures have performed, to identify and 
prioritise current issues and to propose where best 
to target resources to deliver further worthwhile 
casualty savings. 
 
The vehicle types covered by the research are: 

• Large passenger vehicles (LPVs) – passenger 
vehicles with 17 or more passenger seats 

• Heavy goods vehicles (HGVs) – goods 
vehicles with a gross vehicle weight of more 
then 3.5tonnes 

• Light commercial vehicles (LCVs) – goods 
vehicles with a gross vehicle weight of up to 
3.5 tones inclusive 

• Agricultural vehicles 
• Other motor vehicles (OMVs) – vehicles that 

are not classified as goods vehicles or 
passenger vehicles such as refuse lorries, 
mobile cranes, fire engines 

 
METHOD 
 
The project consists of three phases: review of 
literature, accident data analysis and consideration 
of countermeasures. 
 
A review of literature relating to past research and 
regulatory activity was carried out to identify a list 
of significant changes in regulation or standard 
practice that might have influenced heavy vehicle 
safety. The review focused on estimated benefits 
prior to changes in regulation and evidence of 
actual benefits that were achieved. The areas 
covered by the review included, but were not 
limited to: 
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• Introduction of rear underrun protection 
• Fitment of seatbelts to coaches and minibuses 
• Changes to braking regulations for agricultural 

tractors 
• Mandatory fitment of ABS to the larger 

categories of buses and goods vehicle  
 
Accident data analysis used a combination of data 
sources. STATS19 data was used for the analysis 
of trends and for analysis of the effect of previous 
changes in regulation. Trend analyses were based 
on the period 1995-2005. The contribution of 
HGVs, LPVs and LCVs towards the UK casualty 
reduction targets was also analysed. Detailed 
analysis was carried out using STATS19 and the 
HVCIS fatal accident database.  STATS19 data for 
the period 2003-2005 was used for this analysis. 
The HVCIS data contained accidents from 1997-
2002. CCIS and OTS data were also analysed, 
particularly for consideration of car-derived vans. 
The CARE database is the disaggregate database of 
road accident data that is maintained by the 
European Commission, bringing together the 
national databases of the Member States. Data 
covering the period 2000-2004 was used to 
consider the UK accident situation with respect to 
the European context.  
 
The data from the detailed STATS19 analysis was 
used to create a list of casualty groups that are 
injured in accidents involving large goods vehicles, 
large passenger vehicles or agricultural vehicles, 
either as occupants of those vehicle types or as 
opponents to those vehicle types. The casualty 
groups were not mutually exclusive, with some 
groups being sub-sets of the higher level groups, 
forming a hierarchical structure, an example of 
which is shown in Figure 1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.  Hierarchy of casualty groups. 

Where the casualty was the occupant of a 
commercial vehicle, for example an HGV 

occupant, the hierarchy was different to that for the 
opponents of the commercial vehicles, for example: 

• HGV Occupant 
o HGV occupant in single vehicle accident 
o HGV occupant in rollover 
o HGV occupant in impact with other vehicle 
o HGV occupant in impact with object 

 
The number of levels in the hierarchy was 
dependant on the number of casualties, in general 
where the number of casualties was less than ten, 
the group was not divided any further. The groups 
were not split any further than illustrated in Figure 
1. Some examples of the lower level casualty 
groups are: 

• Car occupants involved in crashes where the 
front of the car impacts the rear of the HGV 

• Pedestrian impacts to front of LPV 
• Two wheeled motor vehicle (TWMV) users in 

impacts between the side of the TWMV and 
the side of the HGV 

• Pedal cyclist casualties in impacts with a 
minibus 

• Injured HGV occupants in impacts with 
another HGV 

• Injured LPV occupants in impact with another 
vehicle 

• Injured agricultural vehicle occupants in 
rollover accidents 

 
In order to help prioritise the action for each 
casualty group it was necessary to rank the 
importance of each group. This can be achieved in 
a variety of ways, for example using the total 
number of casualties or the number of fatalities. 
The UK casualty reduction targets are expressed in 
terms of target reductions in killed and seriously 
injured (KSI) casualties and it was decided that the 
ranking should be related to this target. However, it 
is possible that two casualty groups could have 
identical numbers of KSI casualties but within that 
group one could have a higher proportion of 
fatalities than the other. To account for this 
phenomenon the casualty groups were ranked in 
order of the societal cost of the KSI casualties in 
each group. The societal costs used, were those 
defined by the UK Government as shown in Table 
1. 

Table 1. 
UK societal costs (TSO, 2006a) 

Casualty Severity Cost per Casualty 
Fatal £1,428,460 

Serious £160,510 
Slight £12,580 

 
The final phase of the research considers measures 
that could be introduced to reduce the number or 

Car occupants injured in 
impact with HGV 

Rear of 
HGV 

Front of 
HGV 

Side of 
HGV 

Rear 
of Car 

Front 
of Car 

Side 
of Car 
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severity of road user casualties. The main focus of 
this paper is the accident data analysis phase of the 
research. 
 
RESULTS 
 
Literature Review 
 
The literature review showed that most of the 
measures that had been implemented in the past 
had considerable justification, but were not 
necessarily expressed as specific lives saved. 
Changes made to agricultural vehicles were the 
exception to this. Although research related to 
safety systems such as rollover protection was 
reviewed, no estimated benefits were identified for 
the changes to weights and dimensions of 
agricultural vehicles or for the introduction of 
rollover protection systems for on road accidents in 
the UK. This is likely to be related to the low 
frequency of on road agricultural vehicle accidents 
and that cost benefit analyses for these vehicle 
types are often based on their off road use.  There 
were however, estimated benefits for the fitment of 
seatbelts to agricultural vehicles for on-road 
accidents.  
 
The more recent research tended to have more 
comprehensive predictions for potential benefits, 
and almost all new proposals for measures have an 
estimate of casualty reductions. However, the 
variations in the way that the benefits were 
predicted make direct comparisons difficult. 
Examples of these differences relate to the use of 
different samples, fatality and/or all injury 
reduction, predictions for different countries or for 
the EC and the year of prediction and associated 
variations in absolute casualty numbers. 
 
There were only a few measures for which a 
retrospective evaluation has been carried out after 
implementation. A detailed retrospective evaluation 
can be difficult to perform because it is hard to 
separate the effects of multiple measures, for 
example improved passenger car crashworthiness 
and rear underrun protection. Overall, the package 
of measures taken appears to have been effective 
because accident and fatality rates have reduced 
substantially. 
 
Analysis of the Effect of Previous Changes  
 
A comparative analysis of STATS19 data before 
and after the introduction of safety changes was 
carried out to identify if there has been an effect of 
the changes on the accident trends. The safety 
changes to be assessed were selected from the list 
of safety measures identified during the literature 
review. The analysis is limited by data that is 
available for analysis in STATS19 and also by 

sufficient fleet penetration of the safety feature, for 
example it was not possible to assess the 
effectiveness of the fitment of speed limiters or 
more recent changes such as improved field of 
view from HGVs. Therefore three changes were 
selected for the analysis: 

1. Rear underrun protection 
2. Rollover crashworthiness of LPVs 
3. ABS fitment on HGVs 
 
This paper reports the investigation of rear 
underrun protection as an example. This analysis  
does not attempt to separate the influences of a 
number of different safety changes that occurred in 
the same time period, for example increased 
seatbelt wearing and improvements to structural 
crashworthiness of passenger cars as well as the 
rear underrun protection. 
 
An analysis of the effects of introducing front 
underrun protection was carried out by comparing 
the vehicles fitted with front underrun protection 
involved in KSI accidents to those without front 
underrun protection in accidents from 2003 to 
2005. The exact fitment of front underrun 
protection to vehicles involved in accidents is 
unknown, however an approximation was used 
based on date of registration of the HGVs. The data 
is summarised in Table 2. 

Table 2. 
Proportion of fatally and seriously injured car 

occupants in impacts with the front of HGVs by 
year of HGV registration 

HGV First Registered  
Pre-2003 2003-2005 

Number 215 72 
Proportion Killed 4.2% 5.8% 
Proportion KSI 15.6% 17.9% 
 
There is no significant difference between the 
casualties for the two groups of HGV, however the 
group of HGV registered 2003-2005 is small and, 
hence, the analysis should be repeated when more 
data is available. Using the year of registration is 
an approximation for identifying vehicles likely to 
be fitted with front underrun protection. However 
some vehicles will have been fitted with front 
underrun protection prior to 2003 and some 
vehicles registered after 2003 may be exempt.  
 
When considering the effectiveness of rear 
underrun protection two methods were used: 

1. Comparison of accident injury severities 
before and after introduction of regulation 

2. Consideration of the involvement of vehicles 
that are exempt from fitting underrun 
protection in accidents  
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A third method was also considered. This involved 
statistical modelling, comparing the proportion of 
casualties killed in impacts with the rear of the 
HGV compared with those killed in other impacts 
with the HGV. However, this time series analysis 
proved inconclusive because rear underrun 
protection was only fitted to new vehicles so that 
the during the time taken for full fleet penetration 
there have been numerous other changes 
influencing the accident pattern. 
 
     Comparison of accident data – An initial 
indication of the effectiveness of rear underrun 
protection may be gained by considering how the 
injury severity distribution of car occupant 
casualties in frontal impacts with the rear of an 
HGV has changed. Table 3 summarises the severity 
distribution of car occupant casualties for a period 
before the introduction of rear underrun protection 
(1983) and for a number of periods after the 
requirement to fit rear underrun protection. 

Table 3. 
Car occupant casualties in accidents where the 

front of the car collided with the rear of an 
HGV 

Average number (%) of casualties Time 
Period Fatal Serious Slight KSI 

Annual 
Total 

1979 
to 

1982 

93 
(3.6) 

650 
(25.4) 

1820 
(71.0) 

2563 
(29.0) 

2563 

1989 
to 

1992 

99 
(2.7) 

582 
(15.7) 

3026 
(81.6) 

3707 
(18.4) 

3707 

1999 
to 

2002 

54 
(1.3) 

364 
(8.5) 

3790 
(88.7) 

4271 
(11.3) 

4271 

2002 
to 

2005 

47 
(1.3) 

263 
(7.1) 

3412 
(91.7) 

3722 
(8.3) 3722 

 
Table 3 shows that the number of car occupant 
fatalities initially increased after the introduction of 
rear underrun protection and then decreased. 
However, the proportion of casualties that are 
killed or seriously injured decreased within the 
initial 10 year period and has then continued to 
decrease. The largest reduction was in the initial 
period considered. This suggests that the 
introduction of rear underrun protection has 
provided some benefit, however seatbelt use and 
crashworthiness of passenger cars are likely to have 
been a substantial influence.  
 
     Consideration of exempt vehicles – The 
effectiveness of a measure can be assessed by 
comparing the involvement of vehicles fitted with 
the equipment compared to those without it.  For 
rear underrun protection, this information is not 

available, however information about the 
involvement of vehicles exempt from fitting the 
equipment can be used as a proxy. Information 
about the body types of rigid HGVs is recorded in 
transport statistics (TSO, 2006a). Using the body 
type data it is possible to estimate the percentage of 
the vehicle fleet (for rigid vehicles only) that are 
exempt from fitting rear underrun protection. Based 
on specific vehicle exemptions outlined in the UK 
Construction and Use Regulations 1986 (HMSO, 
1986), it has been assumed that the following 
vehicle categories are exempt from fitting rear 
underrun protection: 

• Tipper 
• Concrete mixer 
• Car transporter 
• Tractor 
• Mobile plant 
 

There are a number of vehicles where the body 
type is not known or classified as “other”. Some of 
these may be vehicles that are also exempt from 
fitting rear underrun protection, however it is not 
possible to quantify this. Therefore upper and 
lower boundaries for the number of exempt 
vehicles can be produced. The upper boundary 
assumes that all the “other” and not known vehicles 
are exempt and the lower boundary assumes that 
they are not exempt. The mid value applies the 
ratio of exempt to not exempt vehicle to those 
where the exemptions are not known or “other”. 
This data is summarised in Table 4. 

Table 4. 
Vehicle exemptions 

Vehicle fleet, average 2002-2004  
Lower Mid Upper 

Exempt 
Vehicles 

60.5 62.6 71.2 

Not 
Exempt 

258.2 256.1 247.5 

Total 318.7 318.7 318.7 
Percentage 
Exempt 

19.0% 19.5% 22.3% 

 
Using STATS19 data that is linked to vehicle 
registration data, it is possible to identify, by body 
type, vehicles that are likely to be exempt from 
fitting rear underrun protection that have been 
involved in accidents in the UK.  Table 5 
summarises the number of Rigid HGVs that were 
impacted from the rear by the front of a car, 
separating those that were exempt from fitting rear 
underrun protection based on the assumptions 
described above. 
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Table 5. 
Rigid HGVs involved in accidents where the 

front of a car collided with the rear of the HGV 
by exemptions 

Number of Rigid HGVs by maximum  
severity of car occupant injured  

Fatal Serious Slight KSI Total 

Exempt 7 19 216 26 242 
Not 

Exempt 
10 26 278 36 314 

Total 17 45 494 62 556 
% 

Exempt 
41.2 42.2 43.7 41.9 43.3 

 
From Table 5 it is possible to compare the 
proportion of vehicles that were exempt from 
fitting rear underrun protection and involved in 
accidents with the proportion of vehicles in the 
fleet that were estimated as being exempt from 
fitting rear underrun protection. Comparing Table 5 
with Table 4 it is clear that a higher proportion of 
rigid vehicles that are involved in accidents where 
car occupants are injured in frontal collisions with 
the rear of a rigid HGV are exempt from fitting rear 
underrun protection, 41.9% for KSI casualties 
compared with the vehicle stock of between 19.0% 
and 22.3%. 
 
Trend Analysis 
 
In order to determine future safety priorities, it is 
important to consider the accident data in the wider 
context of the vehicle fleet on the road in the UK. 

• Figure 2 shows a ten year trend for distance 
travelled by the type of vehicle used. 
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Figure 2.  Trends in distance travelled by vehicle 
type1. 
 

                                                 
1 Notes: 1) Decline in car use in 2000 due to fuel dispute 
2001 figures affected by foot and mouth 
2) Change to methodology for collecting pedal cycle data 
improved, affects data for 2004 and 2005 
3) Light vans with GVW≤3.5tonnes 
4) All  goods vehicles with GVW>3.5tonnes 

• It is clear that there is a large growth in traffic 
from the use of passenger cars, with 
approximately a 15% increase in ten years.  
However, the growth of LCV traffic has 
increased by approximately 40% in the same 
period. There has also been approximately a 
20% increase in goods vehicle traffic. 

 
• Figure 3 summarises the current progress 

towards the 2010 casualty reduction targets. 
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Figure 3.  Progress towards casualty reduction 
targets (TSO 2006a and TSO 2000). 

• Figure 3 shows that despite the growth in 
traffic, the reduction in casualties is on target. 

• As well as looking at the overall trends in the 
use of vehicles and casualties, it is also 
possible to look at how large goods vehicles 
and large passenger vehicles have contributed 
towards meeting the UK’s 2010 casualty 
reduction target.  This is achieved by 
calculating the casualty rate in LCV (LPV or 
HGV) accidents relative to the overall casualty 
rate using equation 1.  

kilometersvehiclebillionper

accidentsallincasulaties

kilometersHGVbillionper

accidentsHGVincasulaties

ratecasualtyrelative =
 (1) 

 
• Figure 4 shows how LCVs have contributed to 

the UK casualty reduction targets. A horizontal 
line with a value of one would indicate that 
accidents involving LCVs have the same 
casualty rate as other vehicle types and have 
been contributing to the casualty reduction 
targets in line with accidents involving other 
types of vehicle. 
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 Figure 4.  Contribution of LCVs to UK casualty 
reduction targets. 

 
• Figure 4 shows that accidents involving LCVs 

have a lower casualty rate than for all 
accidents and that the casualty rate fell more 
than the casualty rate for all vehicles. This 
indicates that accidents involving LCVs have 
made a positive contribution towards the UK 
casualty reduction targets. 

• LPVs have a casualty rate that is 3.5 – 5 times 
that of all of accidents. The relative KSI rate 
has risen slightly, so although the KSI rate fell 
by 44% between 1994 and 2005, the KSI rate 
for all accidents fell farther, by 46%. This 
indicates that accidents involving LPVs have 
slightly slowed progress toward the casualty 
reduction target for KSI. Conversely, the 
relative Killed rate tended to fall over this 
period. The rate of all casualties rose relatively 
fast throughout this period. 

• HGV accidents tend to be severe, which is 
reflected in the high relative rate for killed, 
some three times that of the rate for all 
accidents. The killed rate fell by about 10% 
between 1994 and 2005 and the relative KSI 
rate also fell, by about 5%, contributing to the 
casualty reduction targets at a higher rate than 
other vehicle types. 

 

Analysis of European accident data 

At present, data are available for the 15 pre-
Accession states, although access to German data is 
not permitted2. TRL has access to CARE, and has 
downloaded data for accidents involving LPVs, 
HGVs and LCVs. Although CARE includes full 
records of non-fatal accidents and casualties, in 
practice international comparisons only make use 

                                                 
2 The UK data in CARE are the combination of 
STATS19 accident records from Great Britain and 
the T1 accident records from Northern Ireland. 

of data for fatal accidents and casualties because of 
inconsistent reporting standards and definitions 
among the Member States.  

The aim of this analysis is to provide a European 
context for the British casualty data. Three groups 
of fatalities have been analysed: those in accidents 
that involve one or more LCV, one or more HGV 
and one or more LPV. Two types of international 
comparison have been made: of the proportion of 
the national fatality total occurring in these 
accidents and of the fatality risk based on accident 
rate. In most Member States, traffic data are not 
available comparable to the level of the British 
traffic data so comparisons of risk are based on 
measure of the rate per million population.  

The overall fatality rate in the UK is amongst the 
lowest in Europe, so the UK would be expected to 
rank better on the rate-based comparison than the 
proportion-based comparison. Figure 5 illustrates 
the fatality rate per million population in the three 
groups of accident that were analysed. 
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Figure 5.  National fatality rates per million 
population in LCV, HGV and LPV accidents, 
2000 – 20043. 

The UK’s LCV and HGV rates are low in 
comparison to other EU countries. However, UK 
LPV rate is around the median. When the 
proportion of fatalities that are caused in accidents 
involving LPVs, HGVs and LCVs are considered, 
accidents involving LPVs and HGVs are relatively 
a more important accident group when compared to 
the average for the EU-14 (15 pre-accession states 
but excluding Germany). Accident involving LCVs 
are about average. 
 
Figure 6 summarises the distribution of fatalities 
for accidents involving HGVs. 
 

                                                 
3 The low HGV rate in Italy is surprising, and may 
be the result of the transformation rules used to 
import in the Italian data into the CARE database 
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Figure 6.  Distribution of fatalities in accidents 
involving HGVs in 2004, by road user type. 

It can be seen that vulnerable road users, 
particularly pedestrians and motorcyclists account 
for a higher proportion of fatalities than in other 
EU countries with the exception of Greece. 
 
Ranking of Casualty Groups 
 
A total of 244 casualty groups were created and the 
number of casualties of each severity was identified 
for each group. The casualty groups were ranked 
based on the casualty count and the associated 
casualty costs for different casualty severities, fatal, 
KSI or all casualties.  
Table 6 shows the ranking of casualty groups based 
on the count of KSI casualties and the annual cost 
of KSI casualties, with only the top ten shown as 
examples. 
 
Table 6 shows that the ranking of casualty groups 
changes when both the severity and frequency of 
the casualties is considered. Some of the casualty 
groups appeared consistently in the top ten 
regardless of the criteria used for ranking, for 
example car occupants in impacts with an HGV or 
LCV. However these are both large groups and the 
impact configurations and injury mechanisms 
within these groups vary substantially. Pedestrians 
killed or seriously injured in impacts with HGVs, 
LPVs and LCVs all appear in the top ten when the 
groups were ranked by KSI cost.  However, when 
ranked on KSI count, the pedestrians injured in 
impacts with HGVs are not in the top ten, whereas 
this group of casualties is the highest ranked of all 
the pedestrian casualties when based on cost. This 
indicates that the costs associated with the HGV-
pedestrian casualties are higher even though there 
is a smaller number. In fact, the proportion of KSI 
pedestrians fatally injured in impacts with HGVs is 
higher than for the other two vehicle types, 33% for 
HGVs compared to 13% for both the LPVs and 
LCVs. Table 1 shows that the cost associated with 
a fatality is almost nine times that of the cost 
associated with a serious injury. 
 

 

Table 6. 

Examples of top ten KSI casualty groups ranked 
by count and annual cost 

Rank 
Accident 

Type 

KSI 
Casualty 

Count 

Accident 
Type 

KSI 
Cost 
£M 

1 

Car 
Occupants 
in impact 
with HGV 

2483 

Car 
Occupants 
in impact 
with HGV 

354.3 

2 
LCV 

Occupants 
1983 

Car 
Occupants 
in impact 
with LCV 

195.4 

3 

Car 
Occupants 
in impact 
with LCV 

1804 
LCV 

Occupants 
185.6 

4 
LPV 

Occupants 
1351 

Pedestrians 
in impact 
with HGV 

136.1 

5 
HGV 

Occupants 
1230 

Pedestrians 
in impact 
with LPV 

130.4 

6 
Pedestrians 
in impact 
with LPV 

1204 
HGV 

Occupants 
127.5 

7 

LCV 
Occupants 
in impact 
with other 

vehicle 

1173 

Car 
Occupants 
in impact 
with HGV 
(Front – 
Front) 

126.5 

8 
Pedestrians 
in impact 
with LCV 

1121 
Pedestrians 
in impact 
with LCV 

121.7 

9 
LPV 

Occupants 
– no impact 

875 

LCV 
Occupants 
in impact 
with other 

vehicle 

105.4 

10 

LPV 
Occupants 

– single 
vehicle 

856 
LPV 

Occupants 
89.2 

 
 
Detailed Accident Analysis 
 
Detailed analysis was carried out on STATS19 data 
from 2003-2005. HVCIS fatal accident data 
covering the period 1997-2002 was also analysed.  
The analysis considered accidents involving HGVs, 
LCVs, LPVs, minibuses, OMVs and agricultural 
vehicles. Casualties that were the occupants of 
these vehicles or in opposition to these vehicles 
were included, which has resulted in too large an 
amount of data to report in this paper.  Therefore, 
this paper presents the main findings of the detailed 
analysis of accidents that resulted in pedestrian 
impacts with the vehicles described above to 
provide an example of the types of analysis carried 
out. 
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STATS19 detailed analysis – The data sample 
consists of the numbers of pedestrian casualties as 
shown in Table 7 for impacts with each vehicle 
type. 

Table 7. 
Number of pedestrian casualties by impact with 

vehicle type in STATS 19 data sample, 2003-
2005 

Vehicle 
Type Fatal Serious Slight KSI 

HGV 232 479 1314 711 
LCV 146 975 3767 1121 
LPV 156 1048 4583 1204 
Minibus 6 86 349 92 
Agricultural  4 21 57 25 
OMV 19 163 821 182 
 
 Figure 7 summarises the vehicles that were in 
impacts with pedestrians that resulted in KSI 
casualties. The pedestrian casualties as a proportion 
of all KSI casualties for each vehicle type are also 
shown. 
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Figure 7.  Number of pedestrian casualties with 
respect to impacting vehicle and as a percentage 
of all casualties from accidents involving this 
vehicle. 

LPVs are the most frequent type of vehicle to be 
involved in a pedestrian impact with just over 1200 
KSI casualties, an average of 401 per year. There 
are a similar number of pedestrian KSI casualties 
from impacts with LCVs. For HGVs, there is an 
average of 237 pedestrian KSI casualties per year.  
LPVs also have the highest proportion of 
pedestrian KSI casualties, with 35% of casualties 
from impacts with LPVs being pedestrians, 
compared to 18% for LCVs and 13% for HGVs. As 
a proportion of all KSI casualties, impacts with 
OMVs and minibuses are comparable to HGVs and 
LCVs, however there were a much lower number 
of casualties. The remainder of this analysis 
therefore focuses on the accidents involving LPVs, 
HGVs and LCVs.  
 
STATS19 records the first point of impact for each 
vehicle. Where the first point of impact was 

known, the distributions by side of vehicle are 
summarised in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 8.  Impact locations for LPVs (top), 
HGVs (middle) and LCVs (bottom). 

For all three vehicle types, most of the KSI 
casualties are injured in impacts with the front of 
the vehicle. The second most frequent impact area 
is the left side, which may be expected in a country 
where the vehicles are right hand drive because the 
left side is nearest to the footpath. Impacts to the 
rear of the vehicle are least frequent for the HGV 
and the LPV, however, impacts to rear of the LCV 
are third most frequent. The reasons for this are 
currently unknown. 
 
At the time of the accidents that resulted in KSI 
casualties, most of the vehicles were described as 
“going ahead, other”, 63% of LCVs, 65% of HGVs 
and 70% of LPVs. This category of manoeuvre is a 
very broad category which captures any vehicle 
that is not making a specific manoeuvre, and would 
therefore be expected to be the most frequent 
manoeuvre. The three most frequent vehicle 
manoeuvres for each vehicle are illustrated in 
Figure 9. 
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Figure 9.  Three most frequent vehicle 
manoeuvres for KSI pedestrian causalities by 
vehicle type. 

For LPVs the most frequent specific manoeuvre 
was the vehicle starting from rest, which was also 
the case for the HGVs. For LPVs this is possibly 
because many impacts occur as the vehicle is 
pulling away from a bus stop. For HGVs, the 
forward blind spot is often a contributory factor in 
these cases. For LCVs, starting was not one of the 
three most frequent manoeuvres.  Turning left was 
also more common for LPVs and HGVs than it was 
for LCVs. This is related to the cut-in effect of the 
longer vehicles and this is also consistent with the 
left side of the vehicle being impacted. Stopping 
was only one of the three most frequent 
manoeuvres for the LPVs and this is possibly 
because these vehicles are frequently stopping at 
bus stops. Reversing was one of the more frequent 
manoeuvres for both of the goods vehicle 
categories with it being most frequent for the 
LCVs. Again, this is consistent with a higher 
proportion of impacts to the rear of this type of 
vehicle. For LCVs, turning right and being parked 
were two of the three most frequent manoeuvres, 
but these manoeuvres were not seen in the top three 
for HGVs and LPVs. Accidents where an LCV was 
parked include roadside assistance vehicles parked 
on the motorway hard should attending to a broken 
down vehicle where a second vehicle collides with 
the LCV pushing it into the LCV driver or the 
driver of the broken down vehicle who are no 
longer inside their vehicles. This different pattern 
may be related to the LCVs being more similar to 
passenger cars than the other two vehicle types. 
 
If only the fatalities are considered, the most 
frequent manoeuvres remain the same, albeit with a 
higher proportion of the fatalities. For example, 
71.2% of the HGVs were going ahead other and 
8.6% were starting, compared with 64.8% and 
7.4% for KSI pedestrian casualties. Also, going 
ahead on a left hand bend became one of the more 
frequent manoeuvres for LCVs and LPVs, 
accounting for 4.1% and 3.8% of fatalities 
respectively. 
 
The location of the pedestrian at the time of the 
accident is shown in Figure 10.  
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Figure 10.  Pedestrian location at time of 
accident. 

For all vehicle types, the majority of the 
pedestrians were injured while crossing the road. 
However, for pedestrians injured in impacts with 
LPVs, similar proportions were crossing on or near 
a crossing or elsewhere. For pedestrians injured by 
HGVs or LCVs, most were not on or near a 
crossing. For HGV impacts, the proportion of 
pedestrians that were in the carriageway, but not 
crossing was similar to the proportion that were on 
or near a crossing. 
 
Figure 11 describes the movement of the pedestrian 
at the time of the impact. 
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Figure 11.  Pedestrian movement at time of 
accident. 

For all three types of vehicle, most of the 
pedestrians were crossing the road from the 
vehicles nearside. 
 
HVCIS fatals detailed analysis – The following 
analysis is based on final release of the HVCIS 
fatals phase 1 database (April 2006). This release 
of the HVCIS fatals database was compared with 
data from STATS19 for accidents involving each 
of the sample vehicle types to investigate the 
representativeness of the sample so that findings 
from analysis of the data can be used to estimate 
national trends. The database is broadly 
representative of the national data recorded by 
STATS 19. Accidents involving HGVs are the 
most representative, because they are the most 
numerous and form the largest sample. The data on 
LPVs is slightly less representative and analysis of 
accidents involving LCVs should be date restricted 
to for accidents prior to 1999 in order to avoid bias 
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(Knight et al, 2006), The following analysis of the 
LCV data has therefore been carried out using an 
earlier version of the phase 1 fatals database which 
contains the pilot study data to reduce the bias 
towards LCV impacts with other larger vehicles. 
 
The data contained 173 pedestrians where the most 
severe impact was with an HGV, 116 that were 
impacted by an LPV and 59 pedestrians in impacts 
with LCVs. Figure 12 shows a comparison of the 
distribution of differences between impact 
locations. It is important to note that STATS19 
records the first point of impact and the HVCIS 
data contains multiple impacts and is analysed 
using the most severe impact. This may explain 
some of the differences but pedestrian accidents are 
more likely to involve single impacts than multiple 
vehicle collisions. 
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Figure 12.  Comparison of impact locations 
between HVCIS and STATS19 by vehicle type4. 

Figure 12 shows that the representativeness of the 
data for accidents involving HGVs extends to the 
distribution of impact location. For LPVs and 
LCVs the data is less representative and when 
considering the following analysis, which considers 
impacts to the front of the vehicle, the data will be 
under-representing the national picture. 
 
The HVCIS database contains data in addition to 
what is available from STATS19 such as: 

• Driver behaviour factors 
• Impact speed 
• Cause of death 
• More detail on impact location/sequence 
• Fatality (pedestrian) behaviour factors 

  
The following analysis compares some of this 
additional data for the three vehicle types LPV, 
HGV and LCV, focusing on impacts to the front of 
the HGV. 
 

                                                 
4 The HVCIS data has an additional impact 
location of the underside of the vehicle. For the 
purpose of the comparison, the small number of 
impacts to the underside has been excluded as 
unknown. For LPVs and LCVs they account for 
1.7% of fatalities and for HGVs 1.2%. 

The impacts are coded using the direction of force, 
side and part components of the collision damage 
classification (CDC) (Nelson, 1980). Figure 13 
summarises the impact locations on the front of the 
vehicles where this was known. 

 
Figure 13.  Pedestrian impact location on front 
of LPV (left), HGV (centre) and LCV (right). 
 
The left side of the front of the vehicle is the most 
frequent impact location, which is to be expected 
for right hand drive vehicles because this is the side 
nearest to the footpath. The proportion of 
pedestrians in impacts with the front left of the 
vehicle varies by vehicle type. For LPVs and 
HGVs approximately 50% of the pedestrians 
impact the front left, whereas for LCVs the 
distribution of impact locations is more even. There 
are some cases where the impact is described as 
being distributed across two-thirds of the vehicle. 
In these cases, the exact impact location may not 
have been clear. 
 
Data on impact speed is taken from witness 
statements, police calculations or from tachograph 
charts where they were analysed by the police. The 
data for impacts between the front of the vehicle 
and pedestrians is shown in Figure 14. 
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Figure 14. Cumulative percentage of impact 
speed by vehicle type. 

The median impact speed is approximately 25km/h 
for HGVs, 30 km/h for LPVs and 45km/h for 
LCVs. Offering protection to pedestrian in impacts 
up to 40 km/h could protect up to 25% of those in 
impacts with LCVs, up to 65% of those in impacts 
with HGVs and up to 80% of those in impacts with 
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LPVs. However, when considering potential 
countermeasures, the primary impact with the 
vehicle may not always be the cause of the fatal 
injuries. For example the pedestrian could be run 
over or the secondary impact with the ground may 
be more severe than the impact with the vehicle. 
 
For impacts with LCVs, 10% of the LCVs have a 
collision speed of zero which is consistent with 
frequency of parked LCVs involvement in 
accidents (Figure 9). 
 
The cause of death is also an important factor when 
considering potential countermeasures. Figure 15 
summarises the cause of death where the 
information was available. 
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Figure 15.  Cause of death for pedestrians in 
impacts with the front of LPVs, HGVs and 
LCVs. 

For pedestrians in impacts with LPVs or LCVs, the 
most frequent cause of death in head injuries, 
however it is not possible to identify whether the 
injuries were caused by the impact with the vehicle 
or the impact with the ground. For pedestrians in 
collision with an HGV, multiple injuries is the most 
frequent cause of death, which suggests that 
collisions with HGVs are more severe than impacts 
with other vehicle types. 
 
Data relating to body regions that sustain serious 
injury is also collected. The head was the most 
frequently injured body region.  Where the 
seriously injured body regions were known, 90% of 
pedestrians in collision with an LPV, 71% of those 
in collision with an HGV and 83% of those in 
collision with an LCV sustained a serious injury to 
the head, either alone or in conjunction with other 
serious injuries. The head was the sole serious 
injury for 40%, 34% and 62% of those in collision 
with LPVs, HGVs and LCVs respectively. 
 
Behavioural factors that were considered 
contributory to the cause of the accidents are 
recorded for both the driver and the fatality, which 
in this case is the pedestrian. Figure 16 shows the 
proportion of vehicle drivers and the pedestrians 
that were in collision with the vehicles, the actions 
of which were considered contributory to the 
accident. In some cases, the behaviour of both the 

driver and the pedestrian can be contributory to the 
cause of the accident and therefore the combined 
proportions can exceed 100%. 
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Figure 16.  Road users whose behaviour was 
considered contributory to the accident. 

In general, the pedestrians were considered to be at 
fault more frequently than the vehicle drivers. Lack 
of attention was considered to be the most frequent 
type of contributory behaviour for all the drivers 
and pedestrians. For the pedestrians, the most 
frequent behavioural factors were: 

• Pedestrians in collision with LPV 

o 33% lack of attention 

o 18% alcohol alone or in conjunction 
with other behaviour  

• Pedestrians in collision with HGV 

o 23% lack of attention only 

o 19% inconspicuous alone or in 
conjunction with other behaviour 

o 18% error of judgement only 

o 15% alcohol alone or in conjunction 
with other behaviour 

• Pedestrians in collision with LCV 

o 42% lack of attention alone 

o 10% alcohol alone or in conjunction 
with other behaviour 

 
It is necessary to mention that these behavioural 
factors are not mutually exclusive, for example a 
pedestrian that is affected by alcohol can 
sometimes not be paying attention or could make 
an error of judgement. 
 
DISCUSSION 
 
This paper has presented a summary and a few 
examples of the research to date. Analyses similar 
to those of the pedestrians have been carried out for 
other road users, car occupants, HGV occupants, 
pedal cyclist, motorcyclists, LPV occupants and 
others. The analyses will be used to determine 
parameters for potential countermeasures for some 
of the most frequently injured road user groups that 
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are involved in accidents with large passenger, 
goods or agricultural vehicles. It is envisaged that a 
countermeasure may be effective for a number of 
road user groups. 
 
The ranking spreadsheet will be used to focus the 
analysis of potential countermeasures on the larger 
casualty groups. However, some of the groups that 
appear high up in the rankings may have been the 
subject of recent legislation that could affect their 
position without any further intervention. For 
example, front underrun protection was recently 
introduced, however the market penetration has not 
been sufficient to influence the accident population 
yet and therefore the position of car occupants in 
impacts with the front of HGVs in the ranking 
spreadsheet is unaffected by this measure at this 
time. The feasibility of identifying a measure that is 
effective for protecting all car occupants in impacts 
with HGVs is low and so although top of the 
ranking spreadsheet, it may be more cost-effective 
to target some of the other casualty groups. 
 
Smaller casualty groups will also be considered. 
For example, the number of agricultural vehicle 
occupant casualties is much lower than the number 
of pedestrians injured in impacts with HGVs, but 
the cost of introducing countermeasures may be 
lower either because of the technology or the 
smaller vehicle fleet. 
 
CONCLUSIONS 
 
The following conclusions can be drawn from the 
research to date: 
 

• The literature review showed that most 
changes to regulations in the past have been 
supported by estimates of potential benefits 
and that the predictions have become more 
comprehensive with time. 

• There has been minimal research to consider 
how effective previous changes to regulations 
have actually been. 

• Analysis of the effect of introducing rear 
underrun protection systems show that those 
rigid vehicles that are exempt from the 
regulations are over-represented in impacts 
between the front of the car and the rear of the 
HGV which result in injury, thus suggesting it 
is an effective measure. 

• Analysis of the contribution of accidents 
involving LPVs, HGVs and LCVs to meeting 
the UK casualty reduction targets showed that 
accidents involving HGVs and LCVs have 
made a contribution that is ahead of the 
average contribution for all accidents. 

Accidents involving LPVs have made a 
contribution that is below average. 

• Consideration of the UK accident data within a 
European context showed that the fatality rate 
per million population is lower than for most 
European countries for accidents involving 
HGVs and LCVs, but is about average for 
accidents involving LPVs. 

• Car occupants in an impact with an HGV were 
highlighted as the highest priority group of 
casualties based on both the casualty count and 
the societal costs associated with the casualties 
(which accounts for casualty severity). 
However, there have been recent changes to 
vehicle design (e.g. front underrun protection 
systems) that could deliver a significant 
reduction in this casualty group. 

• The detailed analysis of STATS19 showed that 
the impact configurations for accidents 
resulting in pedestrian KSI casualties are 
similar for LPVs, HGVs and LCVs with the 
front and nearside being the most frequent 
impact locations. However, there were some 
differences between vehicle types when 
considering the manoeuvres that the vehicles 
were making at the time of the accident with 
“starting” and “turning left” two of the most 
frequent manoeuvres for LPVs and HGVs, but 
not for the LCVs. 

• Analysis of impact speeds using the HVCIS 
fatals database showed that offering protection 
to pedestrians from LCVs, HGVs and LPVs at 
speeds up to 40 km/h could prevent up to 25%, 
65% or 80% of the fatalities respectively. 

• Pedestrian collisions with HGVs were more 
severe when compared to collisions with LPVs 
and LCVs. From STAT19, a higher proportion 
of the KSI casualties were fatally injured and 
from HVCIS, impact speeds were higher and 
the cause of death was more often multiple 
injuries. 

• The HVCIS data also indicated that the 
behaviour of the pedestrians was more 
frequently contributory to the cause of the 
accident than the behaviour of the drivers of 
the vehicles. 

 
 
FUTURE WORK 
 
To date, this research project has identified the 
most frequently injured casualty groups for 
different types of accident.  A range of 
countermeasures will be identified to reduce the 
frequency or severity of the casualties from 
accidents involving the vehicle types described in 
this paper. 
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The information from the ranking spreadsheet will 
be combined with the information collected during 
the literature review and the countermeasure 
assessments to identify priority areas for future 
research and effective safety countermeasures. The 
final project report is due for publication in late 
summer 2007. 
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ABSTRACT 
  
The fleet-wide occupant risk for frontal impact is 
estimated using a previously developed, data-based 
model.  The model is constructed using the National 
Automotive Sampling System (NASS), the Fatality 
Analysis Reporting System (FARS), and the New 
Car Assessment Program (NCAP) databases and 
evaluated against Insurance Institute of Highway 
Safety (IIHS) data.  The occupant risk is obtained 
from the NASS and FARS databases.  The accident 
velocity distribution is obtained from the NASS data 
base.  The vehicle impact response characteristics 
that are incorporated into the model are derived from 
the NCAP test data.  The parameters included in the 
investigation are “intrusion” and vehicle “stiffness”, 
for both belted and unbelted conditions.  The model 
is used to demonstrate that these are not independent 
in terms of overall occupant risk. The optimal level 
of vehicle stiffness is different for the belted and the 
unbelted conditions: Vehicle impact response 
optimized for the belted may be counter-indicated for 
the unbelted and vehicle impact response optimized 
for the unbelted may be counter-indicated for the 
belted.  The model is used to study the effects of 
limiting intrusion, by stiffening the front structure in 
the current fleet.  The results indicate that limiting the 
vehicle’s intrusion in this manner may reduce fleet 
wide occupant risk at the high impact velocities; 
however, it is counter-productive at low impact 
velocities and, may have no value overall in the 
current fleet for the current accident velocity 
distribution.   
 
INTRODUCTION 
 
In an effort to increase occupant safety and reduce 
fatality rates, the governments of many countries 
have enacted vehicle safety regulations that 

automakers must comply to in order to sell their 
vehicles.  NHTSA has been tracking the fatality rates 
and publishes detailed reports each year, showing 
trends in vehicle occupant injuries and fatalities.  
Based on the data shown in Figure 1, the trend 
appears to be that the fatality rate has been 
progressively decreasing per 100 million vehicle 
miles traveled (VMT) for passenger cars (PC) and 
light trucks and vans (LTV).   
 

Occupant Fatality per 100 Million VMT, by Year
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Figure 1.  Fatality rate per 100 million miles 
traveled for PC & LTV. 
 
What does this mean?  Is it the result of regulations 
or ratings tests or something else.  Many other factors 
have changed through the years and contributed to 
the trends shown above as well.  One such change 
has been in seat belt usage, as reported by the 
National Occupant Protection Use Survey (NOPUS) 
which is shown in Figure 2.  The reduction in fatality 
rate shown in Figure 1 could be attributed to the 
increase usage of belt.  
Since there is considerable influence of safety belts 
on fatality risk, the effect of safety regulations and 
rating tests need to be ascertained for belted and 
unbelted cases separately.  Using the data shown in 
Figures 1 and 2, along with the FARS fatality data for 
belted and unbelted occupants, the adjusted fatality 
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risk for unbelted and belted occupants are evaluated 
and are shown in Figures 3 and 4.  Figure 3 shows 
that the fatality rate has been decreasing for belted 
occupants and Figure 4 shows that the fatality rate 
has actually been increasing for unbelted occupants. 
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Figure 2.  Seat belt usage rate reported by NOPUS 
for PC & LTV. 
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Figure 3.  Adjusted belted occupant fatality rate 
per 100 million VMT. 
 
Consequently, if it is assumed that these results are 
due to regulations or rating tests, then it appears that 
the regulations and ratings tests are providing a 
benefit for the belted and a dis-benefit for the 
unbelted.  However, the foundational data shown in 
Figure 1, and the adjusted data shown in figures 3 
and 4, are contaminated with driver behavior.  Driver 
behavior is a very significant, possibly the most 
significant, contributing factor in accident and fatality 
rates.  In particular, with the increase in seat belt 
usage, those who chose to remain unbelted tend to be 
higher risk takers than those who chose to wear seat 
belts.  With a higher percentage of risk takers in the 

unbelted group, it is inevitable that they will 
experience a higher percentage of accidents, and 
consequently fatalities (exacerbated by the lack of 
seat belt usage), per 100 million vehicle miles 
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Figure 4.  Adjusted unbelted occupant fatality 
rate per 100 million VMT. 
 
traveled, than their belted counterparts do.  
Therefore, in this type of analysis, the fatality rates 
may be too dominated by driver behavior, Evans 
2002. to allow the small effects of the regulations and 
ratings to be evident.   
A double pair comparison method which is less 
sensitive to driver behavior was used by by Kahane 
[2000] to determine seat belt effectiveness.,Using the 
seat belt effectiveness reported in this study, the 
fatality risk is once gain estimated for the belted and 
occupants and these results are shown in Figure 5.   
This study indicates that there is little change in 
fatality risk over several years for both the belted and 
unbelted once seat belts are removed from 
consideration.    
 

Adjusted Occupants Fatality Rate per 100 Million VMT, by Year 
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Figure 5.  Adjusted occupant fatality rate based 
on restraint use per 100 million VMT. 
 
Therefore, if we assume that the decrease in fatality 
rates for 100 million VMT is caused by regulations or 
ratings tests, then we can conclude that, at a 
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minimum, current regulations and/or ratings tests for 
the unbelted are unwarranted and may have negative 
benefits.  However, most likely this assumption is not 
valid, and driver behavior dominates results to such a 
degree that the effects of the regulations and ratings 
tests can not be determined. This is an example of the 
complexity in trying to interpret the results of 
experimental tests, regulations, or ratings tests with 
the effect in the field.  
 We are going to try to address this complexity with 
one aspect of crashworthiness, which is the conflict 
between stiffness versus intrusion in vehicle crashes 
and the positive and negative effects they have on the 
belted and unbelted occupants, at slow and high 
speeds. 
Frontal impact vehicle crash tests are conducted by 
various agencies worldwide to develop “safety” 
ratings for different vehicles.  In The National 
Highway Traffic Safety Administration (NHTSA) 
New Car Assessment Procedure (NCAP), a vehicle is 
impacted against a flat, rigid barrier (RB) at 35 mph. 
In the Insurance Institute of Highway Safety (IIHS) 
and the European New Car Assessment Procedure 
(EuroNCAP) an offset deformable barrier (ODB) is 
used and the vehicle is tested at 40 mph.  In the ODB 
test, the impact velocity is higher and the entire 
impact is concentrated on about 40% of the vehicle.  
As a result, the intrusion into the passenger 
compartment is generally higher than in the RB test.  
However, the RB test results in a significant change 
in velocity (∆v) over a much shorter time than the 
ODB test, leading to a higher average acceleration for 
the un-deformed part of the vehicle.  Consequently, it 
is possible that in general, for the undeformed part of 
the vehicle, intrusion is more important than average 
acceleration for the ODB test, whereas, average 
acceleration (deceleration during impact) is more 
important for the RB test.  
The above discussion points to two main issues in 
frontal impact crashes; i) intrusion and ii) average 
acceleration (deceleration of the un-deformed part of 
the vehicle upon impact).  Fundamentally these two 
factors revolve around the amount of available 
energy to be transferred to the occupant and the rate 
at which this energy is transferred.  The stiffness of 
the vehicle front end structure is currently an 
important aspect of energy management in the 
characterization of the vehicles in ODB and RB tests.  
A study by Agaram [2000] using different frontal 
impact excitation pulse shapes (but maintaining the 
same ∆v and displacement) has shown that the 
simulated peak acceleration response of the unbelted 
HYBRID III dummy is considerably lower if the 
“stiffness” is higher in the initial stages of impact in 
the RB test.  There are several theoretical models by 
Shi et al. [2003] and Wu et al. [2003] that suggest 

similar findings.  This clearly indicates that the 
response of the dummy is dependent on the 
characteristics of the deceleration pulse of the vehicle 
upon impact.  However, based on a separate 
definition that takes into account the maximum crush 
and the maximum acceleration and time period of the 
crash pulse, Park et al. [1999] indicated that LTVs 
with a lower “overall stiffness” have shown an 
improvement in the vehicle crash “safety” rating in 
the RB test.  A study by Nolan and Lund [2001], 
based on vehicles subjected to the ODB test, 
indicates that vehicle designs that minimize intrusion, 
by proportionately stiffening the front end structure 
and occupant compartment, can result in an 
improvement in the vehicle’s safety rating for that 
test.  However, a report from NHTSA [2003], using 
an analysis of FARS data and an estimate of stiffness 
from NCAP tests, indicates that stiffening the front 
end of a vehicle increases occupant risk in car-to-car 
crashes.  To complicate these results further, stiffness 
is never well defined, as reported by Nusholtz et al 
[2004, 2005]:  The force-deformation (F-d) response 
in frontal impact tests is non-linear; the term 
“stiffness” is an undefined parameter and only relates 
to a general unspecified trend.  Nonetheless stiffness 
does not seem to be a significant variable in terms of 
occupant risk. Instead, other parameters such as 
vehicle mass, belt use, and age are much more 
significant as reported by Padmanaban [2003] and 
Kahane [2003].  Occupant risk is also very dependent 
on crash severity as reported by Malliaris et al. 
[1985]. 
Velocity tends to be a good predictor of the severity 
of a crash:  The higher the velocity of the crash the 
greater the severity and the higher the injury risk.  
The prediction of severity and injury risk can be 
further improved by using average acceleration 
instead of velocity.  This assumes that the motion of 
the un-deformed part of the vehicle contains more of 
the necessary information than velocity to determine 
the injury risk and, that other variables such as 
intrusion contribute indirectly, as a function of 
average acceleration, and not directly as a function of 
the motion of the interior structures.  
The relationship between intrusion and average 
acceleration is dependent on several factors, which 
includes the crash mode, seatbelt usage, and most 
importantly the severity of the crash.  However, when 
different classes of impact severities are considered, 
the relationships between these two parameters 
(acceleration and intrusion) and their influence on 
injuries/fatalities keep changing.  Over the entire 
range of possible crash velocities, intrusion correlates 
with average acceleration and both of them correlate 
with injuries/fatalities in the field; however, for the 
low crash velocity range, only a weak correlation is 



 Nusholtz 4

noticed.  Finally, in a domain where the velocity is 
“high”, there is an inverse correlation between the 
two parameters: Increased average acceleration 
implies decreased intrusion. In addition, injuries and 
fatalities can occur without intrusion.  
Consequently, the relationship of intrusion and injury 
could be poorly understood.  Intrusion may be 
rightfully accused of causing the majority of the 
fatalities and injuries in the field, it may be a 
correlative variable that has little or no relevance, it 
may be somewhere in the middle, or it could be none 
of the above. It could be that the rate of intrusion is 
the critical value and intrusion is just a correlate. 
Assuming that intrusion is an important factor for 
causing injuries/fatalities, then some forms of 
intrusion control are also important.  To accomplish 
this task, an estimator of crashworthiness with 
respect to intrusion would be needed.  However, it is 
difficult to attribute the complex two-dimensional 
intrusion profile with a single descriptor that 
measures the crashworthiness of the vehicle.  
Nonetheless, several procedures have been developed 
to rate performance of vehicles based on intrusion 
(the EuroNCAP and IIHS ODB tests) with a metric 
that gauges the overall intrusion into the passenger 
compartment of the vehicle. 
In this study, a mathematical model is used to assess 
the influence of parameters that control intrusion on 
the fatality risk.  The fatality risk is evaluated for 
both belted and unbelted occupants and any 
differences in the characteristics of the fleet, that 
influences occupant risk, are highlighted.  An attempt 
is made to estimate the trade-offs inherent in 
implementing intrusion control. This is accomplished 
through field data obtained from FARS, NASS, and 
State databases and a fleet model developed by 
Nusholtz et al. [2003].  Using this data the correlation 
between the fatality risk and the intrusion rating 
obtained from ODB vehicle crash tests is assessed.  
Two separate analyses are conducted to deal with the 
IIHS and EuroNCAP test data independently. 
 
THEORETICAL MODEL 
 
A fleet model is developed to investigate the effect of 
stiffness and intrusion on the fatality risk as a 
function of impact velocity.  The fatality risk for both 
belted and unbelted restraint conditions is assessed.  
This model is derived from an existing model 
originally developed by Nusholtz et al. [2003] that 
was used to understand the effects of vehicle size and 
mass on injury outcome.   
The vehicle is idealized as a mass attached to a non-
linear spring, impacting against a rigid barrier at a 
prescribed velocity.  The lumped mass represents the 
motion of the reaction surface (instrument panel, 

steering wheel).  A similar type of model is used by 
Shi [2003] for determining the crush pulse to 
minimize occupant risk. 
For each impact velocity, a Monte Carlo simulation 
of 1000 crashes is performed, each using a random 
sample of the fleet populations of mass and the force-
deformation response of the spring.  The average 
acceleration (A) of the lumped mass is computed 
using the model.  Using the relationship shown in 
Equation 1 the fatality risk (R) is evaluated from 
average acceleration.  This equation is obtained by 
modifying the relationship reported by Evans [1994] 
which deals with occupant risk and closing velocity.   
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The distribution of the mass is obtained from NCAP 
tests.  The force-deformation (F-d) response of the 
non-linear spring that is used for simulation is 
derived from 22 NCAP tests.  For modeling 
purposes, instead of using the actual F-d trace of each 
vehicle, two separate parametric models, a two-step 
model and a linear elastic model as shown in Figure 
6, are used to describe the F-d response.  The two-
step model is a better representation of the actual F-d 
response but the linear elastic model is also used to 
evaluate the effect of the type of F-d model on the 
fatality risk. 
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Figure 6.  Schematic of the force-deformation 
response that is used in the mathematical model.  

 
In general, the two-step model has a stiffer response 
in the initial stages when compared with the linear 
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model. By using the linear model we are assuming 
that the two-step model is stiffer than real world 
crashes and that the linear model is softer than real 
world.  The difference could have an influence on the 
fatality risk output from the model.  It should be 
noted that even though the F-d response is different 
between the linear and two-step models, the area 
under the curve, up to the crush length L, is 
maintained constant.   
The parameters shown in Figure 6 that define the F-d 
response (for each model) are obtained by curve 
fitting the data obtained from each NCAP test.  The 
F-d response parameters evaluated from all 22 NCAP 
tests are used to determine the mean and the standard 
deviation.  This data is used for simulating changes to 
the stiffness of the fleet.  The mass and the 
parameters (F1, F2 and L) are assumed to be 
normally distributed in the analysis.  The amount of 
available crush is proportional to the parameter L 
(L+40 mm is used as available crush).  For each run 
at a given impact velocity, the time (∆t) taken to 
consume the available crush is determined to estimate 
the average acceleration.  Intrusion is assumed to 
start after the available crush is consumed.  At each 
pre-selected impact velocity, several simulations are 
performed by changing the parameters mentioned 
above using the Monte Carlo procedure to obtain the 
distribution of the fatality risk.  This information is 
used to calculate the average risk at each velocity.  
With the accident velocity distribution reported by 
Malliaris et al. [1997], the cumulative fatality risk up 
to each impact velocity is then calculated.   
In order to understand the influence of stiffness 
change of the fleet on the fatality risk, case studies 
are conducted in which the F-d response of the fleet 
is changed, by increasing and decreasing the initial 
stiffness (F1 in Figure 6) by ±10% and ±20% from its 
nominal value. 
A model validation study is conducted to gain 
confidence in the mathematical models and their 
underlying assumptions by comparing the assessed 
fatality risk with accident data.  The results from this 
study clearly indicated that the model is capable of 
capturing the fatality risk.  The details involved in the 
model validation and their results can be obtained 
from a previously published study [Nushlotz, 2006]. 

 
RESULTS 

 
One of the main aspects of this study is to evaluate 
the effect of stiffness (a parameter that controls 
intrusion) on the fatality risk.  This investigation is 
carried out by changing the stiffness of the fleet by 
±10% and ±20% from the nominal value.  The results 
from these case studies are shown in terms of 
cumulative fatality risk which takes into account both 

the fatality risk at a particular impact velocity and the 
likelihood of accidents at that impact velocity.  The 
accident velocity distribution is obtained from the 
study by Malliaris et al. [1997] and it is reproduced in 
Figure 7.  A gamma function is fitted through the 
data to facilitate the analysis. 
The results obtained from the linear elastic model are 
shown in Figure 8.  The title at the top of each plot 
shows the amount by which the stiffness has been 
changed from the nominal value.  For example, a 
stiff/soft factor of 10% indicates that the fleet 
stiffness is changed to 90% and 110% from the 
nominal value and two separate analyses are 
conducted.  As expected the cumulative fatality risk 
is lower for the belted when compared with the 
unbelted case.  For the unbelted case, the cumulative 
fatality risk is always lower for a softer vehicle when 
compared with a relatively stiffer vehicle.  However, 
for the belted case, the cumulative fatality risk for 
softer vehicles is lower only up to a certain impact 
velocity. Beyond that point, relatively stiffer vehicles 
seem to have a lower cumulative fatality risk.   
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Figure 7.  Accident velocity distribution. 
 
Figure 9 shows the cumulative fatality risk obtained 
from the two-step model.  For both belted and 
unbelted cases, the fatality risk for the softer vehicle 
is lower than the stiffer vehicles.  Unlike the linear 
model, for the belted case, the results show that there 
is no cross over from a softer to a stiffer vehicle 
response, to minimize occupant risk as impact 
velocity increases, although the gap in fatality risk 
continued to decrease with an increase in impact 
velocity.  The results clearly indicate that there is 
considerable reduction in fatality risk if there is a 
reduction in the stiffness of the fleet, especially at 
lower impact velocities.  Also, the reduction in 
fatality risk for the unbelted case is much greater than 
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the belted case.  The results shown in Figures 8 and 9 
take into account the impact velocity up to a 
maximum of 40 mph. For numerical reason the 
model is not able to predict accurately beyond 40 
mph. However, since the accident velocity 
distribution shown in Figure 7 indicates very few 
accidents beyond an impact velocity of 40 mph, the 
cumulative fatality risk should not be greatly altered 
after 40 mph. 
The results shown in Figures 8 and 9 indicate that 
stiffness changes to the fleet influence the cumulative 
fatality risk to a varying degree depending on the 
impact velocity.  As a result, any change to the 
accident velocity distribution clearly affects the 
cumulative fatality risk.  A case study is conducted to 
understand the trends in fatality risk with a change in 
the accident velocity distribution.  If it is assumed 
that the accident velocity distribution is related to the 
current driving environment and driving behavior, 
then changes to factors such as imposed speed limits, 
driver perception of appropriate speed, road 
conditions, etc., might have an influence on the 
velocities at which accidents occur.  Assuming that 
the overall shape of the accident distribution is 
similar to the distribution reported by Malliaris et al. 
[1997], two separate distributions are constructed by 
shifting the mean by an amount of ±5 mph. 
The resulting accident velocity distribution obtained 
by shifting the mean is shown in Figure 7.  Only the 
two-step model is used in this study.  The results 
shown in Figure 10 indicate that the cumulative 
fatality risk is not only lower at low velocities but the 
overall risk is also reduced by lowering the mean 

accident velocity distribution.  For the distribution 
where the accident velocities are lower, a relatively 
softer vehicle minimizes the fatality risk.  However, 
upon increasing the mean of the accident velocity 
distribution, a clear cross over from softer to stiffer 
vehicles is seen at an impact velocity little over 30 
mph.  As a result, this case study indicates that the 
accident velocity distribution plays a significant role 
in determining the optimum stiffness characteristics 
of the fleet.   
Since, in general, most safety rating tests are 
evaluated at the higher end of the accident velocity 
distribution, it is possible that the vehicles designed 
for higher impact velocities may not be able to 
provide an increased amount of safety benefit at 
lower impact velocities.  Also, the safety rating 
obtained from vehicle crash tests puts an emphasis on 
minimizing the intrusion into the occupant 
compartment which leads to an increase in the 
stiffness of the vehicle.  Stiffer vehicles that 
minimize intrusion at higher impact velocities may 
not provide adequate safety at lower impact 
velocities.  As a result, the overall fatality risk, which 
is dependent on accidents occurring at lower, 
intermediate, and higher impact velocities, may not 
show significant improvement in real world safety.  
In order to understand whether the inferences from 
the mathematical model apply to real world vehicle 
crashes, the intrusion rating obtained from vehicle 
crash tests is used to see whether there is any 
correlation with fatalities.  The details of this analysis 
are addressed in the following discussion. 
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Figure 8.  Cumulative fatality results obtained from the linear elastic F-d model. 
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Figure 9.  Cumulative fatality results from the two-step F-d model. 
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Figure 10.  Influence of accident velocity distribution on the cumulative fatality risk (two-step F-d model and 
variation in stiffness is ±10% from the nominal value). 
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Analysis of Field Data 
 
Determination of which vehicles are intrusion 
resistant should come from the accident data.  
However, a review of the NASS and FARS databases 
indicates that there is not enough data in NASS for 
each individual vehicle and not enough information 
in the FARS records to be able to determine intrusion 
resistance for the different vehicle make/models.  
Therefore, it is assumed that the vehicle intrusion 
ranking obtained from the IIHS ODB tests can serve 
as a surrogate for vehicle intrusion resistance.  To 
facilitate the analysis, numerical values are assigned 
to the IIHS intrusion ratings: “good”, “acceptable”, 
“marginal” and “poor” ratings are mapped to values 
of 4, 3, 2 and 1, respectively.  This integer 
parameterization can then be used to compare 
intrusion with fatality risk obtained from State 
accident databases and the Fatality Analysis 
Reporting System (FARS).  Care is taken to include 
data from only those vehicles for which enough 
fatalities are recorded to make the results statistically 
meaningful.  Details involved in the data collection 
method and subsequent analysis are presented in the 
following discussion.  A discussion on the 
EuroNCAP rating as an estimate of intrusion and its 
correlation with fatality risk is also included.   
     The IIHS Intrusion Rating and Relative 
Fatality Risk are obtained from the IIHS web site 
and an analysis of the FARS database, respectively.  
The analysis of the FARS database includes data 
between the calendar years 1980-1999 for only car-
to-car crashes that resulted in exactly one driver 
fatality:  Therefore, the relative fatality risk for an 
average vehicle would be 50%.  The model year of 
both vehicles involved in the accident is in between 
1981-1998.  Only those vehicles that are involved in 
ten or more accidents are included, but if sufficient 
data is not available, vehicles that are close to the 
subject vehicle are considered.  Two different types 
of relative fatality risk are examined: raw and mass 
adjusted. 
In order to adjust for mass, a logistic model 
developed earlier by Padmanaban [2003] is used.  
The risk adjustment, as a function of mass, is done 
for each individual vehicle; then the mass adjusted 
risk for each group of vehicles (“Good”, 
“Acceptable”, etc.) is assessed by aggregating the 
mass adjusted risk from individual vehicles.  
Vehicles that meet the data collection requirements 
are arranged as per the intrusion rating (Good, 
Acceptable, Marginal or Poor) obtained from IIHS 
ODB tests.  Using the data obtained for each rating 
group, the average and the standard deviation of the 
relative fatality risk and mass adjusted relative 
fatality risk are evaluated.  Table 1 indicates a 

summary of the relative fatality risk for both belted 
car-to-car and all car-to-car crashes.  In some cases, 
information for the “Marginal” rated group is not 
provided as it is based on limited data.  The 
correlation between the relative fatality risk and the 
intrusion rating shown in Figures 11 and 12 indicates 
very little correlation between the two: R2 values of 
0.074 and 0.13 respectively.   

Table 1. 
Summary of relative fatality risk (%) for belted 

and all car-to-car crashes 
Crash 
type 

Good 
(%) 

Acceptable 
(%) 

Marginal 
(%) 

Poor 
(%) 

  
Avg* 
(std) 

Avg 
(std) 

Avg 
(std) 

Avg 
(std) 

Belted 
Car-
to-car 

17.8 
(9.8) 

33.8 
(23.4) 

23.5 
(---) 

35.0 
(21.7) 

All 
car-
to-car 

30.6 
(13.9) 

38.2 
(23.4) 

50.7 
(15.2) 

48.9 
(20.6) 

*Avg is Average; std is standard deviation 
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Figure 11.  Correlation between relative fatality 
risk and intrusion for belted car-to-car crashes. 
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Figure 12.  Correlation between relative fatality 
risk and intrusion for all car-to-car crashes. 
 
A summary of the mass adjusted relative fatality risk 
for the belted and all car-to-car crashes with respect 

to each intrusion rating category is shown in Table 2. 



 Nusholtz 9

   
Table 2. 

Summary of weight adjusted relative fatality risk 
(%) for belted and all car-to-car crashes 

Crash 
type 

Good 
(%) 

Acceptable 
(%) 

Marginal 
(%) 

Poor 
(%) 

  
Avg* 
(std) 

Avg 
(std) 

Avg 
(std) 

Avg 
(std) 

Belted 
Car-
to-car 

28.8 
(14.3) 

35.7 
(17.8) 

22.5 
(---) 

37.5 
(20.8) 

All 
car-
to-car 

39.2 
(15.8) 

36.6 
(16.0) 

40.8 
(9.4) 

46.2 
(19.1) 

*Avg is Average; std is standard deviation 
 

It can be ascertained that the mass adjusted relative 
fatality risk between rating groups (e.g. “Good” and 
“Poor”) has become less discernable when compared 
with the relative fatality risk.  Figures 13 and 14 
show the correlation between the mass adjusted 
relative fatality risk and the intrusion rating for the 
belted and all car-to-car crashes, respectively.  
Comparison of the correlation coefficient (R2) 
between Figures 11 through 14 also shows that when 
the relative fatality risk is adjusted for mass, the 
correlation between the relative fatality risk and 
intrusion diminishes further, as depicted by the 
correlation coefficient. 
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Figure 13.  Correlation between mass adjusted 
relative fatality risk and intrusion for  
belted car-to-car crashes. 
 
A statistical t-test is conducted to analyze whether the 
mean relative fatality risk of a particular “intrusion” 
rating group can be differentiated from the other 
groups.  The t-test is conducted for both the relative 
fatality risk and the mass adjusted relative fatality 
risk. The results from the statistical t-test for belted 
and all car-to-car crashes are shown in Tables 3 and 4 
respectively.  The confidence level is set at 95% for 
performing the t-statistical analysis.  The critical t-
value determined based on sample size and this 

confidence level are also listed within brackets in the 
table.  For the belted case, there is limited data for the 
“Marginal” rated vehicles and it is not considered for 
analysis. 
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Figure 14.  Correlation between mass adjusted 
relative fatality risk and intrusion for  
all car-to-car crashes. 
 
Based on the data shown in Tables 3a and 4a, it can 
be assessed that the differences in the means of the 
relative fatality risk between “Good” and 
“Acceptable” as well as “Good” and “Poor” are 
statistically not significant at the 95% confidence 
level.  However, considering that the computed t-
value is closer to the critical t-value, it can be 
ascertained that there could be a differentiation 
between groups at lower confidence levels.  For 
example, the t-value estimated between “Marginal” 
and “Good” ratings for the all car-to-car crashes is 
close to the critical value, indicating that the means 
can be differentiated at the 95% confidence level.  
The mass adjusted relative fatality risk shown in 
Tables 3b and 4b indicate a much lower t-value when 
compared with the t-value shown in Tables 3a and 
4a, respectively.  This indicates that when the relative 
fatality risk is adjusted for mass, the correlation 
between the “intrusion” rating and relative fatality 
risk diminishes considerably.  In other words, there is 
no statistically significant correlation between the 
“intrusion” rating and mass adjusted relative fatality 
risk. 

 
     Intrusion and Severe Injury Risk obtained from 
Newstead, et al. [2002] is also used to highlight some 
aspects concerning the current study.  They used the 
accident data obtained from several State databases 
(Florida, Ohio, and Pennsylvania).  Only car-to-car 
crashes are considered in their analysis.  Basically, 
this study is included to show whether the trends 
shown above, using the FARS database, are any 
different from the accident data collected from the 
state databases.  The correlation between the mass 
adjusted severe injury risk and intrusion 
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measurements from IIHS ODB tests is analyzed.  The 
intrusion that affects the driver, which includes the 
left lower instrument panel and steering column, is 
considered.  The results from this study are shown in 
Figure 15.  It is clear from this figure that vehicles 

that show reduced intrusion in IIHS ODB tests do not 
show any significant difference in the mass adjusted 
severe injury risk when compared with other 
vehicles.  
 

 
Table 3. 

The data from t-statistical analysis showing the extent of separation of relative fatality risk between  
vehicle rating groups for belted car-to-car crashes 

3a) Relative fatality risk     3b) Mass adjusted relative fatality risk 
Intrusion 
rating Good Acceptable Marginal Poor 

Intrusion 
Rating Good Acceptable Marginal Poor 

Good 0 
1.81    
(2.1) --- 

1.95     
(2.2)  Good 0 

0.91 
 (2.1) --- 

0.86 
(2.2) 

Acceptable   0 --- 
0.10     
(2.1)  Accept   0 --- 

0.17 
(2.1) 

Marginal     0 ---  Marginal     0 --- 
Poor       0  Poor       0 

 
 
 

Table 4. 
The data from t-statistical analysis showing the extent of separation of relative fatality risk between  

vehicle rating groups for all car-to-car crashes 
4a) Relative fatality risk     4b) Mass adjusted relative fatality risk 
Intrusion 
rating Good Acceptable Marginal Poor 

Intrusion 
rating Good Accept Marginal Poor 

Good 0 
0.90    
(2.1) 

2.16 
(2.2) 

2.06 
(2.2)  Good 0 

0.37 
(2.1) 

0.16 
(2.2) 

0.75 
(2.16) 

Acceptable   0 
0.85 
(2.2) 

0.87 
(2.1)  Accept   0 

0.42 
(2.2) 

1.04 
(2.1) 

Marginal     0 
0.13 
(2.4)  Marginal     0 

0.45 
(2.4) 

Poor       0  Poor       0 
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   (15a)           (15b) 
Figure 15.  Correlation between the mass adjusted severe injury risk and intrusion measurements obtained 
from IIHS tests: a) left lower instrument panel; b) steering column. 
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     Analysis Using EuroNCAP Test Data is 
conducted using a similar procedure as mentioned 
above for the IIHS test data.  However, in the FARS 
database there are fewer numbers of vehicles that 
have both the EuroNCAP rating and sufficient field 
accident data (to determine the actual fatality risk) to 
do a thorough analysis.  Based on this limited data 
set, the results indicate similar trends between the 
safety rating and fatality risk as observed using the 
IIHS data mentioned above.   
An analysis is also conducted using the data from a 
recently published study by Lie and Tingvall [2002] 
that deals with police reported car-to-car crashes in 
Sweden between the years 1994 and 2000.  There are 
some deficiencies in the analysis process reported by 
Lie and Tingvall associated with the mass 
compensation for adjusting the fatality risk (see 
Appendix).  An attempt is made to address these 
limitations by using the procedure reported by Evans 
and Frick [1992] and Kahane [2003].  The results 
from this study indicate that there is no statistically 
significant correlation between the mass adjusted 
fatality risk and the EuroNCAP rating.  
 
DISCUSSION 
 
Two different F-d models are used to estimate the 
effect of average stiffness change on the fleet wide 
occupant risk response:  One that, in general, 
overestimates the risk as seen in NASS and one that, 
in general, underestimates the risk as seen in NASS.  
Both models do not estimate risk over 40 mph.  The 
models are limited in their ability to predict the 
precise nature of the changes in occupant risk that is 
seen in the field and only are used for general trends.  
Occupant risk trends that are seen in both models can 
be expected to be seen in the field, although not 
necessarily at the velocities or magnitudes as 
estimated by the models.  
The first observation is that when the vehicle fleet is 
stiffened there is an increase in risk at the low 
velocities and a decrease in risk at the high velocities.  
This is true for both F-d models and, for the range of 
variation evaluated, is independent of the amount of 
stiffness increase, velocity distribution, belted and 
unbelted distribution, and amount of crush available 
before intrusion begins.  This result indicates that 
stiffening the vehicle to prevent intrusion has a 
complex relationship with occupant risk and it is 
dependent on a considerable number of confounding 
factors. It implies that stiffening the vehicles to 
prevent intrusion could increase or decrease the fleet 
wide occupant risk depending on factors such as 
velocity distribution, belted/unbelted distribution, 
mass distribution, etc. 

Since the model evaluates the fatality risk based on 
the average deceleration of the vehicle during a crash, 
the energy absorption characteristics play a dominant 
role on the estimated fatality risk.  Softer vehicles 
undergo more crush and minimize the average 
acceleration leading to lower fatality risk for low to 
medium impact velocities.  Even though stiffer 
vehicles can minimize intrusion for crashes at higher 
impact velocities, at relatively low impact velocities 
there is little intrusion but higher average acceleration 
contributing to an increase in fatality risk.  Another 
reason for relatively minor improvements in 
cumulative fatality risk for stiffer vehicles at higher 
impact velocities is attributed to a lower number of 
accidents at those velocities as per the accident 
velocity distribution.   
Most “safety” vehicle  evaluation  procedures 
(NCAP, IIHS, EuroNCAP, etc.) typically 
assume(implicitly) that when occupant risk in vehicle 
crash tests conducted at relatively high impact 
velocities is reduced by stiffening the vehicle to 
prevent intrusion then there is also a reduction in risk 
at the lower impact velocities or at a minimum there 
is no significant increase in occupant risk.  However, 
taking into account the accident velocity distribution 
and the safety merit offered by relatively softer 
vehicles at lower impact velocities, this may not be 
true and those vehicles may not show improvements 
in overall safety.  The models indicate that reducing 
intrusion at “high” velocities by stiffening the front 
end of the vehicles should have little effect, or a 
slight negative effect, on overall risk.  Since the 
models can only give general trends it is not 
completely unlikely that there is some overall 
reduction in occupant risk as a result of stiffening.  
However, The accident data analysis done in this 
paper using IIHS intrusion ratings as a surrogate for 
reduced intrusion at high impact velocities indicates 
that there is no benefit to the current fleet by 
stiffening the vehicle to reduce intrusion. 
Three different case studies are conducted to compare 
the intrusion/safety rating with actual field data 
obtained from FARS and State databases.  In the first 
case study, the intrusion rating obtained from the 
IIHS ODB tests is used.  This study has shown that 
even though there is a fair correlation between the 
relative fatality risk and intrusion rating, the mass 
adjusted fatality risk has shown no statistically 
significant correlation with the intrusion rating.  A 
recent study conducted by Farmer et al. [2005] using 
a different metric, in which the mass adjusted fatality 
risk is computed based on the number of vehicle 
registrations, which involves driver behavior and 
crash characteristics, also indicates that there is no 
clear correlation between the overall safety rating and 
fatality risk.  However, a marginal change in the 
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fatality risk between the “Good” and “Poor” rated 
vehicles is noticed, which is also seen in the current 
study. 
In the second case study, the data reported by 
Newstead et al. [2002] is utilized.  The correlation 
between the mass adjusted severe injury risk and the 
intrusion measurements obtained from IIHS ODB is 
analyzed.  This study deals with the data obtained 
from State databases and it helps to check the 
mathematical model predictions using separate 
databases.  The results also indicate that the mass 
adjusted severe injury risk for the vehicles that have a 
minimum amount of intrusion (at the left lower 
instrument panel and steering column), in the IIHS 
ODB tests, have no statistically significant 
improvement over other vehicles.   
In support of this result, Padmanaban [2003], using a 
logistic model, indicated that stiffness is not a 
statistically significant variable with respect to 
occupant risk.  In contrast to that, a study by Kahane 
[2003] indicates that, for car-to-car crashes, stiffness 
is important and that “softer” is better, implying that 
stiffening to reduce intrusion may have an overall 
negative effect.  Either result is consistent with the 
models and analysis presented here. 
The second observation is that there is a difference in 
the effect of stiffening for the belted and the unbelted 
occupants.  In all of the models presented here there 
is an overall dis-benefit, or almost no effect, for the 
unbelted to stiffening.  For most of the models there 
is an overall benefit, or almost no effect to stiffening, 
for the belted.  The implication is that optimized 
stiffness for the unbelted will be sub-optimized for 
the belted and optimized stiffness for the belted will 
be sub-optimized for the unbelted.  Consequently, 
these results indicate that a common design solution 
in terms of stiffness characteristics of the fleet cannot 
be obtained for both belted and unbelted occupants.  
The optimal solution for the fleet will depend on the 
belted/unbelted distribution and will change with 
time as the percentage of belt usage increases.  As a 
result the best solution might be to design for the 
belted only in anticipation of a high belt use in the 
future. 
The third observation revolves around driver 
behavior.  The results obtained from shifting the 
mean of the accident velocity distribution indicate 
that stiffness of the fleet needs to be lowered if the 
velocity distribution mean is reduced from the 
baseline distribution.  On the other hand, fleet 
stiffness has to be increased to minimize fatality risk 
for an increase in the mean of the accident velocity 
distribution.  These studies indicate that the optimal 
stiffness of the fleet is dependent on the accident 
velocity distribution.  If the vehicle driving speed is 
lowered, then a softer fleet will minimize the 

cumulative fatality risk.  On the other hand, a stiffer 
fleet is required if the driving speed increases. 
 
CONCLUSIONS 
 
The results from this study are based on a limited 
amount of data; with the addition of more data in the 
future, there could be changes in the observed trends 
that are reported in this paper.  More work is needed 
before the results can be generalized. With these 
limitations, the following conclusions can be drawn. 
 

• The mathematical model indicates that 
limiting the vehicle’s intrusion by stiffening 
the front end structure may reduce fleet wide 
occupant risk at the high velocities but it is 
counter indicated at low velocities.  

• The optimal level of vehicle stiffness is 
different for the belted and the unbelted 
conditions:  Vehicle impact response 
optimized for the belted may be counter 
indicated for the unbelted and vehicle 
impact response optimized for the unbelted 
may be counter indicated for the belted. 

• The model indicates that the crossover (from 
the softer to a stiffer response) occurs at an 
impact velocity of approximately 25mph; 
however, the model is only able to capture 
the general trend and not able to predict the 
exact crossover in the field. The actual cross 
over will depend upon many factors not 
addressed in the current model and may be 
higher or lower than 25 mph.  

• The model indicates reducing intrusion by 
stiffening the vehicle has limited value. It 
reduces occupant risk at the high velocities 
and increases it at the low velocities with 
little overall benefit. This is consistent with 
the field data.  

 
Stiffening the front end of a vehicle to prevent 
intrusion has a complex effect on occupant risk.  The 
restraint condition, the velocity of impact, the fleet 
composition, relative stiffness, etc., all play an 
interacting role in the determination of overall 
occupant risk.  This does not mean that front end 
stiffness or intrusion reduction is not important, but 
stiffening the vehicle to reduce occupant risk is a 
double edged sword: It can in some cases reduce 
occupant risk and in other cases increase occupant 
risk.  
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APPENDIX 
 
One of the major limitations of the study by Lie and 
Tingvall [2002] is the lack of an adequate 
explanation for the procedure that is used for 
adjusting the fatality risk to account for mass 
compensation.  As shown in Equation 2, a mass 
compensation factor of 7% for every 100 kg change 
in mass is used in their analysis.  However, when 
Equation 3 is used to match the fatality risk reported 
by Lie and Tingvall, the value of the mass ratio 
exponent α, that is used to compensate for mass, is 
found to be lower than the values reported by other 
researchers.  The value of the mass ratio exponent (α) 
turned out to be 2.3, which is lower than the values of 
3.8 and 5.5 reported by Evans and Frick [1992] and 
NHTSA [2003], respectively. 
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where, 
 R1= Raw fatality risk 
 Mopp= Mass of the opponent vehicle  
 Mcase= Mass of the case vehicle 
 Rcomp, Radj= Mass adjusted fatality risk 
 
Table 5 shows the adjusted fatality risk for different 
values of the mass ratio exponent.  As mentioned 
above, the adjusted fatality risk when α is set at 2.3 
results in values similar to those reported in the paper 
by Lie and Tingvall.  However, using the same data, 
but with more widely accepted values of α, Table 5 
indicates that there is no significant correlation 
between the safety rating and fatality risk.   
Another limitation in the study by Lie and Tingvall is 
that variability in mass within each group is not 
considered in the analysis.  The fatality risk is 
collectively adjusted for mass using the average mass 
of the struck and striking vehicles.  However, there 
will be a difference in the adjusted fatality risk 
depending on whether the variation in the mass is 
considered or not.  A case study is conducted to 
determine the influence of including mass variation, 
while assessing the adjusted fatality risk. 
In this case study, the fatality risk is adjusted for 
mass by assuming that the variation in mass of the 
struck and striking vehicles is to be normally 
distributed.  Assuming that the variation in mass is 
about 8% of the average value, a case study is 
conducted to determine the influence of mass 
variation on the adjusted fatality risk.  The results are 

shown in Table 6.  When the variation in mass is 
taken into account, although at lower values of α the 
adjusted fatality risk has shown a correlation between 
the safety rating and severe injury/fatality risk, at 
higher mass ratio exponent values this relationship is 
not noticeable.  This study indicates that adjusted 
fatality risk, evaluated using a reasonable spread in 
mass distribution with an appropriate choice of α, has 
shown no clear relationship with the safety rating. 
 
 

Table 5. 
Mass adjusted severe/fatality risk for  

different safety rating groups 
Severe/fatality risk Euro 

NCAP  
Rating 

Actual Mass adjusted risk 

Eq. 3, for different α   Eq.2 

2.3 3.8 5.5 

No 
class 

0.92 0.98 0.99 1.05 1.11 

2 stars 0.92 0.89 0.87 0.85 0.82 
3 stars 0.61 0.75 0.79 0.93 1.13 
4 stars 0.63 0.7 0.72 0.77 0.83 
 
 

Table 6. 
Change in adjusted severe injury/fatality risk 
when the variation in mass is accounted for  

in the analysis 
 Adjusted severe injury/fatality risk 
EuroNCAP 
rating 

Baseline α =1.8 
 

α =3.8 α =5.5 

No class 0.98 1.0   1.15   1.35  
2 Stars 0.88 0.90  0.94 0.99 
3 Stars 0.75 0.76 1.01 1.36 
4 Stars 0.7 0.72  0.84  1.00 
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ABSTRACT 

 

On September 18, 2006 the National Highway Traffic 

Safety Administration (NHTSA) announced a 

proposal that would require installation of electronic 

stability control (ESC) as standard equipment on all 

light vehicles by model year 2012 [1].  The decision 

to mandate ESC required that NHTSA develop an 

ESC compliance test and evaluation criteria.  This 

paper describes the proposed test maneuver and 

discusses the methods proposed to interpret the data 

generated by that maneuver. 

 

NHTSA’s ESC proposed compliance test maneuver, 

the Sine with Dwell, was used to produce all the data 

described in this paper.  This maneuver is based on a 

single cycle, 0.7 Hz steering input, with a 500 ms 

pause between the third and fourth quarter cycles.  

Output from Sine with Dwell tests is used to evaluate  

both the lateral stability and responsiveness of ESC-

equipped light vehicles.   

 

NHTSA proposes acceptable lateral stability be 

assessed with two performance criteria, intended to 

encourage yaw rate to decay in a controlled manner.  

These criteria compare the yaw rates measured 1.0 

and 1.75 seconds after completion of the maneuver’s 

steering inputs to the first local yaw rate peak 

produced after the second steering reversal.   These 

“yaw rate ratios” must be less than or equal to 35 and 

20 percent, respectively. 

 

To ensure that a balance between lateral stability and 

the ability of the vehicle to effectively respond to the 

driver’s inputs is maintained, NHTSA has proposed a 

responsiveness metric supplement that used to assess 

lateral stability.  The proposed metric is based on 

vehicle lateral displacement calculated 1.07 seconds 

after initiation of the maneuver’s steering inputs.   

 

INTRODUCTION 

 

As part of a comprehensive plan for reducing the 

serious risk of rollover crashes and the risk of death 

and serious injury in those crashes, NHTSA has 

 

 

proposed a new Federal motor vehicle safety standard 

(FMVSS).  FMVSS No. 126, Electronic Stability 

Control Systems, would require ESC systems on 

passenger cars, multipurpose passenger vehicles, 

trucks and buses with a gross vehicle weight rating of 

4,536 Kg (10,000 pounds) or less [1]. 

 

Preventing single-vehicle loss-of-control crashes is 

the most effective way to reduce deaths resulting 

from rollover crashes.  This is because most loss-of-

control crashes culminate in the vehicle leaving the 

roadway, which dramatically increases the probability 

of a rollover.  Based on the best available data drawn 

from crash data studies, NHTSA estimates that the 

installation of ESC will reduce single-vehicle crashes 

of passenger cars by 34 percent and single vehicle 

crashes of sport utility vehicles (SUVs) by 59 

percent, with a much greater reduction of rollover 

crashes.  NHTSA estimates that ESC has the potential 

to prevent 71 percent of the passenger car rollovers 

and 84 percent of the SUV rollovers that would 

otherwise occur in single-vehicle crashes.   

 

NHTSA estimates ESC will save 5,300 to 9,600 lives 

and prevent 156,000 to 238,000 injuries in all types 

of crashes annually once all light vehicles on the road 

are so equipped.  The Agency further anticipates that 

ESC could substantially reduce the more than 10,000 

deaths each year on American roads resulting from 

rollover crashes (by 4,200 to 5,500). 

 

Manufacturers equipped about 29 percent of model 

year (MY) 2006 light vehicles sold in the U.S. with 

ESC, and intend to increase the percentage to 71 

percent by MY 2011.  As proposed, FMVSS No. 126 

requires installation of ESC in 100 percent of light 

vehicles by MY 2012 (with exceptions for some 

vehicles manufactured in stages or by small volume 

manufacturers).   

 

SINE WITH DWELL TEST MANEUVER 

 

All tests described in this paper were performed with 

a test maneuver known as the 0.7 Hz Sine with Dwell 

maneuver (referred to as simply the “Sine with 
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Dwell” for the remainder of this paper).  

Considerable effort was used to select this maneuver 

from a comprehensive group of twelve other 

candidates.  However, for the sake of brevity this 

paper will only discuss details pertaining to the Sine 

with Dwell.  A detailed discussion of the maneuver 

selection process is available in [2,3]. 

 

As the name implies, the Sine with Dwell maneuver is 

based on a sinusoidal steering input.  Specifically, a 

single cycle input is performed at a frequency of 0.7 

Hz, with a 500 ms pause between completion of the 

third quarter cycle and initiation of the fourth quarter 

cycle, as shown in Figure 1. 

 

To begin the maneuver, the driver accelerates the 

vehicle to a speed of approximately 52 mph, at which 

point the throttle is released and a programmable 

steering controller is engaged.  Once the vehicle has 

coasted down to a speed of 50 mph, the steering 

machine automatically executes the steering wheel 

angle profile previously shown in Figure 1.   

 

Since the maneuver entrance speed is always 50 mph, 

increasing the magnitude of the steering wheel angles 

is used to increase maneuver severity.  This is 

accomplished by multiplying the steering wheel angle 

capable of producing a lateral acceleration of 0.3g 

during Slowly Increasing Steer testing (δ0.3g) by a 

series of scalars [4]. The steering wheel angles 

nominally begin at 1.5*δ0.3g, and are increased in 

increments of 0.5*δ0.3g until a termination criterion 

has been satisfied.  For the data discussed in this 

paper, four termination conditions were used: 

 

• The final heading angle of the vehicle, measured 

four seconds after completion of the Sine with 

Dwell steering input, was 135 degrees or more. 

 

• A steering wheel angle of 6.5*δ0.3g or 270 

degrees is used (whichever was greater) without 

the final heading angle of the vehicle reaching 

135 degrees. 

 

• Simultaneous wheel lift of the inside front 

and rear tires ≥2.0 inches occurred during 

any test. 

 

• Rim-to-pavement contact and/or tire 

debeading occurred during any test. 

 

Note: these conditions differ slightly from those 

actually proposed for FMVSS No. 126 as they were 

used for maneuver development purposes. 

 

Sine with Dwell tests are performed with left-right 

and right-left steering.  To produce the data featured 

in this paper, tests were performed with ESC fully 

enabled, then fully disabled on the same tire set.  

Additionally, if a vehicle offered an additional driver-

specified ESC setting, it was evaluated with a second 

tire set.  The proposed FMVSS No. 126 would only 

require Sine with Dwell tests be performed with ESC 

fully enabled. 

 

LATERAL STABILITY 

 

NHTSA believes a vehicle equipped with an effective 

ESC system should not spinout during any Sine with 

Dwell test performed with the system fully enabled.   

Unfortunately, while the term “spinout” is easy for 

most people to visualize, it is a somewhat ambiguous 

description of an excessive oversteer event.  

Therefore, before a means of quantifying lateral 

stability could be identified (i.e., for use in a 

compliance test), an objective definition of what 

NHTSA means by “excessive oversteer” needed to be 

determined.   

 

Note that ESC systems are designed to mitigate 

excessive over- and understeer.  However, the Sine 

with Dwell maneuver and performance criteria 

described in this paper were specifically developed to 

facilitate the evaluation of excessive oversteer only.  

NHTSA is presently performing ESC understeer 

mitigation research; however results from these tests 

are not yet available.  

 

Definition of an Excessive Oversteer Model 

 

To quantify excessive oversteer, the output of a 

logistic regression model, based on the SAS Genmod 

procedure, was used.  Specifically, this model 

describes how well the percent of the vehicle’s 

second peak yaw rate (subsequently referred to as the 

Figure 1.  Sine with Dwell steering profile. 



 Forkenbrock, 3 

yaw rate ratio, or “YRR”), measured at different time 

intervals occurring after completion of the 

maneuver’s steering inputs would predict the trial 

outcome, represented by a binary response variable.  

In the case of the excessive oversteer model, the 

binary variable was taken to be whether the heading 

angle of the vehicle, measured four seconds after 

completion of the maneuver’s steering inputs, was 

greater than or equal to 90 degrees from the initial 

path; yes or no.  Separate analyses were performed 

for fifteen different instants in time, beginning at the 

instant the maneuver’s steering inputs were complete 

(t0), and continuing in 250 ms increments from t0 to  

t0 + 4 seconds.  These instants are referred to as the 

times after completion of steer, or COS. 

 

Figure 2 summarizes the ability of a particular YRR 

and time after completion of steer (subsequently 

referred to as “YRR and COS combination” for 

brevity) to predict if the vehicle would be expected to 

satisfy NHTSA’s definition of spinout.  The color of 

each cell describes the confidence intervals associated 

with each YRR and COS combination.   

 

A dark green cell indicates a model using that cell’s 

particular YRR and COS combination is 95 percent 

confident the vehicle will not achieve a final heading 

angle greater than 90 degrees.  For these cells, the 

Chi-Squared probability statistic is less than 0.05, and 

both confidence interval boundaries are lower than 

the 95
th

 percentile confidence level (i.e., excessive 

oversteer is predicted less than 5 percent of the time). 

 

The light green region indicates it is unlikely that the 

vehicle will exhibit excessive oversteer.  For these 

cells, the Chi-Squared probability statistic is less than 

0.05, but at least one of the confidence interval 

boundaries are outside of the 95
th

 percentile 

confidence level.   

 

The yellow cells represent regions of uncertainty, 

where the Chi-Squared probability statistic is greater 

than 0.05, and the confidence interval boundaries are 

both less than and greater than 50 percent.  This 

implies the model cannot predict whether the vehicle 

will exhibit excessive oversteer or not.   

 

The pink cells indicate if the vehicle will likely 

exhibit excessive oversteer.  For these cells, the Chi-

Squared probability statistic is less than 0.05, but at 

least one of the confidence interval boundaries are 

outside of the 95
th

 percentile confidence level.  From 

a statistics stand point, the pink regions are 

conceptually equivalent to the light green regions, 

however the physical meaning is different.   

 

Finally, a red cell indicates a model using that cell’s 

particular YRR and COS combination is 95 percent 

confident the vehicle will exhibit excessive oversteer.    

For these cells, the Chi-Squared probability statistic is 

less than 0.05, and both confidence interval 

boundaries are greater than the 95
th

 percentile 

confidence level. 

 

 Application of Excessive Oversteer Model Output 

 

The primary reason for developing a metric to 

evaluate lateral stability was to provide the Agency 

with a means of objectively ascertaining whether a 

vehicle’s ESC is capable of mitigating excessive 

Figure 2.  YRR confidence interval based spinout predictions. 

Excessive oversteer is likely. 

Vehicle will not exhibit excessive oversteer. 

Excessive oversteer is unlikely. 

Region of uncertainty. 

Vehicle will exhibit excessive oversteer. 
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oversteer.  Therefore, the data contained in Figure 2 

provided a valuable way to define lateral stability 

thresholds.  Since the YRR and COS combinations 

shown in the dark green cells indicate the likelihood 

of a vehicle exhibiting excessive oversteer is less than 

five percent, and that the light green cells indicate the 

likelihood of exhibiting excessive oversteer is greater 

than five percent but less than 50 percent, NHTSA 

researchers decided the dark green YRR and COS 

combinations that define boundary between the dark 

and light green regions provided the best combination 

of prediction certainty and meaningfulness
1
. 

 

To assess how each YRR and COS combination 

defining the boundary between the dark and light 

green regions were able to define a minimum lateral 

stability threshold, data collected during evaluation of 

24 diverse light vehicles were considered.  The YRRs 

of each vehicle were calculated, and plotted as a 

function of time after completion of steer.  Data from 

fully enabled and fully disabled ESC tests were used.  

Additionally, data collected during tests performed 

with two vehicles in partially disabled ESC modes 

were included.   

 

Yaw Rate Ratio (YRR) Selection 

 

Review of the data produced by the previously 

mentioned 24 vehicles showed considerable 

differences between the yaw rate responses of the 

vehicles evaluated with fully enabled and fully 

disabled ESC.  The differences were particularly 

pronounced at 1.5 to 1.75 seconds after COS, where 

the yaw rates of the vehicles equipped with fully 

enabled ESC systems had decayed to approximately 

zero while those associated with the fully disabled 

tests remained quite high. 

 

To identify which of these two times after COS 

provided the better discriminatory capability, 

additional data were considered.  The larger data set, 

comprised of 62 light vehicles, ultimately revealed 

the time of 1.75 seconds after COS was able to most 

clearly distinguish the lateral stability of vehicles with 

ESC from those not so equipped (represented by the 

fully disabled ESC configuration).  

 

                                                           
1
 If a threshold based on a particular YRR and COS 

combination is too conservative, the ability of the lateral 

stability metric to define acceptable ESC performance is 

compromised.  In such as case, even a vehicle with a poorly 

performing ESC may pass the minimum performance 

criterion. 

Although use of the YYR at 1.75 seconds after COS 

possessed good discriminatory capability, NHTSA 

researchers believed that metric alone would do little 

to require a vehicle’s yaw rate to decay in a 

controlled and predictable manner (since only one 

threshold would need to be satisfied and it occurred 

nearly 2 seconds after the maneuver had been 

completed).  Therefore, a second YRR performance 

threshold was deemed necessary; one that occurred as 

soon after completion of steer as possible, but late 

enough to still provide good discrimination between 

vehicles with and without ESC.  Based on 

consideration of all available test data, NHTSA 

ultimately decided a metric based on the YRR 1.0 

seconds after COS would meet the two requirements 

and effectively augment the later value, as indicated 

in Figure 3. 

 

 

Once the two time intervals after COS had been 

established, determination of the YRR performance 

thresholds associated with each time were required.  

To establish these criteria, NHTSA researchers used 

the output of the SAS model presented previously in 

Figure 2.  At 1.0 seconds after COS, the model was 

95 percent confident that light vehicles will not 

exhibit excessive oversteer if the YRR is 35 percent 

or less.  At 1.75 seconds after COS, the model was 95 

percent confident that light vehicles will not exhibit 

Figure 3.  Steering wheel position and yaw rate 

information used to assess lateral stability.  
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excessive oversteer if the YRR is 20 percent or less.  

These thresholds define what NHTSA researchers 

believe the minimum levels of acceptable lateral 

stability for an ESC-equipped vehicle should be.  A 

formal definition of the lateral stability performance 

criteria is provided below. 

 

In both criterion, 

 

 

Ability of Contemporary Vehicles to Satisfy the 

Proposed Lateral Stability Criteria 

 

Figures 4 and 5 provide lateral stability results for the 

various YRR and COS combinations for a larger 

population of 62 vehicles, including very large 

pickups, and a stretched limousine (238.2 inch 

wheelbase).  Left-right and right-left steering tests are 

shown, respectively.  Test vehicles evaluated with 

fully enabled ESC are presented in green and fully 

disabled ESC tests are shown in red.  The partially 

disabled ESC mode results for a 2005 BMW M3, 

2006 BMW 525i, 2005 Chrysler 300C, 2005 Infiniti 

Q45, 2005 Nissan 350Z, 2005 Mercedes SLK350, 

and a 2006 Porsche Boxster are provided in yellow.  

Finally, results produced during BMW 525i tests 

performed with fully disabled active steering and 

fully disabled ESC are shown in blue. 

 

Of the 58 ESC-equipped vehicles used to develop the 

lateral stability criteria discussed in the previous 

section, only the performance of a 2006 BMW 525i 

would be unable to satisfy both conditions when 

evaluated with ESC fully enabled. 

 

RESPONSIVENESS 

 

The data shown in Figures 4 and 5 clearly indicate 

ESC can offer tremendous improvements in lateral 

stability.  However, NHTSA believes these benefits 

should not come at the expense of a vehicle not being 

able to sufficiently respond to the driver’s steering 

inputs.  An extreme example of this could potentially 

be having an ESC lock both front wheels as the driver 

begins an abrupt obstacle avoidance maneuver.  

Assuming the road is reasonably level, and the 

surface friction is uniform, it is very likely the wheel 

lock would suppress any tendency for the vehicle to 

spinout or rollover.  However, having the wheels lock 

would also prevent the vehicle from responding to the 

driver’s steering inputs.  This would cause the vehicle 

to plow straight ahead and collide with the obstacle 

the driver was trying to avoid.  Clearly, this is not a 

desirable compromise. 

 

To ensure that a balance between lateral stability and 

the ability of the vehicle to effectively respond to the 

driver’s inputs is maintained, NHTSA researchers 

believe a “responsiveness” metric must supplement 

the lateral stability criteria established by the Agency. 

   

Responsiveness Metric Evaluation Criteria 

 

NHTSA researchers considered a wide variety of 

metrics capable of quantifying responsiveness.  Some 

were developed by NHTSA, others by vehicle 

dynamics experts outside of the Agency [5,6].  The 

candidate responsiveness metrics included methods 

based on the vehicle’s ability to achieve lateral 

displacement, lateral acceleration, lateral velocity, 

and/or sideslip.  Some metrics were comprised of a 

single evaluation criterion, while others incorporated 

multiple factors into a single composite metric.  

However, one commonality shared by each candidate 

was that they all used data produced during the same 

Sine with Dwell test series used to assess lateral 

stability.  Also, since the later part of the maneuver is 

what excites the vehicle’s tendency toward oversteer, 

each metric only used data produced by the first half 

cycle of the Sine with Dwell’s steering inputs (i.e., 

the “obstacle avoidance” component of the 

maneuver).  

 

When evaluating the various responsiveness metric 

candidates, NHTSA researchers considered the 

following factors:  (1) face validity, (2) objectivity, 

and (3) ease of computation.  In the context of
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Figure 4.  Yaw rate ratio plotted as a function of time after completion of steer for tests performed with 

left-right steering.  NHTSA’s proposed lateral stability thresholds are indicated by the two black 

crosshairs.    Results from 62 vehicles are shown. 

Figure 5.  Yaw rate ratio plotted as a function of time after completion of steer for tests performed with 

right-left steering.  NHTSA’s proposed lateral stability thresholds are indicated by the two black 

crosshairs.    Results from 62 vehicles are shown. 
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responsiveness, these factors may be defined as 

follows: 

 

Face validity.  This refers to the real world relevance 

of the metric.  A responsiveness metric with high face 

validity relates well to situations encountered on 

public roadways.  High face validity increases the 

ability of the Agency to explain the metric’s meaning 

to the general public.   

 

Objectivity.  A good responsiveness metric should 

be able to consider the performance of all light 

vehicles equally.  This is difficult given the diversity 

of the vehicles sold in the United States.  The output 

of a robust responsiveness metric should allow 

NHTSA to directly compare the performance of all 

light vehicles with good discriminatory capability. 

 

Ease of Computation.  Although this attribute is of 

less importance than the other two, it is of practical 

significance to NHTSA and the automotive industry.  

A metric based on data that are difficult and/or time 

consuming to collect is generally less appealing than 

one requiring simple analytical techniques. 

 

For sake of brevity, only those responsiveness metrics 

based on lateral displacement are discussed in this 

paper.  Of the many responsiveness metrics 

considered, NHTSA believes those based on lateral 

displacement are the most appealing since they have 

the most obvious and direct relation to obstacle 

avoidance.   

 

Multiple metrics based on lateral displacement were 

explored, differing only in when the measurement 

occurred in time.  Specifically, metrics based on when 

overall maximum lateral displacement occurred, at 

1.0 and 1.75 seconds after COS (i.e., the times used 

in the assessment of lateral stability), at the 

completion of the initial steer (i.e., the first quarter-

cycle), and at completion of the second steer (i.e., the 

third quarter-cycle) were used.  In the context of 

responsiveness, lateral displacement was defined as 

the perpendicular distance of the vehicle’s center of 

gravity from a line defined by the vehicle’s initial 

heading (i.e., before the test maneuver was initiated).  

If a maneuver was performed with left-right steering, 

lateral displacement to the driver’s left was measured.  

If right-left steering was used, the lateral 

displacement to the driver’s right was measured.   

 

Maximum Lateral Displacement 

 

While a responsiveness metric that simply considers 

the vehicle’s maximum lateral displacement possesses 

high face validity, it was found to suffer from low 

discriminatory capability.  There was significant 

variability in the longitudinal positions (measured 

from initiation of the steering wheel input) of the 

vehicles at the instant maximum lateral displacement 

was recorded.  NHTSA researchers believe a vehicle 

that achieves its maximum lateral displacement with a 

short longitudinal displacement (i.e., earlier in time) 

should be deemed more responsive that a vehicle 

requiring a longer longitudinal distance.  However, a 

responsiveness metric based on maximum lateral 

displacement would be unable to differentiate such 

vehicles. 

   

The discriminatory capability of the maximum lateral 

displacement metric is a significant problem; however 

it is not the metric’s only shortcoming.  For some 

vehicles, such as the 2006 Mercedes ML350 

evaluated during this research, maximum lateral 

displacement may be indeterminate.  In some 

instances, the vehicle may effectively respond to the 

“avoidance” component of the maneuver’s steering 

input, but not to the later “recovery” phase, a 

response often associated with the aggressive braking 

present during roll stability control (RSC) 

intervention.  For some vehicles, RSC intervention 

remains engaged past the point in the maneuver 

where effective steering may occur.  In these 

instances, the heading angle of the vehicle may not 

change much beyond that established with the initial 

steering input, causing lateral displacement to 

increase over time.  By impeding the ability for the 

vehicle to respond to the recovery input, the 

responsiveness of the vehicle is clearly reduced.  

However, if maximum lateral displacement is used to 

quantify responsiveness, the vehicle would receive a 

very favorable assessment – the maximum lateral 

displacement is limited only to the duration of the 

sampling interval used for data collection.   

 

Figure 6 helps to explain this phenomenon by 

presenting the lateral positions of two vehicles, a 

2006 Mercedes ML350 and 2005 BMW M3, over 

time.  Both tests were performed with ESC fully 

enabled using peak steering wheel angles of 

approximately 230 degrees.  The BMW M3 achieved 

a maximum lateral displacement of 17.1 feet (5.2 m), 

108 feet (32.9 m) after initiation of the maneuvers 

steering inputs.  With the Mercedes ML350, a peak 

lateral displacement is never established.  For this 

vehicle, lateral displacement continues to increase up 

to the point data collection is terminated, 

approximately 6 seconds after initiation of the 

maneuver’s steering input.   
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For the reasons discussed in this section, the 

contradictory, unrepresentative results produced from 

the maximum lateral displacement responsiveness 

metric were deemed unacceptable and alternative 

metrics were explored. 

 

Lateral Displacement at 1.0 and 1.75 seconds after 

Completion of Steer 

 

For each test, performed with every vehicle, 

maximum lateral displacement (when it could be 

accurately determined) was achieved before the 1.0 

and 1.75 seconds after completion of steer data 

points.  Since the intent of the responsiveness metric 

was to consider the vehicle’s reaction to the 

avoidance component of the maneuver’s steering 

input, but not to the later recovery phase, use of these 

times was deemed inappropriate.  As such, the idea of 

assessing lateral displacement at 1.0 and 1.75 seconds 

after completion of steer was abandoned. 

 
Lateral Displacement at Completion of the Initial Steer 

 

A second attempt to use lateral displacement to define 

responsiveness used the lateral displacement 

measured at completion of the initial steering input.  

Unlike the previously described technique, where 

lateral displacements measured at 1.0 and 1.75 

seconds after completion of steer were found to occur 

too late in the maneuver to quantify responsiveness, 

lateral displacement measured at completion of the 

initial steer proved to be too early.    

 

Since all Sine with Dwell tests were performed with a 

commanded frequency of 0.7 Hz, completion of the 

initial steer occurs approximately 357 ms after 

initiation of the maneuver’s steering inputs.  Perusal 

of the test data indicated this interval is so short that 

the vehicles are not given sufficient time to generate 

significant lateral acceleration and, consequentially, 

lateral displacement.  Due to the low magnitude of the 

responses, and the similarity among all vehicles 

considered, NHTSA researchers ultimately concluded 

the lateral displacements output with this analysis 

technique offer little practical insight into light 

vehicle responsiveness.  For these reasons, the 

concept of measuring lateral displacement at 

completion of the first steering input was discarded. 

 

Lateral Displacement at Completion of the Second 

Steer  

 

Having defined instants in time that occurred both too 

early and too late to be used for the effective 

quantification of light vehicle responsiveness, 

NHTSA researchers surmised the instant the 

completion of the second steering input occurred 

would likely provide more useful lateral displacement 

data.  During a September 7, 2005 briefing to 

NHTSA, the Alliance of Automobile Manufacturers 

announced their considerable and collective 

responsiveness research had lead them to the same 

conclusion, indicating that times much beyond 

completion of the second steering input may result in 

a metric with considerable disparity [6].   This is 

because the test data showed the overall maximum 

lateral displacements always occurred after 

completion of the second steering input, often during 

or slightly after the 500 ms pause that immediately 

followed its occurrence. 

 

Theoretically, completion of the 0.7 Hz Sine with 

Dwell second steering input should always occur 1.07 

seconds after initiation of the maneuver’s first 

steering input.  However, the inability of a vehicle’s 

power steering system to keep the actual steering 

input in phase with the programmable steering 

machine’s commanded input (a phenomenon known 

as power steering “pump catch”) can affect when 

completion of the second steering input actually 

occurs.  Regardless of whether it is the intention of 

the vehicle manufacturer or not, the inability of the 

power steering system to keep up with the demands of 

the Sine with Dwell maneuver is somewhat common, 

especially when large steering wheel angles and rates 

are used.   

 

For this reason, consistently determining when the 

instant completion of the second steering occurs can 

be difficult.  Not only can pump catch affect the 

Figure 6.  2006 Mercedes ML350 and 2005 

BMW M3 lateral displacements observed over 

time. 

ML350 maximum lateral 

displacement achieved at 

completion of data acquisition. 
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phasing of the actual versus commanded inputs, but 

many times the transition from completion of the 

second steering input to the Sine with Dwell’s 500 ms 

pause is not crisp.  Rather, the steering inputs in this 

region are smoothed as the steering machine attempts 

to overcome the increased torque demand imposed by 

pump catch.  When considering the resulting data in 

post-processing, this can contribute to disparity in 

how and/or when completion of the second steering 

input is reported.  Practically speaking, this makes the 

reporting of lateral displacement at the same instant 

in time, an attribute intended to consider the 

performance of all light vehicles fairly and 

objectively, impossible. 

 

To avoid this complication, analyzing lateral 

displacement data a specific point in time (i.e., 

independent of actual steering wheel position) in the 

vicinity of the completion of the second steering input 

was recommended [6].  Since 1.07 seconds after 

initiation of the maneuver’s first steering input 

represents the theoretical instant completion of the 

second steering input should occur, this time was 

suggested.  NHTSA researchers believe this is a very 

reasonable approach, and lateral displacement at 1.07 

seconds after initiation of the maneuver’s first 

steering input provides an excellent way of 

quantifying light vehicle responsiveness.  Figure 7 

summarizes this analysis technique. 

 

A Simplified Approach to Measuring Lateral 

Displacement 

 

Use of the lateral displacement at 1.07 seconds after 

initiation of steer represents the best way to quantify 

light vehicle responsiveness known to NHTSA.  To 

provide the data necessary for this metric, NHTSA 

has had to record vehicle position over time using 

GPS-based measurements.  Once the raw data have 

been collected, they are corrected with a differential 

post-processing technique and carefully synchronized 

with the other test data (collected on a second in-

vehicle computer).  Although this method is capable 

of producing highly accurate vehicle position data, 

the acquisition and manipulation of these data are 

time consuming and expensive. 

 

One practical way to avoid the burden imposed by the 

use of GPS to measure lateral displacement is to 

calculate it via double integration of lateral

Figure 7.  NHTSA’s measure of light vehicle responsiveness.  Steering 

wheel angle and lateral displacement data are used for this metric. 
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acceleration [6].  Although this process is not 

recommended as a general practice because small 

errors in zeroing, etc. can produce large errors in 

calculated displacement over time (see Figure 8), a 

responsiveness metric based on data 1.07 seconds 

after initiation of the maneuver’s first steering input 

only requires lateral acceleration be integrated over a 

short time interval.  Therefore, it was expected there 

would be good agreement between calculated and 

measured lateral displacements. 

 

After comparison of GPS-based lateral displacement 

measurements and those calculated via the careful 

double integration of lateral acceleration data, 

NHTSA researchers concluded:  (1) measured and 

calculated lateral displacements are comparable 1.07 

seconds after initiation of the maneuvers’ steering 

inputs, and (2) use of a calculated lateral 

displacement 1.07 seconds after initiation of the 

maneuvers’ steering inputs is an acceptable way by 

which it may be quantified.  Note:  Careful zeroing 

for offset and drift greatly improved the accuracy of 

calculated lateral position. For this reason, NHTSA 

researchers zeroed the lateral acceleration data before 

and after the first integration, and then again after the 

final integration. 

 

Proposed Responsiveness Thresholds  

 

Figure 9 shows the lateral displacements calculated 

from lateral acceleration data collected 1.07 seconds 

after initiation of the maneuvers’ steering inputs.  

This figure presents the entire suite of data collected 

during evaluation of 62 light vehicles.  All steering 

scalars and ESC configurations are represented, as 

are both directions of steer.  Most passenger cars, 

wagons, minivans, and SUVs are shown in black.  All 

pickups are shown in white.  A series of left-right 

tests performed with a 2004 GMC Savana 3500 15-

passenger van, when tested with ESC fully enabled, is 

shown in blue.  The lateral displacements calculated 

for tests performed with a 2005 Jeep Grand Cherokee 

and 2005 Lincoln Town Car limousine are presented 

in red and green, respectively.  In the case of the Jeep 

Grand Cherokee, the tests shown in red were 

performed with ESC fully enabled.  The green 

Lincoln limousine tests were performed without ESC 

(the vehicle was not so-equipped). 

 

The vehicles shown in Figure 9 were late-model 

production vehicles, comprised of model years 2002 

to 2006, with a diverse range of handling 

characteristics.  The results shown in this figure make 

good physical sense (e.g., sports cars such as the 

Porsche Boxster, BMW M3, and Mazda RX-8 are 

shown to be highly responsive, whereas sport utility 

vehicles with aggressive RSC systems, large heavy 

pickups, and the stretched limousine reside at the 

bottom of the responsiveness scale), and provide the 

foundation upon which NHTSA ultimately selected 

its responsiveness performance thresholds. 

 

To ensure that the responsiveness of future vehicles is 

not degraded much beyond that present in the 

contemporary population, NHTSA researchers used 

the data shown in Figure 9 to establish the “Proposed 

Region of Noncompliance.”  The intent of this region 

was to ensure a minimum level of responsiveness is 

maintained throughout a range of steering wheel 

inputs attainable by actual drivers in severe obstacle 

avoidance situations. 

 

As proposed, there are two criteria used to establish 

the boundaries of the Proposed Region of 

Noncompliance [7].  The vertical boundaries were 

used to define the range of steering wheel angles for 

which lateral displacement capability was to be 

assessed.  The lower bound of this range was taken to 

be 180 degrees.  This value was used since increases 

in steering wheel angle beyond this magnitude did not 

typically coincide with significantly more lateral 

displacement.  The upper boundary of steering angle 

magnitudes was simply the overall maximum used 

without producing a termination condition for a given 

vehicle. 

 

The horizontal boundary of the Proposed Region of 

Noncompliance was created to ensure light vehicle 

responsiveness was not degraded beyond what the 

Figure 8.  Comparison of measured and 

calculated lateral displacements over time. 
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data presented in this paper have shown to exist for a 

vast majority of the contemporary light vehicle fleet.  

NHTSA’s research has indicated a minimum lateral 

displacement of 6.0 feet, (1.83 m) measured 1.071 

seconds after initiation of the maneuvers’ steering 

inputs, is a reasonable threshold, as each of the 62 

vehicles were able to satisfy this performance criteria, 

regardless of whether they were equipped with ESC. 

 

CONCLUSIONS 

 

NHTSA’s decision to mandate ESC on all light 

vehicles is expected to have a tremendously positive 

impact on safety.  To facilitate this mandate, 

development of test procedures and a series of 

minimum performance criteria to ensure acceptable 

ESC effectiveness were required.  This paper has 

provided an overview how the performance criteria 

proposed for FMVSS No. 126 were developed. 

 

NHTSA proposes the Sine with Dwell test maneuver 

be used to assess ESC compliance on the test track.  

This maneuver is based on a single-cycle, 0.7 Hz 

steering input, with a 500 ms pause between the third  

 

and fourth quarter cycles.  Output from Sine with 

Dwell tests provides data used to evaluate lateral 

stability and responsiveness compliance of ESC-

equipped light vehicles.   

 

As proposed, acceptable lateral stability requires 

compliance with two performance criteria, intended 

to encourage yaw rate to decay in a controlled 

manner.  This is accomplished by comparing the yaw 

rates measured 1.0 and 1.75 seconds after completion 

of the maneuver’s steering inputs to the first local 

yaw rate peak produced after the second steering 

reversal.   These “yaw rate ratios” must be less than 

or equal to 35 and 20 percent, respectively. 

 

To ensure that a balance between lateral stability and 

the ability of the vehicle to effectively respond to the 

driver’s inputs is maintained, a responsiveness metric 

supplements that used to assess lateral stability.  As 

proposed, FMVSS No. 126 would require all light 

vehicles produce a lateral displacement of at least      

6 feet (1.83 m), assessed 1.07 seconds after initiation 

of the maneuver’s steering inputs 

 

    Figure 9.  Lateral displacements produced during Sine with Dwell tests. 
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ABSTRACT 

 

Knee injury thresholds are based on cadaver 

experiments and do not take into account 

active muscle contributions. Preliminary 

studies have indicated that muscle forces 

reduce injury risk in knee ligaments [Soni et al, 

2006]. In this paper we study the effect of 

active muscle forces on knee bending angle 

and shear displacements for a free standing 

pedestrian in lateral impacts using PAM-

CRASHTM. 

A passive FE model has been developed and 

validated for tests reported in Kajzer et al. 

(1997, 1999) and Kerrigen et al. (2003). An 

Active Lower Extremity Model for Safety (A-

LEMS) has then been developed by including 

forty seven lower extremity muscles. A-LEMS 

has then been used to simulate below knee 

and ankle impacts in free standing pedestrians 

with activated and deactivated muscles. 

The FE model shows good correlation with 

both Kajzer’s and Kerrigan’s tests results. On 

incorporating active muscles, it is observed 

that ligament strains decrease, even though 

the Von Mises stresses in the bones do not 

show a significant difference. Knee bending 

angle and shear displacement curves also 

show lower peaks with active muscles. 

We conclude that muscle activation reduces 

ligament strains, as well as knee bending 

angles and shear displacements. It suggests 

that knee injury thresholds can be different 

from those formulated on the basis of cadaver 

studies. Therefore muscle effects should be 

taken into account in deciding vehicle safety 

standards and injury predictions in pedestrian 

crashes. 

In this study we have assumed a straight line 

of action for muscles. This can lead to errors 

for muscles which do not work along a straight 

line. Tendons should also been included for 

more accurate muscle modeling. Currently, the 

study is also limited to the standing posture 

only and other postures are being 

investigated. 

The current study investigates the effect of 

active muscle forces on the knee injury 

thresholds for a standing pedestrian. 

 

INTRODUCTION 

 

The issue of pedestrian safety has been a matter of 

concern for public health practitioners and vehicle 

designers (Ashton et al., 1977). Pedestrians 

represent 65% of the 1.17 million people killed 

annually in road accidents worldwide (World Bank, 

2001). Epidemiological studies on pedestrian 

victims have indicated that together with the head, 

the lower extremities are the most frequently 
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injured body region (Chidester et al., 2001; 

Mizuno, 2003). The 2003 summary report of 

International Harmonized Research Activities 

(IHRA) Pedestrian Safety Working Group activity 

(Mizuno, 2003) has showed that 1,605 pedestrian 

victims in Australia, Germany, Japan and USA, 

sustained a total of 3,305 AIS 2+ injuries, out of 

which almost one third (32.6%) were to the lower 

extremity. The injuries to lower extremities in car 

crashes mainly include bone fractures and avulsion 

or stretching in knee ligaments (Mizuno, 2005). To 

mitigate the incidences and extent of lower limb 

injuries, it is essential to understand the mechanism 

of these injuries, and both experimental as well as 

numerical methods have been widely used for this 

purpose. 

For ethical reasons, volunteer experiments cannot 

be performed in the higher injury severity range 

similar to those in pedestrian-car crashes. 

Therefore, the loading environment in pedestrian-

car collisions has been characterized by 

experiments using Post Mortem Human Specimen 

(PMHS) (Bunketorp et al., 1981; 1983; Aldman et 

al., 1985; Kajzer et al., 1990; 1993; 1997; 1999; 

Ramet et al., 1995; Bhalla et al., 2003; 2005; 

Kerrigan et al., 2003; Bose et al., 2004; Ivarsson et 

al., 2004; 2005). As cadavers have been used in 

these experiments, these studies could not consider 

the effect of live muscle actions such as 

involuntary muscle reflexes, pre-impact voluntary 

muscle bracing etc. Mechanical legforms (the 

EEVC legform by TRL; FlexPLI (Konosu et al., 

2005); Polar II pedestrian dummy by Honda R&D; 

frangible legform by Dunmore et al., 2005) have 

also been developed on the basis of these tests, and 

as a result do not account for muscle forces.  

Finite element (FE) studies offer an alternate 

method of studying these effects. However, none of 

the earlier versions of validated FE models of 

pedestrian lower extremities (Schuster et al., 2000; 

Maeno et al., 2001; Takahashi et al., 2001; 2003; 

Matsui et al., 2001; Nagasaka et al., 2003; Chawla 

et al., 2004) inculde the effects of muscle actions. 

Recently, Soni et al. (2006) has developed a 

pedestrain lower limb FE model including 40 lower 

extremity muscles. This model has been used to 

investigate the effects of pre-impact muscular 

contraction on knee ligament forces in lateral 

impacts for free standing posture of a pedestrian. 

Results of this preliminary investigation indicate 

that muscle activation decreases the probability of 

failure in knee ligaments.  

Recently, Soni et al. (2006) has developed a 

pedestrain lower limb FE model including 40 lower 

extremity muscles. This model has been used to 

investigate the effects of pre-impact muscular 

contraction on knee ligament forces in lateral 

impacts for free standing posture of a pedestrian. 

Results of this preliminary investigation indicate 

that muscle activation decreases the probability of 

failure in knee ligaments. However, the base model 

used in this study has shortcomings in both 

geometry and material representation such as lack 

of bio-fidelity of base model, requirement of knee 

capsule, improvements needed in knee ligaments 

geometry, finite element selection and their 

material properties as reported in Chawla et al. 

(2004).  

In the present study, we have aimed to improve our 

preliminary model reported in Soni et al. (2006) 

and then to use the improved model to study the 

effects of muscle contraction. Therefore, as a first 

step it has been decided to improve the passive 

response of knee joint in our basic lower extremity 

model developed by Chawla et al. (2004). For this 

purpose, geometry and material properties of knee 

ligaments has been modified. Knee capsule has 

been included as suggested by Chawla et al. 

(2004). Material properties of cortical as well as 

spongy part of bones are also modified. Then the 
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modified lower extremity model has been validated 

against the test results of Kajzer et al. (1997, 1999) 

and Kerrigan et al. (2003). 

In the next step, Active Lower Extremity Model for 

pedestrain Safety (A-LEMS) has been developed. 

Therefore, 42 lower extremity muscles represented 

as 1-D bar elements are added in the validated FE 

model. Hill material model has been assigned to 

each lower extremity muscle to capture muscle 

contraction. A-LEMS is then used to model the 

standing posture of a cadaver, an aware and an 

unaware pedestrian. Knee bending moment, lateral 

shear force, knee bending angle, lateral shear 

displacement and strains in knee ligaments have 

then been compared for all three pre-impact 

pedestrian configurations. 

 

FE MODEL DESCRIPTION 

For the current research work, lower extremity FE 

model developed by Chawla et al. (2004) has been 

adopted as a base model. Due to the shortcomings 

existed in base model we have modified it to 

improve its response for passive loading cases. 

Model Geometry 

The modified model used in the present work 

includes the cortical and the spongy parts of the 

femur, tibia, fibula, and the patella. The cortical 

part of the bones is modeled by shell elements 

while the spongy part is modeled by solid elements. 

Apart from these, passive muscle and skin are also 

modeled using solid elements and membrane 

elements respectively. Knee ligaments, anterior 

cruciate ligament (ACL), posterior cruciate 

ligament (PCL), and lateral collateral ligament 

(LCL), have been modeled using solid elements. 

However, due to the smaller thickness in 

comparison to width, medial collateral ligament 

(MCL) has been modeled using the shell elements. 

To model knee ligaments, details regarding their 

cross-sectional areas have been taken from 

Takahashi et al. (2000), however, their orientations 

and the attachment locations on the bones have 

been kept similar as in our base model. Articular 

capsule i.e. “Knee capsule”, which encloses the 

knee joint and maintains joint integrity, has been 

included in this model. Therefore, a surface mesh 

enclosing the tibia plateau and the distal femur 

condyles has been constructed using the shell 

elements in HyperMeshTM. 

 

Material Properties 

 

Appropriate material models have been selected 

from the available material library of PAM-

CRASHTM for each part of the FE model to capture 

their mechanical behavior in simulation. 

Spongy and the cortical parts of the bones (femur, 
tibia and fibula) are assumed to be isotropic elastic-
plastic materials. Therefore, material models, 
Material # 16, and Material # 105 is used for 
spongy and cortical parts of the bones respectively. 
Takahashi et al. (2000) have done an extensive 
survey to determine the mechanical properties of 
the cortical and spongy parts of the femur and tibia. 
Therefore, bones mechanical properties reported in 
their study (listed in  
Table 1) are used in our model. 

Knee ligaments are assumed to behave as isotropic 

elastic-plastic material. Therefore, elastic-plastic 

material model, Material # 16 (for solid elements) 

is assigned to ACL, PCL and LCL, whereas 

Material # 105 (for shell elements) is used for 

MCL. Five mechanical parameters such as elastic 

modulus, yield stress, yield strain, ultimate stress 

and ultimate strain are required to charaterize the 

eastic-plastic behviour of knee ligaments. Values of 

these parameters for ACL PCL and LCL have been 

estimated from an experimental study conducted by 

Butler et al. (1986) and the similar values have 

been assumed for MCL. Table 2 lists the material 

properties assigned to knee ligaments in the FE 

model. Element elimination approach has been 

used to simulate the failure in knee ligaments. 

Ultimate strain value is used as the failure 
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threshold to initiate the element elimination 

process. In this process, stiffness of the element 

decreases to zero over 100 time steps once it is 

initiated. However, nodes of the eliminated 

elements are retained in the simulation to maintain 

their mass, kinetic energy, and contact properties.  

Material properties of knee capsule is not available 

in literature, therefore material properties assigned 

to skin is used as an initial estimation. For the 

remaining lower extremity structures, material 

properties defined in the base model has been 

retained. 

 

Table 1.  

Mechanical properties of bone taken from Takahashi et al. 2001 

 
Material Name Density 

 

(kg/m3) 

Elastic 

Modulus 

(MPa) 

Yield 

Stress 

(MPa) 

Yield 

Strain 

(%) 

Poisson’s 

Ratio 

Ultimate 

Stress 

(MPa) 

Ultimate 

Strain 

(%) 

Femur Cortical 2000 14317 114.1 0.8 0.315 123.3 2.0 

Tibia Cortical 2000 20033 129.0 0.63 0.315 138.1 1.5 

Femur Spongy 1000 295 3.7 1.25 0.315 3.7 13.4 

Tibia Spongy 1000 295 3.7 1.25 0.315 3.7 13.4 

 

Table 2.  

Mechanical properties of knee ligaments 

 
Knee Ligaments Density 

(kg/m3) 

Elastic 

Modulus 

(MPa) 

Yield 

Stress 

(MPa) 

Yield 

Strain 

(%) 

Poisson’s 

Ratio 

Ultimate 

Stress 

(MPa) 

Ultimate 

Strain 

(%) 

ACL, PCL,  

LCL, MCL 

1100 345 29.8 8.64 0.22 36.4 15 

 

FE MODEL VALIDATION FOR PASSIVE 

LOADING CASES 

 

Before incorporating the muscles in the FE model 

it is essential to investigate the validity of the knee 

joint in the lower extremity model. Therefore, FE 

model has been validated against the PMHS test 

results reported by Kajzer et al. (1997, 1999) and 

Kerrigan et al. (2003). 

 

Validation for Kajzer’s Tests 

 

Kajzer et al. (1997, 1999) conducted impact 
experiments on PMHS to load cadaver knee joints 
in shear and bending. These tests are intended to 

recreate the impact conditions usually occur in case 
of vehicle-pedestrian collisions. Loading and the 
boundary conditions used in these experiments are 
shown in  

Figure 1. 
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Figure 1.  Kajzer’s tests setup 

 

In these tests, PMHS is laid supine on its back on 

the table. A plate perpendicular to the table, 

representing the ground, is used to support the foot 

of the cadaver. In case of knee shearing, foot 

support plate is kept fixed, whereas, in knee 

bending rollers are placed between the foot and the 

support plate to prevent the development of friction 

force. Preload of 400 N, corresponding to half of 

the body weight of a cadaver, is applied to the 

torso. To concentrate the impact load at the knee 

joint, femur is screwed at two locations. A foam 

covered impactor of 6.25 kg mass is propelled in 

lateral direction at a speed of 20 kmph and 40 

kmph to impact at just below knee (shear tests) and 

at ankle locations (bending tests) of the leg. Wittek 

et al. (2000) has conducted a detailed analysis of 

these experiments to obtain the PMHS response 

corridors. These corridors have been used to 

validate the kinematics of knee joint in our FE 

model. 

Experimental conditions used in Kajzer’s tests have 

been reproduced in FE simulations. Figure 2 shows 

the setups used in the simulation.  

 

 

Figure 2.  Simulation setup for Kajzer’s tests 

 

A rigid support plate, representing the ground in 

the tests, is modeled under the foot using shell 

elements. Coefficient of friction between the foot 

and support plate is kept low (0.01) in knee 

bending simulations to consider the effects of 

rollers used in bending tests. However, a relatively 

high value of coefficient of friction (0.3) is used in 

knee shearing simulations. Nodes corresponding to 

the upper and lower locations on the femur cortical 

bone are fully restrained to represent the constraints 

on femur in experiments. A vertical load of 400 N 

is applied at the top of the femur to represent the 

half body weight. A foam covered rigid impactor of 

6.25 kg has been modeled. An initial velocity of 20 

and 40 kmph has been assigned to center of gravity 

of the rigid impactor to propel it towards the leg. 

Gravity imposed acceleration field has also been 

modeled in all the simulations. 
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Figure 3.  Comparison between PMHS response corridors and simulated impact force, shear 

displacement and bending angle for knee shearing at 20 Kmph 

 

 

     

 

Figure 4.  Comparison between PMHS response corridors and simulated impact force, shear 

displacement and bending angle for knee bending at 20 Kmph.  

 

 

     

 

Figure 5.  Comparison between PMHS response corridors and simulated impact force, shear 

displacement and bending angle for knee shearing at 40 Kmph.  

 

 

 

 

Figure 6.  Comparison between PMHS response corridors and simulated impact force, shear 

displacement and bending angle for knee bending at 40 Kmph.  
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Table 3.  

Injury description in shearing and bending setup at 20 Kmph for both experiment and simulation 

 
Shearing 

Knee Ligaments 
 

ACL PCL MCL LCL 

Simulation     

Test # 21S     

Test # 24S     

Test # 25S     

Test # 29S     

Bending 

Knee Ligaments  

ACL PCL MCL LCL 

Simulation     

Test # 23B     

Test # 26B     

Test # 27B     

Test # 30B     

- Failure in simulation 

 - Failure in experiment 

 

 

 

Table 4.  

Injury description in shearing and bending setup at 40 Kmph for both experiment and simulation 

 
Shearing 

Knee Ligaments  

ACL PCL MCL LCL 

Simulation     

Test # 1S     

Test # 8S     

Test # 16S     

 

Bending 

Knee Ligaments  

ACL PCL MCL LCL 

Simulation     

Test # 3B     

Test # 6B     

Test # 19B     

Figures 3-6 shows the comparison between PMHS 

response corridors and simulated impact force, 

shear displacement and bending angle for both 

knee shear and bending tests at 20 Kmph and 40 

kmph speed. Results indicate that the simulated 

response of the knee joint in FE model lies within 

the experimental corridors. Table 3 and Table 4 

summarize the comparison of knee ligament 

failures observed in simulations and the failure 

reported in the corresponding PMHS tests. The 

simulated failures match with the experimental 

failures. Thus, the lower extremity FE model 

validates for Kajzer’s loading and boundary 

conditions and is capable of reproducing the 

failures in knee ligaments correctly. 

 

Validation for Kerrigan’s Tests 

 

Knee joint FE model is validated against the 
displacement controlled dynamic four point 
bending and shearing tests conducted on isolated 
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cadaver knees in Kerrigan et al. (2003). 

 
 

Figure 7 shows the schematics of both the 

experiments. 

 

 

 
Figure 7.  Schematic diagrams of dynamic (a) 

four point bending tests and (b) shearing tests 

(Reproduced from Kerrigan et al. 2003). 

 

 

In four point bending tests, the end boxes are 

mounted on the metal rollers which are then placed 

on the supports. These rollers are set free to rotate 

in the coronal plane as well as to translate in the 

superoinferior direction. A twin pronged impactor 

is displaced with an average velocity of 0.6 m/s. 

Both the prongs of the impactor fork contact the 

inside edges of the metal end boxes and therefore 

push it dynamically in the lateromedial direction. 

As the loading locations are symmetric and are 

within the supporting span, this configuration has 

characterized the isolated cadaver knee joints in 

pure bending. 

In knee shearing tests, the end box on the proximal 

side (femur side) is fixed to a slider carriage. 

Therefore it is only allowed to translate in the 

superoinferior direction. A constant force of 700 N 

is applied in the axial direction of the long bone. 

The end box on the other side (tibia side) is rigidly 

attached to the actuator of the displacement 

controlled servo-hydraulic test machine. Actuator 

is displaced in the lateromedial with a constant 

velocity of approximately 1.1 m/s. The 

configuration used in this test has characterized the 

isolated cadaver knee joints in pure shearing.  

Recently, Bhalla et al. (2005b) have scaled the 

Kerrigan’s test results (i.e. bending moment v/s 

bending angle and shear force v/s shear 

displacement plots) to the anthropometry of a 50th 

percentile male in order to account for the varying 

anthropometry of subjects tested. These scaled 

results have been used to validate our FE model. 

Test conditions reported in Kerrigan et al. (2003) 

have been reproduced in FE simulations. Figure 8 

shows schematic diagrams of the simulation setups 

representing the bending and shearing tests. 

 

 

(a) 

 

(b) 
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Figure 8.  Simulation setup for (a) four point 

knee bending (b) dynamic knee shear tests 

performed in Kerrigan et al. (2003) 

 

To model the test conditions, FE mesh of the knee 

joint including distal part of femur, proximal parts 

of tibia-fibula complex, knee ligaments, joint 

capsule, meniscus and the flesh around the knee 

has been segregated from our full lower extremity 

model. Apart from this, all the parts of the test 

apparatus such as potting cylinders, load cells, end 

boxes, metal rollers, and the twin pronged impactor 

are modeled using solid elements in HyperMeshTM 

and are defined to be rigid in simulations. In 

simulations, appropriate contacts are modeled 

between the interacting bodies  

For bending simulations, center of gravity of 

impactor has been displaced in lateral-medial 

direction with a constant velocity of 0.6 m/s. The 

end boxes are allowed to rotate in coronal plane as 

well as to translate in the superioinferior direction. 

Two nodes at each potting cylinders have been 

selected to capture nodal time history plots in 

simulation. Relative movements of selected nodes 

are then used to calculate knee bending angle. A 

transverse plane at the center of knee joint has been 

defined in simulation to calculate the knee bending 

moment. The bending stiffness of knee model has 

been then compared with the bending stiffness of 

the cadaver knee obtained through the experiment. 

In shearing simulations, the end box on the 

proximal side (femur side) is constrained to 

translate only in superoinferior direction whereas; 

the end box at distal side (tibia side) is displaced 

with a constant velocity of 1.1 m/s in lateromedial 

direction. A constant axial compressive force of 

700 N is applied to the proximal end box. Node 

assigned to center of gravity of the distal end box is 

used to calculate the knee lateral-medial shear 

displacement in simulation. A transverse plane at 

knee center is defined to calculate the knee shear 

force. Shear stiffness of the knee joint model is 

calculated and compared with the shear stiffness of 

the cadaver knee obtained through the experiments. 

In both bending and shearing simulations, failure 

occurring in knee ligaments has been compared 

with the ligament injuries reported in the respective 

experiments to assess the capability of our model in 

predicting the injury patterns.  

 

 

Figure 9.  Comparison between simulated knee 

joint bending stiffness with that of obtained in 

cadaver experiments  

 
 

 

Figure 10.  Comparison between simulated knee 

joint shear stiffness with that of obtained in 

cadaver experiments  

 
Table 5.  

Injury description in four point knee bending 

test for both experiment and simulation 

 

 Knee Ligaments 
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 ACL PCL MCL LCL 

Simulation     

Test # 1     

Test # 2     

Test # 3     

 

 

Table 6.  

Injury description in dynamic knee shear test 

for both experiment and simulation 

 

Knee Ligaments  

ACL PCL MCL LCL 

Simulation     

Test # 1     

Test # 2     

Test # 3     

 

Figure 9 shows the comparison between the 

simulated and the experimental variation of knee 

bending moment with bending angle. Results 

suggest that bending stiffness of the FE knee joint 

is similar to that of tested cadaver knees. Table 5 

gives the description of failure occurred in 

simulation and experiments. It is observed that 

MCL is the only ligament which fails in both 

simulations and experiments.  

Similarly, Figures 10 compares the simulated and 

the experimental variation of knee shear force with 

shear displacement. Results indicate that shear 

stiffness of the FE knee joint is similar to that of 

tested cadaver knees. It is observed that ACL is the 

only ligament which fails in both simulations and 

experiments (see Table 6).  

Knee joint of lower extremity FE model has been 

vaidated against the different sets of loading and 

boundary conditions reported in Kajzer et al. (1997, 

1999) and Kerrigan et al. (2005). Validation results 

suggest that the model vaildates for all the test 

conditions and is also capable of reproducing the 

failure in knee ligaments correctly. 

 

DEVELOPMENT OF A-LEMS 

 

Validation of our FE model ensures its suitability 
for further study. Therefore, to study the effects of 
muscle contraction as the next course of action, 42 
lower extremity muscles have been added in the 
validated FE model. This model has been then 
named as Active Lower Extremity Model for 
pedestrian Safety (A-LEMS).  
Figure 11 shows the 42 lower extremity muscles 

modeled in A-LEMS.  

 

 

 

Figure 11.  Anterior-posterior and Medial-

Lateral views showing 42 lower extremity 

muscles modeled as bar elements for a standing 

posture. Origin and insertion location of these 

muscles are defined according to White et al. 

(1989). 

 

 

Muscle Modeling 

 

All the muscles modeled in this study is considered 

to exhibit straight line of action, therefore 

individual muscle is modeled using 1-D bar 

elements. Hill material model is defined for each 

muscle to capture its behavior in simulations.  
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Detailed description of muscle modeling has been 

provided in our previous study Soni et al. (2006). 

Similar approach has been followed to model the 

muscle to conduct the present work. 

 

Hill Model Parameters 

 

Muscle parameters, such as optimal muscle length 

( optL ), maximum isometric force ( maxF ), 

maximum contraction/ elongation velocity ( maxV ), 

pennation angle (α ), and an initial value of 

activation level ( aN ), are required to define the 

Hill type muscle bar element. 

Data for maximum isometric force ( maxF ) and 

pennation angle (α ) for each muscle are taken 

from Yamaguchi et al. (1990). Optimal muscle 

length ( optL ), at which a muscle produces 

maximum forces, has been adopted from Delp et al. 

(1980).  

Maximum contraction velocity ( maxV ) of a muscle 

depends upon the fraction of slow and fast type of 

fibers in it. Therefore, a muscle containing more 

fraction of fast type of fibers will be able to 

contract faster. Based on the material data available 

on mammalian muscles, Winters et al. (1985) has 

formulated an empirical relation (Equation 1) 

between the maximum contraction velocity of a 

muscle and the fraction of fast type of fibers it 

contains.  

fastCsLofibsLofibV *)(*)(*max
11 82 −− +=   (1). 

Where, ofibL  represents the muscle rest fiber length 

and fastC  fraction of fast fibers in a muscle.  

Equation (1) has been used to calculate the 

maximum contraction velocity for each muscle and 

the data required for ofibL  and fastC  has been 

taken from Yamaguchi et al. (1990). 

An activation level ( aN ) represents the state of a 

muscle. It is defined as the ratio of a current force 

to the maximum force that can be exerted by a 

muscle. Thus it is a dimensionless quantity ranges 

from a minimum value of 0.005 to maximum value 

of 1. Activation value of 0.005 represents a muscle 

at rest whereas maximum value (i.e.1) represents 

maximum activation in a muscle, such as that for a 

maximum voluntary contraction (Winters et al., 

1988).  

Data used to define the Hill muscle card of each 

muscle in A-LEMS has been listed in Appendix A. 

 

 

SIMULATIONS FOR STANDING POSTURE 

 

Effect of muscle activation in a free standing 

posture of a pedestrian has been studied next. 

Therefore, in these simulations A-LEMS has been 

configured as freely standing on rigid ground plate 

in a gravity field. To represent the friction between 

road and shoe correctly, a value of 1.0 has been 

defined as a coefficient of friction between the shoe 

and ground in simulations. A 250 N load 

corresponding to half the body weight of a 50th 

percentile male minus weight of A-LEMS has been 

applied at the top of the femur. 

Then a foam covered rigid impactor of 20 kg mass 
has been propelled in lateral direction at a speed of 
25 kmph to impact A-LEMS at two locations i.e. 
below-knee and at-ankle. Bhalla et al. (2005a) has 
reported that for a 50th percentile male, centerline 
of the car bumper hits the lower leg 45 mm below 
the tibia plateau. Therefore to reproduce the real 
world vehicle-pedestrian impact conditions for 
below knee impact, we have also positioned the 
impactor such that the center line of impact should 
be 45 mm below the of tibia plateau. Whereas, for 
ankle impact, impactor is positioned such that it 
should hit the ankle at its center.  

Figure 12 shows the simulation setups for both 

below-knee and at-ankle impact.  
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Figure 12.  Simulation setups for below knee 

and ankle impact. 

 
 
Three sets of simulations (S1, S2, and S3) have 

been performed for each impact location. In each 

set of simulation, muscles in A-LEMS have been 

modeled such that it represents a different pre-

impact configuration of a pedestrian occur in real 

world.  

In S1, a quiet standing pedestrian who is unaware 

of an accident has been simulated. Therefore, to 

model A-LEMS for this simulation, initial muscle 

activation level required to maintain the stability of 

a standing posture of a pedestrian in gravity field 

are assigned in Hill muscle card of each muscle 

using data reported by Kuo et al. (1993). These 

activation values are listed in Table A1 in appendix 

A. A stretch based invlountery reflex action has 

also been enabled in this simulation. This is to 

include the ability of live activated muscle to 

contract against a small stretch produced by an 

outside agency. In medical terms this kind of reflex 

action is known as “stretch reflex”. A threshold 

elongation value has been defined in Hill material 

cards to trigger the stretch reflex in a muscle in 

simulation  

Ackerman, (2002) has suggested a delay of 20 ms 

for the onset of involuntary reaction for skeletal 

muscles. This delay mainly represents time taken 

by the signal to travel through the central nervous 

system (CNS) circuitry. Therefore, a delay of 20 

ms is assigned in Hill material card to onset the 

involuntary reflexive action after a muscle gets 

triggered for stretch reflex. 

In S2, a standing pedestrian who is aware of an 

accident has been simulated. To model this 

configuration bracing in muscles has been 

considered. In bracing a muscle is fired at its full 

capacity and no signal flows from spinal cord to 

muscle. Therefore, to represent bracing action, all 

the muscles have been assigned a maximum value 

of 1 as an initial muscle activation level. Apart 

from this, reflexive action is also set off. 

In S3, a standing cadaver has been simulated. This 

configuration has been modeled by assigning 

minimum value of 0.005 as an initial muscle 

activation level in all the muscles in A-LEMS and 

reflexive action has also been kept off.  

Two nodes at both femur and tibia have been 

selected to obtain the nodal time history in 

simulations. Relative movements of selected nodes 

are then used to calculate knee bending angle and 

shear displacement. A transverse plane at the center 

of knee joint has been defined in simulations to 

calculate bending moment and lateral shear force. 

Springs of very low stiffness are modeled on each 

knee ligament to calculate strain time history in 

simulations. However, element elimination 

approach has also been enabled to simulate the 

failure in knee ligaments. Response of S1, S2 and 

S3 has been then compared to determine the role of 

muscle loading. 

 

RESULTS AND DISCUSSION 
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The loading can be divided into two phases. In the 

initial phase, the impactor contacts the lower 

extremity which is initially at rest and passes 

energy in-elastically to the leg segments. Relative 

movement between tibia and femur starts only after 

the impactor force crosses a certain threshold, 

leading to fall in impactor contact force and a shear 

loading in the knee joint. 

In the second phase, the motion of the lower 

extremity creates a bending motion at the knee 

joint called varus and valgus. The large angular 

displacement between femur and tibia due to this 

bending motion leads to stretching in ligaments and 

the ligament forces peak during this phase. 

 

Below Knee Impact 

 

 

 

 

Figure 13.  Comparison of (a) bending moment time history and (b) bending angle time history for three 

configurations (S1, S2 and S3) of a freely standing pedestrian in below-knee impact 

 

 

 

 

 

Figure 14.  Comparison of (a) shear force time history and (b) shear displacement time history for three 

configurations (S1, S2 and S3) of a freely standing pedestrian in below-knee impact 
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Figure 15.  Comparison of strain time histroy in knee ligaments for three configurations (S1, S2 and S3) 

of a freely standing pedestrian in below-knee impact 

 
 

Ankle Impact  

 

 

Figure 16.  Comparison of (a) bending moment time history and (b) bending angle time history for three 

configurations (S1, S2 and S3) of a freely standing pedestrian in ankle impact 
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Figure 17.  Comparison of (a) shear force time history and (b) shear displacement time history for three 

configurations (S1, S2 and S3) of a freely standing pedestrian in ankle impact 

 

 

 

Figure 18.  Comparison of strain time histroy in knee ligaments for three configurations (S1, S2 and S3) 

of a freely standing pedestrian in ankle impact 

 
 
 

CONCLUSION 

 

 

LIMITATIONS AND FURTHER 

IMPROVEMENTS 

 

In our study, the data for point of origin and 

insertion was from White et al., (1989). The basis 

for selection of this study was the similarity in the 

height of the reported male specimen (177 cm) and 

THUMS (AM50) (175 cm), there is still a 

difference of 2 cm in their body height. According 
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to Winter et al (2005) the length of the lower 

extremity segment is on the average 0.53 times the 

total body height. Using this estimate, the 

difference in the lower extremity segments is about 

1 cm. This difference can be further reduced by 

using scaling techniques. Dimensions of individual 

segments (femur, tibia, fibula and pelvis) required 

to calculate scaling factors in each direction, were 

not available in the literature. Apart from this, 

THUMS represents a 50th percentile American 

male and its segments length are not according to 

the standard fraction of total body height. However, 

we do not anticipate that a difference of 1 cm in 

length of lower extremities will change the results 

significantly. 

In the present study we have adopted a straight line 

geometric model of the muscle because of the 

simplicity of definition using the origin and 

insertion locations of a muscle. This approach can 

lead to errors for muscles which do not work in a 

straight line (gracilis, semitendinosis, tibialis 

posterior, flexor digitorium longus, flexor hallucis 

longus, tibialis anterior, extensor hallucis longus, 

extensor digitorium longus, peroneus tertius, 

peroneous brevis, and peroneus longus). Multiple 

points could be used in the muscle definition to 

account for the curved path of some muscles. 

For further improvements in the current finite 

element model, tendons should also be modeled 

along with the muscles to consider their effects.  

Present model considers only the upper body mass; 

however the inclusion of its detailed geometry may 

affect the kinematics of knee joint.  
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APPENDIX - A 

42 lower extremity muscles are defined in the local 

reference frames according to White et al. (1989).  

 

Data used to define Hill muscle card for a muscle 

are listed in the Table A.1.  

 

Table A.1. 

Data for Lower extremity muscles 

 

Muscle  

Fmax (N) Lopt (mm) Cfast aVmax 

(Ratio of Vmax  to Lopt) 

Na 

Vastus Lateralis 1871 0.084 0.52 5.85 0.005 
Vastus Intermedius 1365 0.087 0.5 5.10 0.005 
Vastus Medialis 1294 0.089 0.53 5.36 0.005 
Rectus Femoris 779 0.084 0.619 5.55 0.005 
Soleus 2839 0.03 0.25 2.67 1* 
Gastrocnemius Medialis 1113 0.045 0.518 5.74 1* 
Gastrocnemius Lateralis 488 0.064 0.518 5.69 1* 
Flexor Hallucis Longus 322 0.043 0.5 5.17 0.005 
Flexor Digitorium Longus 310 0.034 0.5 4.58 0.005 
Tibialis Posterior 1270 0.031 0.5 4.65 1* 
Tibialis Anterior 603 0.098 0.27 3.28 0.5* 
Extensor Digitorium Longus 341 0.102 0.527 5.31 0.005 
Extensor Hallucis Longus 108 0.111 0.5 4.32 0.005 
Peroneus Brevis 348 0.05 0.375 4.59 1* 
Peroneus longus 754 0.049 0.375 4.35 0.005 
Peroneus Tertius 90 0.079 0.375 4.76 0.005 
Biceps Femoris (LH) 717 0.109 0.331 3.55 1* 
Biceps Femoris (SH) 402 0.173 0.331 3.91 1* 
Semimembranosus 1030 0.08 0.5 5.61 1* 
Semitendinosus 328 0.201 0.5 4.76 1* 
Piriformis 296 0.026 0.5 5.71 0.005 
Pectineus 177 0.133 0.5 4.62 0.005 
Obturatorius Internus 254  0.5 5.71 0.005 
Obturatorius Externus 109  0.5 5.71 0.005 
Gracilis 108 0.352 0.5 5.13 0.005 
Adductor Brevis 1 286 0.133 0.5 5.17 0.005 
Adductor brevis 2 286 0.133 0.5 5.22 0.005 
Adductor Longus 418 0.138 0.5 4.69 0.5* 
Adductor Mangus 1 346 0.087 0.416 5.07 0.005 
Adductor Mangus 2 444 0.121 0.416 5.07 0.005 
Adductor Mangus 3 155 0.131 0.416 5.07 0.005 
Glutaeus Maximus 1 382 0.142 0.476 5.53 0.005 
Glutaeus Maximus 2 546 0.147 0.476 5.53 0.005 
Glutaeus Maximus 3 368 0.144 0.476 5.53 0.005 
Glutaeus Medius 1 546 0.054 0.5 5.71 0.005 
Glutaeus Medius 2 382 0.084 0.5 5.71 0.005 
Glutaeus Medius 3 435 0.065 0.5 5.71 0.005 
Glutaeus Minimus 1 180 0.068 0.5 5.71 0.005 
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Glutaeus Minimus 2 190 0.056 0.5 5.71 0.005 
Glutaeus Minimus 3 215 0.038 0.5 5.71 0.005 
Sartorius 104 0.579 0.504 5.03 0.005 
Tensor Fasciae Latae 155 0.095 0.5 5.71 1* 

 

* - Na represents initial activation level in a muscle during standing posture. These values have been taken from 

Kuo et al., (1993). 
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ABSTRACT 
 
While spinal injury in child occupants is relatively 
rare, the significance of these injuries is high. For 
children too big for booster seats the best available 
protection is adult belts in the rear seat. This paper 
presents a case series of 27 rear seated restrained 
child occupants aged between 8 and 16 years 
diagnosed with a injury to the spinal region, and 
discusses the current lack of regulatory or consumer 
assessment of injury risk to child occupants too big 
for booster seats. 
 
Data was collected from retrospective medical record 
review of all children treated at two major children’s 
hospitals over a five year period. Cases were 
collected using spinal trauma related ICD 10 codes 
and all restrained child occupants between the ages of 
8 and 16 years (inclusive) were extracted. All types 
and severities of spinal injuries were included. 
Restraint, seating position and crash details were 
taken from ambulance reports.  
 
Most children sustained minor injuries (56%), 
however 13 of the 27 sustained moderate to severe 
spinal injuries. These include spinal cord injuries, 
vertebral fractures and dislocations and major 
ligamentous damage. Most minor injury occurred in 
the cervical region, and most serious injury occurred 
in the lumbar region. Almost all children were using 
the available lap sash seat belt (23/27). 
 
There was more serious spinal injury among those 
children aged 8 – 12 (9/18) than there was among the 
older children aged 13-16 (3/9), and more than half of 
those younger children with serious injury (5 of 9) 
had associated abdominal injuries, while associated 
abdominal injury was not a feature among the older 
children. 
 
International booster seat use legislation,  the lack of 
regulatory and consumer assessment of injury 
potential to older rear seated children and the need for 
more widespread evaluation of rear safety for older 
child occupants is discussed.  

INTRODUCTION  
 
Spinal trauma in children is rare but the significance 
both in terms of financial and community cost is high. 
The most common cause in children is motor vehicle 
crashes [1-5]. For child occupants younger than 
approximately 8 years there are a number of different 
restraints that have been designed for the anatomical 
and anthropometric immaturity of children. Other 
authors have investigated spinal injury in children 
using dedicated child restraints [6-11], and in children 
using adult belts who should have been using 
dedicated child restraints [12-13]. However few have 
looked at this issue in older children for whom the 
adult lap sash seat belt is the best available restraint.  
 
There are anatomical differences in the maturing 
spine compared to that of an adult, and while changes 
continue well into adulthood, most literature suggests 
much is complete by about 8 years. Anatomically 
then there is no reason to suspect any inherent 
difference in spinal injury risk in children from this 
age up. However, the overall growth of children 
continues until somewhere between 16 and 18 years, 
and since adult occupant restraint systems are 
designed for adult anthropometry there is likely to be 
some consequence for smaller occupants using these 
restraint systems.  
 
Adult seat belts are effective in providing crash 
protection for child occupants compared to no 
restraint at all [14-16], but for children up to age 8, 
the overall level of protection has been found to be 
much better in restraints specifically designed for the 
smaller anthropometry of these children [17-18]. 
 
There are particular injury types associated with seat 
belt use, and this includes some forms of spinal 
injury. The ‘seat belt syndrome’ is a well established 
pattern of injuries involving the lumbar spine and 
and/or abdomen in occupants using adult belts and is 
attributed to a mechanism involving hyperflexion of 
the upper torso around a poorly positioned lap belt.  
While this syndrome was originally described in adult 
occupants using lap only belts [19-20], it has also 
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been frequently discussed in terms of child occupants 
[18, 21]. 
 
The primary measure introduced to counter the seat 
belt syndrome has been the replacement of 2 point lap 
only belts with 3 point lap sash belts. However in 
many cases, these types of injuries have been 
described in association with both lap only belt use 
and lap sash belt use [21-23]. Similarly cervical 
injury has also been associated with seat belt use [6, 
24].  
 
In 1994, Lane [21] noted that improvements to seat 
belt and seat design were required to further reduce 
these types of injuries in 3 point lap sash belts. 
 
This paper presents a sample of child occupants aged 
8-16 years diagnosed with a spinal injury following 
involvement in a crash, illustrating the significance of 
seat belt like syndrome injuries in these children.  
 
METHODS  
Medical records for all children aged 0-16 years treated 
at the Children’s Hospital Westmead and the Sydney 
Children’s Hospital from 1999 to 2004 with ICD 10 
codes for all types and severities of spinal trauma were 
retrospectively reviewed. The ICD codes included all 
those for cord injuries, vertebral fractures and 
dislocations, ligamentous injury and internal and 
external soft tissue injuries. All cases where the child 
had been injured as a passenger in a motor vehicle 
were then selected for inclusion in the overall data set. 
A case series of rear seated restrained children aged 8 – 
16 years was then constructed from this data set. 

Information related to the child’s age, gender, height, 
weight and detailed injury descriptions were then 
extracted. Detailed information related to the crash, 
seating position and restraint type and quality was also 
extracted. The ambulance report was used for this 
purpose wherever possible, and where conflicting 
information was recorded in the ambulance report and 
the medical record, details from the ambulance report 
was used. Crash data in the ambulance report includes 
a description of the crash, details of the extent and 
location of damage to the vehicle, and an estimation of 
impact severity as low, medium or high, based on the 
extent of damage. This was used to compile case 
descriptions. 

Quality of restraint use was classified incorrect if 
ambulance officers noted misuse of the restraint. All 
other cases were classified as correct. 

Spinal injuries were coded according to the 
Abbreviated Injury Scale (AIS:90), and classified as 
minor or serious. Minor injuries consisted of external 
and soft tissue injuries analogous to AIS 1 injuries. 
Major spinal injuries were those injuries that posed 
some risk to the integrity of the spinal column or cord 
and included cord injuries, bony fractures and 
dislocations, and rupture of spinal ligaments. 
Associated injuries were also recorded. 

Age in months was estimated using date of birth and 
date of hospital attendance, and then rounded to the 
nearest whole year.  

The study methodology was approved by the Human 
Ethics Committees at the Children’s Hospital at 
Westmead and the Southeastern Area Health Service, 
and ratified by the University of NSW, Human 
Research Ethics Committee. 
 
CASE SERIES OVERVIEW 
Overall, data was collected for 81 child occupants 
aged between 2 and 16 years, (with a mean age of 8.5 
years) who had been diagnosed with an injury to the 
spinal region. There were 40 restrained children aged 
between 8 and 16 years, 27 rear seated, 12 front 
seated and one child whose seating position could not 
be determined. The median age of front and rear 
seated children was 12 and 11 years respectively. 
This case series contains details for all those known 
to be rear seated. Each case is summarised in Table 1. 
 
Almost two thirds of the case series were female, and 
all but one child (Table 1 #11) was using an adult 
belt. This child was using a booster seat in 
combination with an adult lap sash belt. Of the 26 
using adult belts, 3 were using lap only belts (Table 1 
#9,10 & 27). The remaining 23 were using lap sash 
belts however incorrect use of the sash portion of the 
belt was identified in 2 cases (Table 1 #3 & 13). 
 
Twenty of the 26 children occupied outboard seating 
positions (11 in the left rear and 9 in the right rear) 
and 5 occupied the centre rear position (Table 1 #9, 
10, 13, 18 &27). The exact seating position of two 
rear seated children could not be determined (Table 1 
#14 & 24). 
 
The most frequent crash type was frontal (12 cases). 
There were 2 side impacts, 7 rear impacts, 3 roll 
overs; and 2 cases where impact direction was 
unknown. All cases involving roll over involved 
either an impact with a fixed object or another vehicle 
prior to or after rolling. More than half of the cases 
(17/27) were classified as high severity. There were 7 
cases involving single vehicles, and all of these 
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involved impacts with fixed road side objects such as 
trees or poles. 
 
Of the children, approximately half had minor AIS 1 
external injuries and 13/27 sustained significant 
spinal trauma. No child with external AIS 1 spinal 
injury sustained any significant injury to other body 
regions while most (10/13) with more serious spinal 
trauma did.  These associated injuries primarily 
involved abdominal and head regions. Overall, the 
cervical level was most frequently involved (17/27) 
followed by the lumbar region (7/27). There were 3 
children with thoracic spinal injury. However almost 
all injury to the cervical region involved external AIS 
1 injuries (14/17) whereas almost all lumbar injury 
(6/7) and all thoracic injury involved serious spinal 
trauma. 
 
Proportionally more serious injury occurred in high 
severity impacts (73%) compared to other severities 
(10%); single vehicle impacts (80%) compared to 
multiple vehicle impacts (40%); and impacts with 
fixed objects (83%) compared to impacts with other 
vehicles (37%). There was less difference in outcome 
by seating position (50% serious in outboard 
positions compared to 60% in the centre position) and 
restraint type (45% of lap sash users with serious 
injury compared to 33% of lap only users). All 
children identified to be using their restraint 
incorrectly sustained the more serious types of 
injuries. There was a fairly even split of minor and 
serious injury in frontal and side impacts. All cases 
involving rollover involved serious injury, while no 
cases involving rear impact involved serious injury. 
 
There was more serious injury among those children 
aged 8-12 (50%) than among the older children 
(33%). However, there was little difference in the 
proportion of younger and older children in single 
vehicle crashes and impacts with fixed roadside 
objects. Older children were more often in high 
severity crashes (67% compared with 50%). 
 
While there was a greater frequency of younger 
children seated in centre rear positions, the 
proportions of younger and older children using lap 
only belts was similar. In other words most of the 
younger children seated in centre rear positions were 
using lap sash seat belts. 
 
Serious spinal injury among the younger children also 
often involved an associated abdominal injury, and 
this involved serious abdominal (AIS3+) injury in 
44% of cases. There was no serious abdominal injury 
among the older children. 
 

 
DETAILED DESCRIPTIONS OF CASES WITH 
SERIOUS SPINAL TRAUMA 
As described above, there were 13 children who 
sustained significant spinal trauma. This included 1 
child using a booster seat, 1 child using a lap only 
belt, and 10 children using lap sash belts. Incorrect 
use of the sash belt was definitively identified in 2 
cases. 
 
Booster Seat 
This case (Table 1, #11) involved a 9 year old male in 
the right rear of an SUV using a lap sash belt with the 
booster. The vehicle rolled over an embankment at 
high speed, and then hit a tree on the right side. Both 
the child and the booster were reported to have been 
ejected out of the right window. The child sustained 
an atlanto-occipital dislocation and extradural 
hematoma in the cervical region. There was also 
degloving of the skin over the left scalp and diffuse 
axonal injury within the child’s brain.                                              
 
Lap Only 
One of the three children using lap only belts 
sustained serious spinal injury. This (Table 1, #10) 
was a 9 year old female seated in the centre rear of a 
vehicle that hit a power pole side on (angle unknown) 
at high speed, breaking the pole. The child sustained a 
wedge fracture of L1with no ongoing neural deficits 
and abdominal abrasion with internal abdominal 
injury, and a forehead abrasion. 
 
Incorrect Lap Sash Use 
Incorrect use of the sash in children using lap sash 
belts was reported in two cases and both involved 
serious injury. In the first (Table 1, #3), an 8 year old 
female was seated in the right rear of a vehicle 
involved in a high severity frontal impact. The child 
sustained an L2 chance fracture with ligament rupture 
and intradural haemorrhage causing displacement at 
the cauda equina nerve roots. There was also grazing 
of the left upper abdomen, bruises to the right lower 
abdomen and internal abdominal organ contusions. 
 
The second case (Table 1, #13) involved a 10 year old 
male seated in the centre rear of a vehicle fitted with a 
lap sash belt in this position. This child also failed to 
use the sash part of the belt and also sustained an L2 
chance fracture with external contusions, this time in 
a high severity single vehicle impact with a tree. The 
orientation of this impact was not reported. 
 
Correct Lap Sash 
Five of the nine children with serious spinal injury 
correctly using lap sash belts also sustained lumbar 
and or thoraco-lumbar junction fractures.  
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No AGE Crash Details Seat & 
Restraint 

Quality Spine Injury Other injuries 

1 Female, 8 
yrs 

Low severity multiple vehicle 
side impact o/s 

Left rear, 
Lap sash 

Correct use Minor sorft tissue abdominal contusion, pain                                                  

2 Female, 8 
yrs 

High severity single vehicle 
frontal impact with fixed 
object 

Left rear, 
Lap sash 

Correct use small graze left side of neck anteriorly. Lumbar 
soft tissue hematoma (L1)                                          

belt abrasions bilaterally                                                     

3* Female, 8 
yrs 

High severity multiple vehicle 
frontal impact 

Right rear, 
Lap sash 

Incorrect 
use, sash not 
used 
correctly 

Chance fracture  L2 with ligament ruptue and 
intradural haemorrhage causing anterior 
displacement at the cauda equina nerve roots. 
Soft tissue oedema posterior to the entire spine 
and in the interspinous reqion of C1/2                       

grazing left upper abdomen; bruises right lower 
abdomen; pancreatic contusion; mesenteric contusion       

4 Male, 8 
yrs 

Medium severity single 
vehicle frontal impact with 
fixed object 

Left rear, 
Lap sash 

Correct use bruise neck                                                                 nasal fracture                                                                       

5 Male, 8 
yrs 

Unknown severity multiple 
vehicle frontal impact 

Right rear, 
Lap sash 

Correct use graze right side of neck                                              contusion behind left ear                                                     

6 Female, 9 
yrs 

Low severity multiple vehicle 
rear impact 

Right rear, 
Lap sash 

Correct use minor soft tissue only                           nil 

7* Female, 9 
yrs 

High severity multiple vehicle 
frontal impact 

Right rear, 
Lap sash 

Correct use lateral chance type injury at T12/L1 and 
weakness/parathesis left leg                                       

rupture left kidney with retroperitoneal haematoma; 
associated rib fractures left side 10-11; large left side 
pulmonary contusion with pleural effusion                        

8* Female, 9 
yrs 

High severity single vehicle 
frontal impact with fixed 
object 

Left rear, lap 
sash belt 

Correct use Chance fracture L1 with anterior wedging, 
fracture through pedicles, paraspinal hematoma       

Significant small bowel injury,  retorperitoneal 
heamatoma; bilary tree perforation, transverse bruise 
across abdomen at level of umbilicus; fracture lateral 
aspect of right 10th rib                                                        

9 Female, 9 
yrs 

Medium severity multiple 
vehicle rear impact 

Centre rear, 
Lap only 

Correct use transient right arm numbness, called neck sprain      nil 

10* Female, 9 
yrs 

High severity single vehicle 
frontal impact with fixed 
object 

Centre rear, 
Lap only 

Correct use wedge fracture L1 spinous process with extension 
through the superior articular facets of L2 
vertebral bilaterally and subluxation of L1-2 facet 
joints  

abdominal abrasion; oedema and fluid in  root of the 
mesentry, paracolic gutter and pelvis; abrasion 
forehead                                                                              

11 Male, 9 
yrs 

High severity single vehicle 
roll over then side impact 
with fixed object 

Right rear, 
Booster, lap 
sash 

Ejected out 
window 

atlanto occipital dislocation  with extra dural 
hematoma extending anteriorly to C1 and in a 
prevertebral distribution to the level of C4, and 
associated ligament damage 

DAI  left frontal lobe, left temporal lobe, basal ganglia 
and right internal capsule regions;  deglove injury left 
scalp and eye region; fracture right clavicle; fracture 
right pubic ramus 

12 Female, 
10 yrs 

High severity, multiple 
vehicle impact, unknown 

Left rear, lap 
sash 

Correct use fracture pedicle of C2 and lamina on left. 
Distraction of fragments on right. Anterior slip of 
C2 on C3                                                                    

Liver laceration associated with a subscapular 
hematoma                                                                            

Table 1. Case series of spinal injuries in rear seated child occupants 
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No AGE Crash Details Seat & 
Restraint 

Quality Spine Injury Other injuries 

13* Male, 10 
yrs 

High severity, single vehicle 
impact with fixed object 

Centre rear, 
lap sash 

Incorrect 
Use 

L2 chance fracture, chance fracture L2 and 
anterior wedging of L1                                              

hematoma left side of back; anterior abdominal and 
right chest  bruising; wrist contusion                                  

14 Female, 
12 yrs 

Medium sevrity, Multiple 
vehicle rear impact 

unknown 
rear, lap sash 

Correct use minor soft tissue only                           nil 

15 Female, 
12 yrs 

Medium severity, Multiple 
vehicle frontal impact 

Left rear, lap 
sash 

Correct use minor soft tissue only                           nil 

16 Female, 
12 yrs 

High severity impact details 
unknown 

Left rear, lap 
sash 

Correct use Ligamentous injury and fracture superior body 
T2 with transient neurological deficiet 

Left adrenal hematoma, pulmonary contusion, liver 
contusion 

17 Female, 
12 yrs 

High severity side impact o/s 
and impact with fixed object 

Left rear, lap 
sash 

Correct use    Crush fractures T4 - T9. MRI; Extensive soft 
tissue oedema posteriorly and ligamentous injury.  

open fracture mandible; minor facial & neck abrasions; 
fracture right scapular, small pleural effusions 

18* Female, 
12 yrs 

High severity, Multiple 
vehicle frontal impact 

centre rear, 
lap sash 

Correct use    Wedge fracture L1/2.  abdominal abrasion,; abrasion r forehead                           

19* Female, 
13 yrs 

High severity, Multiple 
vehicle frontal impact and 
then roll over 

Left rear, lap 
sash 

Correct use    Wedge compression fracture T12 and L1 
vertebral bodies, with ligamentous injury  

fracture right humerus                                                         

20 Male,  13 
yrs 

Medium severity, Multiple 
vehicle rear impact 

Right rear, 
lap sash 

Correct use    soft tissue injury, intial parasthesia right hand that 
resolved 

nil 

21* Male, 13 
yrs 

High severity frontal impact  
with fixed object 

Right rear, 
lap sash 

Correct use    wedge compression of L3, Chance fracture L1/2 
with sensoral changes scaral region                           

seat belt mark across abdomen                                           

22 Female, 
14 yrs 

High severity, Multiple 
vehicle rear impact 

Right rear, 
lap sash 

Correct use    minor soft tissue only                           nil 

23 Female, 
14 yrs 

High severity near side 
impact and then roll over  

Left rear, lap 
sash 

Correct use    Lateral mass C1 fracture, crush fracture T8 Long deep lacerations to right cheek and ear, glass in 
left eye 

24 Male, 14 
yrs 

Medium severity, frontal 
impact 

Rear 
unknown, 
lap/sash 

Correct use Neck sprain Abrasions and contusion knees 

25 Male,  14 
yrs 

High severity, Multiple 
vehicle frontal impact 

Left rear, lap 
sash 

Correct use    soft tissue neck injury                                                abrasion left to right over neck; abrasion lumbar area        

26 Female, 
14 yrs 

Medium severity, Multiple 
vehicle rear impact 

Right rear, 
lap sash 

Correct use    lateral neck contusion, neck pain                               nil 

27 Male, 15 
yrs 

High severity, Multiple 
vehicle rear impact 

Centre rear, 
lap only 

Correct use    transient tingling in arms, neck pain                          abdominal pain                                                                    

Table 1.  Case series of spinal injuries in rear seated child occupants (continued)
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In case #7 (Table 1), a 9 year old female sustained a 
lateral chance type injury at T12/L1 with residual 
neural deficits, together with a ruptured left kidney 
and retroperitoneal haematoma, left side rib fractures 
left side 10-11 and a large left side pulmonary 
contusion with pleural effusion. This child was seated 
in the right rear of a vehicle involved in a high 
severity head on collision with another vehicle. A 
similar pattern of injuries was observed in case #8, 
(Table 1), where another 9 year old female using a lap 
sash belt, this time in the left rear, sustained 
significant abdominal injuries, rib fracture and a 
chance fracture of L1. This child was in a vehicle that 
was clipped by another vehicle before running off 
road and impacting a pole head on. 
 
A male aged 13 years (Table 1, #21) sustained a 
wedge compression fracture of L3, and a chance 
fracture of L1/2 with sensoral changes in the sacral 
region. There was also a seat belt mark across the 
abdomen. He was seated in the right rear of a vehicle 
that was involved in a high severity frontal offset 
collision with a power pole. A female aged 12 years 
also sustained a wedge fracture of L1/2 (Table 1, #18) 
and abdominal abrasions. This child also sustained a 
forehead contusion and was seated in the centre rear 
of vehicle involved in a high severity multiple vehicle 
frontal impact. A 13 year old female (Table 1, #19) 
sustained a wedge compression fracture of T12 and 
L1 vertebral bodies, with associated ligamentous 
injury and fractured right humerus in a vehicle that 
was involved in a high severity frontal impact before 
rolling over. She was seated in the left rear. 
 
Two children sustained different types of fractures in 
the thoracic region. One child, a 12 year old female 
sustained crush fractures of T4-T9 (Table 1, #17) 
while seated in the left rear of a vehicle that was t-
boned by a heavy vehicle and then impacted a power 
pole on the off side of the vehicle. The child also 
sustained facial and scapular fractures and a small 
pleural effusion. The other, (Table 1, #24) also a 12 
year old female, sustained a fracture to the superior 
body of T2 together with ligamentous injury, 
transient neurological deficit, a left adrenal hematoma 
and pulmonary and liver contusions.  
 
There were also two of the nine children using lap 
sash belts who sustained cervical fractures. The first, 
a 10 year old female (Table 1, #12) sustained a 
fracture of the pedicle of C2 and a liver injury. This 
child was seated in the left rear of vehicle involved in 
a high severity multiple vehicle impact. The second 
was involved in a high severity near side impact with 
another vehicle before rolling over (Table 1, #23). 
This child, a 14 year old female, was seated in the left 

rear and sustained a lateral mass fracture of C1, and a 
crush fracture of T8. She also sustained a long deep 
laceration over the right cheek and scalp. 

 
DISCUSSION & CONCLUSIONS 
 
This case series presents details of 27 rear seated 
children aged 8-16 years with spinal injury who 
presented to the two major children’s hospitals in 
Sydney over a five year period. These children, 
together with the 13 front seated children who were 
not included in this series, represent all child 
occupants within this age range who were diagnosed 
with spinal trauma throughout this time. While these 
relatively small numbers, and even smaller numbers 
of serious injury, reiterate the relative rarity of spinal 
trauma in child occupants, the problem should not be 
underestimated. Involvement in a motor vehicle crash 
as an occupant is one of the most common causes of 
spinal injuries in children of this age [1-5]. A recent 
five year estimate of the costs to the New South 
Wales Compulsory Third Party Scheme for children 
16 years and under with spinal trauma was 
approximately $AUS68 million. Lifetime cost for a 
single child with a catastrophic spinal injury is 
estimated to be in the order of $AUS4.5 million 
(personal communication J Edwards NSW Motor 
Accidents Authority, August 2006). 
 
Furthermore, from a road safety perspective, these 
small numbers might mean that spinal injury among 
child occupants may have historically merited a lower 
priority than more frequently occurring injuries. 
However as more and more vehicle safety 
improvements have been introduced (with 
concomitant reductions in casualties) the need for 
identifying the further scope for reducing casualties 
increases.  
 
Unlike injuries to other body regions, spinal injuries 
are often mechanistically associated with restraint 
interaction.  In this sample there are at least 8 such 
cases (indicated in Table 1), and all would fit the 
classic “seat belt syndrome”.  

The seat belt syndrome is a well established pattern of 
injuries that links trauma to the lumbar spine and 
thoraco-lumbar junction with restraint factors [18-21]. 
Originally the term referred to a pattern of injury seen 
in adults using poorly positioned lap only belts, but 
over the last few decades it has often been reported in 
children in both lap only and lap-sash belts. However, 
there has been little investigation of the mechanism of 
this injury in lap sash belts. 
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Notably in the 8 ‘seat belt syndrome’ cases in this 
series, 7 children were using lap sash belts, although 
incorrect use of the sash was reported in 2 of the cases.  
A lap only belt was being used by only one child.  All 
cases involved frontal impacts. 

Gotschall et al [24] compared the risk and pattern of 
injury among children using lap sash and lap only belts 
and reported observing abdominal injuries in the same 
frequencies in the two types of belt system but not 
lumbar fractures. They concluded that lap sash belts 
appear to be protective for lumbar fracture. This does 
not appear to be the case in this series. Gotschall et al 
did however discuss possible mechanisms of belt 
induced abdominal injury in lap sash belts suggesting 
that it is difficult to obtain good sash belt fit in small 
children and that a loose fitting sash belt might result in 
the crash loads being applied predominately to the lap 
portion of the belt. This might also explain the 
mechanism involved in lumbar fracture, if the lumbar 
part of the belt is positioned above the bony pelvis. 

There are primarily two ways, acting together or alone, 
that the lap part of a correctly tightened belt might be 
positioned improperly. There may be improper 
positioning initially i.e. from poor fit and/or poor lap 
belt anchorage geometry, or the belt might move 
upwards if the buttocks slide forwards during the 
impact (i.e. submarining).  

“Submarining” of the pelvis was also proposed as a 
possible mechanism of lumbar (and lower thoracic) 
fracture in lap sash belts by Huelke et al [25]. These 
authors suggested that there were several mechanisms 
that might on their own, or in combination, be 
responsible. They believe that if the occupant 
(regardless of age) is in a pre- crash slumped position, 
the thoraco-lumbar spine is in already in a flexed or 
‘pre-flexed’ position. Any rotation of the pelvis under 
the lap belt (or submarining) further flexes these areas 
of the spine. 

Poor initial positioning of the belt and poor pre-impact 
positioning is not unexpected in small children hence 
the need for dedicated child restraints and booster 
seats. However this sample includes only children 8-16 
years, and all of the lumbar injury was among children 
aged 8-13 years. For most of these, the adult belt is 
likely to have been the only restraint available. While 
the most commonly cited guideline for achieving good 
adult belt fit is a height of 145cm [26], the timing of 
the transition from a booster seat to an adult belt is 
defined differently in different jurisdictions. In some 
places the transition is advised through recommended 
practices and elsewhere specific height or weight limits 

are legislated (see Appendix 1). Based on these 
recommendations and regulations, transition times will 
vary between 6 and 12 years depending on the 
jurisdiction. However, booster seats and booster 
cushions design mass limits effectively (based on mass 
alone) limit booster seat use to children from 
approximately age 8. Currently the upper most mass 
limit for boosters is in the vicinity of 36 kg, based on 
anthropometric data [ 27] would mean that 11% of 8 
year olds, 22% of 9 year olds, and more than half of 
children over age 10 would be above the design mass 
limit (personal communication M Paine, Vehicle 
Design & Research, 2006). Therefore, for most 
children between the ages of 8 and 16 years, the lap 
sash belt is the only available restraint, and using this 
in the rear seat is the best option for good crash 
protection. 

A vital ingredient to good initial lap belt positioning is 
a seat cushion length that discourages a slouched 
seating posture [26]. Recent Australian work [Bilston 
unpublished data, 2006] suggests that based on thigh 
length (buttock to popliteal measurements), children 
are unlikely to achieve good lap belt fit until 
approximately 13 years of age. Huang & Reed [28] in 
a similar study, reported that the median seat cushion 
length in a sample of North American vehicles are too 
long for most people using the rear seat, and the 
posture needed to encourage good lap belt fit would be 
a problem for 83% of children aged between 4 and 17 
years, and 24% of adults. 

In 2005, Tylko & Dalmotas [29] reported results 
obtained from rear seated small adult and child 
dummies included in full frontal compliance testing 
and offset frontal research testing. In these the 5th 
percentile female (anthropometrically equivalent to a 
12 year old child); the 10 year old and six year old 
child hybrid III dummies were restrained in lap sash 
belts in different vehicles. This work demonstrated 
variations between vehicle models in lap belt motion 
during the test, with a number of examples of 
‘abdominal penetration’ occurring. With the 5th 
percentile female, the authors noted variations in the 
distribution of loads between the sash and lap parts of 
the belt that appeared to correlate with the upward 
motion of the belt, the lumbar response measured in 
the dummy and an associated forward pivoting motion 
of the torso. The authors also reported undesirable 
behavior of the sash portion of the belt. With the 
Hybrid III 10 year old, the sash portion of the belt was 
seen to slip off the shoulder (when the dummy was in a 
booster seat), and translate up the neck (when the 
dummy used the belt alone). They concluded that the 
motion of the upper torso was controlled almost 
exclusively by the geometry of the sash anchorage. 
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These sorts of observations from the laboratory 
together with clear evidence of a seat belt syndrome 
like mechanisms occurring in the real world suggest 
further work is required to understand the role seat 
properties and belt geometry might play in preventing 
lumbar fracture. 

Good sash belt geometry requires the sash to pass over 
the centre of the shoulder and maintain this position 
during impact. Failure to achieve this sort of fit might 
lead to the types of sash behavior reported by Tylko et 
al. [29] where the shoulder comes free and the torso 
can flex over the lap belt resulting in the lumbar 
injuries described above. Sash belts that sit too high 
across the neck, or move into this position during the 
impact can lead to cervical injuries. Bilston 
(unpublished data, 2006), recently investigated the 
relationship between the anthropometry of children and 
sash belt anchorage of a sample of Australian cars and 
found that good sash belt fit is unlikely to be 
achievable by many children. Furthermore, this work 
illustrated significant variations in the match between 
anthropometry and sash geometry between different 
models of vehicles. 

In this sample there was only one case where a cervical 
fracture occurred in a frontal impact without evidence 
of a head strike. This child was 10 years old and this 
case might provide an example of the type of injury 
that could occur when the sash sits across the neck.  

Apart from the lumbar ‘seat belt syndrome’ cases and 
this single cervical fracture, there were only 3 other 
cases of serious spinal injury in this sample. Two of 
these cases involved roll over and one a high severity 
side impact with a fixed road side object. 

Road safety advocates in many countries recommend 
the rear seat for child occupants regardless of restraint 
type used. In NSW Australia, recent observational 
studies indicate that 60% of rear seat occupants are 
aged 14 years or less (personal communication D 
Carseldine NSW Roads and Traffic Authority 2005). 
In North America, Huang and Reed [28] analyzed 
NASS-GES data to determine the age distribution of 
rear seat occupants and found that approximately 
70% are children less than 18 years old. Despite this 
the work by Tylko and Dalmotas [29]cited above is 
one of the very few published pieces of work 
critically examining the protection offered in the rear 
seat by existing restraint systems to rear seat 
occupants, and/or rear seated child occupants in adult 
seat belt systems. This is distinctly different to the 
situation for young children and dedicated child 
restraint systems, and for adult front seat occupants. 

Also in contrast to dedicated child restraint systems 
and crash protection systems provide din front seating 
positions, in most jurisdictions, there is no regular 
review (either regulatory or consumer based) of the 
protection offered to these larger children in the rear 
seat. Yet evidence from recent work cited here, 
suggests that there is likely to be significant 
variations in the level of protection currently being 
provided to these occupants by different makes and 
models of vehicle.  
 
The case series presented here illustrates the scope for 
significantly reducing spinal trauma among children 
through addressing mechanisms associated with seat 
belt like syndrome injuries. To realize these 
reductions, vehicle manufacturers need to 
acknowledge that for older children, the rear seat and 
its restraint systems are the only protective systems 
available, and design the rear seat environment with 
this in mind. Vehicle safety advocates should 
encourage manufacturers to do this. One obvious way 
to encourage improved protection for older children is 
to include rear seated surrogates for these occupants 
in consumer based test programs.  
 
 Limitations 
There are a number of potential problems associated 
with using data extracted from medical records to 
evaluate crash details. However, in recent work using 
a similar methodology [30] accuracy of the crash and 
restraint data collected in this way was cross-
validated against that obtained from an in-depth crash 
investigation in a larger sample of crashes and was 
found to be adequate in approximately 60-85% of 
cases, depending on the crash factor. 
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APPENDIX 1: Summary of International Child 
Occupant Legislation (personal communication M 
Griffiths Road Safety Solutions Australia 2007). 
 
Country Legislation  
Australia Children 0 – 12 months in dedicated 

child restraint but currently under 
review. 

New Zealand Children up to age 5 in dedicated 
child restraint 

Canada 
(British 
Columbia) 

Children 0-9kg in rear facing 
restraint. 
Children from 9 – 18 kg in dedicated 
child restraint system but if no CRS 
available can use lap part of belt. 
Children from 18kg -6 years of age 
required to be in lap part of seat belt. 

USA Every state has own regulations 
All states require dedicated restraint 
use by children up to 3 years. Many 
have or are moving towards 
requirements for dedicated restraint 
use by children up to 60 or 80lb 
(approximately 6 or 8 years) 

European 
Union 

All members of the European Union 
have dedicated child restraint use up 
to 1.35 or 1.5m 

Germany Dedicated child restraint use up  to 
12 years or 1.5m tall  

UK Dedicated child restraint use by 
children 0-1.35m or 12 years for 
front and rear occupants. There are 
exemptions for rear seated children 
on short trips. 

France Dedicated child restraint use up to 
12 years and under 1.35m. 

Italy Children from 0-1.5m must use and 
appropriate restraint but appropriate 
restraint includes adult belt 

Spain Children  0 -3 required to use 
dedicated child restraint, 
Children 3 years to 1.5 m are 
required to use dedicated child 
restraint in front seat but may use 
adult belt if in the rear seat. 

Sweden Children up to 1.35m must be in 
appropriate child restraint system 

Switzerland Children 0-7 years in dedicated child 
restraint system. 
 

Japan Children from 0-5 in dedicated child 
restraints 

Israel Children from 0 -8 in dedicated 
child restraint. 
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ABSTRACT 
 
The use of proper child restraint systems (CRS) is 
mandatory for children travelling in cars in most 
countries of the world. The analysis of the quantity 
of restrained children shows that more than 90% of 
the children in Germany are restrained. Looking at 
the quality of the protection, a large discrepancy 
between restrained and well protected children can 
be seen. Two out of three children in Germany are 
not properly restrained. In addition, considerable 
difference exists with respect to the technical 
performance of CRS. For that reason investigations 
and optimisations on two different topics are 
necessary: The technical improvement of CRS and 
the ease of use of CRS. 
Consideration of the knowledge gained by the 
comparison of different CRS in crash tests would 
lead to some improvements of the CRS. But 
improvement of child safety is not only a technical 
issue. People should use CRS in the correct way. 
Misuse and incorrect handling could lead to less 
safety than correct usage of a poor CRS. For that 
reason new technical issues are necessary to 
improve the child safety AND the ease of use. Only 
the combination of both parts can significantly 
increase child safety. 
For the assessment of the safety level of common 
CRS, frontal and lateral sled tests simulating 
different severity levels were conducted comparing 
pairs of CRS which were felt to be good and CRS 
which were felt to be poor. The safety of some 
CRS is currently at a high level. All well known 
products were not damaged in the performed tests. 
The performance of non-branded CRS was mostly 
worse than that of the well known products. 
Although the branded child restraint systems 
already show a high safety level it is still possible 
to further improve their technical performance as 
demonstrated with a baby shell and a harness type 
CRS. 
 
INTRODUCTION 
 
The project “Optimisation of CRS” was funded by 
BASt and was finalised at the beginning of 2007. 
The use of Q-dummies for these crash tests allowed 

the assessment of a variety of dummy readings. 
However, for a complete assessment of the safety 
level of child restraint systems the interpretation of 
dummy readings and dummy kinematics from high 
speed video analysis is necessary. There is a high 
variation in the safety level between different types 
of CRS. 
 

Child restraint system 

Passive safety and 
environment of the car 

Use and misuse 
of the CRS 

CHILD SAFETY 

 
Figure 1.  Different influences on child safety. 
 
The safety of children travelling in cars is not 
solely dependent on the CRS used (Figure 1). Field 
studies published in the last years  
[LANGWIEDER, 1997; LANGWIEDER, 2003; 
FASTENMEIER, 2006] show that there is a high 
percentage of misuse of CRS. “Misuse” stands for 
all failures of handling and insufficient use of CRS. 
For that reason 3 different factors are responsible 
for child safety in cars: 
 

• the technical behaviour of the CRS 
• the use of the CRS 
• the car around the CRS 

 
Altogether these 3 factors help to define the level 
of safety for children in cars. It is necessary to 
improve all of the above factors affecting child 
safety at once and not just one at a time. 
 
STATISTICAL INFORMATION 
 
The analysis of the statistical information is 
focused on Germany. Corresponding to the German 
legal requirements, “children” means children from 
0 up to the age of 12 years.  
The good news is that the number of children killed 
in road accidents has decreased over the years 
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(Figure 2). The bad news is that the number of 
children killed as car occupants is still higher than 
the number of children killed as cyclists or 
pedestrians. 
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Figure 2.  Children killed in road accidents in 
Germany in the last years [STATIS, 2006]. 
 
In comparison to the unprotected pedestrian and 
cyclist, the car is able to absorb energy and protect 
the child against outside objects. Therefore, 
travelling inside of a car should be the safer form of 
transportation. 
In 2005 in Germany 24,247 children up to the age 
of 12 years were involved in road accidents. 38% 
of them were injured in the road accidents as car 
occupants, 28% as cyclists and 29% of the children 
injured were pedestrians (Figure 3). 
 

Children injured in road accidents (Germany 2005)
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29%

cyclists
28%

car occupants
38%

other
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Figure 3.  Children injured in road accidents in 
Germany in 2005 [STATIS, 2006]. 
 
102 children died due to road accidents in Germany 
in 2005. Almost half of them died within a car, one 
third died as pedestrians and 16% as cyclists 
(Figure 4). 
 

Children killed in cars (Germany 2005)
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Figure 4.  Children killed in road accidents in 
Germany in 2005 [STATIS, 2006]. 
 
The high number of children killed in cars is most 
likely due to the higher collision speeds in car 
accidents, the higher kinetic energy, inappropriate 
CRS and last but not least, misuse and non-use of 
CRS. 
 
BIOMECHANICAL BASICS 
 
Children are different from adults in: 
 

• body shape (mass, proportions, inertia, 
size) 

• anatomy (bones, ligaments, muscles) 
• mental issues 

 
These differences lead to the well known sentence: 
“Children are not miniature adults.” This means 
that it is not possible just to scale down the size of 
an adult to have the correct child proportions 
(Figure 5). 
 

 
Figure 5.  Proportions of the body of a new born 
baby up to an adult [HUELKE, 1992]. 
 
The average size of an adult is about 1.5 to 2.0 
meters. Therefore, most of the belt and airbag 
systems are developed for these sizes. Children’s 
body parts are not able to withstand the loads 

New born      2 years          6 years       12 years        Adult 
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applied by a normal car restraint system during a 
car crash: The iliac wing in children is not able to 
support the belt, causing the belt to override the 
pelvis and to penetrate the abdominal area. Here 
the internal organs are located and severe injuries 
could occur. The belt has to be adjusted to the 
height of children otherwise the contact between 
the neck and the belt could lead to injuries. Due to 
the proportions of a child – influencing the high 
centre of gravity – children tend to turn out of the 
standard 3-point-belt in case of a crash/accident. 
Therefore the belt placement should be adapted to 
the child. For that reasons it is necessary for 
children to use a CRS to prevent injuries. 
For the development of CRS it is necessary to take 
all of these facts into account. 
 
ANALYSIS OF DATABASES 
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Figure 6.  Injured children of car accidents vs. 
type of collision [OTTE, NOT YET PUBLISHED].  
 
Figure 6 shows the percentage of 1,488 children 
involved in car accidents as car occupants in 
different types of collision from 1985 to 2004 from 
the German In-depth Accident Study database 
(GIDAS). These accidents are collected from the 
areas around Hannover and Dresden. They are 
meant to be representative for Germany. 
Most occupants (more than 40%) were injured 
during frontal accidents. 25% of all children were 
injured in accidents with multiple collisions. After 
these kinds of accidents side and rear impacts 
follow. The number of single rollover accidents 
was irrelevant. 
 

Severity of injuries

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

unverletzt MAIS 1 MAIS 2 MAIS 3+

Pe
rc

en
ta

ge
 o

f c
hi

ld
re

n 
[%

]

Frontal (n=631)
Se ite (n=307)
He ck (n=1 54)
mehrfach (n=372)
andere (n=16)
Üb erschlag (n=8)

uninjured

frontal (n=631)
side (n=307)
rear (n=154)
multi (n=372)
other (n=16)
rollover (n=8)

 
Figure 7.  Injury severity vs. type of collision 
[OTTE, NOT YET PUBLISHED]. 
 
During side impact and multiple collisions with 
more than one severe impact the severity of injuries 
of children were much higher than in frontal 
collisions (Figure 7). The CRS should be tested in 
these configurations as well, today only the frontal 
test configuration is mandatory. 
For the following study it was not possible to use 
the whole GIDAS information. Some special 
restrictions (accidents not before 1994, children are 
restrained in CRS) and additional cases from GDV 
(association of the German insurance institutes) and 
the “Unfallforschung Greifswald” (accidentology 
teams of the University in Greifswald, Germany) 
lead to a data set of 280 children in 205 accidents. 
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Figure 8.  Consequences of the kind of safety to 
the severity of injuries (GIDAS, GDV, UfoGw). 
 
Figure 8 shows the differences between restrained 
and unrestrained children with respect to injuries. 
Restrained children were more often uninjured than 
unrestrained children. The relative share of MAIS 
2+ injuries is much higher in unrestrained children 
than in retrained ones. The number of investigated 
accidents was small; therefore only a tendency is 
visible. 
Different dummies are required for the mandatory 
dynamic tests of the CRS groups. The features of 
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these dummies and the height and the weight are 
exactly described. The dummy should represent an 
average child of the age group of the dummy. 
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Figure 9.  Height comparison of child vs. 
dummy (GIDAS, GDV, UfoGw). 
 
In most of the cases the height of children involved 
in the accident is given. In Figure 9 the height of 
the dummies is compared to actual children. The 
height of the dummies is within the same range as 
the height of the children. Therefore, there is today 
no need to change the height of the dummies. 
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Figure 10.  Weight comparison of child vs. 
dummy (GIDAS, GDV, UfoGw). 
 
When comparing the difference in weight between 
dummies and actual children, the results are 
different compared to the dummy height. 
Today’s children are heavier than the dummies 
used. Therefore two issues have to be altered: the 
dummies and the ECE classes of CRS. 
Because of the weight of the child and an 
insufficient CRS size some parents switch to a 
higher class of CRS too early. The safety level in 
the lower class CRS is higher for children and 
depends more on the height than on the weight. 
The use of an appropriate CRS is mandatory for 
children up to the age of 12 years or the height of 
1.5 m in Germany. Unfortunately there are some 

children smaller than 1.5 m, under 12 years old and 
weighing more than 36 kg. In these cases, they still 
have to use a CRS but due to the approved weight 
limit of 36 kg of CRS there is an unclear situation 
leading to children without any CRS. The car belt 
has a lower safety level for children than an 
appropriate CRS. Therefore it is necessary to 
update the regulation and CRS to the size of 
today’s children. 
 
SINGLE CASE INVESTIGATIONS 
 

1Not enough information

4No possible explanations (50/50)

3Severely destroyed car

4children without any safety device

5CRS (Misuse/failures of design)

NumberProbable reasons leading to death

1Not enough information

4No possible explanations (50/50)

3Severely destroyed car

4children without any safety device

5CRS (Misuse/failures of design)

NumberProbable reasons leading to death

 
Figure 11.  Sample of 13 children killed in 
Germany 2006 (TUB). 
 
Figure 11 shows the result of a small case study. 
This study was performed from July 2006 until 
December 2006. During this time many web sites 
and newspapers were reviewed. In cases of children 
that were killed in car accidents in Germany the 
police were called for more information. 
Approximately half of all the accidents during July-
December 2006 in Germany were studied. This 
study does not represent all accidents in Germany 
but it shows the high occurrence of misuse. 
The car was completely destroyed in one quarter of 
all cases at the seating place of the child. That 
means that there was a limited chance to survive 
independent from the CRS usage. 
In 4 out of 13 cases it remained unclear whether 
inappropriate use and/or use of a poor CRS or the 
accident severity lead to the death. 
One third of the children killed in the car crashes 
died without a CRS or safety device or due to using 
a CRS incorrectly.  
This study already indicates the high risk of misuse 
and non-use. In addition several very severe 
accidents were published by databases or 
newspapers showing children with minor injuries 
properly using a CRS. Misuse dramatically reduces 
the safety level of CRS. 
 
During an accident the lives of children could 
depend on two issues: 
 

• The use of an appropriate CRS reducing 
the risks of dying due to an accident 

• Misuse decreasing the safety level of a 
CRS 
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TEST PROCEDURES 
 
World wide there are many different types of test 
procedures for CRS. It is not clear, which is the 
best one. In the EU one test procedure is mandatory 
for a CRS before it can be put on the market. This 
is the ECE-R44 [ECE-R44]. In this regulation a 
frontal and a rear test procedure is described. The 
frontal tests are performed at a standardised test 
bench. The collision speed is equal to 50 km/h. The 
deceleration pulse is mandatory. For this test P-
dummies have to be used. For any CRS the ECE-
R44.04 gives only the minimum requirements. If 
CRS fail it, they are not approved for the market. 
But this test configuration has not been changed for 
some years - regarding the test configuration the 
last change was 1995. At the moment there is no 
side impact test procedure included. Regarding 
accident data there is a need to improve this 
regulation. 
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Figure 12.  Percentage of all types of accidents 
for all occupants [DETER, 1996]. 
 
In Figure 12 only single collisions are included. 
However, in real world a large number of accidents 
are multiple collisions. Side impact occurs only in 
one quarter of all accidents. 
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Figure 13.  Percentage of injury costs in 
different types of accidents for all occupants 
[DETER, 1996]. 

Side impact accidents cause more than 40% of the 
injury costs, so the injuries are more severe than in 
other types of accident. Side impacts and multiple 
collisions lead to a high injury severity for children, 
too. For that reason new test procedures should be 
developed to include all kinds of accidents. To 
define new test procedures it is necessary to 
analyse real accident situations first. Test 
procedures have to replicate most of the real 
configurations. Acceleration, intrusion and 
kinematics should be replicated as best as possible. 
Consumer test procedures make higher demands on 
CRS. They test CRS under more severe conditions 
and not only in frontal tests but include side impact 
tests. The side impact test is very important for the 
safety level of a CRS because in most cases side 
impacts lead to higher injury severities. 
But there are too many test procedures with 
different assessments of the CRS and parents could 
ask: Which test procedure is the correct one? At the 
moment the answer is not clear but NPACS (New 
Programme for the Assessment of Child Restraint 
Systems) proposed test procedures which are 
harmonised and under further consideration by 
technical experts from governments in Europe.  
For a deeper look inside the technical development 
of the side impact test procedure please see ESV 
Paper (Number 07-0241: Review of the 
development of the ISO side impact test procedure 
for CRS [JOHANNSEN, 2007]). 
The assessment of NPACS is divided into frontal 
and side impact ratings. The test procedures for 
CRS are technically described. The assessment of 
the CRS is focussed on different body parts of the 
Q-dummies. The preliminary measurements and 
the maximum scores in the frontal tests are 
[NPACS, 2006]: 
 

• Head acceleration (120-51 g) 55 points 
• Head excursion (600-270 mm) 55 points 
• Chest acceleration (65-33 g) 20 points 
• Chest compression (50-6 mm) 20 points 
• Neck moment (35-7 Nm) 20 points 
• Neck force (3000-900 N) 20 points 
• Pelvis acceleration (90-24 g) 10 points 

o Max. 200 points possible 
 
In the side impact the preliminary measurements 
and maximum scores are [NPACS, 2006]: 
 

• Head acceleration (160-50 g) 30 points 
• Head containment (contained/marginal/not 

contained) 80/20/0 points 
• Chest acceleration (100-41 g) 20 points 
• Chest compression (39-6 mm) 20 points 
• Neck moment (35-10 Nm) 20 points 
• Neck force (1900-200 N) 20 points 
• Pelvis  acceleration (120-40 g) 10 points 

o Max. 200 points possible 
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The overall assessment is calculated by the addition 
of the single scores of the different body parts. The 
lower score of the frontal or side impact rating will 
be used for the entire assessment of the CRS. 
This proposal of scoring for CRS was used for the 
tests. The technical procedures were not absolutely 
identical with the described NPACS procedures. 
For that reason the differences in the scoring 
between the test procedures are not sensible to 
predict the difference in the safety level of the 
CRS. The requirements in these tests are too 
different. 
 
RESULTS OF SLED TESTS 
 
To compare different test procedures for different 
CRS classes, several sled tests were conducted at 
TUB. The selected CRS should not only be 
assessed in one of today’s test procedures, for that 
reason they were tested in four different procedures 
taking into account different severity levels for 
frontal and lateral impact. Q-dummies were used, 
because they are more biofedelic than P-dummies.  
For frontal tests the ECE-R44 test procedure was 
chosen. Additionally a more severe test procedure 
was introduced, based on a real accident from the 
(EC funded) CHILD project. The test bench was 
the ECE-R44 bench but the deceleration pulse was 
increased from 21 g to 40 g. The test velocity was 
increased from 50 km/h to 61 km/h. This test 
configuration comes from a real accident, included 
in the database of the CHILD project. With this 
new test velocity, almost 100% of all accidents 
inside towns and almost 66% of accidents outside 
towns are covered (Figure 14).  
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Figure 14.  Collision velocity of accidents inside 
and outside of towns (GIDAS, GDV, UfoGw). 
 
Two different side impact test procedures were 
used. The first procedure is called TUB-SIPCRS. It 
was developed at TUB. The test bench is 
comparable to the ECE-R44 one. To reproduce the 
loads during a side impact using just the 
deceleration is not effective. In addition a hinged 
door is used to represent intrusions according to 

ECE R95 tests. The test velocity represents an 
accident with 50 km/h. 
The second test procedure is built up like the 
ADAC side impact test of CRS, using a body-in-
white of a Golf-IV equipped with a fixed door. 
The results of more than 100 sled tests with CRS 
were analysed. 
For the assessment of the test results the 
preliminary NPACS rating was used. The ratings 
were published in 2006 [NPACS, 2006], but 
changes may occur until the end of the NPACS 
validation phase. For this assessment different 
loads were measured: Head, chest and pelvis 
acceleration, neck moments and forces and chest 
displacement. With regard to the NPACS protocol 
the measurements were assessed and points were 
given.  
Detailed investigations at the crash facility of TUB 
showed differences between good and poor CRS. 
In tests with higher loads to the CRS than in the 
ECE-R44 test procedure the measurements of 
dummy loads were higher and this means the level 
of safety for children was lower. Also in the side 
impact test procedures bad results were achieved. 
The next two figures show the results of the sled 
tests. The entire comparison of all CRS is not 
possible because different types of CRS or different 
dummies were used and different assessments of 
the measurements exist. Only a similar couple of 
CRS should be assessed and could be compared. 
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Figure 15.  Results of sled tests (frontal impact). 
 
In every test the more expensive CRS show better 
results. 
All CRS have to be tested in ECE-R44 conditions 
before they go on the market. That is the reason for 
the minor differences between these tests. 
If the test conditions are more severe, design 
problems become visible. The highlighted fields 
show critical structural problems. In all of these 
cases non branded CRS were damaged. The design 
of these CRS is only developed to comply with the 
ECE-R44 targets. 
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Figure 16.  Results of sled tests (side impact) 
 
Also during the side impact tests design problems 
became visible. Again the highlighted fields show 
critical structural problems and again all of this 
damage occurred on non branded CRS. The side 
impact is not addressed by ECE-R44. The design of 
these CRS is only developed to reach the ECE-R44 
targets, not to protect children against side impact.  
 
In addition to the dummy readings the high speed 
movies were analysed. The following pictures 
show screenshots of the kinematics during a test. 
 

 
Figure 17.  Baby shells during tests according to 
ECE-R44. 
 
The left picture shows the Q1,5 in a badly 
performing class 0+ CRS. The dummy does not 
have sufficient head support. The loading to the 
dummy’s neck and head are high. 
In the right picture the CRS has a good safety level. 
 

 
Figure 18.  CRS of class 2/3 during tests 
according to TUB-SIPCRS. 
 
The left picture (Figure 18) shows a CRS with 
insufficient side protection devices. The dummy 

has contact to the door panel. This would lead to 
severe injuries. 
To be sufficient during a side impact, a CRS has to 
protect the head. The best side impact protection is 
to have a shell around the whole child to avoid any 
contact between the child and the door. Most of the 
good CRS have head and pelvis protection devices. 
Some of them have also chest protection devices. 
 

 

 
Figure 19.  Different severe damage on non 
branded CRS. 
 
During the tests some non branded CRS were 
severely damaged. Figure 19 shows examples of 
severe structural damage of the tested CRS. The 
damage ranged from small deformation, to 
destroyed parts of the CRS, up to the destroyed 
shell itself. For expensive CRS no visible damage 
occurred. 
 
PROPOSALS FOR OPTIMISATION OF CRS 
 
Two different approaches are possible to improve 
CRS. First of all testing during the development 
phase is today’s state of the art. Prototypes with 
different properties could be used in test 
procedures. The results could lead to some direct 
improvements at the prototype. This needs time and 
money to build up several prototypes. Sometimes 
the prototype materials have other properties than 
the later CRS. Therefore the results may be not 
valid.  
Numerical simulation is a helpful tool to improve 
CRS. It is possible to investigate different 
possibilities to improve a CRS without prototypes. 
Small changes, e.g. stiffness of belt systems, or 
simulations without slack in the belt system are 
quickly possible. For the simulation it is necessary 
to analyse and validate the CRS, the dummy and 
the test procedure. 
At TUB both tools were used. First in the 
numerical simulation different measures were 
proved. After that, some measures were used to 
build up prototypes for testing. 
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Figure 20.  Validation process of numerical 
simulations by testing [NAAMANE, 2005]. 
 
Both (testing and numerical simulation) lead to the 
following measures to improve child safety in cars: 
 

• Belt routing: The belt should be on the 
middle of the shoulder going over the 
chest to the pelvis and belt routing 
devices. If there is any contact between 
the belt and the neck in the normal seating 
position, severe injuries can be expected in 
case of an accident. The 3-point-belt 
should only be used on taller children. 

• Rigid connection between CRS and car 
(ISOFIX) 

• The car-belt should be as tight as possible 
(tensioning devices at the CRS) 

• Structure of CRS should be able to absorb 
energy without damage 

• Belt routing of car belt should be exact, so 
that no slipping is possible in loading 
conditions 

• The CRS-belt should be as tight as 
possible 

• Reduction of rotation around the Y-axis 
 
The next Figure 21 shows the benefit of the two 
last points. The basis model is compared with the 
two different optimisations. First the rotation 
around the Y-axis is blocked by a top tether. In the 
second CRS the slack in the harness is reduced to a 
minimum before the test started. 
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Figure 21.  Technical improvements of the CRS 
and the benefit. 
 
The anti-rotation device significantly reduced the 
loads on the head and on the neck. The loads also 
decreased if the slack in the harness was 
minimised. A combination of these and/or the other 
named optimisations leads to improved CRS and a 
high safety level for children. 
 
Sled tests with different types of belt systems were 
used to investigate the influence of the different 
devices. For that investigation three belt systems 
were used: 
 

1. standard belt system 
2. belt system with load limiter 
3. belt system with load limiter and 

pretensioner 
 
The used CRS were: 

1. Group 2/3, child and CRS were installed 
together by the 3-point-belt 

2. Group 1, the CRS was installed by the belt 
system, the child used the internal 5-point-
belt system of the CRS for securing 

3. no CRS, just the belt system 
4. Group 3, booster 
5. Group 1, like number 2 but rearward 

facing  
6. Group 1, like number 2 but installed with 

a pre-tensioned belt system 
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Figure 22.  Influence of different belt systems on 
the head acceleration. 
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The measurement in Figure 22 show decreased 
loads when using load limiters and pretensioners. If 
only load limiters were used the benefit is not 
clearly visible. That comes from the force level of 
4 kN, which is seldom exceed in the performed 
tests. 
The use of additional belt devices could reduce the 
head acceleration up to 30%. 
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Figure 23.  Influence of different belt systems on 
the head acceleration. 
 
The same influence is visible in Figure 23 for the 
chest acceleration. The use of load limiter and 
pretensioner decreases the values of acceleration. 
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Figure 24.  Influence of different belt systems on 
the head acceleration. 
 
The neck forces were also reduced by the load 
limiter and pretensioner. In Figure 24 the advantage 
of rearward facing CRS is visible. The neck forces 
are about 200 N in this configuration while in the 
5-point harness the forces are more than 2000 N. 
The risk for neck injuries is less for rearward facing 
CRS. 
In the end it is clear that belt systems with 
additional tensioning devices, as developed for the 
safety of adults, increase the safety of children too. 
The same results were found in [BOHMAN, 2006]. 
 
RECOMMENDATIONS ON THE RATING 
PROCEDURE  
 
With respect to the preliminary NPACS ratings 
(but also generally for CRS ratings) the following 
thoughts could be discussed in the future: 

• In the side impact rating it is possible to 
have the same number of points as in the 
frontal impact rating. Taking into account 
the injury severities in the different 
accident types it is sensible to emphasise 
the need for side impact protection by the 
scoring. 

• The assessment of 55 points for the head 
excursion leads to an advantage for CRS 
without back rest, because of the 
measurement between a fixed point of the 
test bench and the head excursion. 

• The present state of the art does not 
measure the head excursion online during 
the test. The value is read from high speed 
videos afterwards or calculated. Some 
optical errors are the reason for wrong 
results. New configurations (like online 
distance measurements) should be used. 

 

 
Figure 25.  Today’s measurement (left) and 
proposal for independent measurement (right) 
of the head excursion. 
 
The left picture (Figure 25) shows the most recent 
measurements of head excursion. It starts on a 
fixed point (CR-Point) at the bench. This is an 
advantage for CRS without any back rest - but 
these CRS have considerable disadvantages, 
especially in lateral impacts. 
The most important target it to avoid any head 
contact. But in every car there is different space 
between the seating rows or the passenger seat and 
the dashboard. For that reason an assessment for 
the head excursion should be given by the special 
combination of CRS and car. Here it would be 
possible to assess the real excursion. 
Another solution could be to measure the relative 
displacement of the head (Figure 25, right). But for 
this configuration it is necessary to define a global 
maximum (e.g. 550 mm). The head of the dummy 
is not allowed to contact a defined safety zone in 
front of this maximum. If the measurement is 
higher it is necessary to reduce the overall 
assessment of the CRS. 
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SUMMARY AND OUTLOOK 
 
The risk of a child to be injured or killed in car 
accidents is still high. From the safety point of view 
two different types of CRS are available: CRS with 
good protection in some accident configurations 
and CRS without protection other than the 
mandatory ECE regulation. But the effectiveness of 
CRS depends on more than one topic: not only 
technical issues are responsible for children’s 
safety. Use and handling of CRS should be easy 
and understandable. In all CRS-groups some 
improvements are possible to reduce the loadings. 
ISOFIX is the best basis for new investigations. It 
reduces misuse compared to CRS which use the car 
belt for installation. The rigid connection between 
the ISOFIX-CRS and the car, especially when 
supported by an anti-rotation device, leads to 
decreased loads to the dummy. Starting at this point 
the CRS could be developed and improved for 
different accident situations to absorb energy on a 
high safety level. Numerical simulation should be 
included in the design process of CRS at an early 
stage. 
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ABSTRACT 

The variation of the throwing distance and Head 

Injury Criterion with car velocity, point of impact 

and angle of approach has been studied for bicycle 

impact with three different categories of vehicles- 

small cars, sports utility vehicles and buses. 

Crashes between a bicycle and the vehicles were 

simulated using multi body models developed in 

MADYMOTM with parametric variations in speed, 

angle of approach and point of impact. The 

variation in the angle of approach or point of 

contact causes significant changes.  From the 

simulations, the large spread in the data reported by 

reconstruction is predicted to originate from 

variation in the impact configuration. The changes 

in the trends can be associated with key changes in 

the nature of the impact visible in the simulations 

(head impacting car, no impact of rider with car 

etc.). The kinematics of impact has significant 

differences in case of the bus and this leads to 

differences in the nature of correlations. The HIC 

values were found to be higher in the case of bus as 

compared to the SUV and the small car. The paper 

reinforces the hypothesis that for bicycle accident 

reconstruction should take into account variations 

in the impact configuration in addition to the throw 

distance recorded. The paper also gives data which 

when populated further could form a basis of such 

reconstructions. 

INTRODUCTION 

 

On an average, there are about 100,000 fatalities in 

road accidents each year [1]. More than a million 

sustain serious injuries. Cyclists and pedestrians are 

the most vulnerable group in traffic crashes [2] and 

the actual number of injured cyclists and total 

number of crashes may be underreported. In a 

heterogeneous traffic situation, as it exists in India, 

the safety of these most vulnerable sections should 

be given due importance while designing 

motorized vehicles. Computer simulations can play 

an important role in understanding the phenomena 

of crashes. Attempts have been made to simulate 

impacts between cars and bicycles at different 

standard configurations [3] . To initiate measures to 

protect the vulnerable road users, it is necessary to 

understand the important factors and variation in 

phenomena for a range of vehicles. Computer 

simulations of crashes are through finite element 

analysis or multi-body dynamic simulations. 

Though the accuracy of finite element analysis is 

much higher, they are computationally expensive. 

Hence, multi-body simulations are often carried out 

for such cases using software packages such as 

MADYMOTM (TNO Automotive, Netherlands) 

have been accepted for crash safety analysis 

throughout the world. 

 

The study the kinematics of impact in simulations, 

we redefine �throwing distance�as the distance 

between the point of impact and the point at which 

the body first hits the ground. The car speeds were 

correlated with throw distance from MADYMO 

simulations in Mukherjee [3]. The results were then 

compared with experimental data in [5]. They were 

able to attribute the spread obtained in [5] for 
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frontal side impacts to the point of impact on the 

bicycle with the car. This paper extends their work 

to cover other vehicles in the traffic stream. In 

addition, Head Injury Criterion values calculated 

by MADYMOTM were compared for the cases of 

impacts of bicyclists with the Car, the SUV and the 

bus in impact of the vehicle-front with bicycle-side 

configuration. 

MODEL DEVELOPMENT 

We need to build models for the rider, bicycle and 

the vehicles for these simulations and define 

interactions between them 

Bicycle model 

The bicycle model in Mukherjee [3] and has a 

system of four rigid bodies: the frame, the front 

fork, and the two wheels. The frame and the front 

fork were connected by a revolute joint; for which 

the rotation axis is in the plane of symmetry of the 

bicycle. Front and rear wheel were connected by 

revolute joints to the front fork and the frame, 

respectively. Rotation axes are perpendicular to the 

plane of symmetry. A sketch of the bicycle with 

key dimensions is as shown below in Figure 1. The 

results reported from tests and analysis [[6], [7]] 

have been used to determine the mechanical 

properties of the wheel reproduced in Table 1. The 

radial stiffness of the tyre has been obtained from 

the stress � strain curve for the bicycle tyres [[7]]. 

Contacts between the road and the tyres of the car 

were defined using the tyre model in MADYMOTM 

and using internal tyre pressure, wheel diameter 

and wheel thickness.  

 

Figure 1 Dimensions of a Bicycle 

 

Table 1 Bicycle tyre mechanical properties 

Quantity Value 

Outer rim radius (to centroid of rim) 309.4 mm 

Inner hub radius (to centre of spoke 

holes) 18.0 mm 

Spoke diameter 2.10 mm 

Area of spokes in one plane 62.34 mm2 

Elastic modulus of rim 70 kN/mm2 

Elastic modulus of spokes 

210 

kN/mm2 

Area of rim 138.4 mm2 

2nd moment of area of rim (for 

bending in the plane of wheel) 1469 mm2 

 

Car Model 

For carrying out the simulations of car-bicycle 

impacts, the model developed in [3] was used. For 

the MADYMO input file, the car frame has been 

modelled as a single rigid body i.e. all ellipsoids 

are rigidly connected to each other. The vehicle 

model consists of 4 multi body tree structures, 

representing the front left, front right, rear left, and 

rear right vehicle suspension.  
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SUV Model 

A model of a SUV was developed in a manner 

similar to that of the car. The vehicle was modelled 

as one single body, consisting of a combination of 

cylinders and ellipsoids. It consisted of five rigid 

bodies- the vehicle body and the four tyres. All the 

surfaces in the body of the vehicle were rigidly 

locked against each other. The only movable joint 

was between the road and the centre of gravity of 

the vehicle. Thus, there is only one movable part 

and that is the vehicle body. There is no relative 

movement possible between the parts. In total the 

model consists of 59 surfaces and 5 rigid bodies. 

Out of these 59 surfaces, 54 are ellipsoids while 5 

are cylinders. Since from the perspective of a 

bicyclist, the vehicle is a very large mass, the 

dynamic loading effects on the SUV velocity were 

neglected. This allowed the usage of the same tyre 

properties as for the small car. The windscreen was 

defined using two ellipsoids while the front hood 

using a single ellipsoid of degree 8. The bumper 

was defined using 4 different ellipsoids.  Due, to 

their size, the front headlights were modelled using 

two separate ellipsoids. Second degree ellipsoids 

were used to model the A, B C and D pillars. The 

suspension was also not modelled as it is sufficient 

to model the tyres and the centre of gravity of the 

vehicle. 

Bus Model 

 

The model of the bus was developed in a manner 

similar to that of the SUV. The vehicle was 

modelled as one single body, consisting of a 

combination of cylinders and ellipsoids. In total the 

model contains 31 surfaces and 5 rigid bodies. To 

further analyze impacts between buses and 

bicycles, an alternative bus design slanting hood 

type of front instead of a flat-fronted design was 

considered. 

Contact Interactions 

Multi body contact interactions were defined using 

the force penetration functions for the dummy with 

the bicycle, vehicle, pavement and road, for the 

bicycle with the vehicle and the road, the vehicle 

with the road and between dummy body parts. 

Head form impact test data reported in [8] for the 

WAGON R FX, which is similar to the WAGON R 

car prevalent in India was used to generate load 

deformation characteristics. By averaging over the 

bonnet and windscreen respectively, separate force 

� deformation characteristics were defined for the 

car bonnet and the windscreen. For sake of 

simplicity, the same deformation characteristics 

were used for all vehicles. 

SIMULATIONS OF CAR-BICYCLE 

IMPACTS 

Simulations for frontal-side impacts between cars 

and bicycles were reported in [3] for car speeds 

ranging from 15 km/hr to 65 km/hr. This was 

extended to lower speeds of upto 2.5 km/hr. The 

bicycle speed was kept constant at 10km/hr.  The 

throw distances for these simulations are plotted in 

Figure 2. It was observed that that for very low 

speeds (<10 km/hr) the spread was high and this 

can be expected because at such low values of 

throw distance, there is a significant dependence on 

the body part which impacts the ground. As this 

speed increases, the throw distances start to 

increase as expected.  
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Figure 2: Throw distances for car-bicycle impacts at 

low speeds. 
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SIMULATIONS OF SUV-BICYCLE IMPACTS 

Simulations have been performed for the SUV 

front impacting the bicycle Figure 3 shows a series 

of snapshots for the case where the SUV moving at 

a speed of 20 km/hr impacts with a 0.3m offset of 

the bicycle pedal. Due to the characteristics of the 

shape of the SUV such as height and angle of 

inclination of the hood the phenomenon observed  

 

 

 

        T= 0ms                     T=100ms                     T=200ms                     T=300ms 

 

     T= 400ms                     T=500ms                     T=600ms                     T=700ms 

 

Figure 3 Motion of bicycle rider in frontal-side crash (SUV velocity = 20 km/hr, Point of impact at offset  -0.3 m) 

 

during crashes are qualitatively different. The 

riders do not roll up the windscreen towards the 

roof of the vehicle. The simulations were carried 

out with the speed of the cycle as 10 km/h with the 

impact speed of the SUV varying between 5 km/h 

to 65 km/h. The distance of point of impact of 

bicycle saddle from the vehicle centre was also 

varied, and is measured positive in the direction of 

bicycle motion as shown in Figure 4 below 

  

Figure 4 Frontal Side impact orientation 

 

Variation of throw distances with vehicle speed  

The throw distances for various speeds of the SUV 

are plotted in Figure 5. The results reinforce the 

Offset from 

car centre 

Direction of 

Bicycle Velocity 

Direction of 

SUV Velocity 
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obvious conclusion that the throwing distance is 

predicted to increase as the car speed increases. 

The sudden changes in slopes of these otherwise 

monotonically varying curves can be associated 

with significant qualitative change in the 

kinematics of the bicycle rider at certain points. A 

qualitative change is for example the cyclist 

landing on the hood in the centre and instead of 

tumbling off, he may continue riding on the hood 

before rolling either in front of the vehicle or on the 

side. In case, the bicyclist lands in front of the 

vehicle, the probability of the vehicle running over 

is high. 
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Figure 5: SUV throwing distance variation for frontal 

side impact 
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Figure 6 : Variation in throwing distance with bicycle 

speed at 0m offset 

 

Variation of throw distances with bicycle speed 

The throw distances for different bicycle speeds 

have been plotted in Figure 6. The variation in 

throw distances is between 11 and 16 m for bicycle 

speed variation between 5 and 25 m/s with the 

magnitude first decreasing then increasing. This 

can be attributed to the fact that as bicycle speed 

decreases, the drag in the direction of the bicycle 

motion will decrease leading to higher distances, 

whereas the impulse in the direction of the vehicle 

will decrease as the vehicle comes in contact for a 

lesser duration and length thus decreasing the 

distance. 

 

Variation of throw distances with vehicle speed 

in frontal-oblique impacts 

 

The frontal oblique collision occurs when the 

bicycle front tyre hits the front of the car at an 

angle as shown in Figure 7. This could occur in real 

life when one of the vehicles turning into the path 

of the other vehicle. For the simulation, the angle 

of approach is taken as 45° and point of impact as 

car centre. The throw distances for this 

configuration are plotted against the vehicle speed 

in Figure 8. The sudden increase in throwing 

distance at low car speeds is attributed the change 

in kinematics of the bicyclist. In this situation due 

to low speeds, the impact does not impart a large 

momentum but instead the rider travels on top of 

the hood before rolling down in front of the 

vehicle. However, we again see the general trend of 

increase in throw distance with speed. The 

behavior as seen for the SUV frontal oblique 

crashes taking place at an angle of 45o is similar to 

those as seen in frontal crashes. The major 

difference is that the bicyclists rises to a higher 

distance and can reach the roof of the vehicle  
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Figure 7:  The frontal oblique impact configuration 
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Figure 8:  Variation in throwing distance with car speed 

in frontal oblique crashes (angle =45 degree) 

SIMULATIONS OF BUS-BICYCLE IMPACTS 

 

Simulations of the a flat-fronted bus front 

impacting a bicycle were carried out and Figure 9 

shows a series of snapshots for the case where the 

bus moving at a speed of 50 km/hr impacts with a 

0.3m offset of the bicycle pedal. The kinematics of 

impact of the bicyclist with the bus is quite 

different from that in case of the SUV and the Car. 

The first impact usually takes place with the leg or 

the saddle which is followed by the rest of the body 

impacting the bus front. However, due to the flat 

shape of the bus, bicyclist is not launched very high 

in the air, as was the case with SUV and the car. 

The flatter trajectory leads to lower throw 

distances.  

Variation of throw distances with vehicle speed  

The throw distances for various speeds of the bus 

are plotted in Figure 10. The spread in the case of 

the buses is much less and this can attributed to the 

fact the bus front is similar along its length and the 

impacting surface does not vary much with offset. 

The expected trend of monotonically increasing 

throw distances is observed. The magnitude of the 

 

 

 

 Figure 9:  Motion of bicycle rider in frontal-side crash (Bus velocity = 50 km/hr, Point of impact at 

offset 0.0 m) 
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throw distances at high speeds is lower than the 

SUV and the car due to the difference in the crash 

phenomena as explained earlier. The variation in 

throwing distance with bicycle speed observed in 

simulation is not significant. 
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Figure 10 Throw distances in bus-bicycle impacts 

for different offsets 

 

THROW DISTANCE REGRESSION CURVES 

 

For all the impact configurations, the nature of the 

curves obtained for throwing distance is similar to 

that seen in simulations of small cars. A 

comparison between the regression curves obtained 

from the SUV and Car simulations for frontal side 

impact shows similar behavior in comparison to 

Otte�s accident reconstruction data. These 

regression curves were obtained by assuming a 

quadratic fit similar in nature to Otte�s curve. The 

point of intersection in the case of the SUV shifts 

to the right as shown in Figure 12. For the frontal 

side impact with the SUV different kinematic 

situations were observed. At low speeds and 

negative offsets, the bicyclist lands on top of the 

bonnet of the vehicle and continues riding before 

impacting the windscreen and slowly rolling off. In 

some high velocity cases it was observed that the 

bicyclist impacts the region of the bonnet closer to 

the edge, thus bouncing off it without colliding 

with the windscreen.  A completely different 

kinematic phenomenon is seen in case of bus-

bicycle impacts. In this case, the bicyclist is not 

pushed higher into the air as he impacts with a flat 

surface. Hence, throw distances in case of the bus-

bicycle impacts are expected to be lower as 

compared to the SUV and the car. Looking at the 

coefficients of the regression curves, it can be seen 

that the quadratic coefficient is much smaller in 

case of the buses. The throw distances would thus 

increase slowly at higher speeds. It can be seen that 

at higher speeds the throw distances for the buses 

are less than those of the car and the SUV.  
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Figure 3: HIC variation with speed of vehicle 
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Figure 12: Throwing distance and vehicle type 

 

COMPARISON OF HIC VALUES 

 

The HIC values calculated in MADYMOTM were 

compared for the three cases of impacts of the 

bicyclists with the Car, the SUV and the Bus. The 
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comparison was made for a central impact position 

in the vehicles and the variation with vehicle speed 

is shown in Figure 3. Unlike throw distances, the 

highest HIC values are generally obtained for the 

bus followed by the SUV. The impact of the head 

of the vehicle takes place immediately after the first 

contact in the case of the bus, leading to higher 

values.  

HIC Values for buses with slanting hood 

front 

The design of the bus was modified and 

simulations were done with the new design in 

which the front of the bus has a slanting hood. The 

HIC values corresponding to the head impact with 

bus are plotted with the bus speed in Figure 17 (a). 

The slanted design has a lower HIC value. This is 

attributed to the fact that in the slanted front design 

the head collides with hood after it has been 

decelerated considerably due to the impact of the 

bus with the lower extremity. Figure 17 (b) below 

reports the overall HIC value, including the contact 

with the ground. The rise in HIC values is not 

monotonic with the speed and has a local 

maximum at bus velocities of about 12 m/s. At 

certain vehicle speeds, the bicyclist rotates in the 

air and impacts the ground in an orientation which 

leads to higher energy absorbed by the head. 
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Figure 5: Comparison of HIC values with speed of 

the vehicle 

CONCLUSION 

Estimation of throwing distance for  OV-bicycle 

crashes for four types of vehicles with parametric 

variation in OV speed and the point of impact have 

been carried out. The change in the nature of 

impact with change in vehicle front has been 

highlighted, qualitatively as well as quantitatively. 

There is qualitative change in the nature of impact 

with change in vehicle front. The contact point on 

the vehicle is not significant parameter for impacts 

with buses with uniform fronts. A flat front design 

leads to smaller throwing distances of the bicycle 

rider as the rider is not thrown up. The HIC due to 

the rider-bus impact is smaller in the slanted front 

bus. If the rider-ground contact is included, the 

trend of overall HIC is not so easily predicted. For 

the slant front bus, as the rider is thrown up, the 

ground contact could at times be with the head, 

leading to large HIC values. One of the limitation 

of this study is that experimental force-deformation 

relationships were not available for the contact 

interaction. The confidence in the results would be 

greater if experimental crash data were available. 
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ABSTRACT 
     The objective was to study the influence of 
various types of car seats aimed at protecting 
whiplash injuries on real-life injury outcome. 
Furthermore, the aim was to study correlation 
between whiplash consumer crash tests and real-life 
injury outcome. In both cases the influence on long-
term whiplash symptoms were studied.  
     Since 1997 various seats aimed at lowering the 
risk of whiplash injuries have been introduced in 
cars. The cars were divided into groups according 
to the safety technology used. Since 2003 consumer 
crash test programmes have been running. The 
correlation on group level between whiplash injury 
outcome in real-life crashes and the test results of 
consumer crash tests both in Sweden by Folksam 
and the Swedish Road Administration and by 
IIWPG were studied.  
     The results show that cars fitted with more 
advanced whiplash protection systems had 50% 
lower risk of whiplash injuries leading to long-term 
symptoms than cars launched since 1997 without 
whiplash systems. All three whiplash preventive 
technologies studied, RHR (Reactive Head 
Restraints), WhiPS (Whiplash Prevention System), 
and WIL (Whiplash Lessening System), showed 
lower risk of whiplash injury leading to long-term 
symptoms than cars fitted with standard seats. 
     A correlation was found between consumer 
whiplash crash tests and real-life outcome. It was 
found that cars rated in the worst group in the 
IIWPG and Folksam/SRA ratings had 43% and 
60% higher risk of long-term symptoms in real-life 
crashes, respectively, than cars rated in the best 
group.  
     A limitation with the tests is that the consumer 
crash test programmes are conducted with the seat 
only, while the real-life injury outcome concerns 
the performance of the whole car. 
     It can be concluded that seats aimed at 
preventing whiplash injuries in general also lower 
the risk in real-life crashes. Furthermore it can be 
concluded that results from existing consumer crash 
test programmes for whiplash correlate with real-
life injury outcome.  
 
 

INTRODUCTION 
 
     In October 1997 the Swedish parliament decided 
upon the new road traffic safety policy in Sweden, 
the so-called Vision-Zero (Kommunikations-
departementet 1997). An important part in the 
policy is to minimise health losses and not 
accidents or injuries in general. Health losses 
include fatal injuries and severe injuries where the 
person not is recovering within reasonable time, i.e. 
the focus is set on the public health problem. 
     Apart from fatalities, injuries leading to 
disability reported by insurance companies are a 
good indication of the number of serious road 
traffic injuries. They also give a good picture of 
both the typical injuries and the type of crashes that 
primarily should be in focus for road traffic safety 
actions. In Sweden more than 3,500 permanently 
disabled car occupants are reported every year 
(with a disability of at least 10% according to the 
classification used by Swedish insurance 
companies) (Försäkringsförbundet 1996). More 
than 50% of those are whiplash injuries. It is 
therefore important that the society focuses on 
reducing whiplash injuries.  
     In modern cars on the Swedish market, whiplash 
injuries account for approximately 70% of all 
injuries leading to disability (Folksam 2005). Most 
occupants reporting whiplash injuries recovers 
within a week, while between 5% and 10% will get 
more or less life lasting problems (Nygren 1984, 
Krafft 1998, Whiplashkommissionen 2003). 
 
Whiplash prevention initiatives 
 
     Whiplash preventive measures have so far been 
focussed on developments of the seat. Since the 70s 
head restraints have been implemented more and 
more frequently. To date all seating positions in 
most car models are fitted with head restraints. The 
whiplash injury reducing effects of head restraints 
have been shown to be relatively low, between 5% 
and 15% (Nygren et al 1985, Morris and Thomas 
1996). In order to increase the vehicle 
crashworthiness in high-speed rear end crashes, 
vehicle seats have become stiffer since the late 80s 
(Krafft 1998). Stiffer seats have probably increased 
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the whiplash injury risks in low-speed rear-end 
crashes. 
     Based on this knowledge more advanced 
whiplash protection devices have been introduced 
on the market. The better protection is achieved 
through improved geometry and dynamic properties 
of the head restraint or by active devices that move 
in a crash as the body loads the seat. The main ways 
to lower the whiplash injury risk are to minimise 
the relative motion between head and torso, to 
control energy transfer between the seat and the 
body and to absorb energy in the seat back.  
     To date several systems exist, for example RHR 
or AHR (Reactive Head Restraint or Active Head 
Restraint) in several car models, WhiPS (Whiplash 
Prevention System) in Volvo and Jaguar, WIL 
(Whiplash Injury Lessening) in Toyota. RHR was 
firstly introduced in Saab cars in 1998 (SAHR) 
(Wiklund and Larsson 1997), and is today the most 
common whiplash protection concept on the 
market. It exists in several models from for 
example Audi, Ford, Mercedes, Nissan, Opel, 
Skoda, Seat and VW. RHR is a mechanical system 
that actively moves the head restraint up and closer 
to the head and in a crash. Saab has apart from the 
head restraint also designed the seat back structure 
to better support the torso in a rear end crash. 
WhiPS was first introduced in Volvo cars in 1999 
(Lundell et al 1998, Jakobsson 1998). The seat back 
is in a crash moved rearwards and yields in a 
controlled way to absorb energy. The Toyota 
system WIL (Sekizuka 1998) has no active parts 
and is only working with improved geometry and 
softer seat back. Ford has also introduced seats 
without active or reactive parts in the headrest, but 
with an improved design aimed at preventing 
whiplash injury.  
     Studies have been presented showing the effect 
of the Saab RHR and Volvo WhiPS indicating an 
injury reducing effect of approximately 40-50% 
(Viano and Olssén 2001, Insurance Institute for 
Highway Safety (IIHS) 2002, Jakobsson 2004, 
Krafft et al 2003). Apart from that the information 
of real-life performance of different systems is 
limited.  
     In recent years some consumer rating programs 
have been developed and introduced. In 2003 
Folksam and the Swedish Road Administration 
(SRA) started crash testing of car seats, where each 
seat is exposed to three different tests. Also the 
German ADAC started crash testing of car seats 
using multiple tests for each seat (ADAC website). 
In 2004 the insurance initiative IIWPG 
(International Insurance Whiplash Prevention 
Group) started consumer crash testing in Europe 
and in the USA (IIHS and Thatcham websites). In 
those tests each seat was exposed to one test. 
Studies of the correlation between crash test results 
and real-life performance is rare. 
 

Objectives of the study 
 
     The objective was to study the influence of 
various types of car seats aimed at protecting 
whiplash injuries on real-life injury outcome. 
Furthermore, the objective was to study correlation 
between whiplash consumer crash tests and real-life 
injury outcome. In both cases the influence on long-
term whiplash symptoms were studied.  
 
 
METHOD/MATERIAL 
 
     The study was based on two different data 
sources. To calculate the proportion of injuries 
leading to long-term symptoms all whiplash injuries 
in rear-end crashes reported to the insurance 
company Folksam between 1998 and 2006 were 
used. In total 6383 reported whiplash injuries were 
included. To calculate relative risk of an injury in 
rear-end crashes all two-car crashes reported by the 
police between 1998 and 2006 were used, in total 
15587 crashes.  
 
Injury classification 
 
     Claims reports including possible medical 
journals for all crashes with injured occupants 
between 1998 and 2006 were examined. Whiplash 
injuries reported in rear-end crashes within a range 
between +/-30 degrees from straight rear-end were 
noted.  
     Insurance claims were used to verify if the 
reported whiplash injuries led to long-term 
symptoms. Occupants with long-term symptoms 
were defined as those where a medical doctor 
examined the occupant and the occupant claimed 
injury symptoms for more than 4 weeks, which 
corresponds to a payment of at least 2000 SEK in 
the claims handling process used by Folksam. Out 
of the 6383 persons reporting a whiplash injury, 
912 (13%) led to long-term symptoms according to 
that definition. 
 
Calculation of relative injury risk 
 
     According to Evans (1986), when two cars 
collide with each other, the injury risk for Car 1 in 
relation to Car 2 can be expressed as the number of 
injured occupants in Car 1 in relation to the number 
in Car 2. This is equal to the risk of injury in car 1 
in relation to the risk of injury in Car 2, which can 
be denoted as p1 / p2. Assuming that the 
probabilities p1 and p2 are independent, and that the 
injury risk in Car 2 can be expressed as the injury 
risk in Car 1 multiplied by a constant, four cases 
can be summed: x1, x2, x3 and x4. The relative 
injury risk in the whole range of impact severity is 
equal to equation (1). In this study the relative 



Kullgren  3 

injury risk for the sum of all cars in each group 
studied was calculated. 
      In a similar way the relative risk of injury in 
rear-end crashes can be calculated with the same 
technique, where the number of crashes with 
injured drivers in the struck car in rear-end crashes 
in relation to the number of crashes with injured 
drivers in the striking car are summed, see Table 1. 
The method used in this study to calculate relative 
injury risk has been further described by Hägg et al. 
(1992) and Hägg et al (1999). 
     The initially presented method is relevant for 
cars of similar mass. If Car 1 and Car 2 have 
unequal mass, the exposure to impact severity will 
be unequal as well. While crashworthiness rating 
based on real-life experience should preferably 

show the benefit or dis-benefit of mass, the current 
method would give too much attention to mass, as it 
would also include the benefit or dis-benefit for the 
colliding partner. When calculating the injury risk 
for car models relative to the average car, it is 
important that the relative injury risk for all car 
models can be compared with the identical average 
car. This is not the case if the influence of mass 
differences on the exposure for the collision partner 
is not compensated. The initial estimate, equation 
(1), must therefore be modified to take mass 
relations into account. The factor m was calculated 
for the car models in each group under study, and 
thus used to compensate the relative injury risk for 
the models in each group, see equation (2).

 
Table 1. Classification of combinations of injured drivers in the struck and striking car in rear-end crashes. 

 

Drivers in the striking car  

driver injured driver not injured 

Total 

driver 
injured 

x1 x2 x1+ x2 
Drivers  
in the  
struck 

car 
driver not 

injured 
x3 x4  

       Total x1+ x3   

 x1 = number of crashes with injured drivers in both cars 
 x2 = number of crashes with injured drivers in struck car and not in the striking car 

x3= number of crashes with injured drivers in striking car and not in struck car 
x4= number of crashes without injured drivers in both cars 

 
R = (x1 + x2) / (x1 + x3)                   (1). 

 
Rmodified = R*m((M-Maverage)/100) = 

= (x1 + x2) / (x1 + x3) *m((M-Maverage)/100)        (2). 
 
     M is the mass of the studied vehicle and Maverage 
is the average mass of all vehicles. In these 
calculations the factor m was set as 1.035, see Hägg 
et al. (1992), which means that the mass effect used 
to control for the exposure on impact severity was 
3.5% per 100 kg. The relative risk of sustaining an 
injury with long-term symptom was calculated as 
the product of the relative injury risk and the 
proportion of occupants with long-term symptoms 
in relation to the number of reported whiplash 
injuries.   
 
Categories of cars studied 
 
     The whiplash injury and disability risks were 
calculated for some different categories; 
 

• If the car was fitted with a specially 
designed whiplash protection system. 
Those not fitted with whiplash protection 
system were divided in cars launched 
before and after 1997. 

• Kind of whiplash protection system in cars 
launched after 1997. 

• Performance in the IIWPG ratings. 
• Performance in the Folksam/SRA ratings. 

 
     The whiplash protections systems defined are 
RHR-Reactive Head Restraint, WhiPS (Volvo) and 
WIL (Toyota). Cars with seats fitted with RHR 
were divided into Saab RHR and RHR in the other 
manufacturers. Standard seats were defined as those 
not fitted with any of the systems mentioned above. 
A group with standard seats tested in consumer 
ratings was also compared.  
 
RESULTS 
 
     A summary of the results is presented in Table 
2. Detailed number of crashes and injured for the 
calculation of relative injury risk is presented in 
Table 3 in the Appendix.  
     Cars fitted with more advanced whiplash 
protection systems had approximately 50% lower 
proportion of whiplash injuries leading to long-term 
symptoms as cars with standard seats launched after 
1997. Also, the relative risk of a sustaining a 
whiplash injury leading to long-term symptoms was 
approximately 50% lower in cars fitted with more 
advanced whiplash protection systems than in cars 
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with standard seats launched after 1997. Compared 
with cars launched before 1997 with standard seats 
the difference was even higher.  
     It was also found that cars with RHR, WhiPS or 
WIL, all had lower risk of whiplash injuries leading 
to long-term symptoms compared with cars with 
standard seats. Saab cars with RHR showed lower 
whiplash injury risk than the group of cars with 
RHR seats from other manufacturers. 
     Standard seats tested in consumer ratings had 
lower whiplash injury risk than other standard seats. 

A correlation was found between both IIWPG and 
Folksam/SRA ratings and proportion of injuries 
leading to long-term symptoms as well as for 
relative risk of sustaining a whiplash injury leading 
to long-term symptoms. Car seats rated in the worst 
group (Red) in the Folksam/SRA crash tests had 
60% higher risk of long-term whiplash injury risk 
than car seats rated in the best group (Green+). Cars 
rated in the worst group (Poor) in the IIWPG crash 
tests had 43% higher risk compared with cars seats 
rated in the best group (Good).

 
Table 2. Proportions of injuries with long-term symptoms, relative injury risk in rear-end crashes and relative 

risk of a whiplash injury with long-term symptoms. 
 

 Whiplash injuries leading to long-term 
symptoms 

Relative injury 
risk in rear-end 
crashes 

Relative 
risk of 
long-term 
symptoms 

Type of study  Reported 
whiplash 
injuries 
(n) 

Injuries 
leading to 
disability 
(n) 

Proportion of 
injuries 
leading to 
disability (pdis) 

Number 
of 
crashes 

Relative 
injury 
risk 
( R ) 

Relative 
risk of 
disability 
(R* pdis) 

Cars with a system 534 40 7,5% 1216 0,977 0,073 
Standard seats 97- 1571 213 13,6% 2488 1,051 0,143 

Special whiplash  
protection system 

Standard seats -97 4109 635 15,5% 11883 0,970 0,150 
RHR 165 10 6,1% 433 1,11 0,067 
    Saab RHR 114 6 5,3% 341 0,98 0,052 
    Other RHR 51 4 7,8% 92 1,04 0,081 
WhiPS 89 6 6,7% 631 0,95 0,064 
WIL 264 20 7,6% 125 1,10 0,083 
Std seats tested in 
consumer ratings 196 20 10,2% 368 1,06 0,108 

Kind of whiplash 
protection system 
(Car models from 
model year 1997) 

Other std seats 1366 194 14,2% 2125 1,04 0,148 
Good 253 17 6,7% 1083 0,95 0,064 
Acceptable 52 3 5,8% 49 1,24 0,071 
Marginal 86 5 5,8% 105 1,21 0,070 
Poor 205 18 8,8% 235 1,04 0,092 

IIWPG rating 

Not tested seats 5615 836 14,9% 14107 0,98 0,146 
Green+ 140 8 5,7% 729 0,98 0,056 
Green 314 21 6,7% 1089 0,98 0,066 
Yellow 77 4 5,2% 60 1,30 0,068 
Red 23 2 8,7% 40 1,03 0,089 

Folksam/SRA 
rating 

Not tested seats 5798 857 14,9% 14392 0,99 0,147 

 
 DISCUSSION 
  
     Whiplash injuries leading to permanent 
disability are serious and account for the vast 
majority of injuries leading to permanent disability 
(Nygren 1984, Krafft 1998). Many initiatives to 
reduce the problem have been taken, where most 
car manufacturers also include whiplash protection 
in their designs of new models (Lundell et al 1998, 
Wiklund and Larsson 1998). Many are also 
introducing more advanced whiplash protection 
systems in their models. Measuring the 
performance of recent introduced whiplash 

prevention technology is very important for future 
activities in legislation and consumer testing, such 
as EuroNCAP. In recent years many initiatives of 
consumer rating system aimed at measuring neck 
injury risk in rear-end crashes have been launched. 
But the correlation between real-life whiplash 
injury outcome and results from these consumer 
rating programmes has to date not been presented. 
     Existing consumer crash testing is focussed the 
seat performance since the seat plays a major role 
in protecting the occupants from whiplash injury. 
This approach is probably relevant in today’s 
situation, where the seat plays a major role for the 
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whiplash injury risk, but since real-life outcome 
concerns the performance of the whole car, the 
results could be influenced by the difference. 
     The definition of long-term symptoms used in 
this study was chosen because it takes several 
years, sometimes up to 6 years, until a degree of 
permanent disability can be finally set and verified 
according to the system used by the insurance 
companies in Sweden (Försäkringsförbundet 1996). 
To be able to use this definition crashes older than 6 
years can only be used, which is not applicable to 
study whiplash preventive systems introduced the 
latest 6 years. 
     Due to the limited number of crashes and injured 
it was not possible to study the performance of 
single car models, only groups of cars. All various 
car models fitted with reactive head restraints 
(RHR) may have different performance in real-life 
crashes. In this study it was only possible to study 
the difference between Saab RHR and RHR for 
other manufacturers, such as Audi, Ford, Nissan, 
Opel and VW. No major difference between these 
could be verified.  
     The results from this study is very positive and 
show that efforts made by car manufacturers to 
reduce whiplash injury risks has been successful, 
although there are still potential improvements to 
make. It is also positive that test results from 
consumer test programmes correlate with real-life 
performance. Also in this case there are still 
potential improvements to make to better mirror 
real-life injury risks. There is always a need to 
verify crash test results with results from real-world 
crashes.  
     Results from existing consumer crash test 
programmes indicate a large variation in protection. 
Some seats perform well even without more 
advanced whiplash protection systems, while some 
seats fitted with for example RHR received poor 

rating results. Identifying that a seat has a whiplash 
protection device is not enough. It stresses the need 
for consumer test programmes to be used as 
guidance for consumers in picking the best cars and 
it also stresses the need for validation of their 
performance in real-life crashes. 
     Finally, it is important to stress that further 
efforts should be made to improve car seats and 
also other safety technology to reduce whiplash 
injuries leading to permanent disability. Although 
the attempts made so far reduces the whiplash 
injury risk a lot, there is still a long way to go. In 
modern cars, whiplash injury accounts for 
approximately 70 % of all injuries leading to 
disability (Folksam 2005).  Even if half of the 
whiplash injuries in rear-end crashes could be 
avoided, whiplash is still the most dominating 
injury leading to permanent disability. 
 
CONCLUSIONS 
 

• Cars fitted with advanced whiplash 
protection systems had 50% lower risk of 
whiplash injuries leading to long-term 
symptoms compared with standard seats 
launched after 1997. 

• The whiplash prevention systems, RHR 
(Reactive Head Restrains), WhiPS or WIL, 
had lower risk of whiplash injuries leading 
to long-term symptoms compared with 
standard seats launched after 1997. 

• A correlation was found between 
consumer crash test programmes and real-
life whiplash injury outcome. Cars with 
seats rated as good in the consumer crash 
tests had lower risk of whiplash injuries 
leading to long-term symptoms compared 
with seats with poor results.
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APPENDIX 
 

Table 3. Numbers of crashes with different combinations of injured occupants and relative injury risks in rear-
end crashes. 

 

 
 
 

No. crashes X1 X2 X3 R m Rmodified

Seats with whiplash system 1216 351 461 501 0,95 1,03 0,98
Standard seats from MY 1997 2488 711 1075 952 1,07 0,98 1,05
Standard seats until MY 1997 11883 3093 5013 4986 1,00 0,97 0,97
RHR 433 140 157 172 0,95 1,17 1,11
     Saab RHR 341 117 116 133 0,93 1,05 0,98
     Other RHR 92 23 41 39 1,03 1,00 1,04
WHIPS 631 160 238 273 0,92 1,03 0,95
WIL 125 43 53 39 1,17 0,94 1,10
Standard seats tested 97- 368 96 170 149 1,09 0,98 1,06
Other standard seats 97- 2125 618 912 807 1,07 0,97 1,04
Good 1083 306 400 459 0,92 1,03 0,95
Acceptable 49 13 25 17 1,27 0,97 1,24
Marginal 105 24 56 41 1,23 0,98 1,21
Poor 235 76 97 86 1,07 0,98 1,04
Good+Acc 1132 319 425 476 0,94 1,03 0,97
Marg+Poor 340 100 153 127 1,11 0,98 1,09
Not tested 14107 3724 5969 5830 1,02 0,97 0,98
Green+ 729 181 193 226 0,92 1,06 0,98
Green 1089 293 279 332 0,92 1,07 0,98
Yellow 60 17 22 12 1,34 0,97 1,30
Red 40 16 9 9 1,00 1,03 1,03
Above average 1099 295 285 333 0,92 1,03 0,95
Below average 90 31 25 19 1,12 0,95 1,07
Not tested 14392 3800 6115 5942 1,02 0,97 0,99

Total 15587 4155 6549 6438 1,01 0,99 1,00

Cars with and 
without whiplash 
protection

Folksam/SRA 
rating

Type of whiplash 
device

IIWPG rating
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ABSTRACT 
 

The risk of sustaining tibia fractures as a result of 
a frontal crash is commonly assessed by applying 
measurements taken from anthropometric test devices 
to the Tibia Index. The Tibia Index is an injury 
tolerance criterion for combined bending and axial 
loading experienced at the midshaft of the leg.  
However, the failure properties of human tibia 
compact bone have only been determined under static 
loading.  Therefore, the purpose of this study was to 
develop the tensile and compressive material 
properties for human tibia cortical bone coupons 
when subjected to three loading rates: static, quasi-
static, and dynamic.  This study presents machined 
cortical bone coupon tests from 6 loading 
configurations using four male fresh frozen human 
tibias.  A servo-hydraulic Material Testing System 
(MTS) was used to apply tension and compression 
loads to failure at approximately 0.05 s-1, 0.5 s-1, and 
5.0 s-1 to cortical bone coupons oriented along the 
long axis of the tibia.  Although minor, axial tension 
specimens showed a decrease in the failure strain and 
an increase the modulus with increasing strain rate.  
There were no significant trends found for axial 
compression samples, with respect to the modulus or 
failure strain.  Although the results showed that the 
average failure stress increased with increasing 
loading rate for axial tension and compression, the 
differences were not found to be significant.  The 
average failure stress for the static, quasi-static, and 
dynamic tests were 150.6 MPa, 159.8 MPa, and 
192.3 MPa for axial tension specimens and 177.2 
MPa, 208.9 MPa, and 214.1 MPa for axial 
compression specimens.   When the results of the 
current study are considered in conjunction with the 
previous work the average compressive strength to 
tensile strength ratio was found to range from 1.08 to 
1.36. 
 
INTRODUCTION 
 

Lower limb injuries resulting from motor vehicle 
crashes are the second most common site of AIS 2+ 

injuri [27].  In addition, lower limb injuries have been 
reported to be a frequent cause of permanent 
disability and impairment [5].  Tibia and fibular shaft 
fractures account for 5% of AIS ≥ 2 lower extremity 
injuries and 8% of Life-years lost due to lower 
extremity injuries for front outboard occupants 
involved in frontal crashes [19]. 

The risk of sustaining tibia fractures as a result of 
a frontal crash is commonly assessed by applying 
measurements taken from anthropometric test devices 
to the Tibia Index (TI), developed by Mertz (1993).  
The Tibia Index, derived from combined stress 
analysis of a beam, is an injury tolerance criteria for 
combined bending and axial loading experienced at 
the midshaft of the leg:  

 

cc M
M

F
FTI +=     (1) 

 
where F is measured compressive axial force (kN) in 
the superior-inferior direction, M is measured 
bending moment (Nm) in the leg, Fc is the critical 
force values, and Mc is the critical moment value.  
Mertz (1993) recommend critical force and moment 
values of 35.9 kN and 225 Nm, respectively.  
According to Mertz (1993), a TI reading less than 1 
indicates that injury is unlikely.  In order to protect 
against tibia plateau fracture, Mertz (1993) proposed 
a supplemental compressive force limit of 8 kN for 
the 50th percentile male dummy in addition to the 
Tibia Index formula. 

Several authors have noted that the TI does not 
properly consider the combined effects of the two 
types of loading, because the TI assumes that the 
ultimate tensile strength and compressive strength of 
bone are equal [15, 26, 29].  Yamada (1970) reported 
that at static loading rates the ultimate compressive 
strength is approximately 1.08 times the ultimate 
tensile strength for human tibia compact, while 
Burstien and Reilly (1976) reported a slightly higher 
ratio of 1.25.  Welbourne and Shewchenko (1998) 
illustrated that by arbitrarily increasing the TI injury 
threshold from 1 to 1.3 expands the injury boundary 
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to some extent.  Currently the European Enhanced 
Vehicle Safety Committee (EEVC) for Euro NCAP 
uses the modified TI threshold of 1.3 as a compliance 
margin with the Hybrid III [19].  However, if 
maximum allowable force and moment values of 8 
kN and 225 Nm are assumed, the TI is 1.223 [29].  
Therefore, if the critical force and moment values are 
not increased by 30% to correspond with the increase 
in the TI threshold, the critical force and moment 
limits will always be exceeded before the TI reached 
1.3 [29].  In addition, raising the threshold to 1.3 also 
changes the engineering basis of the TI, because the 
threshold of 1 is based on a standard engineering 
failure criterion [15].  Therefore, Funk et al. (2004) 
proposed a reformulated TI with revised critical 
values that accounts for effects tibia curvature and 
the differences in tensile and compressive strength 
while maintaining a threshold equal to 1.  However, 
the ratio of compressive strength to tensile strength 
used by Funk et al. (2004) is based on a quasi-static 
data reported by Yamada (1970) for bone in general 
and not specifically for tibia cortical bone.  Given 
that the properties of bone are rate dependant, the 
ability to accurately predict leg injuries could be 
improved by using a ratio of compressive strength to 
tensile strength for human tibia compact determined 
at a loading rate representative of that seen in 
automotive crashes [8, 21].  

Although there have been numerous studies that 
have reported on the material properties of human 
tibia cortical bone in tension and compression, the 
research has been limited to static loading conditions 
and may not be representative of loading rates seen in 
automotive crashes. [7, 10, 12, 13, 31].  Therefore, 
the purpose of this study was to develop the matched 
tensile and compressive material properties for 
human tibia cortical bone coupons subjected to three 
loading rates, and determine the appropriate ratio to 
apply to the TI. 
 
METHODS 
 

This study presents 20 human tibia cortical bone 
coupon tests taken from the mid-diaphysis; 11 axial 
tension, 9 axial compression.  The methodology is 
presented in four parts: experimental configuration, 

preparation of cortical bone coupons; testing 
configuration, detailing the MTS setup and 
measurement devices; and statistical methodology.  

 
Subject Information 
 

Tibia cortical bone specimens were dissected 
from two unembalmed fresh frozen male human 
cadavers.  Freezing was used as a means to preserve 
the specimens because numerous previous studies 
have indicated that freezing does not significantly 
affect the material properties of cortical bone when 
frozen to a temperature of -20° C [14, 16, 17, 20, 25]. 

For comparison with the standard population, the 
bone mineral density (BMD) of each cadaver was 
determined by the Osteogram technique.  The left 
hand of the cadavers was x-rayed, scanned and 
processed by CompuMed incorporated (Los Angeles, 
CA).  This type of BMD measurement, however, 
only provides an indication of overall bone strength 
and does not account for local changes in bone 
density or composition.  Therefore, the BMD 
obtained through this method is referred to as the 
“Global BMD”.  The global BMD results are 
reported with respect to the normal population (Table 
1).  The T-score is used to compare the cadaver’s 
global BMD with that of the general population, 
using 30 years of age as the comparison.  The Z-score 
is used to compare the global BMD of the subjects 
with the average for their age.  A T-score of -1 
corresponds to one standard deviation below the 
mean for the general population, meaning the 
individual is at or above the 63rd percentile for global 
BMD, or close to normal.  T-scores of 2 and 3 
correspond to 97th and 99th percentiles, respectively.   
 
Specimen Preparation 
 

In order to conduct material property testing on 
human cortical bone, the bone coupon must first be 
machined into a testable geometry. This was done 
through numerous steps of detailed preparation [18].  
First, an oscillating bone saw was used to make two 
cuts to separate the tibia from the body (Figure 1, 
(Figure 2A).   
 

 
Table 1. Osteogram data for cadavers used in tibia cortical bone testing. 

 
Cadaver Gender Age Global BMD T-Score Z-Score 
Sm39 M 67 105.4 -0.5 0.9 
Sm37 M 56 105.3 -0.5 0.3 
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Figure 1. Isolated tibia showing axial and lateral 
specimen orientations. 

 
The mid-diaphysis of the tibia was cut into 

sections using a low speed diamond saw with 
micrometer precision (Figure 2 B). The diamond saw 
blade was immersed a saline bath to minimize the 
heat created from friction and maintain specimen 
hydration, which has been shown to significantly 
affect the material properties, specifically plasticity, 
of cortical bone [6].  Then, the sections cut from the 
tibia were placed in a bone chuck and two parallel 
cuts were made along the longitudinal axis to remove 
a rectangular section of the bone (Figure 2 C).  Great 
care was taken when placing the bone sections in a 
bone chuck to ensure that the axis axis of the tibia 
coincided with the axis of cutting.  The rectangular 
cortical bone specimen was placed in a custom bone 
chuck, and a third cut was made to remove the 
cancellous bone from the piece (Figures 2 D and E).  
This cut also created a flat side that was placed faced 
down on the milling base.  Finally, additional cuts 
were made to level the uncut side and, if necessary, 
trim the ends to fit on the milling base.  It should be 
noted that the dimensions of the rectangular cortical 
bone specimens were cut slightly larger than the final 
specimen dimension to allow a clamping area for the 
milling process.  Since the tibia is triangularly 
shaped, this process was repeated in order to obtain 
rectangular cortical bone specimens from all three 
sides of the tibia.   

The resulting rectangular cortical bone specimen 
was then milled to the final test specimen dimensions 
using a small Computer Numerical Control (CNC) 
machine (MAXNC 10, MAXNC Inc., Chandler, AZ).  
A rectangular pocket was milled into a plastic milling 
base to create a surface parallel to the z-axis, or 
vertical axis, of the mill.  The flat side of the 
rectangular cortical bone specimen was placed on the 
plastic milling base.  This was done to assure that the 
top face of the cortical bone specimen was milled 

parallel to the flat face.  Again, great care was taken 
when placing the cortical bone specimen on the 
milling base to ensure the axis of interest coincided 
with the axis of the mill.  The milling base was 
placed in a saline bath to minimize heat and maintain 
specimen hydration. The mill ran two codes to cut the 
specimen to the final dimension with micrometer 
precision.  The final test specimen dimensions were 
based on both previous literature and ASTM 
standards for tension and compression material 
testing [3, 4, 9, 10, 24, 21, 30, 32] (Figures 3 and 4). 
Finally the coupons were evenly sanded with 240, 
320, 400, and 600 grit wet sand paper.  The finished 
specimens were kept immersed in a saline solution 
and refrigerated until tested.  Once the specimens 
were placed on the test setup, they were kept 
hydrated by spraying a saline solution on them. 

 
A B

DC E

A B

DC E

 
 

Figure 2.  A) Isolate tibia.  B) Mid-diaphysis 
divided into smaller sections.  C) Parallel cuts 
along the long axis of the tibia D) Isolate the 

cortical bone from the cancellous bone. E) One 
flat side to place face down on the milling base. 
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Figure 3. Axial tension specimen dimensions. 

Note: Specimen thickness = 2mm. 
7mm 2.5 mm2.5 mm

 
 

2.5 mm
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Figure 4. Axial compression specimen dimensions. 
 
Testing Configuration 
 

A high-rate servo-hydraulic Material Testing 
System (MTS) was used to apply either tension or 
compression loads to failure at approximately 0.05 s-

1, 0.5 s-1, and 5.0 s-1 on the cortical bone coupons.  
For all failure tests, a 2224 N load cell was used to 
measured load (MTS 661.18E-02, 2224 N, Eden 
Prairie, MN).  Displacement was measured with a 
laser vibrometer (Polytec, OFV 303, Tustin, CA).  

A total of five displacement measurement 
devices were evaluated for accuracy under both static 
and dynamic loading conditions.  The devices 
included: a strain gage, potentiometer, extensometer, 
laser vibrometer, and the MTS internal LVDT.  The 
standard displacement measurement device for static 
material testing is an extensometer, which provides a 
direct displacement measurement of the specimen 
gage length.  However, the grips of the extensometer 
slip during the high rate testing resulting in 
inaccurate displacement readings.  Like the 
extensometer, a strain gage provides a direct 
displacement measurement of the specimen gage 
length.  However, tests conducted with a strain gage 
applied over the specimen gage length showed a 
large reduction in ultimate stress and strain.  This was 
due to localized specimen drying, required to apply 
the strain gage, which has been shown to 
significantly affect the material properties, 
specifically plasticity, of cortical bone [6].  The 

potentiometer is a non-contact displacement 
measurement device, which does not affect the 
properties of the material being tested.  However, the 
potentiometer data did not show the same response 
time as the extensometer for slow rate tests.  The 
MTS internal LVDT was found to have relatively 
poor resolution. Finally, the laser vibrometer, which 
has nanometer scale accuracy and a high frequency 
response of 200 kHz, showed almost the exact 
response as the extensometer at static and quasi static 
rates. Unlike the extensometer; however, the laser 
vibrometer also gives accurate readings during high 
rate testing.     

For dynamic testing, the MTS actuator must 
travel a finite distance to reach the desired test speed.  
If the actuator is directly coupled to the test coupon, 
then a toe region will be seen in the stress vs. strain 
response.  In order to avoid this, the use of a custom 
lack adapter was employed (Figure 5).  A shaft with a 
male conical end rested inside a hollow tube with a 
female conical end, which was directly coupled to the 
MTS actuator.  The MTS was programmed lift or 
lower the slack adapter tube, depending on the testing 
direction, to allow enough space to reach the desired 
speed before coming into contact with the slack 
adapter rod.  Once the MTS reached the desired 
speed and engaged the slack adapter, the piece was 
loaded at a constant rate to failure.  The slack adapter 
was designed to work in both tension and 
compression test configurations (Figure 5). 
 

 
 

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

 

 
MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip
Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip

Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip
Coupon

MTS

Load Cell

MTS 
Piston

Slack 
Adapter

Grip
Coupon

 
Tension Testing Compression Testing 

 
Figure 5. Slack adapter in test configurations. 
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Alignment of Test Setup   
 

The three main sources of misalignment in a 
material testing setup were addressed in order to 
minimize variable bending stresses, which result in a 
reduction in both strength and ductility.  As described 
earlier, extreme care was taken during the specimen 
preparation process to maintain symmetric machining 
along the axis of interest of the test specimens.  The 
conformance of the specimen centerline to the top 
and bottom grip centerlines was addressed through 
design and precise machining of the grips.  For 
tension testing, the grips were designed to use both a 
pin and clamp configuration.  The pin ensured proper 
centerline conformance, and the clamp provided the 
holding force.  To hold the bone coupon in place, the 
grip screws were tightened, forcing metal plates to 
clamp both ends of the coupon (Figure 6).  For 
compression testing, proper centerline conformance 
was ensured by milling a 1 mm deep circular 
placement groove, concentric with the grip 
centerline, in the top and bottom loading surfaces 

(Figure 7).  The diameter of the placement hole was 
such that the corners of the compression specimen 
just slightly cleared.  In compression testing, it is 
critical that the two loading faces are parallel. In 
order to compensate for any angular misalignment of 
the compression grips or faces of the compression 
specimen, lubricated rotating hemispheres were 
placed on the top and bottom grips [4].  The 
compliance of the lubricant was taken into account 
by conducting a series of compression tests with no 
specimen in the grips.  The resulting force verse 
displacement curves were then fitted and used to 
adjust the displacement data from the actual cortical 
bone compression tests.  In order to align the 
centerlines of the top and bottom grips, an aluminum 
specimen with the same dimensions of the cortical 
bone coupon specimens was instrumented with strain 
gages on all four sides of the gage length [1].  A dial 
indicator read the position so the load cell could be 
adjusted in small increments until the strain gages 
read within 100 microstrain of one and other, which 
is less than 1 % of the total loading strain in the tests.   

 
 

Grip open Screw tightenedSpecimen placed Fully clampedGrip openGrip open Screw tightenedSpecimen placedSpecimen placed Fully clampedFully clamped

 
 

Figure 6.  Tension test grips with pin and clamp design. 
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Figure 7.  Compression test grips with centering groove to ensure proper centerline conformance. 
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Data Processing 
 

The load and strain data were collected and 
filtered at different levels depending on the speed of 
each test (Table 2).  Each filter class changed the 
peak stress and strain by less than 1%.  Stress was 
calculated by dividing the force measurement by the 
cross sectional area of the specimen gage length.  
Strain was determined using the Lagrangian 
formulation of dividing the change in length by the 
initial length.  The modulus of elasticity was defined 
as the slope between two points, approximately 30 % 
and 70 % of the yield point.  
 

Table 2. Sampling frequency and CFC filter for 
each test series. 

 

Strain Rate Compression Tension 

0.05 s-1 15kHz/ CFC180 10kHz/ CFC180 

0.5 s-1 30kHz/ CFC600 30kHz/ CFC600 

5.0 s-1 100kHz/ CFC1000 100kHz/ CFC1000 

 
Statistical Analysis 
 

Statistical analysis was performed on all of the 
data in order to illustrate significant differences 
between the values for the 6 different groups of tests.  
For this analysis, multiple t-tests were performed 
between each group of data for each value.  The 

Tukey-Kramer technique was used which adjusts for 
multiple comparisons.  P-values are presented with 
statistical significance assigned to a p-value of 0.05 
or less.   
 
RESULTS 
 

Tension tests were performed on a total of 11 
human tibia cortical bone coupons at three stain rates.   
The tension mechanical properties for each specimen 
as well as averages by testing group are shown in 
Table 3.  The average failure stress for the static, 
quasi-static, and dynamic tests were 150.6 MPa, 
159.8 MPa, and 192.3 MPa for axial tension. The 
average failure strain for the static, quasi-static, and 
dynamic tests were specimens and 23696 microstrain, 
19228 microstrain, and 18329 microstrain for axial 
tension specimens.  The stress vs. strain curves for all 
tension tests are also shown (Figure 8).    

Compression tests were performed on a total of 9 
human tibia cortical bone coupons at three stain rates.   
The compression mechanical properties for each 
specimen as well as averages by testing group are 
shown in Table 4.  The average failure stress for the 
static, quasi-static, and dynamic tests 177.2 MPa, 
208.9 MPa, and 214.1 MPa for axial compression 
specimens.  The average failure strain for the static, 
quasi-static, and dynamic tests were 16116 
microstrain, 19587 microstrain, and 21198 
microstrain for axial compression specimens.  The 
stress vs. strain curves for all compression tests are 
also shown (Figure 9).   

 
Table 3. Axial tension material properties. 

 

Series Test Strain Rate 
(strains/s) 

E  
(GPa) 

Ultimate Strain 
(microstrain) 

Ultimate Stress  
(MPa) 

ATF L1 0.045 19.15 25028 151.3 
ATF L2 0.041 18.89 23392 159.0 
ATF L3 0.044 19.33 24717 151.1 
ATF L4 0.055 16.04 21647 141.1 
ATFL Average 0.046 18.35 23696 150.6 

 
ATF M1 0.656 15.56 20986 152.2 
ATF M2 0.464 19.18 18073 172.9 
ATF M3 0.629 16.35 19918 155.3 
ATF M4 0.586 17.86 17937 158.8 

ATFM Average 0.584 17.23 19228 159.8 
 

ATF H1 5.077 29.88 18966 180.0 
ATF H2 7.336 41.95 21223 230.5 
ATF H3 5.669 30.76 14797 166.5 
ATFH Average 6.027 34.19 18329 192.3 

 
ATF Average 2.167 22.27 20607 165.3 
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Figure 8. Axial tension static, quasi-static, and dynamic tests. 

 
Table 4. Axial compression material properties. 

 

Series Test Strain Rate 
(strains/s) 

E  
(GPa) 

Ultimate Strain 
(microstrain) 

Ultimate Stress  
(MPa) 

ACF L1 0.043 18.86 15944 197.9 
ACF L2 0.044 13.63 18315 165.6 
ACF L3 0.039 18.23 14089 167.9 

ACFL Average 0.042 16.91 16116 177.2 
 

ACF M1 0.580 16.03 20700 197.7 
ACF M2 0.464 19.58 16568 208.1 
ACF M3 0.453 18.53 21492 220.8 
ACFM Average 0.499 18.05 19587 208.9 

 
ACF H1 4.874 12.82 16137 223.5 
ACF H2 4.591 13.67 22817 195.1 
ACF H3 3.667 13.53 24639 223.6 

ACFH Average 4.377 13.34 21198 214.1 
 

ACF Average 1.640 16.10 18967 200.0 
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Figure 9. Axial compression static, quasi-static, and dynamic tests. 

 
 
Statistical Analysis 
 

Statistical analysis was performed on all of the 
data in order to illustrate significant differences 
between the values for the 6 different groups of tests.  
For this analysis, multiple t-tests were performed 
between each group of data for each value.  The 
Tukey-Kramer technique was used which adjusts for 
multiple comparisons.  P-values are presented with 
statistical significance assigned to a p-value of  

 
 

0.05 or less (Tables 5-7).  Although minor, axial 
tension specimens showed a decrease in the failure 
strain and an increase the modulus with increasing 
strain rate.  There were no significant trends found 
for axial compression samples, with respect to the 
modulus or failure strain.  Although the results 
showed that the average failure stress increased with 
increasing loading rate for axial tension and 
compression, the differences were not found to be 
significant. 

Table 5. P-values for the elastic modulus (E) for all failure test groups. 
 
 
 
 
 
 
 
 
 
 
 

 

 ACFH ACFL ACFM ATFH ATFL ATFM 
ACFH *      
ACFL 0.9209 *     
ACFM 0.6789 0.9999 *    
ATFH 0.0001 0.0001 0.0001 *   
ATFL 0.4992 0.9999 0.9999 0.0001 *  

ATFM 0.8139 0.9999 0.9999 0.0001 0.9999 * 



Kemper 9

Table 6. P-Values for ultimate stress for all failure test groups. 
 
 
 
 
 
 
 
 
 
 
 

Table 7. P-Values for ultimate strain for all failure test groups. 
 
 
 
 
 
 
 
 
 
 
 
 

DISCUSSION 
 

The static tensile material properties of human 
tibia bone presenting in this study were found to 
consistent with previously published material 
property data (Tables 8).  The tensile modulus, 
average ultimate tensile stress, and average ultimate 
tensile strain data from the current study lie within 
the values reported by previous authors. The 
differences in reported material property values could 
be attributed to a number of variables know to 
influence the properties of bone: age, bone density, 
specimen hydration, or gender.  

The static compressive material properties of  

human tibia bone presenting in this study were also 
found to consistent with previously published 
material property data (Table 9).  The average 
compressive ultimate stress data from the current 
study lie within the values reported by previous 
authors. Burstein and Reilly(1976) and Evans and 
Vincentelli (1967) reported higher modulus values, 
28.0 GPa and 19.3 GPa respectively, than the current 
study.  However, Evans (1967) reported a lower 
average ultimate compressive strain value than the 
current study.  Again, differences in reported material 
property values could be attributed to a number of 
variables know to influence the properties of bone: 
age, bone density, specimen hydration, or gender.  
. 

 
Table 8. Comparison of reported human tibia compact bone material properties in axial tension. 

 

Author Age Loading 
Rate 

Modulus 
(GPa) 

Ultimate 
Strain 

(microstrain) 

Ultimate 
Strength 
(MPa) 

Dempster (1961) N/R N/R N/R N/R   95.3 
Melick (1966) N/R N/R N/R N/R 138.3 
Evans (1967) 33-98 N/R 15.2 16500   97.1 

Yamada (1970) 20-39 N/R 18.0 15000 140.3 
Burstein (1976) 50-59 0.05 s-1 23.1 31000 164.0 
Kemper (2004) 56-67 0.046 s-1 18.4 23696 150.6 

 
 
 

 ACFH ACFL ACFM ATFH ATFL ATFM 
ACFH *      
ACFL 0.4564 *     
ACFM 0.9999 0.6706 *    
ATFH 0.9564 0.9973 0.9945 *   
ATFL 0.0065 0.7972 0.0163 0.2062 *  
ATFM 0.0319 0.9861 0.0733 0.5436 0.9999 * 

 ACFH ACFL ACFM ATFH ATFL ATFM 
ACFH *      
ACFL 0.8541 *     
ACFM 0.9999 0.9883 *    
ATFH 0.1297 0.9567 0.3464 *   
ATFL 0.9987 0.2661 0.9376 0.0094 *  
ATFM 0.9999 0.9916 0.9999 0.3210 0.8420 * 
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Table 9. Comparison of published human tibia compact bone material properties in axial compression. 
 

Author Age Loading 
Rate 

Modulus 
(GPa) 

Ultimate 
strain 

(microstrain) 

Ultimate 
strength 
(MPa) 

Yamada (1970) 20-39 N/R N/R N/R 151.1 
Burstein (1976) 50-59 0.05 s-1 25.1 N/R 183.0 
Evans (1974) 26-75 0.045 in/min 19.3   9510 109.0 

Kemper (2007) 56-67 0.042 s-1 16.4 16116 177.2 
 
 

Although there have been numerous studies that 
have reported on the material properties of human 
tibia cortical bone in tension and compression, only 
two have conducted matched tension and 
compression testing [7, 31].  The ratio of 
compressive strength to tensile strength from these 
studies was compared with the results from the 
current study (Table 10).  In the current study, the 
ratio of compressive strength to tensile strength 
ranged static, quais-static, and dynamic test groups 
were 1.17, 1.31, and 1.11 respectively.  However, 
given that there where no significant differences 
found in ultimate stress by loading rate in the current 
study, all three loading rate groups where used in to 
determine an average ratio of compressive strength to 
tensile strength of 1.21.  Burstein and Reilly (1976) 
reported ultimate stress grouped by age. Therefore, a 
ratio of compressive strength to tensile strength was 
calculated for each age group, and ranged from 1.15 
to 1.36.  The average of all the age groups reported 
by Burstein (1976) was found to be 1.24.  

Welbourne and Shewchenko (1998) illustrated 
that arbitrarily increased the TI injury threshold to 
1.3, to account for the differences in compressive 
strength and tensile strength increases the injury 
boundary somewhat.  However, Welbourne and 
Shewchenko (1998) also showed that based on the 
maximum allowable force and moment values 
proposed by Mertz (1993) the highest TI value is 
1.223.  Consequently, the modified TI threshold of 
1.3 currently used by the European Enhanced Vehicle 
Safety Committee (EEVC) for Euro NCAP is too 
high.  Funk et al. (2004) used a ratio of 1.2 a 
reformulated TI formula with revised critical force 
and moment values, which take both tibia curvature 
and difference in compressive strength and tensile 
strength into account, and showed increase the injury 
prediction over a ratio equal to 1.  Although, the ratio 
of 1.2 was based on static data reported by Yamada 
(1970) for bone in general, the results of the current 
study show that 1.2 is a reasonable value for since it 
lies within the range of ratios for human tibia cortical 
bone determined at various loading rates.   

 
Table 10. Comparison of tibia compressive strength to tensile strength ratios. 

 

Author Age Loading 
Rate 

( )
( )ten
comp

UT

UT

σ
σ

 

Yamada (1970) 20-39 N/R 1.08 

Burstein (1976) 20-89 0.05 s-1 1.24 (avg.) 
[1.15-1.36] 

Kemper (2007) 56-67 0.04 to 7.3 s-1 1.21 (avg.) 
[1.17-1.31] 

 
 

CONCLUSIONS 
 

The material properties of human tibia cortical 
bone were determined from cortical bone coupons 
obtained from the mid-diaphysis at three different 
loading rates.  The mechanical properties presenting 
in this study were found to be consistent with 
previously published data at similar loading rates.  

Therefore, the specimen preparation and test methods 
presented in this study are both accurate and precise 
for determining cortical bone material properties.  
Although minor, axial tension specimens showed a 
decrease in the failure strain and an increase the 
modulus with increasing strain rate.  There were no 
significant trends found for axial compression 
samples, with respect to the modulus or failure strain.  
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Although the results showed that the average failure 
stress increased with increasing loading rate for axial 
tension and compression, the differences were not 
found to be significant. 

When the results of the current study are 
considered in conjunction with the previous work the 
average compressive strength to tensile strength ratio 
was found to range from 1.08 to 1.36.  Although the 
previously used ratio of 1.2 was based on static, the 
results of the current study show that it is a 
reasonable value for since it lies within the range of 
ratios for human tibia cortical bone determined at 
various loading rates. 
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ABSTRACT 

There have been numerous researchers that have 
investigated the properties of human intervertebral 
discs.  However, there has been no attempt to 
characterize the effects of dynamic loading on the 
compressive stiffness of human lumbar intervertebral 
discs.  Therefore, the purpose of this study was to 
develop the compressive stiffness properties of 
lumbar intervertebral discs when subjected to various 
dynamic compressive loading rates.  This was 
accomplished by performing a total of 33 axial 
compression tests on 11 human lumbar intervertebral 
discs dissected from 6 fresh frozen human cadavers, 
5 male and 1 female.  The adjacent vertebral bodies 
were fixed to a load cell with a custom aluminum pot 
and then subjected to three dynamic compressive 
loading rates using a servo-hydraulic Material 
Testing System: 6.8, 13.5, and 72.7 strain/ sec.  The 
results show that the compressive stiffness of lumbar 
intervertebral discs is dependent on the loading rate.  
There was no significant correlation (p > 0.05) 
between functional spinal unit compressive stiffness 
and vertebral level at any of the three loading rates.  
Therefore, a linear relationship between loading rate 
and vertebral disc compressive stiffness was 
developed by curve fitting the stiffness data from the 
current study along with static compressive stiffness 
data reported by previous studies. 

INTRODUCTION 

It is estimated that the combined overall cost of 
vertebral fractures in North America is approximately   
$750 million dollars a year [19].  Vertebral fractures 
can occur as a result of moderate trauma, falls from 
standing height or less, as well as severe trauma, falls 
from greater than standing height or motor vehicle 
accidents [4].  A common fracture seen in motor 
vehicle accidents is anterior wedge fractures, caused 
by combined flexion and axial compression [13].  In 
addition, the increased risk of vertebral fractures with 
age is directly linked to increased incidence of 
osteoporosis in individuals over 45 [16]. 

In order to understand and reduce these injuries, 
various mathematical and mechanical models of the 
human spine have been developed.  Given that the 
mechanical response of biological tissues 
demonstrates some degree of rate dependence, these 
models must be validated using mechanical 
properties obtained at the appropriate loading rates in 
order to accurately simulate spine kinematics and 
predict injury. 

The literature on the biomechanics of the spine 
has primarily focused on the failure properties of 
isolated vertebral bodies or functional spinal units 
(FSU), defined as an intervertebral disc and all or 
part of the two adjacent vertebral bodies, or the 
compressive stiffness under static and quasi static 
different loading conditions [1, 2, 3, 7, 14, 23].  The 
compressive failure force and stiffness of isolated 
vertebral bodies have both been shown to increase 
with increasing of loading rate [9, 10].  Sundararajan 
et al. [2005] reported that the shear failure force of 
FSUs increases with increasing of loading rate.  
There have been a few studies that have investigated 
the viscoelastic response of functional spinal units in 
axial compression through static creep or stress 
relaxation testing [11, 12, 15].  Smeathers and Jones 
(1988) conducted cyclic axial compression tests on 
lumbar FSUs at 0.01 Hz, 0.1 Hz, 1.0 Hz, and 10 Hz, 
and found a moderate increase in compressive 
stiffness with increasing frequency.  However, 
Smeathers and Jones (1988) used a large preload of 
750 N and loaded the specimens to ± 250 N, which 
resulted in loading rates ranging from only 3.19e-6 
m/s to 2.4e-1 m/s.  Therefore, the purpose of this 
study was to develop the compressive stiffness 
properties of individual lumbar intervertebral discs 
when subjected to various dynamic compressive 
loading rates. 

METHODS 

A total of 33 axial compression tests were 
performed on 11 fresh frozen human lumbar spine 
intervertebral discs dissected from 6 fresh frozen 
human cadavers, 5 male and 1 female.  The cadavers 
ranged in age from 18 to 56, with an average age of 
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42.  Freezing was used as a means to preserve the 
specimens because previous studies have indicated 
that freezing does not significantly affect the 
response of FSUs [20]. 

Functional spinal units (FSU), defined an 
intervertebral disc and the two adjacent vertebral 
bodies, were dissected from the cadavers.  Prior to 
specimen preparation, lateral view digital radiographs 
were taken of each spine in order to identify any pre-
existing degenerative changes.  The intervertebral 
discs for each spine were graded by a certified 
physician on a scale of 1 to 4 based on criteria 
presented by Gordon et al. (1991). Intervertebral 
levels with a degenerative grade of 3 or 4 were 
rejected.   

For comparison with the standard population, the 
bone mineral density (BMD) of each cadaver was 
determined by the Osteogram technique.  The left 
hand of the cadavers was x-rayed, scanned and 
processed by CompuMed incorporated (Los Angeles, 
CA).  This type of BMD measurement, however, 
only provides an indication of overall bone strength 
and does not account for local changes in bone 
density or composition.  Therefore, the BMD 
obtained through this method is referred to as the 
“Global BMD”.  The global BMD results are 
reported with respect to the normal population (Table 
1).  The T-score is used to compare the cadaver’s 
global BMD with that of the general population, 
using 30 years of age as the comparison.  The Z-score 
is used to compare the global BMD of the subjects 
with the average for their age.  A T-score of -1 
corresponds to one standard deviation below the 

mean for the general population, meaning the 
individual is at or above the 63rd percentile for global 
BMD, or close to normal.  T-scores of 2 and 3 
correspond to 97th and 99th percentiles, respectively.  

A number of detailed steps were taken in order to 
ensure the FSUs were rigidly secured while 
maintaining the proper testing orientation.  After the 
spine was sectioned into the desired FSU, all the soft 
tissue except the ligaments was removed from the 
FSU.  It should be noted that the posterior elements 
were left intact because previous researchers found 
them to have a limited effect on axial compressive 
stiffness under small deflections [14, 17, 22]. Second, 
a custom potting cup was filled with a bonding 
compound (Bondo Corporation, Atlanta, GA), and 
one half of the proximal vertebral body of the FSU 
was placed into the bonding compound.  Special care 
was taken to ensure that the mid-plane of the disc 
was parallel with the potting cup, and that the disc 
was centered in the potting cup (Figure 1).  This 
potting orientation has been used by numerous 
previous authors [1, 2, 7, 14, 23].  The potted 
vertebra was then attached to the test apparatus, and 
the distal potting cup was filled with the bonding 
compound.  Finally, one half of the distal vertebral 
body was lowered into the distal potting cup (Figure 
1).  This procedure prevented any induced flexion or 
extension moments.  After the specimen was lowered 
into the bonding compound, the bonding compound 
was allowed to fully cure before testing.  The 
specimen was kept hydrated during the entire potting 
process by spraying saline directly on the specimen.       

 
Table 1: Test matrix and subject data. 

 

Age Body  
Weight Osteogram 

Test ID IVD Level Gender 
(years) (kg) Global 

BMD  t-score z-score 

IVD_1 L2-L3 M 56 81.4  105.3 -0.5 0.3 
IVD_2 L2-L3 
IVD_3 L4-L5 

M 45 73.9 81.4 -2.7 -2.0 

IVD_4 L1-L2 
IVD_5 L3-L4 

F 46   115.9 93.7 -1.6 -1.6 

IVD_6 L1-L2 
IVD_7 L3-L4 

M 45 53.0  120.1 0.9 0.9 

IVD_8 L1-L2 
IVD_9 L3-L4 

M 42 85.9 92.1 -1.7 -1.3 

IVD_10 L2-L3 
IVD_11 L4-L5 

M 18   100.0  138.3 3.2 3.2 
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Mid-plane of disc

Mid-plane of disc 
parallel to potting cup

Disc Centered in potting cup Distal end of FSU 
lowered into potting cup

Mid-plane of discMid-plane of discMid-plane of disc

Mid-plane of disc 
parallel to potting cup

Disc Centered in potting cup Distal end of FSU 
lowered into potting cup  

Figure 1: Functional spinal unit potting procedure. 
 

The primary component of the FSU compression 
test setup was a hydraulic Material Testing System 
(MTS 810, 22 kN, Eden Prairie, MN) (Figure 2).  
The MTS actuator deflection was measured using the 
internal LVDT of the MTS.  A five axis load cell 
(Denton, 1968, 22 kN, Rochester Hills, MI) was used 
to obtain the reaction force and moment, and a single 
axis load cell (Denton, 1210AF-5K, 22 kN, 
Rochester Hills, MI) was used to obtain the impactor 
force.  Additionally, accelerometers (Endevco, 
7264B, 2000 g, San Juan Capistrano, CA) were 
placed on both the reaction and impactor load cell 
plates.  

Each intervertebral disc was subjected to a four 
part test battery in which the loading rate was 
increased with each test (Figure 3).  First, the 
intervertebral disc was preconditioned to a 
displacement of 0.5 mm (2.5 mm ± 2.5 mm) at a rate 
of 1 Hz, which is similar to the frequency of normal 
walking, for 10 cycles.  Each intervertebral disc was 

then preloaded to 88.96 N and subjected to two 
dynamic displacement steps, 0.5 mm and 1.0 mm, at 
rates of 0.1 m/s and 0.2 m/s respectively.  For 0.1 m/s 
and 0.2 m/s loading rates, the data was sampled at 20 
KHz and then filtered to CFC 600.  Finally, each 
intervertebral disc was preloaded to 88.96 N and 
subjected to a dynamic failure test at a rate of 1.0 
m/s.  For 1.0 m/s loading rate, the data was sampled 
at 50 KHz and then filtered to CFC 600.  However, 
the failure results are not presented in this paper.  
After each test, the MTS actuator was returned to the 
original position of zero strain and the specimen was 
allowed to relax for 10 minutes.  The specimen was 
kept hydrated during the entire preparation and 
testing process by spraying saline directly on the 
specimen.  Points used to calculate compressive 
stiffness and strain rate values were taken at 
approximately 25% and 50% of the loading curves.  
Strain was calculated based on the lateral disc height 
obtained form the digital X-rays. 
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Load Cell
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Disc
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Figure 2: Individual intervertebral disc compression test setup. 
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Figure 3. Individual intervertebral disc 
compression test battery. 

 

RESULTS 

The increased loading rate for each test in the 
three part test battery resulted in increasing 
compressive stiffness values for each specimen 
(Figure 4).  In order to determine if the differences in 
vertebral disc compressive stiffness were 
significantly different with respect to loading rate, 
two statistical tests were performed.  First, a two-tail 
t-test for the means, assuming unequal variances, was 
used to determine if the were any significant 
differences in compressive stiffness by vertebral 
level.  There was no significant correlation (p > 0.05) 
between compressive stiffness and vertebral level at 
any loading rate (Figure 5). Therefore, all 
compressive stiffness data was grouped by loading 
rate.  Then, a paired two-tail t-test for the means was 
used to determine if there were any significant 
differences in vertebral disc compressive stiffness 
with respect to loading rate.  The statistical analysis 
showed that the average compressive stiffness at 0.2 
m/s was significantly larger than at 0.1 m/s (p=0.02). 
In addition, the average compressive stiffness at 1.0 
m/s was significantly larger than at 0.1 m/s and 0.2 
m/s (p< 0.01). 

The 0.1 m/s loading rate resulted in an average 
compressive stiffness and strain rate of 1835.1 ± 
645.6 N/mm and 6.8 ± 1.5 s-1, respectively.  The 0.2 
m/s loading rate resulted in an average compressive 
stiffness and strain rate of 2489.5 ± 474.1 N/mm and 
13.5 ± 2.0 s-1, respectively.  The loading rate for the 
failure tests, 1.0 m/s, resulted in an average 
compressive stiffness and strain rate of 6551.1 ± 
2017.0 N/mm and 72.7 ± 16.8 s-1, respectively. 
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Figure 4. Compressive stiffness by loading rate. 
Note: Data cut at 0.51mm for tests shown.  
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Figure 5. Functional spinal unit compressive 

stiffness by vertebral level. 

DISCUSSION 

The results of the current study show that the 
compressive stiffness of lumbar intervertebral discs is 
dependent on the loading rate.  However, the 
compressive stiffness at static loading rates was not 
determined in the current study.  Therefore, the data 
from the current study was combined with static 
compressive stiffness data from previous studies.  
Gordon et al. (1991) reported an average 
compressive stiffness after 30 minutes of cyclic 
loading at 1.5 Hz (approximately 0.14 s-1) to be 2453 
± 654 N/mm.  Yoganandan et al. (1989) reported an 
average compressive stiffness for normal and 
degenerated discs compressed at 2.54 mm/s 
(approximately 0.22 s-1) to be 2850 ± 293 N/mm and 
1642 ± 447 N/mm respectively.   

The initial disc heights from the current study 
were combined with the disc heights reported by 
Keller et al. (1987) to obtain an overall average 
initial disc height of 11.32 mm.  The strain rate for 
previous studies was then calculated using the overall 



Kemper 5

average disc height and loading rate. It should be 
noted that Keller et al. (1987) did not report the 
loading rate.  Therefore, the compressive stiffness 
data reported b Keller et al. (1987) could not be 
included in the curve fitting.  Finally, a relationship 
between loading rate and vertebral disc compressive 
stiffness was developed by curve fitting the 
compressive stiffness data from the current study 
along with the compressive stiffness data reported by 
Gordon et al. (1991) and Yoganandan et al. (1989) 
with a linear relationship (Equation 1and Figure 6).  
The R2 value for the data fit was 0.62.   
 

1.2019328.57
.
+= εk  (1) 

 
This relationship is slightly lower than the linear 

relationship proposed by Smeathers and Jones 
(1988).  However, Smeathers and Jones (1988) used 
a much larger preload, which has previously been 
found to affect the response of intervertebral disc [8, 
18]. 

In order to predict the compressive stiffness of 
the entire lumbar spine, the compressive stiffness of 
each lumbar intervertebral disc was assigned the 
same predicted compressive stiffness value based on 
Equation 1 and added in series to obtain an effective 
compressive stiffness, keff (Equation 2).  It should be 
noted that the vertebral bodies were assumed to be 
rigid.   

⎥
⎦

⎤
⎢
⎣

⎡
=

∑
N

N
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k

k

1

1
1

; N=5 
(2) 

 
The predicted effective compressive stiffness for the 
lumbar spine was then compared to previously 
published quasi-static and dynamic compression tests 
performed on isolated cadaver lumbar spines, T12-
L5, and the Hybrid II lumbar spine (Figure 7).   The 
comparison shows that the predicted effective 
compressive stiffness at a loading rate of 0.1 m/s is 
slightly lower than the average compressive stiffness 
reported by Demetropoulos et al. (1998), but well 
within the standard deviation. Conversely, the 
predicted effective compressive stiffness at a loading 
rate of 1.0 m/s is slightly higher than the average 
compressive stiffness reported by Duma et al. (2006).  
However, the predicted effective compressive 
stiffness at a loading rate of 1.0 m/s was well within 
the standard deviation.  Although this method does 
not take lumbar curvature into account, the 
relationship between lumbar intervertebral disc 
compressive stiffness and loading rate presented in 
the current paper provides reasonable effective 
compressive stiffness of the whole lumbar spine over 
a range of loading rates. 
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Figure 6. Relationship of intervertebral disc compressive stiffness to strain rate. 

(Note: log-log scale) 
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Figure 7. Comparison of predicted values to whole lumbar spine testing. 

 

CONCLUSIONS 

The compressive stiffness properties for the 
individual lumbar intervertebral discs were 
determined at three dynamic loading rates using a 
high rate servo-hydraulic material testing machine.  
The results showed that there was no significant 
correlation (p > 0.05) between compressive stiffness 
and vertebral level at any loading rate. In addition, 
the compressive stiffness of lumbar intervertebral 
discs in axial compression was found to dependent on 
the loading rate.  Therefore, a relationship between 
loading rate and vertebral disc compressive stiffness 
was developed by curve fitting the stiffness data from 
the current study along with static compressive 
stiffness data reported by previous studies with a 
linear relationship.   

The lumbar FSU research presented in this study 
will provide useful information for the development 
and validation of both mathematical and mechanical 
models of the human lumbar spine.  However, in 
order to fully model the lumbar spine, additional 
testing will need to be conducted to quantify the 
effects of loading rate on stiffness in tension, shear, 
and bending. 
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ABSTRACT 
 
The IN-SAFETY (Infrastructure and Safety) Project 
focuses on the pre-requisites of a successful 
implementation of Intelligent Transport Systems (ITS) 
in order to enhance the self-explanatory nature of roads. 
The European driver has to cope with more and more 
complex traffic environments, including vertical and 
horizontal signing; frequently supported by telematics.  
 
Due to the complexity of road information there is a 
strong need to support the driver with homogenized 
pictorial messages. The readability and 
understandability of pictorial messages on a VMS 
(Variable Message Sign) was analyzed by evaluation 
criteria and methods of ISO 9186 “Test methods for 
judged comprehensibility and for comprehension“. This 
paper discusses as well the evaluation and the results of 
the Comprehensibility Judgement Test, done in Austria, 
Hungary, and Czech Republic and Spain. For 33 
referents a total of 243 variants were tested. In total, 825 
voluntary drivers participated in the study. 28 referents 
reached a median value of judged comprehensibility 
exceeding 85. In 104 cases thresholds for immediate 
acceptance have been exceeded. Among them 56 
variants were proposed for a redesign in order to 
enhance chances for positive results when applying the 
following Comprehension Test. 
 
INTRODUCTION 
 
Intelligent Transport Systems 
 
Transportation is a driving force behind economic 
development and the well-being of all people around the 
world. Modern life demands growing mobility. 
Frequently, it is secured through ever-increasing use of 
private cars, burdening on a transport infrastructure that 
is already heavily stretched. Despite major expenditures 
on new road infrastructures, traffic congestion continues 
to rise. Past gains in road safety and environmental 
improvements are decreasing. Such problems can not be 
solved by simply building more roads or by relying on 
past approaches. Innovative efforts are clearly needed 

on a broad front. Among those is the concept – and 
the practice – of Intelligent Transport Systems 
(ITS). ITS can open up new ways of achieving 
sustainable mobility in the communications and 
information society. However, infrastructure 
improvements and enforcement campaigns are not 
expected to significantly contribute towards the 
50% reduction of road fatalities, as is the target by 
the EU for 2010. The use of new technologies may 
become the catalyst towards achieving this goal. 
 
THE PROJECT 
 
The IN-SAFETY Project focuses on the pre-
requisites of a successful implementation of ITS 
and aims to use intelligent, intuitive and cost-
efficient combinations of new technologies and 
traditional infrastructure best practice applications 
in order to enhance the self-explanatory nature of 
roads. 
 
SELF-EXPLANATORY ROADS  
 
Self-explaining roads are roads with a design that 
evoke the correct expectations from road users [1]. 
This can be induced by correct categorisation of the 
road scene by the road users according to existing 
schemata [2].  
The European driver has to cope with more and 
more complex traffic environments, including 
vertical and horizontal signs.  
In some cases, this may lead to an excessive 
workload imposed on the driver, including: 

• Striving to read the VMS (Variable 
Message Sign) message, while seeking the 
route in an unfamiliar environment (often 
in a foreign language and even with 
unfamiliar signs); 

• Attempting to detect the required relevant 
piece of information among an abundance 
of information sources (e.g. in-car 
navigation system, Traffic Management 
and Information Centre or radio 
announcements, VMS signs, road signs, 
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ADAS [advanced driver assistance systems] 
messages, etc.).  

 
Thus, there is a considerable need for a self-explaining 
road environment, preferably in a personalised fashion, 
which would offer intuitive guidance to the driver and 
information when this is needed, related to the driver's 
particular needs (route, disabilities, preferences, etc.) 
and if possible, in the driver’s own language.  
 
The concept of self-explaining roads includes [3]:  

• offering the driver information on the main 
traffic function of the road  

• allowing sufficient time for adjusting the speed 
when approaching a new situation (e.g. curve)  

• offering roads with a safe field of vision  
• and respecting the driver’s expectancies and 

orientations 
 
 
In this context, the readability and understandability of 
variable message signs (VMS`s) are of at most 
importance. The number of VMS`s in the European 
countries is growing fast. The drivers have to cope with 
an increasingly large variety of pictograms and textual 
messages, which even might deviate from the fixed 
signs as well. “During several decades now, much 
international and European R&D has been done, and 
actually is still continuing, on development and best use 
of Variable Message Signs, but there is no sound set of 
basic European recommendations for the benefit of the 
road authorities.” [4] The main conclusion derived from 
the literature review is that given the diversity in 
practice, there is astrong need to support the driver with 
homogenized pictorial messages along his way on the 
Trans European Road Network. 
 
Generally it is recommended to use pictograms and 
symbols as much as possible, in order to avoid the 
language problem. [5] According to Luoma and Rämä 
(2001) they have many advantages over commonly used 
text passages: “For example, pictograms are more 
legible for a given size and hence cost. They are more 
easily recognised when their information is degraded 
due to poor condition of the sign, poor eyesight of the 
observer or poor environmental visibility; when drivers 
are familiar with both pictograms and text messages 
they can extract information more quickly from the 
former than the latter; words and abbreviations in 
foreign languages are not as well understood as the 
pictograms; and drivers who are poor readers and who 
therefore have difficulty understanding text messages 
are able to comprehend pictograms” [6]. Foster (2001) 
argues in a similar way: “Symbols can express a 
message in a compact form, may be more noticeable in 
a ‘busy’ environment than a written message, have 
more impact than words and ...be understood 
more quickly than (written) messages.” [7] 
 
METHODOLOGY 
 

Several stages were used to select and design 
pictograms for the study.  
1) Collection of the information needed concerning 
the standardization of a graphical symbol.  
2) Collection of a set of existing and proposed 
variants for each pictogram.  
3) Pre-testing variants using the Comprehensibility 
Judgement Test to eliminate incomprehensible 
solutions, done in two countries. (Austria and 
Hungary) 
4) Comprehensibility Judgement Test, done in 4 
countries. (Austria, Czech Republic, Hungary and 
Spain) [8]. 
Further steps will be: 
5) Comprehension Test, done in three countries 
(Austria, Czech Republic and Hungary). 
6) Evaluating comprehensibility of variants under 
conditions of impaired vision. 
7) Acceptance as a standard graphical symbol to be 
included in the draft to the EC. 
 
In each stage, designs are drafted and submitted to 
testing, resulting in a reduction of variants and gain 
of insights on how the remaining pictograms are 
improved, if necessary. 
 
There are two main factors to guarantee a high 
quality standard of pictograms to be developed for 
VMS: 
 
Experts 
Reknowned design consultancies with experience 
in this particular field participate in the project by 
delivering pictogram designs. Additionally, a 
Design Panel formed by well experienced designers 
provide constructive critique and guidance. Finally, 
psychologists assist the designers regularly in 
providing their insights. 
 
ISO Tests 
Evaluation criteria and methods for testing follow 
the ISO 9186 ‘Test methods for judged 
comprehensibility and for comprehension’ [9]. 
These methods are employed to verify the validity 
of re-designed and newly developed pictograms. 
The cognitive value of the pictograms is estimated 
both under regular and impaired visibility 
conditions. The results of the comprehension test on 
animated pictograms are compared to those of static 
pictograms. 
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COMPREHENSIBILITY JUDGEMENT TEST 
 
The objective of the comprehensibility judgement test is 
to reduce the number of pictogram variants that are to 
be submitted to a subsequent comprehension testing. 
 
Signs 
For 33 referents a total of 243 variants were tested. 
Table 1 shows all the referents tested in the 
comprehensibility judgment test (see column Referent). 
There are four sets of referents. 

 
Table 1.  

Referents tested at Comprehensibility Judgement 
Test 

 
Sets 

Referent Variants 
1 2 3 4 

Road ahead closed  6  6   
Pass ahead is closed  6 6    
Tunnel ahead is 
closed  

11   11  

Bridge ahead is 
closed  

8    8 

Next exit closed  4 4    
Take next exit  3    3 
Dedicated lanes for 
lorries  

5 5    

Flooded road  6  6   
Fog  16 16    
Freezing Fog  10   10  
High wind  6 6    
Road temperature  6    6 
Accident has 
happened  

18  18   

Vehicle broken 
down  

7 7    

Oncoming illegal 
traffic  

7   7  

Pedestrians on road  5    5 
Horse on road  3 3    
Cow on road  3  3   
Deer on road  3   3  
Elk or reindeer on 
road  

2    3 

Speed camera/radar  14    14 
Last exit before 
control point  

11   11  

Toll road ahead  5  5   
Park & Ride 12  12   
Tram  12 12    
Ferry boat  5   5  
Picnic / rest area  7    7 
Internet 1   1  
Mobile phone  6  6   
Fines doubled  6   6  
Switch off engine  10    10 

Switch on Hazard 
Light  

6  6   

Underground trains 
depart every 15 
minutes  

4    4 

Total number of 
variants  

243 59 62 61 61 

 
 
Procedure 
 
The Comprehensibility Judgement Test is a paper-
and-pencil test that is conducted “in order to 
determine the variants judged highest on 
comprehensibility” [9]. Studies by Zwaga (1989) 
[10] and Brugger [11] support the validity of this 
procedure to identify promising variants within a 
larger set of variants. 
 
The test material used in the Comprehensibility 
Judgement Test is based on test-booklets. The 
booklets contain one series, starting with the title 
page, followed by the symbol pages in randomized 
order. In the centre of each page, the name of the 
referent, its function, and its field of application are 
presented. The symbol variants are placed in 
circular or oval arrangement around the text. The 
participant's task is to judge the comprehensibility 
of each variant by indicating the percentage of the 
population that she or he expects will understand its 
meaning. The last page in that booklet is a page 
where the respondent has to fill in his or her own 
socio-demographic data such as age, years of 
driving experience, number of km driven per year 
and education.  
 

Figure 1. 
Testsample of the Comprehensibility Judgement 

Test 
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Each participating country conducted the test with at 
least 50 respondents for each set. The sample of 
respondents resembles the eventual user population in 
terms of age, sex and educational level. Persons with 
severe visual impairment (no correction possible) were 
not allowed as subjects. The sample preferably 
consisted of respondents who could be expected to be 
familiar with the referents and therefore each 
respondent should have a driving license. 
 
The comprehensibility judgement test began with a 
verbal instruction on the project while the test-booklet is 
shown. This verbal instruction consisted of the 
following message given to the participants: ‘We are 
studying the comprehensibility of symbols used on 
highways. We will tell you what the symbols are 
supposed to mean, and we ask you to judge the 
percentage of drivers in xxx (xxx has to be replaced by 
the name of your country) that you expect would 
understand the intended meaning. When judging the 
comprehensibility, please keep in mind that all symbols 
regarding some kind of warning will be presented with  
 

 
a warning triangle or flashing lights when used in a 
real traffic situation.’ 
 
Respondents 
 
The interviews were conducted in Austria, the 
Czech Republic, Hungary and Spain. In total, 825 
voluntary drivers participated in the study. Gender, 
age and driving experience of drivers are 
summarized in Table 2. The average age of the 
respondents was 37, 5 years. The number of female 
and male respondents was nearly balanced. 
Concerning the educational level of the participants 
the university level was prevailing, the driving 
experience was rather balanced again with 10.00 
km /per year in average. 
Also total values are calculated (see last row). 
 
 

Table 2. 
Sample characteristics 

 

 Austria Czech Hungary Spain Total 
Number of Respondents 206 200 200 219 825 
Average age (in years) 35,9 39,5 43,8 31,2 37,5 
Gender  Men 55,3 % 70,0 % 72,0 % 34,7 % 57,5 % 
 Women 44,7 % 30,0 % 28,0 % 65,3 % 42,5 % 
Education  Primary 24,3 %   2,3 % 6,7 % 
 Secondary 49,5 % 12,0 % 37,5 % 12,8 % 27,8 % 
 University 26,2 % 88,0 % 62,5 % 84,9 % 65,6 % 
Driving experience.  
Average distance (km/year) 

12.300 7.700 10.000*) 10.000*) 10.100 *) 

Years  14,8 15,9 19,2 11,4 13,5 

 
 

DISCUSSION AND CONCLUSIONS 
 
The mean and median values of the responses obtained were 
studied and the best variants differing significantly in detail 
and also regarding aspects of readability were proposed for 
further testing. See Table 3 for the total means of the tested 
variants and Table 4 for a results sheet example.  
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Table 3. 

Total means of the tested variants 

 
 

Total means and medians of Variants 
Referent 

Number 
of 

Variants 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Road ahead 
closed  

6 88 85 72,5 70,6 68,8 56,6             

Pass ahead is 
closed  

6 57,5 41,3 30 29,4 22,5 20,6             

Tunnel 
ahead is 
closed  

11 68,8 65 65 55,5 51,9 51,3 50,0 46,9 48,8 30,0 30,9        

Bridge ahead 
is closed  

8 62,5 59,4 56,3 42,5 38,8 34,4 25,0 23,8           

Next exit 
closed  

4 83,1 84,4 68,8 57,5               

Take next 
exit  

3 90,0 86,3 63,8                

Dedicated 
lanes for 
lorries  

5 86,3 82,5 66,3 65,0 53,1              

Flooded road  6 68,8 53,8 50,0 40,0 35,0 30,0             
Fog  16 60,0 57,5 42,5 41,3 30,0 26,3 29,4 13,4 9,4 8,8 7,4 5,0 5,8 1,3 1,5 1,8   
Freezing Fog  10 86,3 62,5 47,5 50,0 30,6 30,0 28,9 25,1 22,5 20,0         
High wind  6 87,5 85,0 82,5 78,8 76,9 76,9             
Road 
temperature  

6 88,8 87,5 45,0 41,3 40,0 30,0             

Accident has 
happened  

18 77,5 77,5 76,3 47,5 38,8 43,8 43,3 38,6 41,9 38,8 38,4 37,5 35,0 25,6 31,3 32,5 28,8 15,0 

Vehicle 
broken down  

7 82,5 66,3 64,4 50,0 47,5 45,0 45,0            

Oncoming 
illegal traffic  

7 31,9 36,3 38,1 12,5 3,1 4,4 5,0            

Pedestrians 
on road  

5 87,5 77,5 70,6 60,6 36,9              

Horse on 
road  

3 90,0 80,0 74,4                

Cow on road  3 95,4 85,6 81,9                
Deer on road  3 98,1 83,1 80,6                
Elk or 
reindeer on 
road  

2 90,0 72,5                 

Speed 
camera/radar  

14 96,8 98,6 40,0 42,5 40,0 36,3 36,4 33,8 31,3 34,4 35,0 14,0 10,6 5,0     

Last exit 
before 
control point  

11 90,0 37,5 33,8 30,0 27,5 27,5 27,5 25,0 18,8 20,6 10,0        

Toll road 
ahead  

5 94,5 88,8 55,5 52,5 33,1              

Park & Ride 12 62,5 60,0 58,8 54,4 51,3 49,4 48,8 45,6 42,0 36,3 35,0 32,5       
Tram  12 86,3 84,4 76,9 67,5 60,0 53,8 46,3 46,8 43,8 41,3 32,5 30,0 22,5      
Ferry boat  5 89,4 42,5 39,4 35,0 31,1              
Picnic / rest 
area  

7 90,6 85,6 82,5 74,9 76,3 53,8 43,8            

Internet 1 92,5                  
Mobile 
phone  

6 81,4 80,0 77,5 60,8 60,6 57,5             

Fines 
doubled  

6 55,0 51,9 27,5 27,5 13,1 10,8             

Switch off 
engine  

10 62,5 57,5 54,4 43,8 33,8 34,3 30,6 26,9 24,9 3,4         

Switch on 
Hazard Light  

6 85,0 73,8 72,5 38,8 22,5 17,5             

Underground 
trains depart 
every 15 
minutes  

4 78,8 80,6 71,9 35,0               

Total 
number of 
variants  

243                   
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Table 4. 
Results sheet example 

 
According to recommendations of experts, further 
testing of comprehensibility using the Comprehension 
Test is not strictly necessary for variants with a mean or 
median value of judged comprehensibility exceeding 
85, except if there are safety related requirements of 
higher comprehensibility.  
If the best variant score is below 45 a redesign should 
be considered before continuing testing. 
Of the total number of 243 variants 28 variants reached 
the score exceeding 85. In 104 cases the thresholds for 
immediate acceptance were exceeded. Among them 56 
variants were proposed for a redesign in order to 
enhance chances for positive results when applying the 
following Comprehension Test. Only one referent 
proved to be unsuitable for visualization, oncoming 
illegal traffic, but even in this case a proposal for 
improvement was subsequently presented.  
Nevertheless, it was agreed that additional testing 
procedures should be applied to guarantee successful 
application in real traffic applications.  
 
OUTLOOK 
 
The results of this Comprehensibility Judgement Test 
are a major achievement, generating valuable data on 
the potential for accurate comprehension of pictograms. 
Nevertheless, the results at present are to be regarded as 
a pre-selection for the next phase of testing where the 
comprehension of pictograms will be investigated in 
detail. In addition to the Comprehension Test, a 
screenbased Comprehension Test on Animated 
pictograms, in both regular and impaired visibility 
conditions, will be carried out. Only after successfully 
passing the upcoming Comprehension Test, the 
pictograms may be regarded understandable and worth 
of employment on the Trans-European Road Network. 
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ABSTRACT 
 
The objective of this study is to examine the issue of 
fatal motorcycle collisions with guardrail based on 
U.S. accident statistics.  Motorcycle crashes were 
found to be the leading source of fatalities in 
guardrail crashes.  In 2005 for the first time, 
motorcycle riders suffered more fatalities (224) than 
the passengers of cars (171) or any other single 
vehicle type involved in a guardrail collision.  In 
terms of fatalities per registered vehicle, motorcycle 
riders are dramatically overrepresented in number of 
fatalities resulting from guardrail impacts. 
Motorcycles compose only 2% of the vehicle fleet, 
but account for 42% of all fatalities resulting from 
guardrail collisions.  Motorcycle-guardrail crash 
fatalities are a growing problem.  From 2000-2005, 
the number of car occupants who were fatally injured 
in guardrail collisions declined by 31% from 251 to 
171 deaths. In contrast, the number of motorcyclists 
fatally-injured in guardrail crashes increased by 73% 
from 129 to 224 fatalities during the same time 
period.  Over two-thirds of motorcycle riders who 
were fatally injured in a guardrail crash were wearing 
a helmet.  Approximately, one in eight motorcyclists 
who struck a guardrail were fatally injured – a fatality 
risk over 80 times higher than for car occupants 
involved in a collision with a guardrail.    
 
INTRODUCTION 
 
Motorcyclists are vulnerable highway users.  Unlike 
passenger vehicle occupants, motorcycle riders have 
neither the protective structural cage nor the 
advanced restraints which are commonplace in cars 
and light trucks.  Previous research has shown that 
motorcycle crashes into roadside barrier are 
particularly dangerous.  In one of the earliest studies 
on this issue, Ouelett (1982) investigated the outcome 
of motorcycle-guardrail crashes drawn from a larger 
database of approximately 900 motorcycle crashes in 
the Los Angeles area (Hurt et al, 1981).  He reported 
that motorcycle impacts with guardrail impacts have 
a much higher fatality risk than motorcycle crashes in 
general.  Other researchers have also noted the 
increased risk of motorcycle collisions with 

guardrails (Domham, 1987; Quincy et al, 1988, 
Gibson and Benetatos, 2000, and Berg et al, 2005). 
Because of an upsurge in motorcycle fatalities, the 
issue of motorcycle safety is receiving renewed 
attention.   As shown in Figure 1, motorcycle 
registrations in the U.S. are growing at the rate of 7-
8% per year.  Unfortunately, fatal motorcycle crashes 
are growing at a comparable rate.   
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Figure 1.  U.S. Motorcycle Registrations vs. Crash 

Fatalities (NHTSA, 2006) 
 
 
OBJECTIVE 
 
Motivated by the growing U.S. motorcycle fleet and 
number of motorcyclist fatalities, the objective of this 
study is to examine one facet of this problem – the 
magnitude and characteristics of fatal motorcycle 
collisions with guardrail. 
 
APPROACH 
 
This study was based on the analysis of the Fatality 
Analysis Reporting System (FARS) database and the 
National Automotive Sampling System (NASS) 
General Sampling System (GES).  FARS, a 
comprehensive census of all traffic related fatalities 
in the U.S., was analyzed to determine guardrail 
crash fatality trends.  GES was analyzed to determine 
the number of occupants who were exposed to 
guardrail crashes.  The GES sample included both 
fatal and non-fatal crashes into guardrail.  GES is a 
comprehensive database containing information on 
approximately 60,000 randomly sampled police 
reported accidents each year. Cases from GES are 
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assigned weights that can be used to estimate the 
number of similar accidents that may have taken 
place that year that were not sampled.  Because GES 
is a sample of police reported accidents, NHTSA 
(2000) notes that GES estimates are subject to both 
sampling and non-sampling errors.  In both FARS 
and GES, a guardrail collision was defined to be a 
crash in which the most harmful event was a collision 
with a guardrail. 
 
Prior to 2004, FARS aggregated guardrail length of 
need and guardrail end treatments into a single 
guardrail category.  It was therefore not possible in 
FARS to identify which portion of the guardrail 
system was struck.  For example, it was not possible 
to determine differential fatality risk in guardrail 
length of need versus guardrail end treatments. 
Beginning in 2004, FARS began to code guardrail 
‘face’ separately from guardrail ‘end’.  However, 
because only two years from our 16 year dataset 
contains this distinction, both guardrail categories 
from FARS 2004-2005 data were aggregated into a 
single guardrail group. 
 
RESULTS 
 
The analysis which follows investigates fatality risk 
for motorcycle collisions with two different types of 
roadside barrier: metal guardrail and concrete 
barriers. 
 
Fatality Risk in Guardrail Collisions 
 
Figure 2 presents the distribution of fatalities by 
vehicle body type in collisions in which a guardrail 
impact was the most harmful event.  The distribution 
of fatalities and vehicle registrations are for the 2005 
calendar year (NHTSA, 2006).   
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Figure 2.  Guardrail Crash Fatalities vs. 
Registrations by Vehicle Body Type (FARS 2005; 

NHTSA, 2006) 
 

In absolute numbers, motorcycle riders now account 
for more fatalities than the passengers of any other 
vehicle type involved in a guardrail collision.  As 
shown in Figure 2, motorcycle riders accounted for 
42% of all fatalities resulting for a guardrail collision 
in 2005.  Following motorcycle riders were car 
occupants with 32% of all fatalities in this crash 
mode. This was a particularly surprising finding as 
cars compose over half of the vehicle fleet (55%) 
while motorcycles comprise only 3% of the 
registered vehicles. The occupants of light trucks and 
vans (LTVs), a category which includes pickup 
trucks, sport utility vehicles, minivans, and full sized 
vans, trailed car occupants with 22% of the guardrail 
crash fatalities and 39% of the registered vehicles in 
2005. In terms of fatalities per registered vehicle, 
motorcycle riders are dramatically overrepresented in 
number of fatalities resulting from guardrail impacts. 
 
As shown in Figure 3, the problem of motorcycle 
fatalities in guardrail collisions is a growing problem.  
From 2000-2005, the number of car occupants who 
were fatally injured in guardrail collisions declined 
by 31% from 251 deaths in 2001 to 171 deaths in 
2005. In contrast, the number of fatally-injured 
motorcyclists increased by 73% from 129 to 224 
fatalities during the same time period.   In 2000, 
fatalities from motorcycle-guardrail collisions 
exceeded the number of deaths from LTV-guardrail 
collisions.  In 2005, motorcyclist rider fatalities (224) 
resulting from guardrail collisions surpassed car 
fatalities (171) for the first time. 
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Figure 3.  Motorcycle Rider Fatalities Exceeded 

Car Occupant Fatalities in Guardrail Crashes for 
the first time in 2005 (FARS 1991-2005) 

 
Probability of Fatality in Guardrail Collisions 
To analyze the risk of fatal motorcycle crashes with 
guardrail, the probability of fatality in this collision 
mode was computed as a function of vehicle body 
type.   For this study, fatality risk was defined as 
shown below: 
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antsposedOccupNumberOfEx
talitiesNumberOfFaskFatalityRi =  

 
The number of persons who were fatally injured in 
guardrail collisions was obtained from FARS 2000-
2005.  The number of occupants who were exposed 
to guardrail collisions was obtained from GES 2000-
2005.  In both databases, a guardrail collision was 
defined to be a crash in which the most harmful event 
was a collision with a guardrail.  Table 1 presents the 
average annual number of fatalities and exposed 
occupants during this five year time period. 
 
Table 1.  Fatality Risk in Guardrail Collisions by 

Body Type from 2000-2005 (GES, FARS) 
 

Vehicle 
Type 

Number of 
Occupants 
exposed to 
Guardrail 
Collisions 

Number 
of 

Fatalities 
from 

Guardrail 
Collisions 

Fatality 
Risk 

Relative 
Fatality 

Risk 
compared 
with Car 

Occupants 
Cars 855,900 1,309 0.15% 1.0 
LTV 260,200 699 0.27% 1.8 
Motorcycles 8,100 1,003 12.4% 81.1 
 
Approximately one of every eight motorcyclists who 
struck a guardrail was fatally injured.  This fatality 
risk is substantially higher than incurred by either car 
or LTV occupants. Only one to two of every 1000 car 
occupants were fatally injured in a crash with a 
guardrail.  Another way to consider this risk is by 
comparison to the relative risk to which car 
occupants are exposed in guardrail crashes.   In Table 
1, a relative fatality risk was computed for each 
vehicle body type category as shown below: 
 

cupantsskforCarOcFatalityRi
ypectVehicleTskforSubjeFatalityRi

=RiskFatality  Relative  

 
In a guardrail collision, motorcycle riders have a risk 
of fatality over 80 times greater than car occupants.  
LTV occupants have 1.8 times the risk of fatality of a 
car occupant.  In a guardrail collision, there is little to 
protect a motorcyclist from injury.   The vehicle 
structure and occupant restraints which could protect 
a car or LTV occupant are simply not present in 
current motorcycle designs.   
 
Fatality Risk in Collisions with Concrete Barriers 
 
Figure 4 presents the number of fatalities in collisions 
with concrete barriers as a function of vehicle type.  
Unlike guardrail crashes, most fatalities in concrete 
barrier collisions are suffered by car occupants, 
followed by the occupants of LTVs.  Motorcyclists 
suffer the third highest number of fatalities in 

concrete barrier collisions.  The fact that motorcyclist 
collisions are the leading cause of fatalities in 
guardrail collisions, but only the third leading cause 
of fatalities in concrete barrier collisions, may 
provide an important insight into the mechanism of 
injury in these crashes. Either concrete barriers pose a 
markedly lower fatality risk for motorcyclists than do 
guardrails or motorcyclists are proportionally less 
likely to collide with concrete barriers than 
guardrails.  
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Figure 4.  Fatalities in Concrete Barrier Crashes 

1991-2005 (FARS 1991-2005) 
 
Figure 5 presents the distribution of fatalities by 
vehicle body type in collisions in which an impact 
with a concrete barrier was the most harmful event.  
The distribution of fatalities and vehicle registrations 
are for the 2005 calendar year (NHTSA, 2006).   
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Figure 5.  Concrete Barrier Crash Fatalities vs. 

Registrations by Vehicle Body Type (FARS 2005; 
NHTSA, 2006) 

 
As witnessed earlier, motorcyclists are 
overrepresented in fatality risk.  Motorcycles 
accounted for only 3% of registered vehicles in the 
U.S. in 2005, but incurred 22% of all fatalities in 
concrete barrier collisions.  Comparing motorcycle-
guardrail and motorcycle-concrete barrier fatalities 
per registered vehicle, guardrail collisions pose a 
greater risk for motorcyclists than concrete barriers. 
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Table 2.  Fatality Risk in Concrete Barrier 
Collisions by Body Type from 2000-2005  

 

Vehicle 
Type 

Number of 
Occupants 
exposed to 
Guardrail 
Collisions 

Number 
of 

Fatalities 
from 

Guardrail 
Collisions 

Fatality 
Risk 

Relative 
Fatality 

Risk 
compared 
with Car 

Occupants 
Cars 526,260 558 0.11% 1.0 
LTV 148,321 305 0.19% 1.9 
Motorcycles 2,574 203 7.9% 74.4 
 
Approximately one of every twelve motorcyclists 
who struck a guardrail was fatally injured.  This 
fatality risk is lower than the risk for motorcyclists 
which strike guardrail, and substantially higher than 
incurred by either car or LTV occupants. As for 
guardrail collisions, a relative fatality risk was 
computed for each vehicle body type category.  In a 
guardrail collision, motorcycle riders have a risk of 
fatality over 70 times greater than car occupants.   
 
Comparison of Motorcyclist Fatality Risk by 
Object Stuck 
 
As shown in Figure 6, guardrail collisions pose a 
substantially greater risk for motorcyclists than do 
collisions with either concrete barrier or cars.  The 
fatality risk in motorcycle-guardrail collisions is 
12%.  The fatality risk in motorcycle-concrete barrier 
collisions is 8%.  The fatality risk for motorcycle-car 
collision is 4.8% - approximately only one-third risk 
of a motorcycle-guardrail collision. 
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Figure 6.  Fatality Risk by Object Struck (FARS-

2005) in 2005 
 
 
Effect of Helmet Use 
 
One method of protecting motorcyclist in crashes is 
the use of a helmet.  Figure 7 shows that in 2005 over 

two-thirds of all motorcycle riders who were fatally 
injured in guardrail crashes were wearing their 
helmets.  This helmet use rate is slightly higher than 
the helmet use rate for motorcyclists in all fatal 
crashes (55%).  Unfortunately, motorcycle helmets 
do not appear to completely protect motorcycle riders 
against fatality in guardrail crashes.  Presumably, 
helmets reduce the incidence of head injury in 
guardrail crashes.  However, even if the national 
motorcycle helmet usage rate was 100%, Figure 7 
shows that motorcycle collisions with guardrail 
would still result in fatalities. 
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Figure 7.  Distribution of Motorcycle Fatalities by 

Helmet Use in 2005 
 
Implications 
 
Motorcyclists are vulnerable highway users, 
particularly in guardrail crashes.  Because of a lack of 
protective equipment, motorcycle riders are exposed 
to a much greater risk of death in a crash than are 
passenger vehicle occupants.  This study has shown 
that in terms of fatalities per registered vehicle 
motorcycle riders are over-represented in fatalities in 
guardrail crashes.   Motorcycle rider fatalities 
exceeded car occupant fatalities in guardrail crashes 
for the first time in 2005.   
 
Crash testing of roadside barriers under NCHRP 350 
(Ross et al, 1993) has led to a remarkably low 
number of fatalities for passenger vehicle occupants 
involved in guardrail collisions.  Motorcycle riders 
however have not enjoyed the same benefit.  Even if 
a future guardrail system were implemented which 
eliminated all passenger vehicle-guardrail fatalities, 
over 40% of all guardrail fatalities in 2005 would 
remain unless the motorcycle-to-guardrail collision 
problem is remediated.   A possible solution are 
motorcycle-friendly guardrail systems, developed and 
tested by groups in both Europe and Australia, which 
have the potential to mitigate the consequences of a 
motorcycle-guardrail collision.  Berg et al (2005) 
provides examples of these systems. 
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Motorcycle-guardrail crash fatalities are an unmet 
and growing safety problem in the U.S.  Motorcycle-
based countermeasures being developed by 
motorcycle manufacturers may provide part of the 
solution to this problem, but are likely to be of 
limited success as demonstrated by the failure of 
helmets to protect completely against fatality.  In 
conjunction with these motorcycle-based 
countermeasures, there is a critical need to adopt 
improved barrier designs to protect these vulnerable 
road users. 
 
CONCLUSIONS 
 
This paper has examined the risk of fatality in 
motorcycle collisions with guardrails.  The 
conclusions of this study are as follows: 
 
1. Motorcycle crashes are the leading source of 

fatalities in guardrail crashes in the U.S.  In 2005 
for the first time, motorcycle riders suffered 
more fatalities (224) than the passengers of cars 
(171) or any other single vehicle type involved in 
a guardrail collision.    

2. In terms of fatalities per registered vehicle, 
motorcycle riders are dramatically over-
represented in number of fatalities resulting from 
guardrail impacts.  In 2005, motorcycles 
composed only 3% of the vehicle fleet, but 
accounted for 42% of all fatalities resulting from 
guardrail collisions, and 22% of the fatalities 
from concrete barrier collisions.   

3. Over two-thirds of motorcycle riders who were 
fatally injured in a guardrail crash were wearing 
a helmet. 

4. Motorcycle-guardrail crash fatalities are a 
growing problem.  From 2000-2005, the number 
of car occupants who were fatally injured in 
guardrail collisions declined by 31% from 251 to 
171 deaths. In contrast, the number of fatally-
injured motorcyclists increased by 73% from 129 
to 224 fatalities during the same time period.  

5. Approximately, one in eight motorcyclists who 
struck a guardrail were fatally injured – a fatality 
risk over 80 times higher than for car occupants 
involved in a collision with a guardrail.    

6. Guardrail collisions pose a substantially greater 
risk for motorcyclists than do concrete barrier 
collisions.  The fatality risk in motorcycle-
guardrail collisions is 12%.  The fatality risk in 
motorcycle-concrete barrier collisions is 8%. 

7. Motorcycle-roadside barrier crash fatalities are 
an unmet and growing safety problem in the U.S.  
There is a critical need for the development and / 
or implementation of new safety programs, 

advanced barrier designs, and enhanced vehicle-
based countermeasures to protect motorcyclists 
in collisions with guardrails.  
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ABSTRACT 
 
The research reported in this paper is a follow-on to a 
five year research program conducted by General 
Motors in accordance with an administrative 
Settlement Agreement reached with the US 
Department of Transportation.  In a subsequent 
Judicial Settlement, GM agreed fund more than $4.1 
million in fire-related research over the period 2001-
2004.  The purpose of this paper is to provide a 
public update report on the projects that have been 
funded under this latter research program, along with 
results to date.  This paper is the sixth in a series of 
technical papers intended to disseminate the results of 
the ongoing research. 
 
The projects and research results reported in this 
paper include statistical analyses of vehicle fires 
based on FARS and NASS and summaries of 
technologies to reduce crash induced fires 
 
INTRODUCTION 
 
The GM/DoT Settlement research program has been 
documented elsewhere [NHTSA 2001].  The research 
reported in this paper is a follow-on to that project. 
 
The Fatality Analysis Reporting System (FARS) is a 
database maintained by the US Department of 
Transportation. It contains records of all fatal crashes 
that occur on public roads in the United States. The 
FARS database has been used to document the 
variations in fatal injuries annually since 1975.  
 
The FARS database documents all fatalities that 
occurred as a result of the crash including those 
where a fire resulted.  In this paper, the term �FARS 
Fatalities� designates the fatalities in which a fire 
occurred in the vehicle, regardless of whether or not 
the fire caused the fatality.  Since 1979, FARS also 
coded the �most harmful event� (MHE).  If the fire 
event has been coded as the most harmful event, burn 
or inhalation injuries are the most likely cause of the 
fatality.  In many crashes, it may be difficult to 
discern the cause of the fatality (biomechanical 
trauma vs. fire trauma).  This distinction was not 
investigated and the coding was taken directly from 
FARS.  Previous studies have attempted to 

investigate the uncertainty and difficulty in coding 
fire as the most harmful event [Davies 2002].  
 
Earlier  papers reported that between 1979 and 2000, 
when fire was coded as the most harmful event 
(MHE), the fatality rates for vehicles less than 5 
years old had declined by 72.4% [Friedman 2003 and 
2005; Digges 2003].  The MHE fire rates for pickups 
less than 5 years old had reduced by 82.4%, but their 
rates were still higher than the rate for passenger cars. 
 
A follow-on analysis grouped years of FARS data to 
examine changes in the fatal crashes with fires 
[Bahouth, 2007].  The figures presented in the earlier 
papers showed that the fire rates of vehicles generally 
decreased during the decade of the 1980�s but have 
remained relatively constant since 1990.  To examine 
these trends, the FARS years were aggregated into 
three groups � 1979-1989; 1990-1999; and 2000-
2005.  Figure 1 shows the FARS fire rate and FARS 
MHE fire rate using billions of annual vehicle miles 
traveled (VMT) as the denominator. 
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Figure 1.  Fatalities in Vehicles with Fires and in 
Vehicles with Fire as the Most Harmful Event per 
Billion Vehicle Miles Traveled Annually - FARS 
 
FARS does not record the direction  of force in the 
crash.  However, the location of principal damage is 
coded.  In this coding, rollovers with damage from 
impacts with fixed objects or with other vehicles are 
coded according to the location of the damage. If the 
damage comes from ground contact, the crash is 
classified as a non-collision. Rollovers are classified 
according to the event during which it occurred (i.e. 
Non-rollover, rollover during 1st harmful event, or 
rollover during subsequent events). Most of the 
rollovers have damage to the front or sides of the 
vehicle.  This damage may have been caused by 
impacts with fixed or non-fixed objects before or 
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during the rollover.   In some cases, these impacts 
may have been the cause of the fatality.  The FARS 
can be examined by damage area only and without 
identifying the rollovers.  However, in the analysis to 
follow, all rollovers are grouped together, regardless 
of the area of damage. No crashes with rollover are 
included in the front, side or rear damage areas. 
When FARS is analyzed in this way, the average 
annual fatalities are shown in Figure 2. 
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Figure 2.  Average Annual Fatalities in Vehicles 
by Damage Area, with Rollover Separated - FARS 
 
Using the same separation of rollovers as in Figure 2, 
the changes in fatalities when fire was the most 
harmful event can be examined.  The results are 
plotted in Figure 3. 
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Figure 3. Average Annual Fatalities with Fire as 
the Most Harmful Event by Damage Area, with 
Rollovers Separated – FARS 
 
Figure 4 shows the distribution of damage for the 
rollover fatalities in FARS years 2000 to 2005.   The 
figure compares all rollover fatalities and rollover 
fatalities with fires.  In the figure, non-collision and 
top damage were combined under �Roll�.  Left and 
right side damage were combined.  �UCarr� is an 
abbreviation for undercarriage damage. 

FARS does not provide data on fire origin and the 
designation of crash direction is by damage area.  
NASS provides better information on these variables 
and can be used in conjunction with FARS to gain a 
better understanding of collision related fires. 
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Figure 4. Damage Areas in Rollovers with 
Fatalities and Rollovers with Fires and Fatalities – 
FARS 2000-2005 
 
NASS/CDS is a sample of tow away crashes that 
occur on US roads each year. The sample scheme 
stratifies cases by the severity of the crash.  The 
sample rate for minor crashes is much lower than for 
severe crashes. In order to expand the stratified 
sample to the entire population it represents, an 
inflation factor is assigned to each case in the 
NASS/CDS sample. When the data is processed 
using the actual number of cases investigated, the 
data is referred to as �unweighted� or �raw.� When 
the data is processed using the total of the inflation 
factors, the results should represent the total 
population of vehicles involved in tow-away crashes 
and the data is referred to as �weighted.�  In the 
analysis to follow weighted data estimates are 
reported.  The figures to follow are based on a more 
detailed analysis of fires in NASS from George 
Washington University [Kildare, 2006].  This report 
contains both weighted and unweighted estimates. 
 
One of the most significant variables in the analysis 
of fire occurrence is crash direction (mode).  This 
variable specifies whether a crash is frontal, near 
side, far side, rear or rollover. Crash direction was 
defined using a combination of documented variables 
- principal direction of force (PDOF), general area of 
damage (GAD1) and rollover (ROLLOVER). The 
following criteria were used to establish crash 
direction. 

Frontal -  Frontal crashes were determined to be any 
crash where the PDOF was 1, 11, or 12 o�clock or 
was at either 10 or 2 o�clock with the highest 
deformation location coded as front (F). 
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Side - Side crashes were determined to be any crash 
where the PDOF was 3 or 4 o�clock or was at 2 
o�clock with the highest deformation location not 
coded as front (F) or where the PDOF was 8 or 9 
o�clock or was at 10 o�clock with the highest 
deformation location not coded as front (F). 

Rear - Rear crashes were determined to be any crash 
where the PDOF was 5, 6 or 7 o�clock. 

Rollover - Rollover crashes were determined to be 
any crash where a rollover was indicated by the 
variable ROLLOVER. It is important to note that 
crashes with any involvement of rollover were 
included as a rollover crash. Multiple impacts with 
any other planar impact occurring first would be 
included as a rollover crash.  

Other - All Crashes not meeting the criteria of the 
other aforementioned crash directions was labeled as 
�Other.�  Some of the vehicles in NASS do not have a 
PDOF assigned.  These vehicles with unknown 
PDOF were included in the �Other� category. 

NASS/CDS classifies fires as either Minor or Major. 
These fire severities are defined as the following: 
 A Minor Fire is a general term used to describe the 
degree of fire involvement and is used in the 
following situations: 
• Engine compartment only fire 
• Trunk compartment only fire 
• Partial passenger compartment only fire 
• Undercarriage only fire 
• Tire(s) only fire. 
 
A Major Fire is defined as those situations where the 
vehicle experienced a greater fire involvement than 
defined under �minor� above, and is used in the 
following situations: 
• Total passenger compartment fire 
• Combined engine and passenger compartment 

fire (either partial or total passenger 
compartment involvement) 

• Combined trunk and passenger compartment fire 
(either partial or total passenger compartment 
involvement) 

• Combined undercarriage and passenger 
compartment (either partial or total passenger 
compartment involvement) 

• Combined tire(s) and passenger compartment 
(either partial or total passenger compartment 
involvement) 

 
About 50% of the fires in NASS/CDS are classified 
as �Major�.   This is true for both weighted and 
unweighted data [Kildare 2006].   

Figure 5 shows the distribution of all crashes (with 
and without fires) and crashes with major fires by 
crash direction. The distribution of minor fires is 
generally similar to major fire distribution [Kildare 
2006]. 
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Figure 5. Distribution of Crashes and Crashes 
with Major Fires, by Crash Direction – NASS 
1995-2004 
 
Figure 6 shows the frequency of fires per 100 crashes 
for each crash mode.  The denominator for the rate 
calculation is the total number of crashes in the crash 
mode under consideration. 
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Figure 6. Rates of Crashes with Fires and Crashes 
with Major Fires, by Crash Direction – NASS 
1995-2004 
 
NASS also codes the fire origin.  The distribution of 
the origins for major fires is shown in Figure 7.  Over 
60% of major fires originate in the engine 
compartment. 
 
A further breakdown of major fire origins by frontal 
and rollover crash mode is shown in Figure 8. The 
engine compartment was the most frequent major fire 
origin for both the frontal and rollover crash modes.   
For the rollover crash mode, the fuel tank origin was 
a close second in major fire frequency. 
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Figure 7. Distribution of Origins for Major Fires, 
All Crash Modes– NASS 1995-2004 
 
Examination of individual cases of major fires in 
NASS 1997-2004 rollovers found that impacts prior 
to the rollover occurred in all cases with fuel tank fire 
origins for model year 1997 and later vehicles 
(Digges & Kildare, 2007).  The study also found that 
seventy percent of the cases had engine compartment 
fire origins.  About half of the cases with major 
engine compartment fires in rollovers did not involve 
significant impacts prior to the rollover. 
 

0% 20% 40% 60% 80% 100
%

Engine Comp.

Fuel Tank

Other Location

Cargo / Trunk Area

Vehicle Exterior

Instrument Panel

Unknown Origin

% of Origins by Crash Mode

Frontal Roll
 

Figure 8. Distribution of Origins for Major Fires, 
Frontal and Rollover Crashes– NASS 1995-2004 
 
The vehicle damage patterns exhibited by vehicles 
with fires in NASS have been analyzed and the 
results reported in a recent paper [Bahouth, 2006]. 
 
 

DISCUSSION OF FIRE DATA 
 
As with other highway crash types, the rate of fires in 
fatal crashes per billion annual vehicle miles traveled 
has decreased significantly during the past twenty-
five years.  The decline is displayed in Figure 1.   
 
During the same period, the annual average number 
of fatalities in vehicles with frontal damage has 
decreased, while fatalities in rollovers have 
increased.  These trends are shown in Figure 2. 
 
Except for frontal crashes, there is a downward trend 
in the annual number of fatalities where fire was the 
most harmful event (MHE).  This trend is shown in 
Figure 3. However, for frontal damage crashes, the 
trend for fatalities with fire as the most harmful event 
has been upward during the past five years.  During 
this same period, Figure 2 shows that the overall 
trend in fatalities in vehicles with frontal damage has 
been downward. 
 
Figure 4 presents data on the location of vehicle 
damage in fatal rollover crashes.  An examination of 
the vehicle damage areas in rollovers shows that the 
majority of FARS rollovers with fires also have 
frontal damage.  These rollovers with frontal damage  
also have the highest fire rates.  The lowest fire rates 
are in rollovers that have top damage or damage from 
the ground (non- collision).  These latter two classes 
contribute about 20% of the rollovers with fires and 
fatalities. 
 
The NASS data for major fires generally confirms the 
FARS data with regard to frequency of fires by crash 
direction or vehicle damage area.  Figure 5 shows 
that nearly half of major fires are in frontal crashes.  
Rollovers contribute about 30% of the major fires 
and have the highest fire rate.   The high fire rates for 
rollovers relative to the other crash modes are 
displayed in Figure 6. 
 
Figures 7 and 8 provide information on the origins 
for major fires.  Figure 7 shows that over 60% of 
major fires in NASS have their origins in the engine 
compartment.  Figure 8 shows that for frontal 
crashes, over 80% of the major fires originate in the 
engine compartment.  For rollovers, 47% originate in 
the engine compartment.  This data indicates an 
opportunity to further improve fire safety by 
controlling engine compartment fires.  
   
The lethality of engine compartment fires depends on 
the time available between the ignition of the fire and 
the time required for it to penetrate the occupant 
compartment.  In the event occupants are trapped or 
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immobile due to injuries, the rescue time also 
becomes a critical factor.  Data on rescue times has 
been published earlier [Digges 2005].  The 75% 
percentile rescue time for FARS rural cases was 24 
minutes.   
 
Data on the fire penetration time for selected tests 
conducted by General Motors has also been 
published [Tewarson, SAE 2005-01-1555].  In three 
tests of crashed vehicles with fires ignited in the 
engine compartment, the time to occupant 
compartment fire penetration varied from 10 to 23.5 
minutes.  The tests showed that once flames from the 
engine compartment penetrated the occupant 
compartment, the time to untenability was extremely 
short � a maximum of 3 minutes.  This short 
tenability time of the occupant compartment when 
exposed to intense flames further amplifies the need 
to prevent or control engine compartment fires and 
delay their penetration of the occupant compartment. 
 
The challenge of controlling engine compartment 
fires has increased with time due to the increasing 
amount of plastics used in motor vehicles.  The 
amount of combustible materials has increased from 
20 lbs per vehicle in 1960 [NAS 1979] to 200 lbs in 
1996 [Twearson, 1997, Abu, 1998,].  Combustible 
plastics now constitute the major fire load (twice the 
weight and heat content of the gasoline) in a typical 
vehicle and these combustible materials are often 
ignited and contribute to the intensity of an 
automobile fire [Aherns, 2005; Friedman, 2005].   

SUMMARY OF ENGINE COMPARTMENT 
FIRE TESTS AND MATERIALS FIRE 
PROPERTIES 
 
Under a contract with MVFRI, the GM/DOT 
Settlement research program in motor vehicle fire 
safety has been summarized by a team of fire experts 
led by FM Global [Tewerson, Vols I, II and III, 
2005].  Of particular interest has been the analysis of 
eleven, highly instrumented burn tests using crashed 
vehicles.  These tests included underhood ignition 
scenarios and spilled fuel fires of an intensity that 
could be possible after a crash.  The test results were 
summarized in an earlier ESV paper [Digges 2005]. 
 
Three of the vehicles that had undergone frontal 
crashes were then subjected to underhood fires with 
ignition sources either at the battery location or by 
the ignition of sprays and pools of mixtures of hot 
engine compartment fluids from a propane flame 
located in and below the engine compartment.  
 

For the three crashed vehicle burn tests with ignition 
in and under the engine compartment, flame 
penetration time into the passenger compartment 
varied between 10 to 23.5 minutes. Once the flame 
penetrated the passenger compartment, the 
environment rapidly became untenable.  The time 
between flame penetration and untenability of the 
passenger compartment varied from 48 seconds to 3 
minutes. 
 
The windshield and the bulkhead were the principal 
ports of entry for the flame spread into the occupant 
compartment.  If the hood remained relatively intact, 
the fire tended to enter through openings in the 
bulkhead.  The windshield was the principal flame 
entry port when it was directly exposed to flame as a 
consequence of openings in the hood near the base of 
the windshield. Whether the windshield is intact or 
broken as a result of the crash will also influence the 
rate of flame spread into the passenger compartment.  
 
Additional research summarized test procedures to 
determine fire behavior of materials [Tewerson Vol 2 
2005] and thermophysical properties of automotive 
plastics and engine compartment fluids [Tewerson 
Vol 3, 2005 and SAE 2005-01-1560, 2005].  Data on 
the toxicity and thermophysical properties of 
automotive plastics was reported by Southwest 
Research under a related research project funded by 
NHTSA and MVFRI [Battipaglia, 2003; Griffith, 
2005].  A comparison of the fire properties of plastics 
used in aircraft with those used in automotive 
applications was reported by Lyon and Walters [Lyon 
2005]. 

ENGINE COMPARTMENT FIRE SAFETY 
FEATURES 

Possible countermeasures for engine compartment 
fires fall into three categories: (1) fire prevention, (2) 
delay in fire penetration of the occupant compartment 
and (3) fire suppression.  The three areas will be 
discussed separately. 
 
Fire Prevention 
 
Considerable fire prevention technology is present in 
vehicles on the road.  To assess this technology, a 
database of 2003 model year vehicles was assembled 
and the technologies were documented in a database 
[Fournier 2001]. Lists of available fire prevention 
technologies were summarized in subsequent papers 
[Fournier, SAE 2005-01-1423 and Report R06-20, 
2006].   The design considerations discussed 
included: 
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• Structural crashworthiness of the vehicle frame 
• Tank placement 
• Fuel line routing/compliance 
• Tank materials selection 
• Fuel filler connections 
• Electrical grounding 
• Battery placement 

The technologies that were reviewed included: 

• Check valves for the tank filler tube 
• Roll-over valves 
• Shut-off mechanisms for electronic fuel pumps 
• Returnless fuel systems that reduce the exposure 

to damage 
• Crash sensing battery disconnects or cut-offs 
• Collapsible drive shafts 
 
Research was initiated to explore possible ignition 
sources for engine compartment fires.  Tests were 
conduced by Biokinetics to measure engine 
compartment and exhaust component surface 
temperatures of four different classes of vehicles 
during driving conditions and when the vehicle was 
stopped after driving [Fournier, R04-13, 2004 and 
R06-23, 2006]. While driving uphill, the maximum 
temperature measured on the surface of the exhaust 
manifold varied from a low of 241 oC for a minivan 
to a high of 550 oC for a passenger car. Tests of 
underhood fluids showed that the minimum  
temperature of a hot surface to cause ignition was in 
the order of 310 oC for lubricants and 518 oC for 
coolants [Tewarson,  SAE 2005-01-1650]. 
 
The Friedman Research Corporation used state police 
reported accident data to examine the frequency of 
fires in pickup trucks of the same model but with 
different engines.  The state data showed that the 
eight cylinder (V-8) engines had a higher fire rate 
than the inline six cylinder engines.  An obvious 
difference is the increased exposure of the exhaust 
manifold in the V-8 [Friedman, 2006].  
 
A considerable difference was noted in the maximum 
temperature of exhaust components for different 
vehicles under similar operating conditions.  Control 
of the maximum underhood temperature, as exhibited 
by the vehicle with the lowest exhaust temperature, 
could provide an opportunity for improved fire 
safety, by reducing the intensity of a possible ignition 
source. 
 
The prevention of fluid leakage offers another 
opportunity for improved fire safety.  A research 
program by Biokinetics investigated and documented 
the technology in present day vehicles to prevent fuel 

leakage when lines from the fuel tank are severed 
[Fournier, R0-6-20, 2006]. 
 
Biokinetics conducted leakage tests on 20 fuel tanks 
to study the fuel containment technologies employed 
and their performance. The tests simulated a vehicle 
rollover by rotating a tank, filled to capacity, about an 
axis that when installed in a vehicle would be parallel 
to the vehicle�s longitudinal axis. The tanks were 
rotated to seven discreet positions during the rollover 
simulation.  None of the tanks leaked when all hoses 
were intact.  In each position, the fuel system hoses 
were disconnected one at a time to represent a 
damaged or severed line and the resulting leaks were 
observed. The results of the testing showed that six of 
the tanks leaked in every orientation and ten leaked in 
some orientations.  However, four did not leak with 
each of the lines severed and when subjected to all 
orientations.  The results of these tests are discussed 
in more detail in earlier papers [Fournier, R04-06c, 
2004;  Digges, 2005]. 

Another recent paper by Biokinetics has documented 
in detail the technology that prevents leakage when 
lines are severed [Fournier R06-20, 2006].  This 
report also evaluates the technology available to 
prevent siphoning of the fuel from the tank after a 
fuel line is severed. 
 
 

 
 
Figure 9 - Fuel Tank Leakage Prevention 
Components Found in Service (after Fournier, 
July 2006) 
 
Some leakage prevention technologies currently 
incorporated in vehicles are illustrated in Figure 9.  
They include a check valve in the fuel filler spout, 
and check and anti-siphon valves in the fuel delivery 
line, the fuel vapor port and the fuel return line.  
Other leakage prevention technologies include inertia 
shut-off switches, logic built into engine computer 
controls and other monitoring devices that 
automatically shut down the fuel pump when a 
concern is detected. Some vehicles have eliminated 
the fuel return line, thereby reducing the opportunity 
for fuel to escape. 
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Delay of Fire Penetration 
 
Test data and inspection of crashed vehicles with 
engine compartment fires indicates that there are two 
principal areas for fire entry into the occupant 
compartment � the firewall and the windshield.  Once 
the flames breach the hood and impinge on the  
windshield, there is a large vulnerability to rapid 
occupant compartment penetration via a broken and 
collapsed windshield.  If the flames are contained 
under the hood, the firewall becomes a vulnerable 
fire penetration area. 
 
An opportunity for reducing the firewall vulnerability 
is by minimizing the area of openings through which 
the fire can penetrate.  One approach to reduce 
openings studied during the GM/DoT research 
program was the use of intumescent materials that 
would expand with heat and close openings [Hamins, 
2007].  The research was not successful with the 
intumescent materials that were used.  Another 
suggested approach was to apply mechanical devices 
to close the largest openings.  This approach was not 
investigated.  
 
Even if technology is not applied to the firewall fire 
penetration problem, there are designs that may be 
beneficial.  Competitive vehicles display large 
differences in the area of openings in the metal 
firewall.  Typical examples are shown in Figures 10 
and 11.  Figure 10 shows a large opening on the left 
side for the heating and air conditioning system.  The 
ducting for the system is flammable and could burn 
away in an engine compartment fire, providing an 
entry to the occupant compartment.  The firewall in 
Figure 11 has a much smaller opening and, therefore, 
should be beneficial in resisting the penetration of 
flames into the occupant compartment. 
 
Another path for flames to enter the occupant 
compartment is through the windshield.  The fire 
shield offered by the firewall, hood and cowl can 
delay the spread of fire in the direction of the 
windshield.  However, in recent vehicles, the metal in 
the cowl area has been replaced with combustible 
plastics.  As a consequence, the opportunity for fire 
to burn through the cowl area and impinge on the 
windshield is increased. 
 
Figure 12 illustrates that the plastic cowl between the 
hood and firewall burns away during an engine 
compartment fire.  For crashes in which the hood 
remains intact, cowl designs to resist fire penetration 
could extend the time until flames impinge on the 
windshield and expose the occupant compartment to 
the fire. 

 
 Figure 10 – Vehicle Firewall with Large Openings 
  

 
Figure 11 – Vehicle Firewall with Small Openings 
 

 
Figure 12 –Vehicle with Plastic Cowl Consumed  
 
During the MVFRI survey of fire safety technologies 
in new vehicles, several car sales personnel indicated 
that the underhood liners on their vehicles could 
serve as fire blankets and act to smother engine 
compartment fires.  These claims prompted a 
research project to evaluate the fire resistant 
properties on underhood insulation materials.  During 
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this project, Biokinetics measured the heat release 
rate of twenty different underhood liners to examine 
the extent that these materials might mitigate or 
aggravate the containment of an underhood fire 
[Fournier R06-23, 2005; Digges, 2006].  The results 
showed that the differences in heat release rate 
ranged over two orders of magnitude.  The materials 
with the lowest heat release rate resisted combustion 
and could have aided in reducing the fire intensity.  
Those with the highest heat release rate contributed 
fuel to the engine compartment fire.  There appeared 
to be no correlation between the cost of the vehicle 
and the heat release rate of the underhood liner.  
Additional specifications to improve the fire 
resistance of underhood liners could reduce the fuel 
load in the engine compartment and might contribute 
to reducing the fire growth rate. 
 
Fire Suppression 
 
Fire suppression of underhood fires is in the early 
stages and offers considerable promise.  Several 
technologies have been researched and there are fire 
suppression products for a variety of applications on 
the market [Hamins, 2007].  In an earlier research 
project, University of Maryland demonstrated a foam 
based underhood fire suppression system [Gunderson 
2005].    The system demonstrated the ability to 
extinguish an 80kW fire fed by a pool of fuel located 
near the battery. 
 
One of the impediments to the deployment of an 
underhood fire suppression system is the lack of 
specifications to determine its efficacy.  To assist in 
understanding the requirements for suppression 
systems specifications, a research project was 
undertaken by NIST.  A summary report outlined the 
requirements and considerations for motor vehicle 
fire suppression, including suppression of underhood 
fires [Hamins, 2007].  Some of the considerations are 
as follows: 
• Post-crash vehicle fires differ from fires in intact 

vehicles, as the geometric configuration may be 
modified by the collision in ways that cannot be 
precisely defined beforehand. 

• The final orientation of the crashed vehicle may 
influence the fire ignition and growth rate, and  
the suppression system requirements. 

• Underhood fires occur in a compartment that is 
partially open to the environment, which can 
lead to suppressant loss.  

• The time of initiation of a fire after a collision 
can vary.  

• Re-ignition of the fire may occur if the fire 
sources remain after the suppressant has been 
expended. 

• Ambient factors such as temperature, wind, and 
incline of the road may influence suppression 
system performance.  

 
CONCLUSIONS 

Frontal and rollover crashes account for most major 
fires in NASS.  The engine compartment is the most 
frequent origin of major fires in frontal and rollover 
crashes.  The fuel tank is also a frequent origin of 
major fires in rollovers, but impacts prior to the 
rollover may be a major cause of fuel tank spillage in 
these events. 

When examining 2000-2005 FARS fatalities with fire 
as the most harmful event, frontal damage crashes 
account for more that half of the population.  
Rollovers account for another twenty-five percent. 

Controlling fires in frontal and rollover crashes offers 
the largest opportunity for fire safety improvements.  
A number of present-day vehicles incorporate  
technologies to prevent fuel leakage in rollovers.  
There are other technologies to delay the fire 
penetration into the occupant compartment.  
However, these technologies are not universally 
employed.  Additional attention to the fire safety in 
frontal and rollover crashes is needed to offset the 
increased fuel load from combustible plastics that is 
present in today�s motor vehicles. 
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ABSTRACT 
 
     The automotive industry today faces the challenge 
of developing a single side impact occupant restraint 
system to meet performance requirements for 
multiple crashworthiness test modes. The side air bag, 
door liner, and vehicle side body structure are key 
systems that affect the injury criteria of the occupant.              
This paper discusses how DOE/optimization methods 
are used to quickly develop a specification for the 
side air bag and door liner that meets occupant injury 
criteria for three different side impact test modes. The 
work detailed in this paper focuses on occupant 
protection assessment based on three different CAE 
side impact sled models using ES2-re, DOT-SID and 
SID-2s, dummy models to evaluate the new FMVSS 
214, SINCAP and SICE test modes.  
     Ten design variables were selected from air bag 
and door liner parameters which include mass flow 
rates, vent areas, two variables that define the 
location of the bag, and material/thickness of the door 
liner. Occupant injury parameters such as rib 
deflections/accelerations, pelvis accelerations/forces, 
and abdomen forces were selected as the responses. 
As the first step, a latin hypercube DOE method was 
used to evaluate sensitivity of the design variables to 
occupant injury parameters. Based on the DOE 
dominant design variables, optimization criteria and 
methods were established for the next step. Key 
injury criteria for each test mode were selected as the 
constraints. A self adaptive evolution (SAE) global 
optimization method was used to carry out automated 
simultaneous simulations. Based on the optimization 
results eleven feasible design specifications were 
found. Out of these candidates the optimum design 
was selected for further evaluation.   
 
INTRODUCTION 
 
     Government and insurance institutions have 
introduced many safety standards that auto 
manufacturers should comply with to reduce the risk 
of serious and fatal injury to occupants in side impact 

 
 
 
 
 
 
 
 
 
 
 
crashes. To achieve a desired crashworthiness the 
auto industry focuses on developing better side body 
structures and efficient occupant restraint systems. 
     Typically the vehicle is subjected to multiple side 
impact test modes to verify that it meets the required 
standards. The traditional approach is to tune the 
restraint system to each test mode separately. This is 
a very laborious process as a restraint system which 
is good for one test mode may not work for another. 
This may induces higher costs and large lead times to 
find a restraint system that is good for all test modes. 
Still the engineer may not find the optimum system.    
     Today the use of occupant simulation is an 
integral part of restraint system development process. 
This study introduces an occupant simulation based 
methodology to find an optimum restraint system in a 
multi test mode scenario.  
     This methodology employs design of experiments 
(DOE) and numerical optimization techniques. 
Design variables that are most sensitive to the 
responses and optimization technique were found 
based on the DOE. A latin hypercube sampling 
method was selected for the DOE. This is because the 
user can specify the number of experiments and it 
ensures the ensemble of random numbers as a good 
representative of the real variability. 
 

                 
          Figure 1.  Latin Hypercube Technique 
 
As shown in Figure 1 the Latin hypercube generates 
random experiments which are more uniform across 
the design space.   
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    The numerical optimization method employed was 
self adaptive evolution. This is a global optimization 
method in which results are not depended on the 
starting point. Also iterations are calculated in 
parallel and tend to converge to a global optimum.   
    This paper also discusses the application of the 
response surface method (RSM). A response surface 
is a simplified multi-dimensional surface fit to what 
is usually a more complex function. Response surface 
functions were developed by fitting taylor 
polynomial models through the DOE results. This 
was done primarily to evaluate fidelity of such 
functions for future work and also to quickly find 
design trade offs.    
        
SCOPE OF THE PROJECT 
 
     Moving deformable barrier impacts are key to 
evaluate side restraint system. Therefore side sled 
models derived from new FMVSS 214, SINCAP and 
SICE test modes were used in this study. Air bag and 
door liner spec were varied to optimize the restraint 
system. Occupant injury criteria for each test mode 
were selected as the responses.  
         
General Outline of the Project 
 
 Process Integration and Automation: Creation of 

a work flow that automatically generates 
executes and extracts results for multiple design 
iterations.  

 
 Design of Experiments (DOE): Evaluate 

sensitivity of air bag and door liner design 
variables to occupant injury criteria. 

 
 Optimization: Finding the optimal characteristics 

for airbag and door liner that meets all injury 
criteria targets. 

 
 Response surface model generation based on the 

design of experiments to evaluate fidelity of such 
functions. 

 

 
              Figure 2.  Sled simulation models.   
 
LS-DYNA dynamic code was used for sled test 
simulations.   
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Figure 3.  Design Variables. 

Pelvis foam material

Mass flow rate and 
vent area thorax

     OPTIMUS process automation software was used 
to integrate all 3 sled models into a single work flow 
which would make all simulations run in batch mode. 
This work flow automatically generates, executes 
input simulation files, and extracts results for 
multiple design iterations. This automation allows the 
user to evaluate multiple designs with little or no 
manual intervention.   
          
DESIGN OF EXPERIMENTS  
 
     The number of experiments required in order to 
make valid conclusions is directly proportional to the 
number of design variables in the process. Therefore 
it is important to get the correct composition of 
design variables (some times referred as factors) that 
defines the problem which generally comes with 
experience. How much resources are available is a 
another important factor that effects the number of 
experiments to be conducted. Figure 4 shows the 10 
design variables selected and their ranges normalized 
with respect to the upper bound.  
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Figure 4.  Air bag and door liner design variables.  

    New FMVSS 214           SINCAP                           SICE  
      with ES2-re             with DOT-SID               with SID-2S

 
     For responses, rib deflections/acceleration, pelvis 
accelerations/forces, and abdomen forces were 
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measured. Injury criteria targets are based on the 
allowable response values dictated by each test mode. 
Figures 5,6,7 show baseline responses, normalized 
with respect to allowable levels. 
 
 

   Figure  5.  New 214 - Baseline injury responses   
   

    Figure 6.  SINCAP - Baseline injury responses 
 
 
 

 
     Figure 7.  SICE - Baseline injury responses                                       

      Three baseline injury responses are above the 
maximum allowed. Therefore this is not a feasible 
design.  
      The primary goal of the DOE was to explore the 
design space to find the most dominant design 
variables for occupant injury criteria. Only these 
dominant design variables would be included in the 
optimization process. This would reduce 
computational time considerably as one additional 
design variable would require 12 additional 
experiments.  
     Based on the latin hypercube sampling method 96 
experiments were simulated. That is a total of 288 
simulations considering 3 test modes. 2 feasible  
designs were discovered based on the DOE. Injury 
responses for these designs are compared to the 
baseline in Figures 8,9,10. 
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Figure  8.  New 214 – Designs obtained from DOE 
compared to baseline.    
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Figure 9.  SINCAP – Designs obtained from   DOE 
compared to baseline.    
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 Figure 10.  SICE – Designs obtained from   DOE   
compared to baseline.    
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          Figure 11.  Feasible Design1, Design2. 
 
     Feasible Design1 and Design2 from the DOE have 
higher mass flow rate for thorax (see Figure 11). To 
achieve this level of mass flow rate, a higher pressure 
rated inflator would be necessary. This would be 
quite costly, thus not the anticipated solution. 
     A correlation value matrix which was generated 
based on the DOE gives information on the level of 
correlation between the design variables and the 
responses.  
                                     Table 1.  

 Sample correlation values 
 Vent area 

- thorax 
Z – location 
of the bag 

Upper rib 
deflection 
 - SINCAP 

 
0.808 

 
0.022 

Thoracic Trauma 
Index - SINCAP 

 
0.748 

 
0.026 

Average rib 
deflection 

- SICE 

 
-0.701 

 
0.060 

 
     The correlation value is always between +1 and -1. 
A correlation close to +1 or -1 signifies that 

responses and corresponding design variables are 
mostly linearly related, while a value close to zero 
indicates that they are fairly independent. Table 1 
show that the upper rib deflection-SINCAP is linearly 
related to the vent area-thorax because of the higher 
correlation value between these. Therefore the best 
way to influence the rib deflection is to vary the vent 
area. On the other hand, the location of the bag in z-
direction has almost no influence on any of the 
occupant injury responses. Thus this design variable 
can be neglected during the optimization. Based on 
the low correlation values seen, 4 design variables 
were taken out of the optimization process.   
 
OPTIMIZATION 
 
     The noisy, non-linear nature related to crash 
analysis reduces the utilization of gradient-based 
optimization methods. Therefore the global 
optimization method ‘Self-Adaptive Evolution’ is 
selected to drive the optimization. The Self Adaptive 
Evolution (SAE) strategy is directly based on real 
valued vectors when dealing with continuous 
parameter optimization problems. It is a multi-
recombinant scheme based on a population of designs 
and this algorithm’s strategy is to imitate biological 
mutation and selection.  Designs with the best fit 
from the current total population will be selected as 
the parents for the next generation.  The multi-
recombinant method used here selects multiple 
parents to generate one offspring. Mutation is 
independently applied to each design. This way old 
generation produces a new generation. The new 
generation fitness is then calculated and new 
offspring are made. The algorithm has convergence 
criteria, and for certain ranges, algorithm parameter 
values have been determined for improved 
performance. 
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Figure 12.  Based on correlation values. x, z-
location of the bag, mat-pelvis foam and upper 
base thickness were taken out of the optimization.  
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     The design range for the mass flow rate was 
reduced so that the same air bag inflator could be 
used. The list of experiments with this new range was 
found from the DOE without any additional 
computations. Out of these best doe experiment was 
selected as the starting point for the optimization. 
Although the global optimization method does not 
necessarily depend on the starting point, this will 
enable a faster convergence. At the start of the 
optimization 2 responses violate the constraints.   
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Figure 13.  Two constraints were violated for New 
214. SINCAP and SICE responses were with in 
the allowable range at the start of optimization. 
  
     The objective function for the optimization was 
based on the most critical responses. The responses 
selected for the objective function were thoracic 
trauma index from sincap, and max. rib deflection, 
max. pelvis force from new 214.  
 
Objective Function: Normalized (Thoracic Trauma 
Index + Max. rib deflection + Max. pelvis force).   
 
     Six iterations were carried out for the optimization. 
A single iteration consists of 12 experiments. 
Therefore 72 experiments (a total of 216 simulations 
considering 3 test modes) were simulated. Following 
mass flow rate thorax vs pelvis section plots shows 
the optimization progress (Figure 14-19). The first 
and second iterations could not find any feasible 
design. The third iteration finds 2 feasible designs.  
The fourth iteration will focus more on these optimal 
regions. This leads to discovery of 2 more feasible 
designs. In fifth and sixth iteration the algorithm 
keeps focusing on this region and it discovers 7 
feasible designs. Some of the iterations contain fewer 
experiments than the population size. This was due to 
some experiments failed due to model instabilities 
and was ignored by the optimization. 

 
Figure 14. Optimization iteration1. No feasible 
designs were found. 
 

 
Figure 15. Optimization iteration2. No feasible 
designs were found. 
 

 
Figure 16. Optimization iteration3. 2 feasible 
designs were found. 
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Figure 17. Optimization iteration4. 2 feasible 
designs were found. 
 

 
Figure 18. Optimization iteration5. 3 feasible 
designs were found. 
 

 
Figure 19. Optimization iteration6. 4 feasible 
designs were found. 

The injury responses for baseline vs optimum design 
are compared;  
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Figure 20.  New 214: Baseline vs Optimized design. 
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Figure 21.  SINCAP: Baseline vs Optimized design. 
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     Figure 22. SICE: Baseline vs Optimized design. 
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Figure 23.  Comparison of baseline and optimized 
design. 
  
     Out of 11 feasible designs the most optimized 
design is compared to the baseline as shown in Figure 
23. This optimized design does not require major 
modifications to the baseline design. Specially, the 
costly option of going for a new inflator is avoided.  
(Baseline and optimized design have similar mass 
flow rates). This optimum design was selected for 
further evaluation.   
 
RESPONSE SURFACE METHOD  
 
     Response surface functions were developed by 
fitting taylor polynomial models through the DOE 
results for each of the occupant injury responses. AIC 
(Akaike’s Information Criterion) procedure is utilized 
to optimize the quality of the models. These models 
were developed primarily to evaluate the fidelity of 
such functions for future work.   
 
 
 
 
                       = Response 
 
                       = model coefficients are calculated  
                          based on the least  squares criterion 
                            
                       = Design variables 
 

 
Figure 24. Scatter plot: Compares response values 
between simulation and RSM model. 

The scatter plot assesses the quality of the models. 
Model is accurate when the sample points are close to 
the diagonal as shown in figure 24.  
     These models are quite handy to quickly identify 
design trade-offs. Once an anticipated design is found 
it should be verified by actual simulations. The 
optimized design was used as a sample point to check 
the RSM functions. Comparison is made between the 
actual and RSM prediction as shown below.  
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   Figure 25.  New 214: Optimized design vs RSM. 
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   Figure 26.  SINCAP: Optimized design vs RSM. 
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    Figure 27.  SICE: Optimized design vs RSM. 
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     RSM predictions are acceptable for most of the 
injury responses except for max rib deflection (new 
214) and thoracic trauma index.   
     RSM based optimization techniques were not 
explored in this study because crash analysis tends to 
be quite noisy and non-linear. Although reasonably 
good response surface functions were developed for 
many of the injury responses, they tend to be accurate 
along certain regions only. Therefore they are not 
recommend to be used with global optimization 
techniques.   
 
CONCLUSION 
 
     The method presented in this paper shows how to 
employ DOE and optimization techniques to find a 
optimum restraint system that meets all injury 
requirements in a multi test mode scenario. Around 
500 LS-DYNA simulations were needed to complete 
the study. OPTIMUS process automation software 
was used to integrate all 3 sled models into a single 
work flow which would make all simulations run in 
batch mode. A few simulations did not complete 
correctly due to model instabilities that occurred 
when extremes of the design space is explored. 
OPTIMUS was very flexible to incorporate safe 
guards that detect and eliminate the failed 
experiments from the optimization process. This is 
very important in optimization because successive 
iterations will depended on previous ones.  
    The methodology presented in this paper can be 
applied to any simulation based development work.  
DOE and Optimization technique that should be 
employed may vary depending on the nature of the 
application.     
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ABSTRACT 

Mass transportation systems and specifically bus systems 
are a key element of the national transportation network. 
Buses are one of the safest forms of transportation. 
Nonetheless, bus crashes resulting in occupant injuries and 
fatalities do occur. Therefore, crashworthiness research is a 
continuing effort. Using funding from the Federal Transit 
Administration, NIAR at Wichita State University is 
performing research to analyze and improve the 
crashworthiness of mass transit buses. 

According to the Traffic Safety Facts reports from 1999-
2003, an average of 40 fatalities and 18,430 injuries of bus 
occupants occurred per year. An average of 11 bus 
occupants per year are killed in two vehicle crashes while 
162 occupants per year of other vehicles are killed. For this 
period of time an average of 12,000 bus occupants per year 
are injured in two vehicle crashes while 8,800 occupants 
per year of other vehicles are injured. 

Vehicle compatibility is an issue that needs to be addressed 
in order to reduce the number of fatalities and injuries to 
mass transit bus, and collision partner vehicle occupants. 
Crash incompatibility between vehicles has been attributed 
to three factors: mass, stiffness, and geometric 
incompatibilities. The objective of this research is to 
identify vehicle compatibility issues encountered during 
typical Mass Transit Bus collisions with sedans, light 
trucks, and heavy trucks through the use of numerical finite 
element simulations. The findings of this research can be 
used in the future by bus and vehicle manufacturers to 
improve crash compatibility. 

 

INTRODUCTION 
 

Mass transportation systems and specifically bus systems 
are a key element of the national transportation network. 
According to data from the Nation Transportation Statistics 
2005 report [1]; transit bus usage, in terms of passenger-
miles, averages 20.6 billion miles per year. From 1992-
2002, transit motor bus ridership has increased 11% in 
terms of unlinked trips. From 1990-2002, the number of 
transit motor buses in the U.S. has increased 30%. Clearly, 
transit buses are an integral part of the national 
transportation system. Buses are one of the safest forms of 

transportation. Nonetheless, bus crashes resulting in 
occupant injuries and fatalities do occur. 

According to the Traffic Safety Facts reports from 1999-
2003, an average of 40 fatalities and 18,430 injuries of bus 
occupants occurred per year. As shown in figure 1 and 2, 
an average of 11 bus occupants per year are killed in two 
vehicle crashes while 162 occupants per year of other 
vehicles are killed (102 occupants in passenger cars, 49 in 
light trucks, 9 in motorcycles, and 2 in large trucks). 

 

Figure 1. Bus Occupants Killed in Two-Vehicle 
Crashes, by Vehicle Types Involved. 

 

Figure 2. Vehicle Occupants Killed in Two-Vehicle 
Crashes with Buses, by Vehicle Types Involved. 

An average of 12,000 bus occupants per year are injured in 
two vehicle crashes while 8,800 occupants per year of 
other vehicles are injured (6,000 in passenger cars and 
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2,800 in light trucks). Note that in the Traffic Safety 
Reports, buses are defined as �Large motor vehicles used 
to carry more than ten passengers, including school buses, 
inter-city buses, and transit buses�. 

 

Figure 3. Buses Involved in Crashes with Fatalities, by 
Initial Point of Impact. 

 

Figure 4. Buses Involved in Crashes with Injuries, by 
Initial Point of Impact. 

According to the �Buses Involved in Fatal Accidents� 
reports from 1999-2001, an average of 111 transit buses 
are involved in a fatal traffic accident each year. A total of 
246 fatalities resulted from transit bus involvements from 
1999-2000. Forty three percent of the fatalities were 
drivers of other vehicles, 37% were pedestrians, and 13% 
percent were passengers of other vehicles. The majority of 
transit bus fatalities occur during the work week, in urban 
environments, on dry roadway surfaces under normal 
weather conditions. Over half of fatal transit bus 
involvements occur on roadways with posted speed limits 
of 25-35 mph. Shorter, heavy-duty, low-floor transit buses 
account for the majority of fatal transit bus involvements. 

Eighty two percent of two vehicle fatal transit bus 
involvements on the same trafficway, same direction 
resulted from a rear-end, bus struck. Eighty eight percent 
of two vehicle fatal transit bus involvements on the same 
trafficway, different direction resulted from a head-on 
collision in the buses� lane 

In mass transit bus-to-vehicle crashes, two vehicle safety 
viewpoints have to be addressed: 

- Self-protection, the ability of a vehicle to protect its 
own occupants. 

- Partner-protection, the ability of a vehicle to protect 
the occupants of the partner vehicle. 

Therefore compatibility should be defined as the ability of 
a vehicle to provide self- and partner-protection in a 
manner that optimum overall safety is achieved. It is 
generally accepted that compatibility should take place 
without compromising self-protection.   

Vehicle compatibility is an issue that needs to be addressed 
in order to reduce the number of fatalities and injuries to 
mass transit bus, and collision partner vehicle occupants. 
Crash incompatibility between vehicles can be attributed to 
three vehicle factors: mass, stiffness, and geometric 
incompatibilities. The effect of vehicle mass is relatively 
straightforward. However, the influence of stiffness and 
geometric compatibility require additional research.  

The objective of this research is to identify vehicle 
compatibility issues encountered during typical Mass 
Transit Bus collisions with sedans, light trucks, and heavy 
trucks through the use of numerical finite element 
simulations. The findings of this research can be used in 
the future by bus and vehicle manufacturers to improve 
crash compatibility. 
 

ANALYSIS METHODOLOGY 

For two vehicles colliding the conservation of momentum 
is defined as; 

ffii VMVMVMVM 22112211 ⋅+⋅=⋅+⋅  

the coefficient of restitution is defined as the ratio of 
velocities pre- and post-crash; 
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By solving the system of equations above, the residual 
velocities of a two vehicle collision upon impact are; 
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The energy dissipated by the vehicles structure upon 
impact is defined by the difference in kinetic energy pre 
and post-crash; 
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by substituting the residual velocities in the equation 
above, the energy dissipation equation becomes; 
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for Mass Transit Bus to Vehicle frontal collisions we can 
assume that the coefficient of restitution is approximately 
zero, hence the energy dissipation equation becomes; 
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⋅⋅⋅−=   (EQ 2) 

The equation above (EQ 2) can be used to predict the 
amount of energy absorbed by both vehicles during impact, 
given that the masses and initial velocities are known. If 
initial and final velocities are known then equation 1 
should be used. 

Another method to find the total energy dissipated during 
impact can be calculated when the vehicle stiffness�s and 
crush values are known; 

∫∫ ⋅+⋅= 21

0 220 11 )()(
cc XX

d dxxFdxxFE  (EQ 3) 

If we assume a linear behavior for the vehicle stiffness 
equation 3 becomes; 
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In order to find the crush distance of the partner vehicle we 
can combine equations two and four into the following 
expression (EQ 5): 
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Where; 

Cr, Coefficient of Restitution 

Ed, Energy Dissipation 

Fb, Structural Force, Bus 

Fv, Structural Force, Partner Vehicle 

K1, Linear Stiffness, Partner Vehicle 

K2, Linear Stiffness, Bus 

M1, Mass, Partner Vehicle 

M2, Mass, Bus 

V1f, Final Impact Velocity, Partner Vehicle 

V1i, Initial Impact Velocity, Partner Vehicle 

V2f, Final Impact Velocity, Bus 

V2i, Initial Impact Velocity, Bus 

XC1, Crush Distance, Partner Vehicle 

XC2, Crush Distance, Bus 

 

 

Figure 5. Finite Element Model Vehicles. 
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Overview Vehicle Numerical Models Databases 

Numerical models were used to conduct this compatibility 
study. The low floor mass transit bus model has been 
validated for frontal, rear, side and rollover impact 
conditions (for more detailed model information refer to 
reference 4). The Dodge Caravan and Neon finite element 
models have been validated for frontal and offset impact 
conditions (for more detailed model information see 
reference 5). Although there is no validation report 
available for the F800 and C2500 finite element models, 
these models where used to evaluate the mass transit bus 
performance. Table one provides an overview of the 
vehicles weight.  

Accelerometers in the area of the lower B-pillar were 
selected for the analysis, see figure 6 for the location in the 
mass transit bus, and figure 7 for the location in the 
collision partner. 

Table 1. 

Vehicles mass overview 

Vehicle Mass (kg) Mass Ratio 

Bus 10360 1 

F800 7792 0.75 

Caravan 2043 0.19 

C2500 1813 0.175 

Neon 1333 0.13 

 

Table 2. 

Vehicle stiffness overview calculated from 30 mph rigid 
barrier tests 

 Linear Stiffness Mass Maximum Disp. 

Bus* 5176 10360 0.6 

Neon** 708.7 1354 0.686 

Caravan** 904.2 2003 0.757 

 kN/m Kg m 

* Based on simulation results. ** Based on NHTSA Tests [6]. 

 

 

Figure 6. Transit Bus Accelerometer Location. 

 

Figure 7. Collision Partner Accelerometer Locations. 

SUMMARY SIMULATION RESULTS 

Based on the data collected from typical mass transit bus 
accidents [7], the following frontal and rear impact 
conditions were analyzed 

Table 3. 

Summary impact conditions 

Case Impact Condition 

1 Frontal: Bus - 30 mph (48.3 kph) : F800 � 30 mph 

2 Frontal: Bus - 30 mph : Dodge Caravan - 30 mph 

3 Frontal: Bus - 30 mph : Dodge Neon - 30 mph 

4 Rear: Bus - 0 mph : Bus � 20 mph (32.2 kph) 

5 Rear: Bus - 0 mph : Dodge Caravan - 20 mph 

6 Rear: Bus - 0 mph : Dodge Neon - 20 mph 

7 Rear: Bus - 0 mph : Chevy 2500 C - 20 mph 

Passenger Compartment Accelerometer 
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8 Rear: Bus - 0 mph : Bus - 20mph 

 

Frontal Impact Simulation Results 

 

 

 

 

 

 

Figure 8. Mass Transit Bus Passenger Compartment 
Acceleration Velocity and Displacement. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Partner Vehicle B-Pillar Acceleration, 
Velocity and Displacement. 

 

 



 

Olivares 6 

 

 

Rear Impact Simulation Results 

 

 

 

 

 

 

Figure 10. Mass Transit Bus Passenger Compartment 
Acceleration Velocity and Displacement. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Partner Vehicle B-Pillar Acceleration, 
Velocity and Displacement. 
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GEOMETRIC COMPATIBILITY 

Bus underbody clearance is defined in SAE J698 standard. 
This standard specifies the minimum clearance regardless 
of load up to the gross vehicle weight rating. As shown in 
figure 12 the approach angle shall be no less than 8 
degrees, the departure angle shall be no less than 9 
degrees, and the ground clearance shall be no less than 8.5 
inches (216 mm) except within the axel zone and wheel 
area [8]. 

Bumpers shall provide impact protection for the front and 
rear of the bus with the top of the bumper being 26 ± 2 
inches (660 ± 51 mm) above the ground.  The front 
bumper system must comply with the following impact 
conditions defined in the Standard Bus Procurement 
Guidelines [8]: 

- No part of the bus, including the bumper, shall be 
damaged as a result of a 5-mph (8 kph) impact of the 
bus at curb weight with a fixed, flat barrier 
perpendicular to the bus' longitudinal centerline. 

- The bumper shall protect the bus from damage as a 
result of 6.5 mph (10.5 kph) impacts at any point by 
the Common Carriage with Contoured Impact Surface 
defined in FMVSS 301 loaded to 4,000 pounds (1814 
kg) parallel to the longitudinal centerline of the bus 
and 5.5-mph (8.9 kph) impacts into the corners at a 30 
degree angle to the longitudinal centerline of the bus.     

The rear bumper system must comply with the following 
impact conditions defined in the Standard Bus 
Procurement Guidelines [8]: 

- No part of the bus, including the bumper, shall be 
damaged as a result of a 2-mph (3.2 kph) impact with 
a fixed, flat barrier perpendicular to the longitudinal 
centerline of the bus.   

- The rear bumper shall protect the bus, when impacted 
anywhere along its width by the Common Carriage 
with Contoured Impact Surface defined in Figure 2 of 
FMVSS 301 loaded to 4,000 pounds (1814 kg), at 4 
mph (6.4 kph) parallel to, or up to a 30 degree angle 
to, the longitudinal centerline of the bus. 

- The rear bumper shall be shaped to preclude 
unauthorized riders standing on the bumper. 

 

 

REAR FRONT
½ WHEEL BASE

DEPARTURE
ANGLE

APPROACH
ANGLE

BREAKOVER
ANGLE

 

Figure 12. Transit Bus Diagram [8]. 

Frontal Impact 30 mph 100 % Overlap 

According to data presented collected by the IHRA 
working group, typical frontal longitudinal member heights 
for sedans are in the range of 380/500 mm, and for 
SUV/Trucks in the range of 440/550 mm. 

A shown in figures 13 through 16 the mass transit bus 
bumper system aligns with the frontal structural elements 
of the Dodge Neon and Caravan. There is a height 
mismatch between the bus and the F800; this could be 
prevented by increasing the height of the bus bumper or by 
equipping heavy trucks with under-ride devices.  

Current Mass Transit Bus frontal bumper design standards 
provide the required data to design geometrically 
compatible frontal bumper systems with the majority of 
road vehicles.  
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Figure 13. Frontal Impact Geometric Compatibility. 

 

 

 

 

 

Figure14.  Neon-Transit Bus Interaction. 
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Figure15.  Caravan-Transit Bus Interaction. 

 

Figure16.  F800 -Transit Bus Interaction. 

Rear Impact 20 mph 100% Overlap 

According to data obtained from �Mass Transit 
Crashworthiness Statistical Data Analysis� [7], the 
majority of rear impacts tend to occur at velocities bellow 
30 mph (48.3 kph). 

A shown in figures 17 through 19 the mass transit bus 
bumper system aligns with the frontal structural elements 

of the Dodge Caravan, C2500, and bullet mass transit bus. 
There is a height mismatch between the bus and the Dodge 
Neon; this could be prevented by lowering the height of the 
bus rear bumper system. Even though there is a height 
mismatch between the Neon and the transit bus the 
deceleration levels experience by the Dodge Neon are well 
bellow the 30 g deceleration threshold.  

Current mass transit bus frontal bumper design standards 
provide the required data to design geometrically 
compatible bumper systems with the majority of road 
vehicles.  

 

 

 

 

 

 

Figure 17. Bus 20 to Stationary Transit Bus. 

 

 

 

Figure 18. Caravan 20 mph to Stationary Transit Bus. 
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Figure 19. Neon 20 mph to Stationary Transit Bus. 

MASS COMPATIBILITY 

The conservation of momentum in a collision places 
smaller vehicles at a fundamental disadvantage when the 
collision partner is a heavier vehicle. As shown in table 1, 
there is a large difference in mass between the transit bus 
and the Dodge Neon/Caravan. Figure twenty illustrates the 
different range of energy absorbing specifications for the 
vehicles in this study versus the mass of the collision 
partner by using the equation derived in the previous 
section. 

21
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Transit buses should be designed to absorb with its partner 
vehicle energy levels ranging from 424 kJ (impact with a 
small vehicle of mass 1333 kg) to 2000 kJ (impact with a 
large vehicle of mass 12000 kg). Compact vehicles such as 
the Dodge Neon will experience with its partner vehicle 
energy levels ranging from 239 kJ to 432 kJ (impact with a 
large vehicle of mass 12000 kg). 

 

Figure 20. Crash Energy Dissipation vs. Collision 
Partner Mass for a 30 mph Frontal Collision. 

The energy dissipated by the vehicles structure upon 
impact is defined by the difference in kinetic energy pre 
and post-crash. By applying the residual velocity values 
calculated with the finite element simulations (see figures 8 
and 9) we can calculate the energy dissipation with the 
following equation; 
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The results of the Neon, Caravan, and F800 are plotted 
against the energy level prediction calculated with equation 
2. Note that equation 2 can be used without prior 
knowledge of the residual velocities, see figure 21. 

 

Figure 21. Crash Energy Dissipation Theoretical 
Prediction vs. Finite Element Model Results for a 30 
mph Collision with a Transit Bus. 

Other parameter influenced by mass is stiffness as shown 
in table 2. Variability in linear stiffness is directly 
proportional to the change in mass. For large mass 
differentials such as the Bus/Neon or Bus/Caravan the 
partner vehicle decelerates from impact velocity down to 
zero within the first 60 ms, afterwards it is accelerated to 
the residual velocity of the bus (See figures 22 and 23). 
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Figure 22. Dodge Neon Acceleration and Velocity at 
Lower B-Pillar Accelerometer Location, Comparison 
30 mph Bus Impact vs. Rigid Barrier 30 mph NHTSA 
Test. 

 

 

 

Figure 23. Dodge Caravan Acceleration and Velocity at 
Lower B-Pillar Accelerometer Location, Comparison 
30 mph Bus Impact vs. Rigid Barrier 30 mph NHTSA 
Test. 

 

STRUCTURAL STIFFNESS COMPATIBILITY 

In the frontal collisions analyzed in this study, the vehicle 
with the lower stiffness (i.e. Caravan, and Neon) absorbs 
the bulk of the crash energy. For example in the 30 mph 
impact between the transit bus and the Dodge Caravan; the 
bus structure absorbs 108 kJ (18 %) while the Dodge 
Caravan structure absorbs 505 kJ (82 %). This results in 
large deformations of the partner vehicles as shown in 
figure 14, 15, 24, and 25. These large deformations in the 
partner vehicle can increase the injury potential for their 
drivers, and passengers. 

In order to improve vehicle compatibility both vehicles 
need to dissipate equal levels of energy. Since mass is a 
fixed parameter, improvement can only be achieved by 
increasing the bus crush distance under load.  

Due to the current transit bus design constraints, it may be 
difficult to increase the vehicle deformation to the desired 
levels without implementing variable stiffness active 
bumper systems triggered by pre crash sensors. 
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Figure 24. Mass Transit Bus and Caravan Change in 
Length, FE Simulation Results. 

 

Figure 25. Mass Transit Bus and Neon Change in 
Length, FE Simulation Results. 

 

Figure 26. Calculated Increase in Bus Deformation vs. 
Decrease Dodge Caravan Deformation. 

CONCLUSION 

Buses are one of the safest forms of transportation. 
Nonetheless, bus crashes resulting in occupant injuries and 
fatalities do occur.  

The results of this study show that current transit bus 
bumper geometry design guidelines [8] generate bumper 
designs that are compatible from a geometric point of view 
with most vehicles on the road today. The only issue may 
be insufficient height to improve its compatibility with 
lager trucks; in fact according to the Traffic Safety Facts 
statistics from 1999 to 2003 most of the occupant fatalities 
occur when the bus impacts a large truck (see figure 1).  

In order to improve vehicle compatibility both vehicles 
need to dissipate equal levels of energy. Since mass is a 
fixed parameter, improvement can only be achieved by 
increasing the bus deformation under load. Due to the 
current transit bus design constraints, it may be difficult to 
increase the bus structural deformation to the desired levels 

without implementing variable stiffness active bumper 
systems triggered by pre crash sensors. 

ACKNOWLEDGEMENTS 

The opinions, findings, and conclusions expressed in this 
publication are those of the authors and not necessarily 
those of the Federal Transit Administration (FTA), nor the 
U.S. Department of Transportation. The authors would like 
to acknowledge the financial support of the FTA. 

REFERENCES 
 

[1] Editor C. Moore, National Transportation Statistics, 
Bureau of Transportation Statistic, U.S. Department of 
Transportation, Washington DC 20590, June 2005.  

[2] Anon., Traffic Safety Facts 1999: A Compilation of 
Motor Vehicle Crash Data from the Fatality Analysis 
Reporting System and the General Estimates System, 
National Highway Traffic Safety Administration, 
National Center for Statistics and Analysis, U.S. 
Department of Transportation, Washington DC 20590. 
December 2000. 

[3] A. Matteson, D. Blower, D. Hershberger and J. 
Woodrooffe, Buses Involved in Fatal Accidents 
Factbook 2001, Center for National Truck and Bus 
Statistics, University of Michigan Transportation 
Research Institute, Ann Arbor, Michigan, 48109-2150, 
February 2005. 

[4] Olivares, G., �Transit Bus Crashworthiness: Finite 
Element Modeling and Validation�, International 
Crashworthiness Conference, Athens, Greece, July 4-
7, 2006. 

[5] Finite Element Model Archive, NCAC, accessed 
through http://www.ncac.gwu.edu/vml/models.html 

[6] Hollowell, W., Updated Review of Potential Test 
Procedures for FMVSS No. 208, October 1999. 

[7] Olivares, G., Herman T., �Mass Transit 
Crashworthiness Statistical Data Analysis�, NIAR 
Technical Report No. FTA-0002, 
http://www.fta.dot.gov/documents/Crashworthiness_R
eport.pdf, December 2005. 

[8] Anon., Standard Bus Procurement Guidelines � 30-
foot Low-floor Diesel Buses, American Public 
Transportation Association, 2002. 

[9] O�Reilly P., Status Report of IHRA Compatibility and 
Frontal Impact Working Group, ESV 05-0365, 2005. 

[10] Gabler, H., Hollowell, W., The Aggressivety of Light 
Trucks and Vans in Traffic Crashes, SAE 199-01-
0720, 1999. 



 

Olivares 13 

[11] Anon., Standard Bus Procurement Guidelines � 30-
foot Low-floor Diesel Buses, American Public 
Transportation Association, 2002. 

[12] Editor S. Backaitis, Vehicle Compatibility in 
Automotive Crashes, SAE PT-102, 2005. 

 

 

 

 

 

 



McLean 1

CHARACTERISTICS OF ROLLOVER CRASHES

Jack McLean
Craig Kloeden
Giulio Ponte
Centre for Automotive Safety Research
The University of Adelaide
Australia
Paper Number 07-0479

ABSTRACT

Rollover crashes are investigated to identify ways
in which active and passive safety solutions might
be applied most effectively. Results of at-scene
investigations of rural crashes by a research team
and police reports of all crashes are reviewed. 236
crashes to which an ambulance was called,
including 64 rollover cases, were investigated in
the at-scene study, conducted on rural roads in
South Australia. During a similar period police
reports were compiled on 163,578 crashes,
including 2,653 rollover cases. Injuries were
sustained in 50% of the rollover cases but in only
18% of all other reported crashes (crashes resulting
in a casualty or property damage of more than
$1,000 were required to be reported). About half of
the single vehicle rollover crashes in both studies
occurred on straight roads; in the at-scene study
after the vehicle drifted onto the unsealed shoulder.
In almost every such case the vehicle yawed out of
control before rolling. This is illustrated by
photographs of the yaw marks and the final
position of the vehicles, together with scale plans
of these vehicle motions. The percentage of crashes
which resulted in rollover increased with the posted
speed limit: 5% at 80 km/h to 31% at 110 km/h.
Vehicle factors relevant to crash and injury
causation are also addressed. Combining
information from these two studies overcomes to
some extent their individual limitations, of small
sample size in one instance and less detailed data in
the other. These studies illustrate, among other
matters, the type and frequency of situations in
which stability control can be expected to prevent
rollover crashes in a region where the roads are
rarely wet, together with the importance of limiting
travelling speed.

INTRODUCTION

This paper is based on information on crashes
reported to or investigated by the police in South
Australia, together with data from an in-depth
study of 236 crashes to which an ambulance was
called on rural roads within 100 km of the city of
Adelaide. South Australia covers an area of over
one million square kilometres (Texas is almost

700,000) and has a population of 1.12 million, of
whom 73 per cent live in the Adelaide metropolitan
area.

METHOD

The in-depth study was conducted by the Road
Accident Research Unit (now renamed the Centre
for Automotive Safety Research, CASR) between
March 1998 and February 2000. Unit personnel
attempted, usually successfully, to reach the scene
of the crash before the vehicles were moved.
Vehicle positions and damage were recorded and
the site was mapped and photographed. Participants
and witnesses were interviewed in most cases,
initially at the scene in some cases and later in
follow up interviews. In some fatal cases, where
the vehicle positions had been marked by the
Police Major Crash Investigation Unit, the CASR
investigating team examined the crash scene within
24 hours. This had the effect of increasing the
proportion of fatal crashes in the sample.

The sample of crashes investigated is not fully
representative of all crashes occurring in the study
area because the investigating teams were on call
more frequently during daylight hours from
Monday to Friday than on weekends. Similarly,
night time crashes were under represented, apart
from Thursday and Friday nights. However,
characteristics associated with single vehicle
rollover crashes can reasonably be compared with
corresponding characteristics associated with other
types of crash in this sample.

Some comparisons are made with data on all
crashes reported to the police in South Australia
which are held in the Traffic Accident Reporting
System (TARS). These comparisons are influenced
by the inclusion of crashes in the metropolitan area
of Adelaide in the State-wide TARS data and by
differences due to the study area including most of
the populated hill country in the State.
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RESULTS

Rollover Alone and After a Collision

Sixty four of the 236 crashes resulted in a vehicle
rolling over. There were 19 cases in which a
vehicle rolled without any prior collision. Another
21 of these rollovers occurred following a collision
with another vehicle and in the remaining 24 single
vehicle rollover crashes the vehicle rolled after a
collision with a tree or an embankment (Table 1).
However, it should be noted that in many of these
single vehicle rollovers after a collision with a
fixed object it is probable that the vehicle would
have rolled over in any event had the collision not
occurred.

Table 1.
Rollover crashes and prior collisions

Prior Collisions Number of Crashes

No prior collision 19
Collision with fixed object 24
Collision with other vehicle 21
Total 64

Road and Traffic Factors

Almost half (49%) of the single vehicle rollover
crashes occurred on straight sections of road, with
about two thirds of the remainder on right hand
curves (Table 2). (Note that traffic keeps to the left
in Australia.) The percentage on straight roads was
slightly higher (57%) in the State-wide police data
(TARS) cases which may be due partly to chance
variation but also to the topography of the in-depth
study area which, as noted above, covered a much
higher proportion of hill terrain than the whole
State, which is mainly flat and hence with mostly
straight roads. The vehicle movements on straight
roads that typically resulted in rollover are
described later in this paper.

Table 2.
Road alignment in single vehicle rollover
crashes compared to all other crash types

Road
Alignment

Rollover Other Column %
Rollover

Column %
Other

Straight 21 117 48.8 60.6

Right curve 13 45 30.2 23.3

Left curve 9 31 20.9 16.1

Total 43 193 100.0 100.0

* Note: Traffic keeps to the left in Australia.

The default open road speed limit in South
Australia is 100 km/h, with most major highways
zoned at 110 km/h. Consequently, it is not
surprising that 81 per cent of these 43 single

vehicle rollover crashes occurred on roads having a
speed limit of at least 100 km/h (Table 3).
However, eight of the single vehicle rollover
crashes on 100 km/h roads occurred on bends
having a posted advisory speed ranging from 25 to
80 km/h. Two of the 16 crashes on 110 km/h roads
occurred on bends where an advisory speed was
posted (65 and 75 km/h).

As noted, 81 per cent of these single vehicle
rollover crashes occurred on 100 or 110 km/h
roads. This is very close to the State-wide figure of
84 per cent for single vehicle rollover crashes.
Single vehicle rollover crashes increase as a
percentage of all crashes at the higher speed limits,
both in the in-depth study data and the State-wide
TARS data, to the extent that 30 per cent of all
crashes on 110 km/h speed limit roads are single
vehicle rollovers, compared with less than 20 per
cent on 100 km/h roads (Table 3).

The two crashes which occurred on 60 km/h roads,
in rural towns, were unusual in that one involved a
rigid truck on which the load shifted when
cornering and the other an elderly driver whose car
ran up onto an embankment for no apparent reason
and rolled over.

Some of these crashes were included in a case
control study of travelling speed and the risk of
crash involvement and so the travelling speed of
the vehicle which rolled over had been estimated.
(Kloeden et al, 2001)  There were two crashes on
100 km/h speed limit roads where the cars were
estimated from crash reconstruction to have been
exceeding the limit by a wide margin (travelling
speeds of 150 and 170 km/h). However there were
also cases in which the estimated travelling speed
was much less than the posted speed limit, as low
as 65 km/h in one crash on a 100 km/h road.

Table 3.
Speed limit by percentage of single vehicle

rollover crashes: in-depth study and state-wide

Speed
Limit

Rollover
Crashes

Other
Crashes

% Rollover % Rollover
TARS*

60 km/h 2 32 5.9 0.7

70 km/h 2 4 33.3 1.7

80 km/h 2 32 5.9 4.9

90 km/h 2 7 2.2 7.7

100 km/h 19 81 19.0 18.9

110 km/h 16 37 30.2 30.6

Total 43 193 18.2 6.1
* Note: Crashes resulting in a fatality or injury requiring at
least treatment at a hospital in South Australia 1999-2003
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Type of Vehicle

A car or car derivative (station wagons and some
utilities) accounted for almost three fifths of the
vehicles which rolled over in the 64 crashes.
(Table 4) What is more interesting, given the
relative numbers of vehicles on the roads, is the
high percentage (24.6%) of SUV vehicles, and the
fact that three of these SUV vehicles were towing
trailers. It is relevant to note here that the mean age
of the vehicle fleet in Australia is about 11 years
and SUVs have become an increasing proportion of
that fleet, at least until very recently.

The percentage of semi trailers in Table 4 (10.8%)
may be accounted for in part by the comparatively
high exposure of these vehicles in terms of distance
travelled but the crash circumstances demonstrated
their well-recognised deficit in lateral stability
compared to other types of vehicle.

Table 4.
Type of vehicle in all crashes resulting in a

rollover

Type of Vehicle Number of
Vehicles

% of
Vehicles

Car or car derivative 38 58.5

Semi trailer 7 10.8

Light van 1 1.5

Rigid truck 3 4.6

SUV (three towing a trailer) 16 24.6

Total 65 100.0
Note: Two vehicles rolled in one crash (semi trailer &
SUV)

The percentage of cars among those vehicles that
rolled following a collision with another vehicle
(45.5%) was lower than it was among vehicles
involved in single vehicle rollovers (65.1%)
(Tables 5 and 6). This could indicate that a car is
more stable than an SUV in a collision but the
number of cases is small and this observed
difference is not statistically significant.

Table 5.
Type of vehicle rolling over after colliding with

another vehicle

Type of Vehicle Number of
Vehicles

% of
Vehicles

Car or car derivative 10 45.5

Semi trailer 3 13.6

Rigid truck 2 9.1

SUV (one towing a trailer) 7 31.8

Total 22 100.0
Note: Two vehicles rolled in one crash (semi trailer &
SUV)

Two thirds of the crashes in which a vehicle rolled
over involved only that vehicle and almost two
thirds (65.1%) of the vehicles in these single
vehicle rollovers were cars (Table 6).

Table 6.
Type of vehicle in single vehicle rollover crashes

Type of Vehicle Number of
Vehicles

% of
Vehicles

Car or car derivative 28 65.1

Semi trailer 4 9.3

Light van 1 2.3

Rigid truck 1 2.3

SUV (two towing a trailer) 9 20.9

Total 43 100.0

The relative involvement of cars compared to other
vehicles (mostly SUVs) differed markedly however
depending on whether or not the vehicle struck a
fixed object, usually a tree, before rolling over. In
the cases involving no prior impact, 42.1 per cent
of the vehicles were cars whereas the
corresponding percentage for cars in rollover
crashes with a prior impact was 83.3 per cent
(Tables 7 and 8, respectively). The crash
circumstances indicated that a rollover would still
have occurred in many of these cases had there
been no collision with a fixed object.

Table 7.
Type of vehicle in single vehicle rollover crashes

without a prior collision with a fixed object

Type of Vehicle Number of
Vehicles

% of
Vehicles

Car or car derivative 8 42.1

Semi trailer 3 15.8

Rigid truck 1 5.3

SUV (two towing a trailer) 7 36.8

Total 19 100.0

Table 8.
Type of vehicle in single vehicle rollover crashes

with a prior collision with a fixed object

Type of Vehicle Number of
Vehicles

% of
Vehicles

Car or car derivative 20 83.3

Semi trailer 1 4.2

Light van 1 4.2

SUV 5 26.3

SUV 2 10.5

Total 24 100.0

The numbers of cases involving SUV vehicles in
Tables 7 and 8 are too small to provide a reliable
comparison with the corresponding data for cars
presented in the previous paragraph but the
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percentages are consistent with SUV vehicles
rolling over before they have travelled out of
control far enough to collide with a fixed object.
The percentage of each of the above types of
vehicle involved in a single vehicle rollover is
compared with all vehicles of that type involved in
the crashes investigated in the in-depth study in
Table 9. The two types of vehicle that have by far
the highest rate of single vehicle rollover, given
involvement in a crash, are SUVs and semi trailers.
This is consistent with the corresponding State-
wide TARS data, as far as the types of vehicle can
be compared. Once again, the higher percentage of
all types of vehicle involved in single vehicle
rollovers in the in-depth study is probably mainly a
reflection of differences in topography.

Table 9.
Types of vehicle in single vehicle rollover

crashes compared to vehicles in all other crash
types: In-depth and TARS data

Type of
Vehicle

Rollover Other % Rollover % Rollover
TARS1

Car 28 247 10.2 3.6

SUV 92 253 26.5 10.7

Semi trailer 4 13 23.5 -

Rigid truck 1 14 6.7 -

Van 1 15 6.3 4.5

Total 43 314 12.0 4.15

All trucks 54 274 15.64 9.5
Notes: 1 See note to Table 3; 2 Two towing a trailer;
           3 One towing a trailer; 4 Included above

Driver Characteristics

The age distribution of the drivers involved in
single vehicle rollover crashes was very similar to
that for all other drivers in this sample of crashes.
There were eight drivers under 20 years of age and
they were all on Provisional licences. They
represented 18.6 per cent of all of these 43 drivers,
slightly more than the 14.4 per cent of those drivers
in this age group involved in the other types of
crash in this study sample. Overall, however the
percentage of drivers under 30 years of age was
almost exactly the same in both groups of drivers
(37.2% for those in single vehicle rollovers and
37.7% for the remainder). This is consistent with
the results from the TARS data, which showed
little difference in the age distribution of these two
groups of drivers apart from an apparent over
representation of drivers in the 16 to 18 year age
range.

There were more male than female drivers involved
in single vehicle rollover crashes but the difference
was small (55.8% were male) and less than for the
other types of crash in the in-depth study sample

(62.6%). There was some statistically insignificant
difference (p=0.389, Chi square=0.74) in the
percentage of male drivers in this sample who were
involved in single vehicle rollover crashes
compared with other types of crash (10.9%) and the
corresponding percentage for female drivers
(14.0%). (Table 10) The corresponding percentages
for State-wide single vehicle crash data were males
4.2 and females 4.1.

Table 10.
Sex of drivers involved in single vehicle rollover

crashes compared to all other crash types

Sex of Driver Rollover Other % Rollover

Male 24 196 10.9

Female 19 117 14.0

Total 43 313 12.1

Drivers operating on a Provisional licence had a
higher rate of involvement in single vehicle crashes
than in other types of crash but not to a statistically
significant degree (Table 11). However, a slightly
larger difference was observed in the TARS data
and it was statistically significant, as would be
expected with the much larger number of cases.

Table 11.
Licence status of drivers involved in single

vehicle rollover crashes compared to all other
crash types and TARS data

Licence
Status

Rollover Other % Rollover % Roll
TARS

Learner - - - 8.2

Provisional 8 45 15.1 5.0

Full 35 275 11.3 3.1

Unlicensed - - - 8.6

Total 43 3131 12.1 4.1
Note: 1 Excludes 3 Learners and 8 unlicensed drivers

Blood alcohol levels were obtained for 36 of the 43
drivers. Twenty eight were sober (78% of the
known BAC cases), probably reflecting the bias
towards daytime crashes in the sample (but see the
following case description), two were below the
legal blood alcohol limit of 0.05 g/100mL, another
two were above the limit but below 0.10 and four
were above 0.116, with the highest being 0.256.

The crash involving the driver who had a blood
alcohol level of 0.256 occurred at 4.30 pm on a
Saturday. The driver allowed the car to drift across
onto the left unsealed shoulder for some
considerable distance before overcorrecting to the
right. The car, a 1978 HZ Holden Kingswood, then
yawed across the road and rolled three quarters of a
turn on striking a low bank. (Figures 1, 2 and 3)
The uninjured 49 year old male driver was
probably wearing a seat belt.
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Figure  1. Site diagram showing tyre marks
from initial off road excursion and
overcorrection back to the right.

Figure  2. Yaw marks leading to the point of
rollover.

Figure  3. Car rolled to the left 3/4 of a turn.
Shown here after being rolled back onto its
wheels.

Injury Severity

Injury severity is expressed here in terms of the
level of treatment required or, for fatal cases, the
outcome. The distribution of the maximum injury
severity in each of these single vehicle rollover
crashes is shown in Table 12. (AIS ratings of
injuries are available but are not included in this
paper.)

The percentage of fatal crashes is larger than would
be expected in a representative sample of all
crashes to which an ambulance is called for the
reason noted earlier in this paper.

Table 12.
Maximum injury severity in single vehicle

rollover crashes

Maximum Injury
Severity

Number of
Crashes

% of Crashes

Property damage only* 9 20.9

Treatment at hospital 18 27.9

Admission to hospital 14 32.6

Fatal 8 18.6

Total 43 100.0

* Note: Includes some cases involving injuries treated by
private doctor

The comparison of the distribution of injury
severities between single vehicle rollover crashes
and other crashes shown in Table 13 provides a
more meaningful assessment of the importance of
single vehicle rollover crashes.

Bearing in mind that the criterion for entry into this
sample of crashes of all types was that an
ambulance be called, it is notable that over one
third of all of the occupants involved did not
require ambulance transport (36.3% of the 571
occupants). However less than 20 per cent of the
occupants in single vehicle rollover crashes were in
that category compared with 38 per cent of vehicle
occupants in other types of crash (p=0.004, Chi
square=8.12). This difference was accounted for
mainly by a higher percentage of the rollover cases
requiring treatment at hospital, but not admission,
and a higher percentage who were fatally injured.

In other words, occupants in a single vehicle
rollover were more likely than occupants of
vehicles in other types of crash to be injured to a
degree requiring transport to hospital by ambulance
but no more likely to be admitted to hospital. The
higher percentage of rollover cases resulting in a
fatal injury was within the bounds of chance
variation, and partially due to the method of
inclusion of such cases.

Table 13.
Injury severity of occupants in single vehicle

rollover crashes compared to occupants
involved in all other crash types

Injury Severity Rollover Other Column %

Rollover
Column %

Other

Property damage only* 12 195 19.7 38.2

Treatment at hospital 22 127 36.1 24.9

Admission to hospital 18 138 29.5 27.1

Fatal 9* 50 14.8 9.8

Total 61 510 100.0 100.0

* Note: Includes some cases involving injuries treated by private doctor
and two occupants of one car were fatally injured
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There was no meaningful difference in the
maximum injury severity distributions between
single vehicle rollover crashes with and without a
collision with a fixed object but the number of
cases was small in each group.

Seat Belt Use, Injury Severity and Ejection

Eighty per cent of the most severely injured
occupants (the most severely injured in each of the
single vehicle rollover crashes) were wearing a seat
belt in the crash, based on the 40 out of 43 crashes
for which this information was available. There
appears to be a clear negative association between
belt use and injury severity, as listed in Table 14.
However, the very small number of “belt not worn”
cases means that comparing “admission to hospital
and fatal” with “treatment and no injury” cases
with respect to belt use fails to yield a statistically
different difference.

Table 14.
Maximum injury severity of occupants in single

vehicle rollover crashes by seat belt use

Maximum Injury

Severity

Belt

Worn

Belt Not

Worn

Belt Use

Unknown

% Worn

(Known)

Property damage only* 9 - - 100.0

Treatment at hospital 11 1 - 91.7

Admission to hospital 19 4 1 69.2

Fatal 3 3 2 50.0

Total 32 8 3 80.0

* Note: Includes some cases involving injuries treated by private doctor

Similarly, four of the eight most severely injured
occupants per vehicle who were not wearing a seat
belt were ejected in the crash, compared with none
of the 31 who were wearing a seat belt (Table 15).

Table 15.
Occupant ejection from the vehicle in single

vehicle rollover crashes by seat belt use

Ejection Belt

Worn

Belt Not

Worn

Belt Use

Unknown

% Worn

(Known)

Yes - 4 1 0.0

No 31 4 - 88.6

Unknown 1 - 2 -

Total 32 8 3 80.0

Finally, the five ejected occupants included three of
the seven fatalities for whom ejection status could
be determined (Table 16).

Table 16.
Maximum injury severity of occupants in single

vehicle rollover crashes by ejection from the
vehicle

Maximum Injury
Severity

Ejected Not
Ejected

Ejection
Unknown

% Ejected
(Known)

Property damage only* - 9 - 0.0

Treatment at hospital 1 10 1 9.1

Admission to hospital 1 12 1 7.7

Fatal 3 4 1 42.9

Total 5 35 3 12.5

* Note: Includes some cases involving injuries treated by private doctor

Vehicle Movements Preceding Rollover

Most of the cars involved in single vehicle
rollovers in this sample of crashes were travelling
on a straight road (Table 17). Two crashes were not
relevant to this consideration of vehicle movements
preceding rollover. One simply involved a car
running off the road and along an embankment for
no apparent reason. The elderly driver ceased
driving following that crash. Another crash was
thought probably to have been intentional.

Table 17.
Cars in single vehicle rollover casualty crashes
by road alignment and initial and final off road

excursion

Initial Off Road Excursion

on:

Final Off Road Excursion

on:

Road

Alignment

Left Right Left Right

Straight 12 (4)1 2 (1) 5 4

Right curve 6 (2) 2 (2) 3 1

Left curve 3 (2) 1 1 1

Total2 21(8) 5 (3) 9 6

Notes:
1 Number in parentheses indicates that the initial off road excursion was
also the final one
2 Two cases have been omitted (see text)

In almost every case the car that rolled over yawed
out of control before rolling. The typical vehicle
movement that precipitated the loss of control was
running gradually across to the left until the left
hand wheels ran onto the unsealed gravel shoulder.
The driver then swerved back to the right and
overcorrected to the left, as shown in one such
crash. (Figures 4, 5 and 6) The 17 year old female
driver had held a licence for less than a year. She
was wearing a seat belt and sustained only a minor
laceration (AIS 1) to her head. The car was a 1975
Datsun 120Y which had low pressures in the rear
tyres. While this may have increased the difficulty
in controlling the car, the vehicle motions
following the initial off road excursion were very
similar to those in other crashes where tyre
pressures were at the recommended levels.
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There were more single car rollovers on right hand
rather than left hand curves, but together they still
accounted for fewer crashes than the single car
rollovers on straight sections of road (Table 17).

Figure  4. Site diagram showing tyre marks in
initial off road excursion and followed by yaw
marks to the right and back to the left.

Figure  5. Yaw marks at the point of rollover
and final location of car (rolled back onto its
wheels).

Figure  6. Roof damage following rollover.

SUVs in Single Vehicle Rollovers

There were nine single vehicle rollovers involving
a SUV. In one of these the vehicle rolled on a
winding downhill section of a divided highway but,
despite multiple rolls, remained on the two lanes
for traffic in its direction of travel. There were also
two cases in which the initial loss of control was
either precipitated by, or strongly influenced by, a
trailer which was being towed by the SUV. One of
these two crashes occurred on a straight road when

the trailer began to oscillate behind the short
wheelbase SUV and the other on a gradual left
hand curve during an overtaking manoeuvre.

The number of cases involving SUVs is too small
to provide a reliable basis for comparison with
single vehicle rollovers involving cars but in five of
the eight SUV cases the initial was also the final
excursion (Table 18), as illustrated in Figures 7, 8
and 9. We were not able to determine why the
vehicle went out of control in this crash, which
occurred on a wet road. The unrestrained 51 year
old driver, who remained inside the vehicle,
sustained multiple fractures, including neck of
femur and four ribs.

Table 18.
SUVs in single vehicle rollover casualty crashes
by road alignment and initial and final off road

excursion
Initial Off Road

Excursion on:

Final Off Road

Excursion on:

Road

Alignment

Left Right Left Right

Straight 2 (1)1 1 (1) 1 -

Right curve 1 (1) - - -

Left curve2 3 (2) 1 1 1

Total 6 (4) 2 (1) 2 1

Notes:    1 Number in parentheses indicates that the initial was also
the final off road excursion
2 There was one case, not listed here, in which the vehicle rolled on a
winding road without leaving the paved roadway

Figure  7. Site diagram showing yaw marks and
final position of vehicle.

Figure  8. Yaw marks after leaving the sealed
road surface.
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Figure  9. 1988 Toyota Land Cruiser in final
position (doors cut away by emergency service).

DISCUSSION

The United States New Car Assessment Program
(NCAP) rollover resistance rating is primarily
based on the Static Stability Factor (measured as a
function of the track of the vehicle in relation to the
height of its centre of gravity) for the following
reason:

“About 95% of rollovers are tripped -
meaning the vehicle struck something low,
such as a curb or shallow ditch, causing it to
tip over. The Static Stability Factor (SSF) is
specifically designed to measure this more
common type of rollover and thus plays a
significantly larger role in a vehicle’s star
rating” .... “than the results of the dynamic
maneuvering test.” (www.safercar.gov)

However, the “dynamic maneuvering test”
measures whether a vehicle tips up in a “fishhook”
or Road Edge Recovery manoeuvre which, as its
name indicates, is very similar to the motion which
results from a driver allowing a vehicle to run off
onto the unsealed shoulder and swerve abruptly
back onto the road, often then overcorrecting back
to the left, as was commonly the case in the
rollover crashes reviewed here, which occurred
mainly on straight roads in the State-wide data.

Furthermore, electronic stability control would
appear to have the potential to prevent the loss of
control consequent on most of the road edge
recovery manoeuvres seen in this study. Eighty per
cent of the single car rollover crashes in this in-
depth study sample were initiated by the car
running at least partially onto the left unsealed
shoulder.

Vehicle-based lane deviation detectors may reduce
the frequency of such initial off road excursions, at
least in those cases where edge lines are provided
on the roadway. Similarly, countermeasures such
as audio-tactile edge lining and sealing the shoulder

could be expected to reduce the frequency of out of
lane excursions and the loss of control in those
excursions that do occur.

The risk of a casualty crash being a single vehicle
rollover increases markedly at higher travelling
speeds, as indicated by the speed limit of the road
on which the crash occurred. This adds strong
support to the case for reductions in the higher
speed limits in rural areas in Australia and
elsewhere.
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ABSTRACT 
 
The research reported in this paper is a follow-on to a 
five year research program conducted by General 
Motors in accordance with an administrative 
Settlement Agreement reached with the US 
Department of Transportation.  In a subsequent 
Judicial Settlement, GM agreed fund more than $4.1 
million in fire-related research over the period 2001-
2004.  The purpose of this paper is to provide a 
public update report on the projects that have been 
funded under this latter research program, along with 
results to date.  This paper is the sixth in a series of 
technical papers intended to disseminate the results of 
the ongoing research. 
 
The projects and research results reported in this 
paper include statistical analyses of vehicle fires 
based on FARS and NASS and summaries of 
technologies to reduce crash induced fires 
 
INTRODUCTION 
 
The GM/DoT Settlement research program has been 
documented elsewhere [NHTSA 2001].  The research 
reported in this paper is a follow-on to that project. 
 
The Fatality Analysis Reporting System (FARS) is a 
database maintained by the US Department of 
Transportation. It contains records of all fatal crashes 
that occur on public roads in the United States. The 
FARS database has been used to document the 
variations in fatal injuries annually since 1975.  
 
The FARS database documents all fatalities that 
occurred as a result of the crash including those 
where a fire resulted.  In this paper, the term “FARS 
Fatalities” designates the fatalities in which a fire 
occurred in the vehicle, regardless of whether or not 
the fire caused the fatality.  Since 1979, FARS also 
coded the “most harmful event” (MHE).  If the fire 
event has been coded as the most harmful event, burn 
or inhalation injuries are the most likely cause of the 
fatality.  In many crashes, it may be difficult to 
discern the cause of the fatality (biomechanical 
trauma vs. fire trauma).  This distinction was not 
investigated and the coding was taken directly from 
FARS.  Previous studies have attempted to 

investigate the uncertainty and difficulty in coding 
fire as the most harmful event [Davies 2002].  
 
Earlier  papers reported that between 1979 and 2000, 
when fire was coded as the most harmful event 
(MHE), the fatality rates for vehicles less than 5 
years old had declined by 72.4% [Friedman 2003 and 
2005; Digges 2003].  The MHE fire rates for pickups 
less than 5 years old had reduced by 82.4%, but their 
rates were still higher than the rate for passenger cars. 
 
A follow-on analysis grouped years of FARS data to 
examine changes in the fatal crashes with fires 
[Bahouth, 2007].  The figures presented in the earlier 
papers showed that the fire rates of vehicles generally 
decreased during the decade of the 1980’s but have 
remained relatively constant since 1990.  To examine 
these trends, the FARS years were aggregated into 
three groups – 1979-1989; 1990-1999; and 2000-
2005.  Figure 1 shows the FARS fire rate and FARS 
MHE fire rate using billions of annual vehicle miles 
traveled (VMT) as the denominator. 
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Figure 1.  Fatalities in Vehicles with Fires and in 
Vehicles with Fire as the Most Harmful Event per 
Billion Vehicle Miles Traveled Annually - FARS 
 
FARS does not record the direction  of force in the 
crash.  However, the location of principal damage is 
coded.  In this coding, rollovers with damage from 
impacts with fixed objects or with other vehicles are 
coded according to the location of the damage. If the 
damage comes from ground contact, the crash is 
classified as a non-collision. Rollovers are classified 
according to the event during which it occurred (i.e. 
Non-rollover, rollover during 1st harmful event, or 
rollover during subsequent events). Most of the 
rollovers have damage to the front or sides of the 
vehicle.  This damage may have been caused by 
impacts with fixed or non-fixed objects before or 
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during the rollover.   In some cases, these impacts 
may have been the cause of the fatality.  The FARS 
can be examined by damage area only and without 
identifying the rollovers.  However, in the analysis to 
follow, all rollovers are grouped together, regardless 
of the area of damage. No crashes with rollover are 
included in the front, side or rear damage areas. 
When FARS is analyzed in this way, the average 
annual fatalities are shown in Figure 2. 
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Figure 2.  Average Annual Fatalities in Vehicles 
by Damage Area, with Rollover Separated - FARS 
 
Using the same separation of rollovers as in Figure 2, 
the changes in fatalities when fire was the most 
harmful event can be examined.  The results are 
plotted in Figure 3. 
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Figure 3. Average Annual Fatalities with Fire as 
the Most Harmful Event by Damage Area, with 
Rollovers Separated – FARS 
 
Figure 4 shows the distribution of damage for the 
rollover fatalities in FARS years 2000 to 2005.   The 
figure compares all rollover fatalities and rollover 
fatalities with fires.  In the figure, non-collision and 
top damage were combined under “Roll”.  Left and 
right side damage were combined.  “UCarr” is an 
abbreviation for undercarriage damage. 

FARS does not provide data on fire origin and the 
designation of crash direction is by damage area.  
NASS provides better information on these variables 
and can be used in conjunction with FARS to gain a 
better understanding of collision related fires. 
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Figure 4. Damage Areas in Rollovers with 
Fatalities and Rollovers with Fires and Fatalities – 
FARS 2000-2005 
 
NASS/CDS is a sample of tow away crashes that 
occur on US roads each year. The sample scheme 
stratifies cases by the severity of the crash.  The 
sample rate for minor crashes is much lower than for 
severe crashes. In order to expand the stratified 
sample to the entire population it represents, an 
inflation factor is assigned to each case in the 
NASS/CDS sample. When the data is processed 
using the actual number of cases investigated, the 
data is referred to as “unweighted” or “raw.” When 
the data is processed using the total of the inflation 
factors, the results should represent the total 
population of vehicles involved in tow-away crashes 
and the data is referred to as “weighted.”  In the 
analysis to follow weighted data estimates are 
reported.  The figures to follow are based on a more 
detailed analysis of fires in NASS from George 
Washington University [Kildare, 2006].  This report 
contains both weighted and unweighted estimates. 
 
One of the most significant variables in the analysis 
of fire occurrence is crash direction (mode).  This 
variable specifies whether a crash is frontal, near 
side, far side, rear or rollover. Crash direction was 
defined using a combination of documented variables 
- principal direction of force (PDOF), general area of 
damage (GAD1) and rollover (ROLLOVER). The 
following criteria were used to establish crash 
direction. 

Frontal -  Frontal crashes were determined to be any 
crash where the PDOF was 1, 11, or 12 o’clock or 
was at either 10 or 2 o’clock with the highest 
deformation location coded as front (F). 
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Side - Side crashes were determined to be any crash 
where the PDOF was 3 or 4 o’clock or was at 2 
o’clock with the highest deformation location not 
coded as front (F) or where the PDOF was 8 or 9 
o’clock or was at 10 o’clock with the highest 
deformation location not coded as front (F). 

Rear - Rear crashes were determined to be any crash 
where the PDOF was 5, 6 or 7 o’clock. 

Rollover - Rollover crashes were determined to be 
any crash where a rollover was indicated by the 
variable ROLLOVER. It is important to note that 
crashes with any involvement of rollover were 
included as a rollover crash. Multiple impacts with 
any other planar impact occurring first would be 
included as a rollover crash.  

Other - All Crashes not meeting the criteria of the 
other aforementioned crash directions was labeled as 
‘Other.’  Some of the vehicles in NASS do not have a 
PDOF assigned.  These vehicles with unknown 
PDOF were included in the ‘Other” category. 

NASS/CDS classifies fires as either Minor or Major. 
These fire severities are defined as the following: 
 A Minor Fire is a general term used to describe the 
degree of fire involvement and is used in the 
following situations: 
• Engine compartment only fire 
• Trunk compartment only fire 
• Partial passenger compartment only fire 
• Undercarriage only fire 
• Tire(s) only fire. 
 
A Major Fire is defined as those situations where the 
vehicle experienced a greater fire involvement than 
defined under “minor” above, and is used in the 
following situations: 
• Total passenger compartment fire 
• Combined engine and passenger compartment 

fire (either partial or total passenger 
compartment involvement) 

• Combined trunk and passenger compartment fire 
(either partial or total passenger compartment 
involvement) 

• Combined undercarriage and passenger 
compartment (either partial or total passenger 
compartment involvement) 

• Combined tire(s) and passenger compartment 
(either partial or total passenger compartment 
involvement) 

 
About 50% of the fires in NASS/CDS are classified 
as “Major”.   This is true for both weighted and 
unweighted data [Kildare 2006].   

Figure 5 shows the distribution of all crashes (with 
and without fires) and crashes with major fires by 
crash direction. The distribution of minor fires is 
generally similar to major fire distribution [Kildare 
2006]. 
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Figure 5. Distribution of Crashes and Crashes 
with Major Fires, by Crash Direction – NASS 
1995-2004 
 
Figure 6 shows the frequency of fires per 100 crashes 
for each crash mode.  The denominator for the rate 
calculation is the total number of crashes in the crash 
mode under consideration. 
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Figure 6. Rates of Crashes with Fires and Crashes 
with Major Fires, by Crash Direction – NASS 
1995-2004 
 
NASS also codes the fire origin.  The distribution of 
the origins for major fires is shown in Figure 7.  Over 
60% of major fires originate in the engine 
compartment. 
 
A further breakdown of major fire origins by frontal 
and rollover crash mode is shown in Figure 8. The 
engine compartment was the most frequent major fire 
origin for both the frontal and rollover crash modes.   
For the rollover crash mode, the fuel tank origin was 
a close second in major fire frequency. 
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Figure 7. Distribution of Origins for Major Fires, 
All Crash Modes– NASS 1995-2004 
 
Examination of individual cases of major fires in 
NASS 1997-2004 rollovers found that impacts prior 
to the rollover occurred in all cases with fuel tank fire 
origins for model year 1997 and later vehicles 
(Digges & Kildare, 2007).  The study also found that 
seventy percent of the cases had engine compartment 
fire origins.  About half of the cases with major 
engine compartment fires in rollovers did not involve 
significant impacts prior to the rollover. 
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Figure 8. Distribution of Origins for Major Fires, 
Frontal and Rollover Crashes– NASS 1995-2004 
 
The vehicle damage patterns exhibited by vehicles 
with fires in NASS have been analyzed and the 
results reported in a recent paper [Bahouth, 2006]. 
 
 

DISCUSSION OF FIRE DATA 
 
As with other highway crash types, the rate of fires in 
fatal crashes per billion annual vehicle miles traveled 
has decreased significantly during the past twenty-
five years.  The decline is displayed in Figure 1.   
 
During the same period, the annual average number 
of fatalities in vehicles with frontal damage has 
decreased, while fatalities in rollovers have 
increased.  These trends are shown in Figure 2. 
 
Except for frontal crashes, there is a downward trend 
in the annual number of fatalities where fire was the 
most harmful event (MHE).  This trend is shown in 
Figure 3. However, for frontal damage crashes, the 
trend for fatalities with fire as the most harmful event 
has been upward during the past five years.  During 
this same period, Figure 2 shows that the overall 
trend in fatalities in vehicles with frontal damage has 
been downward. 
 
Figure 4 presents data on the location of vehicle 
damage in fatal rollover crashes.  An examination of 
the vehicle damage areas in rollovers shows that the 
majority of FARS rollovers with fires also have 
frontal damage.  These rollovers with frontal damage  
also have the highest fire rates.  The lowest fire rates 
are in rollovers that have top damage or damage from 
the ground (non- collision).  These latter two classes 
contribute about 20% of the rollovers with fires and 
fatalities. 
 
The NASS data for major fires generally confirms the 
FARS data with regard to frequency of fires by crash 
direction or vehicle damage area.  Figure 5 shows 
that nearly half of major fires are in frontal crashes.  
Rollovers contribute about 30% of the major fires 
and have the highest fire rate.   The high fire rates for 
rollovers relative to the other crash modes are 
displayed in Figure 6. 
 
Figures 7 and 8 provide information on the origins 
for major fires.  Figure 7 shows that over 60% of 
major fires in NASS have their origins in the engine 
compartment.  Figure 8 shows that for frontal 
crashes, over 80% of the major fires originate in the 
engine compartment.  For rollovers, 47% originate in 
the engine compartment.  This data indicates an 
opportunity to further improve fire safety by 
controlling engine compartment fires.  
   
The lethality of engine compartment fires depends on 
the time available between the ignition of the fire and 
the time required for it to penetrate the occupant 
compartment.  In the event occupants are trapped or 
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immobile due to injuries, the rescue time also 
becomes a critical factor.  Data on rescue times has 
been published earlier [Digges 2005].  The 75% 
percentile rescue time for FARS rural cases was 24 
minutes.   
 
Data on the fire penetration time for selected tests 
conducted by General Motors has also been 
published [Tewarson, SAE 2005-01-1555].  In three 
tests of crashed vehicles with fires ignited in the 
engine compartment, the time to occupant 
compartment fire penetration varied from 10 to 23.5 
minutes.  The tests showed that once flames from the 
engine compartment penetrated the occupant 
compartment, the time to untenability was extremely 
short – a maximum of 3 minutes.  This short 
tenability time of the occupant compartment when 
exposed to intense flames further amplifies the need 
to prevent or control engine compartment fires and 
delay their penetration of the occupant compartment. 
 
The challenge of controlling engine compartment 
fires has increased with time due to the increasing 
amount of plastics used in motor vehicles.  The 
amount of combustible materials has increased from 
20 lbs per vehicle in 1960 [NAS 1979] to 200 lbs in 
1996 [Twearson, 1997, Abu, 1998,].  Combustible 
plastics now constitute the major fire load (twice the 
weight and heat content of the gasoline) in a typical 
vehicle and these combustible materials are often 
ignited and contribute to the intensity of an 
automobile fire [Aherns, 2005; Friedman, 2005].   

SUMMARY OF ENGINE COMPARTMENT 
FIRE TESTS AND MATERIALS FIRE 
PROPERTIES 
 
Under a contract with MVFRI, the GM/DOT 
Settlement research program in motor vehicle fire 
safety has been summarized by a team of fire experts 
led by FM Global [Tewerson, Vols I, II and III, 
2005].  Of particular interest has been the analysis of 
eleven, highly instrumented burn tests using crashed 
vehicles.  These tests included underhood ignition 
scenarios and spilled fuel fires of an intensity that 
could be possible after a crash.  The test results were 
summarized in an earlier ESV paper [Digges 2005]. 
 
Three of the vehicles that had undergone frontal 
crashes were then subjected to underhood fires with 
ignition sources either at the battery location or by 
the ignition of sprays and pools of mixtures of hot 
engine compartment fluids from a propane flame 
located in and below the engine compartment.  
 

For the three crashed vehicle burn tests with ignition 
in and under the engine compartment, flame 
penetration time into the passenger compartment 
varied between 10 to 23.5 minutes. Once the flame 
penetrated the passenger compartment, the 
environment rapidly became untenable.  The time 
between flame penetration and untenability of the 
passenger compartment varied from 48 seconds to 3 
minutes. 
 
The windshield and the bulkhead were the principal 
ports of entry for the flame spread into the occupant 
compartment.  If the hood remained relatively intact, 
the fire tended to enter through openings in the 
bulkhead.  The windshield was the principal flame 
entry port when it was directly exposed to flame as a 
consequence of openings in the hood near the base of 
the windshield. Whether the windshield is intact or 
broken as a result of the crash will also influence the 
rate of flame spread into the passenger compartment.  
 
Additional research summarized test procedures to 
determine fire behavior of materials [Tewerson Vol 2 
2005] and thermophysical properties of automotive 
plastics and engine compartment fluids [Tewerson 
Vol 3, 2005 and SAE 2005-01-1560, 2005].  Data on 
the toxicity and thermophysical properties of 
automotive plastics was reported by Southwest 
Research under a related research project funded by 
NHTSA and MVFRI [Battipaglia, 2003; Griffith, 
2005].  A comparison of the fire properties of plastics 
used in aircraft with those used in automotive 
applications was reported by Lyon and Walters [Lyon 
2005]. 

ENGINE COMPARTMENT FIRE SAFETY 
FEATURES 

Possible countermeasures for engine compartment 
fires fall into three categories: (1) fire prevention, (2) 
delay in fire penetration of the occupant compartment 
and (3) fire suppression.  The three areas will be 
discussed separately. 
 
Fire Prevention 
 
Considerable fire prevention technology is present in 
vehicles on the road.  To assess this technology, a 
database of 2003 model year vehicles was assembled 
and the technologies were documented in a database 
[Fournier 2001]. Lists of available fire prevention 
technologies were summarized in subsequent papers 
[Fournier, SAE 2005-01-1423 and Report R06-20, 
2006].   The design considerations discussed 
included: 
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• Structural crashworthiness of the vehicle frame 
• Tank placement 
• Fuel line routing/compliance 
• Tank materials selection 
• Fuel filler connections 
• Electrical grounding 
• Battery placement 

The technologies that were reviewed included: 

• Check valves for the tank filler tube 
• Roll-over valves 
• Shut-off mechanisms for electronic fuel pumps 
• Returnless fuel systems that reduce the exposure 

to damage 
• Crash sensing battery disconnects or cut-offs 
• Collapsible drive shafts 
 
Research was initiated to explore possible ignition 
sources for engine compartment fires.  Tests were 
conduced by Biokinetics to measure engine 
compartment and exhaust component surface 
temperatures of four different classes of vehicles 
during driving conditions and when the vehicle was 
stopped after driving [Fournier, R04-13, 2004 and 
R06-23, 2006]. While driving uphill, the maximum 
temperature measured on the surface of the exhaust 
manifold varied from a low of 241 oC for a minivan 
to a high of 550 oC for a passenger car. Tests of 
underhood fluids showed that the minimum  
temperature of a hot surface to cause ignition was in 
the order of 310 oC for lubricants and 518 oC for 
coolants [Tewarson,  SAE 2005-01-1650]. 
 
The Friedman Research Corporation used state police 
reported accident data to examine the frequency of 
fires in pickup trucks of the same model but with 
different engines.  The state data showed that the 
eight cylinder (V-8) engines had a higher fire rate 
than the inline six cylinder engines.  An obvious 
difference is the increased exposure of the exhaust 
manifold in the V-8 [Friedman, 2006].  
 
A considerable difference was noted in the maximum 
temperature of exhaust components for different 
vehicles under similar operating conditions.  Control 
of the maximum underhood temperature, as exhibited 
by the vehicle with the lowest exhaust temperature, 
could provide an opportunity for improved fire 
safety, by reducing the intensity of a possible ignition 
source. 
 
The prevention of fluid leakage offers another 
opportunity for improved fire safety.  A research 
program by Biokinetics investigated and documented 
the technology in present day vehicles to prevent fuel 

leakage when lines from the fuel tank are severed 
[Fournier, R0-6-20, 2006]. 
 
Biokinetics conducted leakage tests on 20 fuel tanks 
to study the fuel containment technologies employed 
and their performance. The tests simulated a vehicle 
rollover by rotating a tank, filled to capacity, about an 
axis that when installed in a vehicle would be parallel 
to the vehicle’s longitudinal axis. The tanks were 
rotated to seven discreet positions during the rollover 
simulation.  None of the tanks leaked when all hoses 
were intact.  In each position, the fuel system hoses 
were disconnected one at a time to represent a 
damaged or severed line and the resulting leaks were 
observed. The results of the testing showed that six of 
the tanks leaked in every orientation and ten leaked in 
some orientations.  However, four did not leak with 
each of the lines severed and when subjected to all 
orientations.  The results of these tests are discussed 
in more detail in earlier papers [Fournier, R04-06c, 
2004;  Digges, 2005]. 

Another recent paper by Biokinetics has documented 
in detail the technology that prevents leakage when 
lines are severed [Fournier R06-20, 2006].  This 
report also evaluates the technology available to 
prevent siphoning of the fuel from the tank after a 
fuel line is severed. 
 
 

 
 
Figure 9 - Fuel Tank Leakage Prevention 
Components Found in Service (after Fournier, 
July 2006) 
 
Some leakage prevention technologies currently 
incorporated in vehicles are illustrated in Figure 9.  
They include a check valve in the fuel filler spout, 
and check and anti-siphon valves in the fuel delivery 
line, the fuel vapor port and the fuel return line.  
Other leakage prevention technologies include inertia 
shut-off switches, logic built into engine computer 
controls and other monitoring devices that 
automatically shut down the fuel pump when a 
concern is detected. Some vehicles have eliminated 
the fuel return line, thereby reducing the opportunity 
for fuel to escape. 
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Delay of Fire Penetration 
 
Test data and inspection of crashed vehicles with 
engine compartment fires indicates that there are two 
principal areas for fire entry into the occupant 
compartment – the firewall and the windshield.  Once 
the flames breach the hood and impinge on the  
windshield, there is a large vulnerability to rapid 
occupant compartment penetration via a broken and 
collapsed windshield.  If the flames are contained 
under the hood, the firewall becomes a vulnerable 
fire penetration area. 
 
An opportunity for reducing the firewall vulnerability 
is by minimizing the area of openings through which 
the fire can penetrate.  One approach to reduce 
openings studied during the GM/DoT research 
program was the use of intumescent materials that 
would expand with heat and close openings [Hamins, 
2007].  The research was not successful with the 
intumescent materials that were used.  Another 
suggested approach was to apply mechanical devices 
to close the largest openings.  This approach was not 
investigated.  
 
Even if technology is not applied to the firewall fire 
penetration problem, there are designs that may be 
beneficial.  Competitive vehicles display large 
differences in the area of openings in the metal 
firewall.  Typical examples are shown in Figures 10 
and 11.  Figure 10 shows a large opening on the left 
side for the heating and air conditioning system.  The 
ducting for the system is flammable and could burn 
away in an engine compartment fire, providing an 
entry to the occupant compartment.  The firewall in 
Figure 11 has a much smaller opening and, therefore, 
should be beneficial in resisting the penetration of 
flames into the occupant compartment. 
 
Another path for flames to enter the occupant 
compartment is through the windshield.  The fire 
shield offered by the firewall, hood and cowl can 
delay the spread of fire in the direction of the 
windshield.  However, in recent vehicles, the metal in 
the cowl area has been replaced with combustible 
plastics.  As a consequence, the opportunity for fire 
to burn through the cowl area and impinge on the 
windshield is increased. 
 
Figure 12 illustrates that the plastic cowl between the 
hood and firewall burns away during an engine 
compartment fire.  For crashes in which the hood 
remains intact, cowl designs to resist fire penetration 
could extend the time until flames impinge on the 
windshield and expose the occupant compartment to 
the fire. 

 
 Figure 10 – Vehicle Firewall with Large Openings 
  

 
Figure 11 – Vehicle Firewall with Small Openings 
 

 
Figure 12 –Vehicle with Plastic Cowl Consumed  
 
During the MVFRI survey of fire safety technologies 
in new vehicles, several car sales personnel indicated 
that the underhood liners on their vehicles could 
serve as fire blankets and act to smother engine 
compartment fires.  These claims prompted a 
research project to evaluate the fire resistant 
properties on underhood insulation materials.  During 
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this project, Biokinetics measured the heat release 
rate of twenty different underhood liners to examine 
the extent that these materials might mitigate or 
aggravate the containment of an underhood fire 
[Fournier R06-23, 2005; Digges, 2006].  The results 
showed that the differences in heat release rate 
ranged over two orders of magnitude.  The materials 
with the lowest heat release rate resisted combustion 
and could have aided in reducing the fire intensity.  
Those with the highest heat release rate contributed 
fuel to the engine compartment fire.  There appeared 
to be no correlation between the cost of the vehicle 
and the heat release rate of the underhood liner.  
Additional specifications to improve the fire 
resistance of underhood liners could reduce the fuel 
load in the engine compartment and might contribute 
to reducing the fire growth rate. 
 
Fire Suppression 
 
Fire suppression of underhood fires is in the early 
stages and offers considerable promise.  Several 
technologies have been researched and there are fire 
suppression products for a variety of applications on 
the market [Hamins, 2007].  In an earlier research 
project, University of Maryland demonstrated a foam 
based underhood fire suppression system [Gunderson 
2005].    The system demonstrated the ability to 
extinguish an 80kW fire fed by a pool of fuel located 
near the battery. 
 
One of the impediments to the deployment of an 
underhood fire suppression system is the lack of 
specifications to determine its efficacy.  To assist in 
understanding the requirements for suppression 
systems specifications, a research project was 
undertaken by NIST.  A summary report outlined the 
requirements and considerations for motor vehicle 
fire suppression, including suppression of underhood 
fires [Hamins, 2007].  Some of the considerations are 
as follows: 
• Post-crash vehicle fires differ from fires in intact 

vehicles, as the geometric configuration may be 
modified by the collision in ways that cannot be 
precisely defined beforehand. 

• The final orientation of the crashed vehicle may 
influence the fire ignition and growth rate, and  
the suppression system requirements. 

• Underhood fires occur in a compartment that is 
partially open to the environment, which can 
lead to suppressant loss.  

• The time of initiation of a fire after a collision 
can vary.  

• Re-ignition of the fire may occur if the fire 
sources remain after the suppressant has been 
expended. 

• Ambient factors such as temperature, wind, and 
incline of the road may influence suppression 
system performance.  

 
CONCLUSIONS 

Frontal and rollover crashes account for most major 
fires in NASS.  The engine compartment is the most 
frequent origin of major fires in frontal and rollover 
crashes.  The fuel tank is also a frequent origin of 
major fires in rollovers, but impacts prior to the 
rollover may be a major cause of fuel tank spillage in 
these events. 

When examining 2000-2005 FARS fatalities with fire 
as the most harmful event, frontal damage crashes 
account for more that half of the population.  
Rollovers account for another twenty-five percent. 

Controlling fires in frontal and rollover crashes offers 
the largest opportunity for fire safety improvements.  
A number of present-day vehicles incorporate  
technologies to prevent fuel leakage in rollovers.  
There are other technologies to delay the fire 
penetration into the occupant compartment.  
However, these technologies are not universally 
employed.  Additional attention to the fire safety in 
frontal and rollover crashes is needed to offset the 
increased fuel load from combustible plastics that is 
present in today’s motor vehicles. 
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ABSTRACT 
 

This study addresses the submarining 
issue left in frontal impacts today in the passenger 
cars, and proposes a methodology to assess it. The 
first part briefly describes the submarining 
phenomenon that consists of a sliding of the lap 
belt above iliac spine due to either bad safety belt 
geometry or poor coupling of the occupant to the 
car. This mechanism results in severe abdominal 
injuries (mesanterin laceration, severe 
hemoperitoneum, perforation,…). Some recent 
accident data coming from LAB (Laboratoire 
d’Accidentologie et de Biomécanique) are also 
presented in order to highlight the increasing 
importance of this phenomenon as the compartment 
intrusion is reduced, the knee support area is 
eliminated in order to avoid other injuries and the 
use of the seat belt is generalized in passenger car 
rear seats. The second part explains the reasons 
why, despite of evidence review, this phenomenon 
is not taken into account today, neither by the 
regulations nor by the ratings. The HIII dummy, 
widely used for safety assessment, integrates a very 
stiff lumbar spine. This feature prevents the pelvis 
rotation and consequently submarining. Therefore, 
other widely used dummies currently available are 
considered in this study in order to identify a more 
biofidelic behavior enabling the pelvis rotation and 
therefore detection of submarining phenomenon. In 
the third part, a full procedure based on a sled test 
and involving these suitable dummies is proposed. 
Associated criteria that could be used to assess the 
performance of a given restraint system are also 
described. The procedure is applied to vehicles 
with or without submarining countermeasures and 
the results are validated using the feedback on real 
accident data from the LAB. The results confirm 
the efficiency of the countermeasures and validate 
the assessment procedure. 
 
 
 

INTRODUCTION 
 
 European official data from the European 
Road Safety Observatory (ERSO, www.erso.com) 
shows that Road traffic accidents in 2004 in the 
Member States of the European Union lead to 
about 47.000 fatalities and more than 1.8 million 
people injured. Coming back to the data in France 
provided by ONISR (Observatoire National 
Interministériel de la Sécurité Routière) in 2004, 
5232 fatalities and 17435 seriously injured people 
have been observed. 3186 persons died in 
passenger cars.  Frontal impacts represent 47% of 
killed and 69% of seriously injured people in 
passenger cars. The distribution is 1290 fatalities in 
front seats and 143 fatalities in rear seats. Recent 
progress in passive safety, coming from both 
regulation enforcement and consumers ratings 
allowed to solve most of the lethal issues in frontal 
impact which were : 

-intrusion (steering wheel, firewall, 
footwell,…), decreased with well-designed 
absorbing structure 

-head contact with steering wheel, avoided with 
frontal airbags 

-chest injuries, reduced with belt load limiters 
 
The aim of this paper is to highlight that 

abdominal injuries frequently occur in frontal crash 
today, either in front seat but especially in rear 
seats. Studies regarding abdominal injuries in the 
U.S. are already available in the literature. [1, 2, 3]. 
The first part includes a review of real accident 
data provided by the accident database of LAB, 
Laboratoire d’Accidentologie et de Biomécanique. 
The distribution of lethal injuries is shown in order 
to compare the well-known head and chest injuries 
with the abdominal ones. In the second part, an 
explanation is given on the fact that it is highly 
unlikely to detect submarining issue with the 
current procedures, either in regulations or in 
existing ratings, due to the use of the HIII dummy. 
An alternative test setup is proposed, allowing to 
observe the submarining phenomenon in a 
laboratory test. Several dummies and restraint 
systems are studied, to finally to propose a 
complete procedure to assess the performance of a 
given restraint system. This part is also showing 
that efficient countermeasures exist in recent 
vehicles. Finally, the third part is a review of real 
accident data provided by the LAB on recent 
Renault cars fitted with suitable countermeasures. 
Injury data have been collected on these vehicles 
and they are compared with the data presented in 
the first part, in order to estimate the effectiveness 
of the countermeasures and to show that it is 
possible to solve this issue. 
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WHAT IS SUBMARING? 
The submarining phenomenon consists in 

the sliding of the lap belt above iliac spine due and 
loading the soft abdominal tissues.  
 
 Submarining happens when the restraining 
forces acting on the pelvis are not in equilibrium 
during the deceleration of the vehicle and induce its 
rotation. These forces come from the seat belt, the 
seat and the dashboard. The seat belt may produce 
submarining when its positioning due to the 
anchorage geometry tends the belt to displace 
upwards on the abdomen. The lack of restraint of 
force from the seat generates submarining as it is 
unable to compensate the rotation induced by the 
seat belt restraint above the pelvis centre of gravity. 
 
 
 
 
 
 
 
 
 
ACCIDENT DATA 

To act all the developments carried out by 
Renault in term of safety, the LAB, Laboratoire 
d’Accidentologie et de Biomécanique, is in charge 
of performing for Renault in-depth analysis of real 
accidents occurring on French roads. In-depth crash 
investigations have been carrying out at LAB since 
1970. There are actually two kinds of 
investigations. The first one concerns secondary 
safety. The goal is to understand the injury 
mechanisms in real-world crashes in order to 
improve occupant safety in cars by the means of 
protection devices or car structure. Almost all car 
manufacturers all over the world and even public 
research institutes have been carrying out that kind 
of study for decades. Specially trained 
accidentologists collect relevant information about 
types and violence of impacts, car deformations 
and occupant injuries and feed it into a 
corresponding database. They don’t need to go on 
the scene of the crash. Information is collected by 
accidentologists a few days or a few weeks after 
the crash at hospitals and at wreck garages. This 
methodology leads to a wide range of researches 
estimating risk curves or evaluating the 
effectiveness of on-board protection devices. 

The second one deals with primary safety. 
French car manufacturers started this activity in the 
early nineties, when it appeared that secondary 
safety would necessarily have limits and that there 
was a need for crash avoidance as well as a need 
for occupant protection. The challenge in this field 
is to understand the crash process, purpose new 
functions for active safety systems, and eventually 
to evaluate the effectiveness of new safety devices 

or avoidance systems on any kind of motorized 
vehicles. 

In any case, agreements are signed with 
the French ministry of Justice to allow that kind of 
technical work on crashes apart from judicial 
process involving drivers at fault. Investigations are 
exclusively technical and are carried out for 
research purposes only. 

In France, three institutes are presently 
carrying out that kind of in depth investigations 
with regards to primary safety concerns: the 
National Research Institute for Transport and 
Safety (INRETS) and The European Center for 
Safety Studies and Risk Analysis (CEESAR) with 
LAB (Laboratoire d’Accidentologie, de 
Biomécanique et d’étude du comportement 
humain). 

As for secondary safety oriented 
investigations, LAB has identified two study 
designs. The first design aims at getting a 
representative sample of impacts and impact 
violence of cars involved in a road crash in France. 
For this purpose, all crashes involving a passenger 
car with at least one occupant injured are 
investigated in a restricted sample area in the West 
of Paris. About 200 cars and their occupant injuries 
are examined in-depth every year. The sample rate 
is relatively small as about 90 000 passenger cars 
are involved in injury crashes every year in France. 

The second design aims at evaluating the 
effectiveness of protection systems supplied in 
newer cars. 150 cars involved in (mostly) severe 
crashes are chased all over the country each year. 
The only selection criterion is that the car must be a 
newer one, mostly Renault and PSA cars, equipped 
with the most recent safety devices. 

The collection of the information about 
crashed cars takes about one and a half hour in the 
garage. Complementary collection is made 
afterwards at the hospital with the authorization of 
the medical doctors and the patients. Most of the 
data is then coded and filled in a special database. 
Information that cannot be coded is conserved in 
original dockets along with photos and sketches. 

The two teams at CEESAR and LAB have 
investigated about 14 000 passenger cars, i.e. 25 
000 occupants and 65 000 injuries since 1970, 
which makes this database one of the most 
important one in Europe. 

This database allows not only to detect the 
remaining issues left in the real world like 
abdominal injuries we detail below, but also to 
check the real efficiency of the countermeasures 
fitted in the modern vehicles [4], once enough 
accidents involving these new cars have been 
studied. LAB investigation method has already 
been described in details in previous paper [5]. 

 
To highlight the submarining issue in 

frontal impacts, a first sample S1 of the following 

Femur Force 

Seat Belt Force 

Seat Force 
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accidents coming from the LAB database have 
been considered : 
• vehicles from LAB database with a first 

registration year between 1990 and 2000 
• frontal impact (+/- 30°), with a dashboard 

intrusion limited to 250mm. Indeed, above this 
value, fatalities are resulting from intrusion 
problems – these case usually match with old 
vehicles and cannot be solved thanks to restraint 
systems 

• EES above or equal to 40km/h 
• age above 9 years old, since below this, children 

must be sitting in Child Restraint System 
•  front passengers on one hand, and rear 

passengers on the other hand 
• injuries on head, chest and abdomen are 

investigated, in the AIS3+ severity range. If the 
injury features on head and chest are well-known, 
abdominal ones can be found on peritoneum, 
mesentery, large bowels, abdominal big vessels… 
Injuries can be of different severity, from bruise 
to laceration and perforation. 

 
 
 
Front seats occupants 

The sample obtained from the request 
involves 1260 occupants, among which 74 fatalities 
and 380 AIS3+ injured occupants. Fatality and 
AIS3+ risk (ρi) can be calculated as follows : 

n
fatalitiesofnumberriskFatality −−

=−=1ρ  

n
occupantsAISofnumberriskAIS +−−

=+=
332ρ

 where n is the number of involved occupants 
 
confidence interval is [ρ-2σ ; ρ+2σ], where σ is the 
standard deviation : 

 

n
)1( ρρσ −

=  

 
 Table 1 presents, for front seats 

occupants, fatality and ASI3+ risk of the 
considered sample, as well as the confidence 
interval for each risk 

Involved occupants 1260

Fatalities 6% [5% - 7%]95%

AIS3+ injured occupants 30% [28% - 33%]95%

74
380

Risk Confidence 
interval

Table 1 : Fatality and AIS3+ risks for front seats 
occupants of sample S1 

 
It is now important to understand from 

where these injuries come from. We can go deeper 
by analyzing in this same sample what are the 
injuries on head, chest and abdomen, which are the 
current lethal body areas. Concerning fatalities, 
most of these cases are not followed by an autopsy 

that could help precisely to find the origin of the 
death. Nevertheless, an autopsy has been performed 
on one third of fatalities, providing the distribution 
of injuries between head, chest and abdomen. We 
assume that the remaining cases without autopsy 
have the same injury distribution. For injured 
occupants, injury distribution is known from the 
hospital report recorded by LAB. 

 
 Table 2 presents the AIS3+ severity risk 

per lethal body region and their respective 
confidence interval 

Body region Head Chest Abdomen

Severity risk AIS3+ in a 
given body region 4% 16% 7%

Confidence interval [3% - 5%]95% [14% - 18%]95% [6% - 9%]95%  
Table 2 : Distribution in body regions of AIS3+ 

risks for front seats occupants of sample S2 
 
Comments for front passengers :  
• the main risk is the chest, typically ribs & 

sternum fracture due to the seat belt load. This 
kind of injury is well known and the effective 
solution is to fit the belts with load limiters 
allowing direct load reduction on chest. 

• abdominal injuries are identified as the second 
risk coming after the chest, as a lethal issue 

• if we consider the occupants with at least one 
AIS3+ injury (380 occupants), we observe that 90 
occupants have suffered from at least one 
abdominal injury, eg 24% of seriously injured 
occupants have an abdominal injury.. 

• to illustrate this, we have detailed examples of 
real accidents studied by the LAB. The picture 1 
and 2 illustrate one example where the driver has 
suffered an AIS4 to the abdomen, the precise 
injury being a severe hemoperitoneum and a 
mesenterin laceration. Due to a bad coupling of 
the pelvis with the seat, the seatbelt has passed 
over the iliac bones and entered the soft 
abdominal tissues, losing the pelvis load path. 
This is a typical injury pattern that can be 
observed when either lap belt anchorages are too 
high, or the seat and seat belt do not provide 
enough pelvis coupling 

 
Figure 1 : seat after accident 
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Figure 2 : collapse of the seatbase structure 

 
Rear seats occupants 

The sample obtained from the request 
involves 146 occupants, among which 21 fatalities 
and 55 AIS3+ injured occupants. Fatality and 
AIS3+ risk (ρi), and their respective confidence are 
presented in table 3. 

 
Involved occupants 146

Fatalities 14% [9% - 20%]95%

AIS3+ injured occupants 38% [30% - 46%]95%

21
55

Risk Confidence 
interval

Table 3 : Fatality and AIS3+ risks for rear seats 
occupants of sample S1 

 
Body region Head Chest Abdomen

Severity risk AIS3+ in a 
given body region 2% 14% 23%

Confidence interval [0% - 4%]95% [9% - 20%]95% [16% - 30%]95%

Table 4 : Distribution in body regions of AIS3+ 
risks for rear seats occupants of sample S1 

 
Comments for rear occupants :  
• the most important risk for rear occupants is on 

the abdomen 
• the fatality risk for rear occupants is 2.5 times 

more important than the front occupants one (6% 
to 14%) 

• Abdomen AIS3+ severity risk is much more 
important than chest one 

• if we consider the occupants with at least one 
AIS3+ injury (55 occupants), we observe that 33 
occupants have suffered from at least one 
abdominal injury, eg 60% of seriously injured 
occupants have an abdominal injury. 

 
PROCEDURE TO ASSESS THE RESTRAINT 
SYSTEM PERFORMANCE FOR 
SUBMARINING ISSUE 
 
Why the issue is not highlighted today ? 

The anthropometric device currently used 
in crashworthiness is the HIII dummy. One 
particular feature is its very stiff lumbar spine that 
does not allow high pelvis rotation. It is assumed 
that it is that pelvis rotation which is at the origin of 
the upward movement of the lapbelt in the 
abdominal tissues. 

To show that current test protocol cannot 
highlight this issue, we have conducted some tests 

involving restraint systems of cars where 
submarining issue has been observed in accident 
data. The test setup consists of a sled test 
simulating a full lap impact of the considered car at 
56km/h, with only the seat and the belts system, 
including buckle pretensionner. The figure 3 details 
the test setup, where the driver airbag is not fitted, 
and to reduce the chest forward movement, the 4kN 
load limiter usually fitted on Renault cars is 
replaced by a 6kN one. The first test is performed 
with the current HIII dummy. In addition to its 
current instrumentation, a sensor is located in the 
pelvis to measure the rotation around the y axis and 
the lab belt is equipped with a force sensor. 
 

 
Figure 3 : Test setup 

 
Figure 4 shows the dummy position at 

78ms, matching with the maximum forward pelvis 
movement. The lap belt is still stuck onto the pelvis 
and it never tried to escape from the pelvis, 
continuously maintaining the occupant without any 
aggression to the abdomen. This fact is also visible 
on the lap belt trace (figure 5), where no collapse is 
visible on the curve. It is assumed that if the lap 
belt enters the soft HIII abdomen, the load would 
decrease heavily. 
 

 
Figure 4 : Test 1 – HIII dummy position when 
maximum pelvis forward movement is reached 
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Figure 5 : Test 1 – HIII dummy lab belt force 

 
 This laboratory test, involving a given 
restraint system fitted in current cars, does not 
represent what happened in real accident data. The 
submarining phenomenon, supposed to be a 
movement of the lab belt towards the abdomen is 
not reproduced in this first test. We have already 
stressed that the lumbar spine stiffness could be at 
the origin of this biofidelity problem. We propose 
to repeat this test with the HII dummy, which was 
used before the HIII appeared. The HII lumbar 
spine is much softer than that of the HIII, and then 
more in line with human being anatomy. Both are 
compared on figure 6 
 

 
Figure 6 : HIII (left) and HII (right) lumbar spine 

 
 Keeping exactly the same test setup, a 
second test is performed with a HII dummy. Figure 
7-a presents the test at 58ms, where the lap belt is 
still on the pelvis, and figure 7-b shows the 
situation 15ms later where the lap belt has clearly 
left the pelvis to move into the abdomen. Figure 8 
present the sequence between 50 and 75ms. This 
phenomenon is also visible on the figure 9 
comparing the lap belt force from the two tests. A 
strong force breakdown begins at 58 ms, matching 
with the event seen on the film. 
 

 
Figure 7-a : Test 2 – HII dummy position at 58ms 

– lab belt still on the pelvis 
 

 
Figure 7-b : Test 2 – HII dummy position at 73ms 

– lab belt in the abdomen 
 

 
Figure 8 : Test 2 – HII dummy submarining 

sequence (from 50 to 75 ms) 
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Figure 9 : Test 1&2 - lap belt forces comparison 

 
 The pictures comparison of the two tests 
shows that the pelvis rotation is much higher for 
the HII dummy, as we assumed from dummy 
features. This fact is checked after integration of 
the rotation sensors traces provided during the 2 
tests, figure 10. The pelvis rotation obtained with 
HII raises much quicker and is almost twice more 
than with HIII, enabling to reproduce submarining. 
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Figure 10 : Test 1&2 – pelvis rotation comparison 

 
 Keeping the same setup, the use of HII 
dummy instead of HIII dummy allows to reproduce 
the submarining phenomenon observed in real 
accident data. 
 
Can submarining phenomenon be observed with 
another dummy than HII ? 
 HII dummy is barely used today since it 
was replaced by HIII, now used in all regulations 
because it is supposed to provide more information 
on risk in frontal impact. For example, the HII is 
not fitted with chest deflection sensor that is widely 
used today to assess risk on thorax. Going further 
in dummy investigation, on opportunity is to focus 
on the dummy used in aeronautic field, named 
HIII-FAA; Actually, this dummy is based on the 
HIII, the only differences being the lumbar spine, 
lumbar spine support on pelvis, upper-femur and 
chest flesh which are those of HII. Indeed, since 
HII and HIII have the same pelvis, it is easy to 
switch the lumbar spine. Then, a current HIII 

dummy, provided the FAA kit, is easily changeable 
towards a HIII-FAA dummy. The drawback is that 
current HIII chest sensor must be removed due to 
HII chest flesh that wraps the lower rib. 
Nevertheless, it is possible to replace the current 
sensor by a wire sensor whose data will be studied 
farther in this study. Figure 11 gives the wire 
sensor setup. 
 

 
Figure 11 : detailed view of the wire sensor to 

replace chest deflection rod sensor 
 
 The test 3, similar to those performed 
before with HIII and HII dummy, is carried out 
with this new HIII-FAA dummy, the conditions 
being exactly the same. The behaviour of this new 
dummy is similar to the HII one, where the pelvis 
rotation is enabled. Figure 12 shows the dummy at 
around 73ms, where the lap belt is clearly in the 
abdomen, matching with high pelvis rotation, then 
reproducing the behaviour observed and expected 
on the HII. Figure 13 gathers the lap belt loads of 
the 3 tests, where traces of HII and HIII-FAA are 
similar, especially with the occurrence of a 
breakdown in force which is not present in the test 
involving the HIII. Figure 14 compares the pelvis 
rotation of the 3 tests. The magnitude of the 
rotation is similar for HII and HIII-FAA, and much 
smaller in the HIII case. 
 

 
Figure 12 : Test 3 – HIII-FAA dummy position at 

73ms – lab belt in the abdomen 
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Figure 13 : Test 1, 2&3 - lap belt forces 

comparison 
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Figure 14 : Test 1, 2&3 – pelvis rotation 

comparison 
 A summary of the 3 previous tests is 
proposed in the table 6. 3 criteria are indicated : 
• Did a lap belt load breakdown occurs during the 

test ? 
• Is submarining visible on the film ? 
• What is the maximum pelvis rotation ? Note that 

we considered the maximum pelvis rotation 
during the time the pelvis is still moving forward. 
Indeed, the rotation can continue to increase 
during the dummy rebound, when the pelvis 
begins to move rearward. But, after that, there is 
no more risk of submarining. Then the maximum 
pelvis rotation must be considered during the 
pelvis forward movement time range. 

 
Test # Dummy 

involved
Lab belt load 
breakdown

Submarining 
on the film

Pelvis 
rotation (°)

1 HIII NO NO 30
2 HII YES YES 53
3 HIII-FAA YES YES 60

Restraint 
system #1  
Table 6 : Summary of the first 3 tests with a given 

restraint system #1 
 
 It is now proven that the current HIII-50th 
is not able to detect submarining phenomenon, 
whereas HII and HIII-FAA does it. Especially, the 
most important thing is to enable the pelvis rotation 
which is the good indicator of the submarining risk. 
The lab belt load breakdown and the visual signal 
on the film are only consequences. 
 

ASSESSMENT OF DIFFERENT RESTRAINT 
SYSTEMS WITH THE PROPOSED 
PROCEDURE 
 We now proposed to involve 2 other 
restraint systems, in order to highlight that this 
procedure can assess the performance of 
submarining countermeasures. Restraint system #2 
is composed of a single pretension system (belt 
retractor), like restraint system #1 (with 
pyrotechnic buckle), but with a more recent seat, 
stiffer and including an anti-submarining steel ramp 
on the seat base. Restraint system #3 is the same as 
#2 but with a double pretension (belt retractor and 
pelvis pretensioner). Better results are expected 
with these 2 restraint systems compared to #1. 
Table 7 present the results for the 3 restraint 
systems, involving the 3 dummies. Table 8 presents 
the same results, but showing for each dummy, the 
results for every restraint system 
 

Test # Dummy 
involved

Lab belt load 
breakdown

Submarining 
on the film

Pelvis 
rotation (°)

1 HIII NO NO 30
2 HII YES YES 53
3 HIII-FAA YES YES 60
4 HIII NO NO 17
5 HII NO NO 31
6 HIII-FAA NO NO 35
7 HIII NO NO 12
8 HII NO NO 25
9 HIII-FAA NO NO 30

Restraint 
system #1

Restraint 
system #2

Restraint 
system #3  

Table 7 : Summary of the 9 tests with results 
relative to restraint systems 

 
Test # Restraint 

system #
Lab belt load 
breakdown

Submarining 
on the film

Pelvis 
rotation (°)

1 1 NO NO 30
4 2 NO NO 17
7 3 NO NO 12
2 1 YES YES 53
5 2 NO NO 31
8 3 NO NO 25
3 1 YES YES 60
6 2 NO NO 35
9 3 NO NO 30

HII

HIII-FAA

HIII

 
Table 8 : Summary of the 9 tests with results 

relative to dummies 
 
 From this new set of tests, we can deduce 
that HIII dummy never highlight submarining 
phenomenon in term of visual and lap belt load 
signals. We can observe that even if the pelvis 
rotation is less important than that got with HII and 
HIII-FAA, the magnitude of this rotation obtained 
for the 3 different restraint systems is different and 
vary from 12 to 30°. It would mean that the only 
way to assess submarining risk with this dummy is 
through pelvis rotation. 
 Regarding HII and HIII-FAA results, they 
are very close, especially in term of visual signal on 
the film and lap belt load breakdown. One 
difference appears: the pelvis rotation for HII 
seems always lower than that of HIII-FAA. We 
assumed that the reason comes from abdomen flesh 
: HIII-FAA is equipped with the current HIII 
abdomen, which is smaller than that of HII. Then, 
the bigger HII abdomen tends to prevent the pelvis 
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rotation more than the HIII one. Anyway, the 
lumbar spine stiffness is overwhelming in this 
pelvis rotation. 
 Figure 15 presents a graph with the pelvis 
rotation obtained for the 9 tests 
 

pelvis rotation assessment of 3 restraint systems with 3 dummies
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Figure 15 : pelvis rotation comparison for the 9 

tests 
 
 For restraint system #1, the proposed 
procedure makes the link between what has been 
observed in real accident data and what can be 
highlighted in the laboratory. The laboratory test 
can now confirmed that this restraint system 
present a submarining risk in real life. 
Concerning restraint system #2 and #3, no lap belt 
breakdown occurs and there is no visual signal on 
the film. The only difference is on pelvis rotation, 
which is 5° more important for restraint system #2 
whatever the considered dummy is. One can 
assume that the submarining risk is higher for 
restraint system #2 in real life. The last part of this 
document will study the effectiveness of restraint 
system #3 since this system is really fitted in 
vehicles. Nevertheless, restraint system #2 matches 
actually with system #3 where the second 
pretension has been removed, and it is not fitted on 
real vehicles. Then its effectiveness in real world 
cannot be calculated. 
 
 As a partial conclusion, when a given 
restraint system is submitted to the previous 
procedure and presents the following results : 
• Visible overpassing of the lap belt above the 

pelvis, through the film 
• Lap belt load breakdown during the test 
• Pelvis rotation above [55°] with HII dummy and 

above [60°] with HIII-FAA dummy 
 We can state that submarining risk in real 

life is high 
 

• No visible overpassing of the lap belt above the 
pelvis, through the film 

• No lap belt load breakdown during the test 
• Pelvis rotation below [25°] with HII dummy and 

below [30°] with HIII-FAA dummy 

 We can state that submarining risk in real 
life is low 

 
This last assertion needs to be confirmed with 

the third part of this document, where effectiveness 
of restraint systems #3 is studied. 
 
Is this procedure repeatable? 
 All the tests already performed have been 
repeated and we provide those concerning restraint 
systems #2 as an example (tests 10 to 12). Table 9 
presents the results, where no difference can be 
observed on neither pelvis rotation values nor lab 
belt load breakdown & visual signal on films. 

Test # Dummy 
involved

Lab belt load 
breakdown

Submarining 
on the film

Pelvis 
rotation (°)

4 HIII NO NO 17
10 HIII NO NO 18
5 HII NO NO 31

11 HII NO NO 30
6 HIII-FAA NO NO 35

12 HIII-FAA NO NO 35

Restraint 
system #2

 
Table 9 : Tests repeatability 
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Figure 16 : Test repeatability for all dummies with 

restraint system #2 
 
 The previous tests are a good indication to 
show that the procedure is repeatable 
 
Chest deflection 

It has been mentioned that the current chest 
deflection sensor used in HIII dummy should be 
removed when using HIII-FAA, and that a wire 
sensor has been added in this dummy. It is now  
interesting to check if the data provided by the wire 
sensor in the HIII-FAA give similar results to those 
obtained with the normalized rod pot in the HIII. 
Table 10 presents the different values obtained 
regarding restraint system #3. Moreover, test #7 
(involving HII) and test #9 (involving HIII-FAA) 
have been repeated (test #13 and #14). Figure 17 
shows the chest deflection curves for the 4 tests. 
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Test # Dummy 
involved

Chest 
deflection 

(mm)
7 HIII 32
13 HIII 30,3
9 HIII-FAA 31
14 HIII-FAA 32,4

Restraint 
system #3

 
Table 10 : Chest deflection obtained with 

HIII&current rod pot sensor and with HIII-
FAA&wire sensor 
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Figure 17 : Chest deflection curves got with HIII 

and HIII-FAA for restraint systems #3 
 

The values are very similar and present low 
variation. It shows the ability of the replacing wire 
sensor to assess the chest risk at the same level as 
the current chest deflection sensor. 
 
ACCIDENT DATA : FEEDBACK ON 
RECENT CARS 

As submarining issue seems to be an 
important issue in real world accidents, especially 
for rear seats occupants but also for front ones, 
countermeasures have been developed on Renault 
recent cars, thanks to the procedure detailed before. 
A second sample S2 is considered from LAB 
database. It takes into account the same request as 
in sample S1 except that only the recent Renault 
cars are considered, e.g. vehicles equipped with 
submarining countermeasures, including 
antisubmarining ramp, suitable belt anchorages 
geometry and double pretension (for front seats) or 
single pretension (for rear seats). This advanced 
restraint system has been fitted in Laguna II for the 
first time in 2001 and then on most of the vehicles 
range. The sample obtained from the request leads 
to 157 front occupants (including 3 fatalities and 25 
AIS3+ injured occupants) and 11 rear occupants 
(no fatality and 1 AIS3+ injured occupant). Fatality 
risk, AIS3+ risk and AIS3+ per body region risk 
(ρi), and their respective confidence interval are 
calculated and compared with those of sample 1 in 
table 11&12 (front seats occupants), and 13&14 
(rear occupants). 

 
 
 
 
 

SAMPLE 1 : 
Involved occupants 1260

Fatalities 6% [5% - 7%]95%

AIS3+ injured occupants 30% [28% - 33%]95%

74
380

Risk Confidence 
interval

SAMPLE 2 : 
Involved occupants 157

Fatalities 2% [0% - 4%]95%

AIS3+ injured occupants 16% [10% - 22%]95%

Risk Confidence 
interval

3
25  

Table 11 : Fatality and AIS3+ risks for front 
seats occupants of sample S2 compared with S1  
SAMPLE 1 : 

Body region Head Chest Abdomen

Severity risk AIS3+ in a 
given body region 4% 16% 7%

Confidence interval [3% - 5%]95% [14% - 18%]95% [6% - 9%]95%

 SAMPLE 2 : 
Body region Head Chest Abdomen

Severity risk AIS3+ in a 
given body region 3% 9% 3%

Confidence interval [0% - 6%]95% [4% - 13%]95% [0% - 5%]95%

Table 12 : Distribution in body regions of AIS3+ 
risks for front seats occupants of sample S2, 

compared with S1 
 
SAMPLE 1 : 

Involved occupants 146

Fatalities 14% [9% - 20%]95%

AIS3+ injured occupants 38% [30% - 46%]95%

21
55

Risk Confidence 
interval

SAMPLE 2 : 
Involved occupants 11

Fatalities 0%
AIS3+ injured occupants 9%

0
1

Risk

 
Table 13 : Fatality and AIS3+ risks for rear seats 
occupants of second sample S2 compared with S1 

 
SAMPLE 1 : 

Body region Head Chest Abdomen

Severity risk AIS3+ in a 
given body region 2% 14% 23%

Confidence interval [0% - 4%]95% [9% - 20%]95% [16% - 30%]95%

SAMPLE 2 : 
Body region Head Chest Abdomen

Severity risk AIS3+ in a 
given body region 0% 9% 9%  

Table 14 : Distribution in body regions of AIS3+ 
risks for rear seats occupants of sample S2, 

compared with S1 
 
Comments on this cars fitted with submarining 
countermeasures : 
• Front seats : the global fatality and AIS3+ risks 

are decreased respective to the first set. The main 
differences are on chest and especially abdomen 
injuries which are lower in this second set of cars. 
This reveals the efficiency on one hand of 4kN 
load limiter that allows to decrease chest load and 
then chest injury which confirms previous studies 
[6, 7] and on the other hand of submarining 
countermeasures fitted in these vehicles. Figure 
18 shows the antisubmarining ramp in a seat after 
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a real accident. The double pretension fitted in 
this car has produced a good coupling of the 
pelvis that was caught and restrained by the 
deformable ramp. 

 

 
Figure 18 : front seat after real accident – pelvis 

impact on anti-submarining ramp 
 
• Rear seats : The sample is too small to draw some 

conclusions, but the trend seems good, since no 
fatality has been observed yet, and the AIS3+ risk 
has been observed on only 1 occupant among 11. 
More data will be obtained in the future to 
validate this conclusion. Figure 19 presents a rear 
seat steel ramp after a real impact. The steel part 
is deformed highlighting that the pelvis was 
restrained, the pretension having taken the belt 
gap and stuck the occupant pelvis on the seat. 

 

 
Figure 19 : rear seat after real accident – pelvis 

impact on anti-submarining ramp 
 

DISCUSSION 
• Accident data presented in the first part for cars 

with a first registration between 1990 and 2000 
reveal that submarining phenomenon is at the 
origin of many fatalities and serious injuries in 
frontal impact, not only for front seats but also 
and especially for rear seats. The problem is due 
to a low performance of restraint systems in 
coupling the occupant pelvis, the consequence 
being an escape of the lap belt from the pelvis 
bones, and a loading of this lap belt in the 
abdominal soft tissues, causing rapidly serious 
injuries or fatalities. 

• The importance of this issue comes from the 
difficulty to observe the problem with the current 
dummy used in frontal impact on one hand, and 

from the fact that no regulation or rating (except 
NCAP made by China by CATARC) is dealing 
with rear occupant seats on the other hand. 

• For front seats, the main risk is still coming from 
chest, the second one being abdominal injuries. 

• For rear seat, submarining phenomenon is the 
overwhelming priority and abdominal injuries are 
much more frequent than chest injuries. Only 
considering frontal impact fatalities, the AIS3+ 
risk is higher when belted than unbelted. It has 
been stressed already in other publications 
(Lamielle – AAAM 2006). The trend in recent 
vehicle is to decrease the passenger compartment 
intrusion. If the consequences are extremely 
positive in reducing head&chest contact to 
steering wheel, in lowering legs injuries due to 
intrusion,…it also leads to have stiffer cars and 
then stronger deceleration pulse. For rear seats, if 
one considers that the restraint device is not 
changed, a more severe pulse will lead to a higher 
abdominal risk for rear occupants. Then, if 
nothing is done in this area, it is expected that this 
phenomenon will be more and more observed in 
the real world. 

• Coming back to the laboratory, we have 
explained why this issue cannot be observed 
today with the current HIII dummy and we 
propose an alternative with either the former HII 
dummy or HIII-FAA dummy, whose the main 
feature is to have a softer lumbar spine with a 
behaviour more in line with that of human being. 
These 2 ATD’s show the submarining 
phenomenon observed in real accident data, 
especially through the pelvis rotation and the lap 
belt load breakdown. The procedure has been 
applied to different restraint systems whose the 
performance are checked in the real world. A 
good correlation is obtained since a poor (or 
good) restraint system in the real world is also 
assessed poor (or good) by the proposed 
procedure. 

• The countermeasures fitted in recent Renault 
vehicles seem very effective. For front and rear 
seats, the need for load limiter is confirmed to 
avoid chest injuries. Load limiters are fitted in the 
analyzed cars, on front (4kN) and rear (6kN) 
seats. Data indicate a risk decreasing respective to 
vehicles of the 90’s which were not 
systematically fitted with this device. 

• For front and rear seats, abdominal risk is also 
decreased showing that the countermeasures 
fitted in the set of recent cars are effective, even if 
more data on rear seats are needed to draw 
conclusions . It also shows that the proposed 
procedure provides a good assessment of the risk. 
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ABSTRACT 
 
The SafeMap project, which is part of the 
DEUFRAKO programme (a cooperation between 
France and Germany), aims at assessing the use of a 
dedicated digital map for road safety applications. 
The consortium includes car and trucks 
manufacturers, map providers, universities, and other 
research agencies. The objectives are to define the 
database content in regards to safety, benefits, and 
data provision costs, to assess the feasibility of map 
data provision, to optimize the data provision chain 
(public authorities and private companies 
contributions), to provide a demonstrator with this 
system embedded, to evaluate in-vehicle safety 
applications using digital maps and driver 
acceptability. 
Based on criteria of safety effectiveness and ease of 
implementation/deployment, Volvo has developed 
the following four functions for trucks: 
(A) Speed Limit Assistant, 
(B) Curve Speed Warning, 
(C) Frequent Accident Spot Warning, 
(D) Physical restrictions warning. 
The aims of the present study were to assess the 
impact of information/warnings on driving, and to 
evaluate the acceptability of the SafeMap system as 
implemented by Volvo on an instrumented truck. 
 
INTRODUCTION 
 
Advanced Driver Assistance Systems (ADASs) have 
been developed to meet two major objectives; “to 
improve driver comfort in the face of increased 
driving demands, and to improve safety by reducing 
the hazards arising from driver under-performance” 
[1]. Research conducted in this field has 
demonstrated that the implementation of many 
ADAS could be substantially simplified when 

introducing digital maps, like those used by 
navigation systems, yet featuring expanded content. 
Using this statement as a basis, several research 
projects have investigated the technical feasibility of 
such enhanced digital mapping. In Europe, the 
Nextmap consortium [6] has completed a two-year 
project funded by the European Union (EC/DG XIII) 
and results have shown that enhanced map databases, 
coupled with accurate descriptions of road geometry 
plus additional content (e.g. road lanes, speed limits, 
traffic regulations), are technically feasible and 
enable generating various map-based vehicle 
applications that provide support for the driving task 
under both safe and comfortable conditions.  
 
The SafeMap project [2], which is part of the 
DEUFRAKO  program (a cooperation programme 
between France and Germany, which supports cross-
national network activities, funds joint projects and 
launches joint calls for proposals), aims at assessing 
the use of a dedicated digital map for road safety 
applications. The consortium includes car and trucks 
manufacturers (Daimler Chrysler, PSA Peugeot 
Citroën, Volvo 3P/Renault Trucks), Map providers 
(TeleAtlas, Navteq), Universities and other research 
agencies (LCPC, Univ. Paris 5, Bast, ISIS…). More 
precisely, the objectives are to define the database 
content in regards to safety, benefits and data 
provision costs, to assess the feasibility of map data 
provision, to optimize the data provision chain 
(public authorities and private companies 
contributions), to provide a demonstrator with this 
system embedded and to evaluate in-vehicle safety 
applications using digital maps.  
According to the two criteria of safety effectiveness 
and ease of implementation/deployment, the SafeMap 
consortium has been conducting assessments of the 
six following functions: 
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(A) Speed Limit Assistant: This function is similar to 
the various systems studied during the series of 
Intelligent Speed Adaptation initiatives across 
Europe. The legal speed limit information should 
cover the entire rural road network as well. 
(B) Frequent Accident Spot Warning: Whenever 
current driving conditions correspond with a 
combination of accident circumstances that have 
already been produced on a given road section, a 
warning is delivered to the driver. 
(C) Overtaking Assistant: This function warns the 
driver whenever an intended maneuver to overtake 
another vehicle is either prohibited or risky. 
(D) Hazardous Area Identification: Identification of 
dangerous curves and junctions based on road 
characteristics. 
(E) Intersection Approach Speed Warning: The 
appropriate speed for approaching an intersection is 
computed onboard, based on both map data and the 
particular driving situation. 
(F) Curve Speed Warning: Safe speed when 
negotiating a curve is computed from map data, 
which takes into account road characteristics, vehicle 
dynamics and driver behavior. 
 
Although safety benefit estimates of ADAS have 
been the focus of a large body of literature over the 
past ten years [i.e., 7], little human factors-based 
research on drivers’ behavior or safety impact of 
ADAS systems has been conducted. A few published 
studies indicated, for example, that alarm systems 
help direct driver attention to safety traffic conditions 
[3; 8]. Other studies found that collision-warning 
systems helped drivers to estimate headway more 
accurately and, consequently, drivers maintained 
longer and safer headways [4]. But these are only a 
few. 
The aims of the present study were to assess the 
impact of warnings on speed and to evaluate the 
acceptability of the SafeMap warnings as 
implemented by Volvo 3P/Renault Trucks: 
(A) Speed Limit Warning, 
(B) Curve Speed Warning, 
(C) Frequent Accident Spot Warning, 
(D) Physical restrictions warning. 
 
METHOD 
 
Participants 
 
Participants were 14 licensed drivers (men) ranging 
in age from 36 to 57 years old (M = 51,0; SD = 6,0). 
Drivers were trucks test drivers and were recruited on 
a voluntary basis. They were all experienced with 
Renault trucks. Since the drivers could not be 
allocated to one of two groups a priori on the basis of 

their characteristics, they were allocated as a function 
of their order of participation (see Table 1). 
 

Table 1. 
Type of drivers by group 

Profession Gr. 1 Gr. 2 
Mechanic test drivers 4 2 
Technician test drivers 2 4 
Adjusters test drivers 1 1 

Total 7 7 
 
The two groups differ statistically in terms of age 
(t (13) = -2,49; p = 0,03). The mean age was 47,5 
years old (SD = 6,4; range = 36-55) for the 
participants in group 1 and 54,5 years old (SD = 2,6; 
range = 49-57) for the participants in group 2.  
No statistical difference was observe between groups 
in terms of number of years of heavy weight truck 
driving (t (13) = -0,52; p = 0,62). Participants had 25 
(SD = 9,1) and 28 (SD = 10,6) years of experience in 
group 1 and 2 respectively. 
Most of the drivers used to drive everyday (Table 2). 
The two groups were not statistically different on this 
aspect (χ2 (1; N = 14) = 0,00; p > 0,05) but differ in 
terms on number of kilometers participants covered 
in the past twelve months (χ2 (1; N = 14) = 4,98; p < 
0,05) (Table 3). Participants in group 1 traveled more 
kilometers than the participants in group 2. Only 1 
driver was used to use a GPS and none of the 
participants use an in-vehicle information system. 

Table 2. 
Frequency of driving 

Frequency Gr. 1 Gr. 2 
Once/month to Once/week 1 2 
Everyday 6 5 

Total 7 7 
 

Table 3. 
Kilometers covered during the last twelve months 

Kilometers Gr. 1 Gr. 2 
< 10 000 2 7 
10 000 – 50 000 5  

Total 7 7 
 
Apparatus and materials 
 
 Vehicle and warning display – The vehicle 
participants were invited to drive was a Renault 
Magnum. The SafeMap warnings were presented on 
a display located on the dashboard as illustrated in 
Figure 1. The display was 9,2 cm high and 15,5 cm 
wide. 
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Figure 1. View of the Renault Magnum dashboard 
with the warning display. 

 
 SafeMap warnings – The warnings that were 
presented to the drivers consisted in speed, curve, 
accident spot and physical restriction warnings. Two 
warnings could be displayed at the same time but at 
different locations and size depending on priority 
rules. Figure 2 illustrates two warnings, one, in the 
central position, indicating that the driver is 
exceeding speed and another one on the upper left 
corner indicating an accident spot. In this example, 
the speed warning has priority over an accident spot 
warning. 
 

Accident spot 

500m 

 
Figure 2. Example of a dynamic display of 
warnings.  

 
 The test track – The test track was located in 
the vicinity of the Lyon region. In consists of about 
60 km and was chosen so as to ensure that a 
sufficient number of warnings would be triggered. 
 Data collection – Two small webcam were 
use: one to record the warnings displayed and another 
one to record the drivers’ face so as to be able to see 
whether the drivers were looking or not at the 
warnings when they were displayed. The video 
images were recorded with the software CANape 6.0 

which was installed on a portable PC. This PC was 
connected to the CAN bus of the truck. Thus, the 
position of the truck on the circuit in terms of 
distance traveled, speed, break pedal pressure, 
steering wheel angle, longitudinal acceleration as 
well as the code of the SafeMAP warnings displayed 
were recorded in real time simultaneously and 
unobtrusively. 
 

 
Figure 3. Route of the test track near Lyon, 
France. 

 
 Interview and questionnaires – To evaluate 
drivers’ acceptance of the warning system as well as 
getting subjective information on its characteristics, a 
questionnaire and a survey were administered 
immediately after the driving session. To measure the 
subjective assessments of usability, we used a 
modified version of the “System Usability Scale 
(SUS)” [5] a simple ten-item Likert scale. Drivers 
were also asked to assess the system on several pairs 
of adjectives describing the characteristics of the 
system on a bipolar scale ranging from -2 to 2. As for 
the survey, we used another questionnaire on 
different characteristics of the warning systems 
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(position of the display, size of the warnings, 
frequency, etc.), with questions on the 
understandability of the warnings as well as their 
dynamics. 
 
Procedure 
 
All the driving sessions occurred at daytime under 
good weather conditions (dry weather). 
At the arrival at the start point of the circuit, the 
recording equipments were switched on and the 
instructions were given to the drivers. We used a 
mixed design with “Group” as a between factor and 
“Run” as a within factor (Table 4). All the drivers 
traveled the circuit two times. For the drivers in 
group 1, the first run was done with the warning 
system off. Thus no warnings were presented to the 
drivers during their first run. For the drivers in 
group 2, the first run was conducted with the warning 
system on. Thus, depending on the drivers’ behaviors 
and the location of the vehicle on the circuit, drivers 
could be presented with warnings. Although only the 
drivers in group 2 had the opportunity to experience 
the warning system on the first run, the behaviors of 
all the drivers were recorded continuously. After the 
first run, participants were invited to travel the circuit 
a second time. This time, the warning system was 
turned on for the drivers of group 1 and turned off for 
the participants of group 2. After the drive session, 
the questionnaires were administered to the drivers 
and an interview followed. 
 

Table 4. 
Warning system state  

 Warning system state 
Group 1st run 2nd run 

1 Off On 
2 On Off 

 
 
RESULTS 
 
The effects of speed warnings on drivers’ 
behaviors 
 
Speed warnings were dependent on the drivers’ 
behaviors. As such, speed warnings were only 
displayed when drivers exceeded the legal speed 
limits (50 km/h and 70 km/h). Thus, for each driver, 
the warnings appeared at different points on the 
circuit and for different durations. To be able to 
compare and analyze statistically the data between 
and within groups, the data files were filtered so as to 
keep only the data that were recorded without any 
loss or interruptions for each driver on the two runs. 

Then, different measures were computed such as the 
number of speed excess per minute and mean 
duration of the speed excess. The multivariate 
analyses of variance for repeated measures 
(MANOVA) indicate that there were no statistical 
effects for the group (F (1, 27) = 0.79, p = .393) and 
run (F (1, 27) = 0.18, p = .683) factors and no 
interactions between them (F (1, 27) = 1.18, p = .298) 
on the number of speed excess per minute. 
 

0,0
0,2
0,4
0,6
0,8
1,0

1st 2nd

Run

Gr. 1 Gr. 2

 
Figure 4. Number of warnings per minute for each 
group ruding the first and second run. 

In other words, whether speed warnings were 
displayed or not had no effect on the number of speed 
excess. On the average, participants in group 1 
exceeded legal speed limits 0.64 times per minute 
while participants in group 2 exceeded legal speed 
limits 0.7 times per minute. The data also indicate 
that drivers were quite coherent in the way they drove 
from the first to the second run. Globally, drivers 
exceeded speed limits 0.66 times per minute during 
the first run and 0.68 times per minute during the 
second run. 
However, the display of the speed warnings had an 
effect on the duration of the speed excess. Although 
the MANOVA for repeated measures did not 
revealed a significant effect for group (F (1, 27) = 
0.06, p = .807) and for run (F (1, 27) = 2.20, p = 
.164) factors, it revealed a significant effect of the 
interaction between the group and run factors (F (1, 
27) = 9.91, p = .008) as illustrated in Figure 5. What 
the interaction shows is that drivers exceeded the 
legal speed limit for shorter period of time when they 
were warned about their speed limit excess as 
indicated by the post-hoc comparisons (F (1, 27) = 
5.53, p = .027). Thus, duration of speed excess is 
shorter when drivers are warned, i.e. in the second 
run for drivers in group 1 (F (1, 27) = 5.99, p = .022) 
and shorter in the first run for drivers in group 2 runs 
although not statistically different (F (1, 27) = .77, 
p = .388). 
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Figure 5. Mean duration of speed excess for each 
group during the first and second run. 

The statistical differences found for the duration of 
speed excess is in fact due to the excess in speed for 
the legal limits of 70 km/h. Figure 6 illustrates the 
evolution of the duration of speed excess for each 
group during the first and second run for a 50 km/h 
legal limit. The MANOVA indicates no statistical 
effects for the two factors {group: (F (1, 27) = .97, 
p = .343); run: (F (1, 27) = .78, p = .394)} and their 
interaction (F (1, 27) = 1.64, p = .224). In other 
words, there is no statistical difference in terms of 
duration of speed excess whether the warnings are 
presented or not. The small decrease observes in 
group 1 is not statistically significant. 
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Figure 6. Mean duration of speed excess for each 
group during the first and second run for a 
50 km/h legal limit. 

However, the MANOVA for repeated measures 
computed on the duration of speed excess over 
70 km/h showed a significant effect for the 
interaction of the group and run factors (F (1, 27) = 
6.50, p = .026) (see Figure 7). On the average, the 
duration of speed excess is shorter (M = 10,85 s) 
when speed warnings are presented to the drivers 
(group 1, 2nd run and group 2, 1st run) in comparison 
to the runs were drivers are not warned (group 1, 1st 
run and group 2, 2nd run) for their speed excess (M = 
17,80) (F (1, 27) = 4.52, p = .044). 
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Figure 7. Mean duration of speed excess for each 
group during the first and second run for a 
70 km/h legal limit. 

 
The effects of curve warnings on speed 
 
When the warning system was on, speed warnings 
were displayed when the actual speed exceeded the 
recommended speed calculated so as to ensure safety 
of the convoy given the curve geometry. For each 
driver, the speed was recorded continuously whether 
the warning system was on or not, thus allowing the 
assessment of the impact of the warning in 
comparison to the run during which the warning 
system was off.  
Here again, the data files were filtered so as to keep 
data that could be compared for the 12 curves among 
all the drivers across the two runs. Two indexes were 
computed: (1) the percentage of the distance traveled 
in speed excess (with and without warnings) of the 
distance of the run, (2) and the percentage of distance 
traveled in speed excess (with and without warnings) 
of the cumulated distance of the 12 curves.  
The MANOVA for repeated measures did not 
revealed any statistical effects. There was no effect of 
group (F (1, 27) = .28, p = .607), no effect of run 
(F (1, 27) = 1.98, p = .185) and no interaction (F (1, 
27) = 2.26, p = .159) in terms of percentage of the 
distance traveled in speed excess of the distance of 
the run (Figure 8, Gr. 1 and Gr. 2). The same 
statistical conclusions are drawn for the percentage of 
distance traveled in speed excess of the cumulated 
distance of the 12 curves: there are no statistical 
differences between groups (F (1, 27) = .47, p = 
.505), between runs (F (1, 27) = 1.87, p = .197) and 
no statistical interaction (F (1, 27) = 2.03, p = .179). 
In other words, the curve warnings had no statistical 
effects on speed. Drivers’ behaviors in curves did not 
differ from one run to the other with and without the 
curve warnings. 
 



Bastien 6 

 
 
 

0,0
20,0
40,0
60,0
80,0

100,0

1st 2nd

Run

Gr. 1 Gr. 2
Gr. 1 (curve) Gr. 2 (curve)

 
Figure 8. Percentage of distance traveled in speed 
excess. 

 
 
 
 

The effects of accident spots warnings on speed 
 
Six accident spots were analyzed. For the analysis, 
the speed of the truck was considered, from 10 s prior 
to the accident spot (whether the warning was 
displayed or not) to 10 s after it. To assess the impact 
of the warning we: (1) compared the time period 
before the warning to identify any general change in 
speed between the two runs for each driver, (2) 
compared the time period after the display of the 
warning to identify a change in speed after the 
warning was displayed, (3) subtracted the general 
speed change from the speed change after the 
warning was displayed to isolate the effect of the 
accident spot. Two time period were considered for 
the analyses after the warning points: 3 s and 10 s. 
The figures that are presented hereafter (Figure 9) 
concern only the drivers that were unaffected by cars 
ahead.  
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Figure 9. Cumulative percentage of absolute speed change 3 and 10 s after the accident spot warning onset. 
 
These graphs show that the impact of the accident 
spots warnings on speed is variable from one accident 
spot to another and that the variations in speed, i.e. 
decelerations and accelerations vary among drivers. 
For example, the accident spot warning number 3 
induced, 3 s after its onset, a decrease in speed 
ranging from 0.56 to 2.55 km/h in 42% of the drivers. 
On the other hand, 42% of the drivers increased their 
speed from 0.34 to 2.43 km/h. This tendency is 
almost the same 10 s after the onset of the warning. 
On other accident spots, the decrease in speed for 
some drivers and the increase in speed for others is 
greater as illustrated for warnings 2, 4 and 5. In other 
words, the characteristics of the road at these accident 
spots may have increased the effect of the warnings. 
When the tendency of drivers to decrease their speed 
continues after 3 s, the red lines on the figures are 
above the blue ones. 
 
The effects of physical restrictions warnings on 
speed 
 
Two physical restriction warnings were also analyzed 
in terms of the impact they had on speed. The 
approach taken to present the results is identical to 
the approach adopted for the accident spots warnings. 
As for the accident spots, the impact of the warnings 
on speed varies as a function of the driver. As shown 
in Figure 10, three seconds after the onset of the 
warnings a decrease in speed between 0.79 km/h to 
4.57 km/h was observed in 44% of the drivers on the 
first physical restriction (PR 1). However, 56% of the 
drivers increased their speed from 0.57 km/h to 4.92 
km/h. The decrease in speed continued after 3 
second, and 10 seconds after the onset of the 
warnings, 67% of the drivers had decreased their 
speed between 0.86 to 6.92 km/h. The other 33% of 
the drivers, although they were above the speed they 
had before the onset of the warning were “slowly” 

decelerating, as indicated by the upper part of the red 
line in Figure 10, PR 1.  
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Figure 10. Cumulative percentage of absolute 
speed change 3 and 10 s after the physical 
restriction (PR) warning onset. 
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On the second physical restriction (PR 2), a decrease 
in speed ranging from 0.52 to 5.81 km/h was 
observed in 42% of the drivers 3 s after the onset of 
the warning. In this second physical restriction area, 
warnings had no effect in speed in about 30% of the 
drivers. The other drivers (28%) showed a very slight 
increase in speed ranging from 0.13 to 0.97 km/h. 
Ten seconds after the onset of the warning, 83% of 
the drivers kept their speed constant or continued to 
decrease it from 1.22 km/h to 6.2 km/h. 
 
Drivers’ assessments of the warning system 
 
 Results of the adjective pairs questionnaire 
- After the test runs, drivers were invited to complete 
two scales. The first was used to assess the system on 
9 pairs of adjectives. To get the drivers’ attention to 
the pairs of adjectives, the positive and negative 
items were randomly changed from right to left. 
Figure 11 presents the mean scores on each pair of 
adjectives. Here the positive items are presented on 
the right. 
As is illustrated in this figure, the evaluation is rather 
positive although some pairs of items got only small 
positive judgment. Drivers judged the system useful, 
good and desirable. However, the system received a 
low score on its helpfulness and activating aspects. 
Nonetheless, no pairs of adjectives got negative 
scores. 
 The System Usability Scale results - To 
measure the usability of the system, drivers were 
invited to complete a modified version of the 
“System Usability Scale” (SUS). The SUS was 
modified because the system being evaluated was not 
an interactive system in the usual sense. Drivers 
could not interact with it. Thus some statements of 
the SUS were modified so as to be more adapted to 
the warning system. The results of this scale are 
illustrated in Figure 12. As with the previous results, 
all the drivers’ positions with respect to the 
statements are positive. The scores that are lower 
than 0 concern negative statements. In other words, 
disagreeing with a negative statement means agreeing 
with its positive counterpart. For example, on the 
average, drivers said they rather disagreed with the 
statement saying “They found the warnings difficult 
to understand” (-1). This result is thus positive. All 
the scores except one, which is 0, are positive. Scores 
that are equal or higher than 1 concern 4 statements 
out of 10. These statements concern the 
understandability of the warnings, the context of use 
of the warning system, the non-nuisance character of 
the system, and the learnability of the system.  
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Figure 11. Results of drivers’ survey of the system. 

 
In other words drivers found the system rather easy to 
learn and understand. They said they would use the 
system even in vehicle they are familiar with and that 
the warnings constitute no nuisance. With scores that 
were lower, drivers said the system was not 
superfluous, the warnings adequately reflected the 
situations encountered and that they were well 
informed. However, the mean score to the statement 
“I drove more safely with the system” was 0. 
 
CONCLUSION 
 
The aim of this research was to assess the impact of 
speed limit, curve speed, frequent accident spots and 
physical restrictions warnings on driving and to 
evaluate the drivers’ acceptability of these warnings. 
The results presented in this paper indicate that the 
speed limit warnings had no effects on the number of 
times drivers exceeded speed limits but decreased the 
duration of the speed excess and that this effect was 
essentially true for the 70 km/h speed limit. The 
effect of curve warnings had no specific effects on 
speed. The accident spot warnings showed variable 
effects. On some accident spots, the warnings 
induced a decrease in speed although a small one. As 
for the physical restrictions warnings the effects were 
different for the two warnings. The range of speed 
decreases for some drivers but increased for others.  
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The comments that were collected after the test runs 
towards the warning system were rather positive and 
drivers provided good ideas to improve the warning 
system. 
 

-2 -1 0 1 2

I think I would like to use this system
frequently

I found the warnings difficult to
understand

Such a system is superfluous

I would use such a system only in a
vehicle I am not familiar with

The warnings adequately reflects the
situations encountered

The warnings are a nuisance

I would imagine that most people
would understand the warnings very
quickly

I felt well informed by the system

I drove more safely with the system

I needed to learn a lot of things
before I could understand the system

 
Figure 12. Drivers’ mean scores to the modified 
version of the System Usability Scale. The original 
Likert scale was transformed so as to present the 
scores in comparison to the neutral position (0). 
The -2 score represent a “Strongly disagree” 
position while the 2 score represents a “Strongly 
agree” position with respect to the statement. 

Although the impact of the warnings on speed may 
not be as high as one would have liked, caution 
should be taken before concluding. Speed may not be 
the best index of the warning impact: being warned 
of different situation may increase the attentional 
processes and situation awareness of the drivers 
without having any effect on speed. On the other 
hand, people react differently to warnings and if even 
a small portion of the drivers react with a decrease in 
speed, this could probably save lives. As such, the 

SafeMap system may be a promising tool to assist the 
diver in critical situations and thus avoid accidents. 
But such a tool would necessitates more research on 
the design of the warnings, its placement in the 
dashboard and its acceptability.  
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ABSTRACT

In the recent years, a large effort has been directed
towards the investigation of injury mechanisms and
injury tolerance criteria related to whiplash
associated disorders (WAD). Nevertheless, many
questions, especially related to injury criteria and
their respective biomechanical tolerance levels,
remain unresolved. With the introduction of
consumer tests in which the protection potential of
seats against WAD is evaluated, a discussion of the
criteria used for these ratings is needed, since for
most proposed WAD injury criteria, e.g. NIC,
Nkm, no widely accepted tolerance levels or even
accurate injury risk curves are available today. One
of the often disregarded points in the tolerance
limit discussions is the fact that most injury criteria
values have a non-linear relation to injury risk.
Many tolerance levels for criteria related to injuries
other than WAD (such as HIC, Nij, TTI, TI etc.)
were derived using highly non-linear logistic
regression curves. The biomechanical loads
discussed in conjunction with WAD, e.g.
accelerations, forces, torque, are generally very low
in comparison to loads acting in other crash
situations. Therefore, even minor changes in a test
set-up may result in significant changes in the loads
measured. Furthermore, issues of repeatability and
reproducibility become more important in these
low-load test conditions.
A series of sled tests was conducted to assess the
influence of several test parameters on the
repeatability of results obtained with the BioRID-
IIg Dummy. The sled tests were performed
according to the test procedure proposed by
EuroNCAP. The results show that some criteria
like the neck shear force exhibit variations up to
30%. The influence of such deviations has to be

considered when introducing a reliable rating
system for WAD.

INTRODUCTION

Soft tissue neck injuries as sustained in rear-end
collisions are still a major concern in road traffic
safety. Despite the various research that was
undertaken in the last years the underlying injury
mechanism is biomechanically not yet fully
understood. Nevertheless, several injury predictors
are proposed. Some of these show good
correlations with real world accident studies and
therefore seem suited to assess the injury risk.
However, due to the complex nature of the injury,
even for those criteria uncertainties remain with
respect to the threshold values suggested. Since
accurate injury risk curves are often not available,
it is difficult to clearly define a threshold value
which can reliably be regarded as a limit for injury.
Despite these uncertainties, there are indications
that an improved seat design reduces WAD.
Therefore, attempts are made to encourage
manufactures to improve seat design. One way to
achieve this, is the adoption of seat tests in
consumer rating-programs. Consequently,
evaluating the performance of seats with regard to
WAD is currently widely discussed. Several studies
showed that sled tests seem a suitable method to
investigate the behaviour of a seat in low speed
rear-impact [e.g. 1, 2]. Additionally, static
measurements (geometric head-restraint
assessment) as defined by several organizations
aim in  improving head restraint geometry. 
In this study the repeatability of seat assessment
using static and dynamic tests is investigated.
Furthermore, by applying a rating scheme, the
influence of data variations on rating results is
demonstrated.
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MATERIALS & METHODS

To evaluate different injury criteria, a series of tests
consisting of static as well as dynamic tests (i.e.
sled tests) were performed. One current car seat
model from a high volume car manufacturer was
chosen. All tests were conducted by using this seat
model. This seat does not feature any (re-)active
system to prevent WAD. For each sled test, a new
seat was used, i.e. no seat was loaded twice. The
head restraint was positioned identically for all
tests (head restraint was locked in mid-height
position) and the seat back angle was always
adjusted to a 25° ±0.2° torso line measured by
SAE-J826 H-Point Manikin.
A BioRID-IIg dummy of the latest build level was
used throughout this study and certified prior and
after the test series. The dummy was seated
according to IIWPG procedure [3].

Static tests

Prior to each sled test, static measurements were
taken to determine the head restraint height and the
backset (i.e. the horizontal head to head restraint
distance). The data was acquired and recorded as
described in the IIWPG geometry measurement
technique [3] using a SAE H-Point machine
according to SAE-J826 equipped with  the Head
Restraint Measuring Device (HRMD). 

Sled tests

Dynamic testing was performed using a
HyperG220 acceleration-sled on which the seats
were rigidly mounted. All seats were adjusted in
the same way. The BioRID-IIg was instrumented
according to IIWPG [3]. 
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Figure 1.  Crash pulses used in the sled tests.

A total of 18 sled tests were conducted using three
different crash pulses (Figure 1).

• Pulse 1: low severity pulse, trapezoid, 16
km/h delta-v 

• Pulse 2: medium severity pulse, triangular, 16
km/h delta-v

• Pulse 3: high severity, trapezoid-pulse, 24
km/h delta-v

The 18 tests were performed as 6 series whereas
each series uses each pulse once (Table 1). 

Table 1.  Test matix. A total of 18 tests grouped
in 6 series were performed.

Test No. Pulse severity Series No.
PDB07002 low 1
PDB07001 medium 1
PDB07003 high 1
PDB07004 low 2
PDB07005 medium 2
PDB07006 high 2
PDB07007 low 3
PDB07008 medium 3
PDB07009 high 3
PDB07010 low 4
PDB07011 medium 4
PDB07012 high 4
PDB07017 low 5
PDB07018 medium 5
PDB07019 high 5
PDB07020 low 6
PDB07021 medium 6
PDB07022 high 6

The following measures and neck injury predictors,
respectively, were evaluated: NIC [5], Nkm [6],
time until dummy head first contacts head restraint
(time to head restraint contact), T1-acceleration in
x-direction (T1x), rebound velocity, neck shear
force (Fx), and neck axial force (Fz). 
NIC considers the relative acceleration between
head and torso and is derived as shown below. 

2))(()(2.0)( tvtamtNIC relrel +⋅=  (1)

Nkm is calculated by taking into account the neck
shear force (Fx) as well as the flexion/extension
moment (My). 
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)(

M
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F
tF

tN yx
km +=              (2)

Head restraint contact time was measured by using
contact foils. The rebound velocity was derived by
film analysis. The maximum rebound-velocity was
determined starting at the point in time when the
head motion is changing its direction from the
rearward to a forward movement. The maximum
values of the other criteria were considered from
time T0 until the head leaves the head restraint.
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Rating system

In general a rating system for assessing the risk of
injury for car occupants should be based on
biomechanical facts. It should be able to
differentiate between high and low injury risk. To
obtain usable as well as comparable results it is
important to gain robust data with a high level of
repeatability and reproducibility. Several rating
systems for assessing WAD in low speed rear-
impact are already introduced (e.g. IIHS,
Thatcham, Folksam, ADAC). EuroNCAP is also
planing to implement a new WAD test procedure in
their existing occupant rating [4, 7].

This study is based on this proposed EuroNCAP
WAD rating system. It consists of two parts, static
(geometric) measurements and dynamic sled tests.
For the static tests, the backset and head restraint
height were rated according to the limits given in
Table 3. Scores range from -1 to +1; a sliding scale
was used.
As for the results of the sled tests, Table 4
illustrates the higher and lower performance limits
used for the rating. For results in between the
higher and lower limits, a sliding scale was used to
obtain the score. Each parameter in the dynamic
tests can reach a maximum score of 0.5 points. The
overall score of a single dynamic test is the sum of
the score of NIC, Nkm, rebound velocity, Fx, Fz
plus the highest score from either T1x or head
contact time i.e. for one pulse a maximum of 3
points is possible. 
For the final rating, the worst score of all 3 static
measurements (i.e. 3 seats) of one series is added to
the points received for all 3 pulses in the dynamic
part.

RESULTS

The static evaluation measured by the SAE-
Manikin with HRMD of all 18 tests showed a x-
value of 45.4 mm (min. 42 mm / max. 52 mm) and
a z-value of 37.0 mm (min. 35 mm / max. 39 mm)
on average. The BioRID-IIg backset for these tests
was 59.0 mm on average (min. 57 mm / max. 60
mm).
The repeatability of the delta-v values reached in
the dynamic tests is presented in Table 4. It shows
that the delta-v values were generally achieved
with high accuracy which results in a low standard
deviation.
The results obtained for the parameters determined
in the sled tests are summarized in Figures 2 to 9
and Table 6. A repeatability analysis was
conducted using the coefficient of variation (CV)
method. The CV is defined as the standard
deviation (SD) of the measured values divided by
the sample mean, and is expressed as a percentage

[10]. The repeated responses were assessed by
applying the rating scale according Table 2 [11]. 

Table 2.  Rating scale to assess repeatability.

It can be seen that T1 acceleration (T1x), head
contact time, axial neck force (Fz) and rebound
velocity show good to acceptable coefficient of
variations (CV). NIC and Nkm, which are derived
from basic measures by calculation show a larger
CV (marginal to not acceptable). The largest CV,
however, was found for the neck shear force (Fx)
(not acceptable). This findings corresponds to
previous studies [9].

Table 3.  Threshold values used for evaluating the
static tests.

Lower
performance

limit

Higher
performance

limit
Backset [mm] 30 90
Height [mm] 0 80

Table 4.  Preliminary threshold values used for
evaluating the dynamic tests [7].

Lower
performance

limit

Higher
performance

limit
Low severity pulse
NIC [m2/s2] 9 15
Nkm [-] 0.12 0.35
Rebound velocity [m/s] 3.00 4.40
Fx (upper neck shear) [N] 30 110
Fz (neck axial) [N] 270 610
T1 x-acceleration [g] 9.4 12.0
Time head restraint contact
[ms]

55 77

Medium severity pulse
NIC [m2/s2] 11 24
Nkm [-] 0.15 0.55
Rebound velocity [m/s] 3.2 4.8
Fx (upper neck shear) [N] 30 190
Fz (neck axial) [N] 360 750
T1 x-acceleration [g] 9.3 13.1
Time head restraint contact
[ms]

51 76

High severity pulse
NIC [m2/s2] 13 23
Nkm [-] 0.22 0.47
Rebound velocity [m/s] 4.1 5.5
Fx (upper neck shear) [N] 30 210
Fz (neck axial) [N] 470 770
T1 x-acceleration [g] 12.5 15.9
Time head restraint contact
[ms]

48 75

CV  =  3% 3% < CV = 7% 7% < CV = 10% CV > 10
good acceptable marginal not acceptable
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Table 5.  Delta-v values produced. For each pulse 6
tests were performed.

Pulse Average delta-v
[km/h]

SD
[km/h]

CV [%]

1 (low) 15.9 0.3 1.8
2 (medium) 15.7 0.3 2.2
3 (high) 24.1 0.2 0.9

Figure 2.  NIC values. Error bars denote one
standard deviation (SD). Stars represent the
minimum and maximum value. For each pulse 6 tests
were performed.

Figure 3.  Nkm values. Error bars denote one
standard deviation (SD). Stars represent the
minimum and maximum value. For each pulse 6 tests
were performed

Figure 4.  Rebound velocities. Error bars denote one
standard deviation (SD). Stars represent the
minimum and maximum value. For each pulse 6 tests
were performed

Figure 5.  Neck shear forces. Error bars denote one
standard deviation (SD). Stars represent the
minimum and maximum value. For each pulse 6 tests
were performed

Figure 6.  Neck axial forces. Error bars denote one
standard deviation (SD). Stars represent the
minimum and maximum value. For each pulse 6 tests
were performed

Figure 7.  T1 x-acceleration. Error bars denote one
standard deviation (SD). Stars represent the
minimum and maximum value. For each pulse 6 tests
were performed

Figure 8.  Time to head restraint contact. Error bars
denote one standard deviation (SD). Stars represent
the minimum and maximum value. For each pulse 6
tests were performed
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Figure 9.  Summary of the coefficient of variation
(CV) for all parameters and all pulses.

Table 6.  Sled test results. For each pulse 6 tests were
conducted.

Average Min.
Max.

SD CV
[%]

Low severity
pulse
NIC [m2/s2] 10.52 9.73

12.05
0.97 9.18

Nkm [-] 0.15 0.14
0.16

0.01 7.68

Rebound velocity
[m/s]

4.28 4.12
4.48

0.12 2.76

Fx (upper neck
shear) [N]

26.37 19.17
35.24

5.55 21.04

Fz (neck axial) [N] 456.50 427.00
497.00

26.33 5.77

T1 x-acceleration
[g]

12.13 11.82
12.31

0.18 1.45

Time head restraint
contact [ms]

73.95 70.0
77.9

2.99 4.05

Medium severity
pulse
NIC [m2/s2] 16.38 14.31

18.52
1.72 10.50

Nkm [-] 0.23 0.19
0.28

0.03 14.02

Rebound velocity
[m/s]

4.56 4.45
4.67

0.08 1.83

Fx (upper neck
shear) [N]

69.13 36.80
82.30

19.26 27.86

Fz (neck axial) [N] 703.33 622.00
753.00

46.06 6.55

T1 x-acceleration
[g]

12.91 11.90
13.65

0.61 4.69

Time head restraint
contact [ms]

64.23 61.00
69.00

2.89 4.49

High severity
pulse
NIC [m2/s2] 19.56 15.95

23.36
2.70 13.83

Nkm [-] 0.21 0.18
0.25

0.03 12.73

Rebound velocity
[m/s]

5.52 5.44
5.62

0.07 1.23

Fx (upper neck
shear) [N]

65.12 35.97
92.30

21.21 32.57

Fz (neck axial) [N] 675.00 644.00
694.00

17.23 2.55

T1 x-acceleration
[g]

15.33 14.52
16.10

0.62 4.08

Time head restraint
contact [ms]

68.42 62.0
76.0

6.02 8.80

Finally the results were rated according to the
scoring system described above. Table 7
summarizes the scores obtained for the static as
well as the dynamic tests. The results of the final
scores, i.e. adding the worst static and all three
dynamic scores for each series, are presented in
Table 8.
As an example the final score of series 1 was
obtained by adding the scores of the dynamic tests
for the 3 different pulses (right column in Table 7)
and the worst value of the corresponding static test
(middle column in Table 7): 

Score dyn. test 1  – low severity pulse     1.80
+ Score dyn. test 1  – medium severity pulse     1.84
+ Score dyn. test 1  – high severity pulse     1.48
+ Score static test 1 – worst value                       0.05
   Final score series 1     5.17

Table 7.  Scores according to the proposed rating
system for the static and dynamic tests. 

Number of series Score static
test

Score
dynamic test

Low severity pulse
1 0.05 1.80
2 0.10 1.63
3 0.08 1.67
4 0.10 1.48
5 0.05 1.63
6 0.08 1.71

Average 0.08 1.66
CV % 6.36

Medium severity pulse
1 0.10 1.84
2 0.05 1.62
3 0.05 1.41
4 0.08 1.08
5 0.08 1.33
6 0.08 1.38

Average 0.07 1.44
CV % 18.50

High severity pulse
1 0.05 1.48
2 0.10 1.44
3 0.10 1.76
4 0.02 1.38
5 0.08 1.24
6 0.10 1.05

Average 0.08 1.39
CV % 17.06
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Table 8.  Final scores of the 6 test series.

Final score
series 1 5.17
series 2 4.74
series 3 4.89
series 4 3.96
series 5 4.25
series 6 4.22

Maximum 5.17
Minimum 3.96
Average 4.57

SD 0.47
CV [%] 10.27 

DISCUSSION

In order to investigate the repeatability of the seat
assessment procedure according the EuroNCAP
proposal [4, 7], a series of sled tests were
performed. All tests of this study were conducted
with the same seat model whereas for each test a
new seat was used. A 3-pulse approach according
to the EuroNCAP proposal was applied. Different
delta-v values (16 km/h and 24 km/h) as well as
different pulse shapes (trapezoid and triangular)
were used. This means, that for this kind of WAD
assessment of a vehicle seat, a test series of 3 single
tests with 3 different pulses is needed. In our study
we repeated this complete assessment procedure 6
times, i.e. 18 sled tests were performed (cf. Table
1).
Similarly to the work by Adalian et al. (2005), it
could be shown that all crash pulses can be
reproduced with sufficient accuracy. The delta-v
values for all pulses of this study were achieved
with small deviations only. 
An important condition was to ensure, that all 18
tests were performed in a very accurate way.
Particularly the seat adjustment and the positioning
of the BioRID-IIg dummy were set only with less
tolerances. The seat back angle was adjusted within
a range of 25° +/-0.2° (torso angle of SAE-
Manikin). The accuracy in pelvis angle was 26.5°
+/-0.3° and the H-Point of the BioRID-IIg was also
in a small range of +/-0.3 mm relative to a fixed
reference-point. The static measurements (head rest
geometry) performed with the HRMD result in a
range for the x-value from 42 mm to 52 mm. This
was in line with previous studies [9]. The z-values
measured by HRMD were within 35 mm to 39 mm.
It is well-known, that the backset of the BioRID
head has an important influence on the
measurements in sled testing. Therefore, we kept
this backset as constant as possible. In all of the 18
tests the BioRID-IIg backset was within 57 mm to
60 mm. 
All these conditions were important and necessary
for this study. To detect changes in the dummy

performance, particularly due to tests with the high
severity pulse, the dummy was calibrated after the
complete test series. Comparing these results with
the pre-test calibration did not indicate any changes
in the dummy properties. 

In a first step the measurements were analysed. In a
second step the repeatability of the complete seat
assessment method according to the EuroNCAP
proposal [4, 7] was investigated.

By comparing the test results between the 3 pulses
in detail, it was found that the head-contact time
measured in the medium an high severity pulse are
almost in the same range whereas the contact time
in the low severity pulse is slightly higher on
average.
T1x and the rebound velocity show for the low and
medium pulse similar values whereas for the high
severity pulse the measurements were about 10% to
20% increased.
A significant difference was found in the neck
tension force (Fz). The results from medium pulse
show the largest deviations (622 N to 753 N) with
an average value of 703 N. A surprising result was,
that the average value of the high severity pulse
(675 N) is lower compared to the medium pulse.
Whereas the average in neck tension in low
severity pulse tests is remarkable lower (457 N) as
expected.

The neck-shear force (Fx) shows the worst result in
repeatability. The average values of medium and
high severity pulse are almost in the same range
(69 N / 65 N). Due to the large deviation of the
measurements obtained from the medium and the
high severity pulse, the ranges are largely
overlapping. This demonstrates that the
discriminatory power of such a rating system is
limited. The values from low severity pulse clearly
indicate a less loading, also with a not negligible
deviation from 19 N to 35 N.
The deviation of Nkm, which depends on Fx,
shows a less deviation compared to Fx. But due to
the overlapping range of measurements (0.19 to
0.28 and 0.18 to 0.25 for medium and high), this
criteria is also not able to discriminate between
medium and high severity pulse. The average Nkm
values for medium and high severity pulse are
almost the same, whereas the average value for low
severity pulse is lower and shows also a reduced
deviation (0.14 to 0.16).
The NIC value on average increases with
increasing of loading. (10.5 / 16.4 / 19.6
respectively for low- / medium- / high-severity
pulse). Also the deviations increase (CV: 9.2% /
10.5% / 13.8%).
Summarizing it was found, that T1 acceleration
(T1x), head contact time, axial neck force (Fz) and
rebound velocity show good to acceptable
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coefficient of variation [CV]. NIC and Nkm which
are derived from basic measures by calculation
show a larger standard deviation (marginal to not
acceptable). The neck shear force (Fx) showed the
largest (not acceptable) spread for all pulses.
Depending on the type of pulse (low, medium,
high), the differences in CV ranged between 20 %
to 30%. Particularly with regard to the very
accurate way how the test were prepared and
performed this poor repeatability especially for Fx
is surprising. An obvious reason could not be
found.
Furthermore, the deviation in test results can
increase even more by conducting tests in different
test labs.

In the next step the single measurements were
compared according to the proposed sliding scales
[Table 4]. This study investigated only one single
seat model. Therefore, an assessment of the sliding
scales is not possible. By comparing the measured
values with the range of the sliding scale, we
assume, that the sliding scale for the head contact
time in the low severity pulse is too low compared
to medium and high severity pulse and should
therefore be moved to higher values. But much
more important is the fact, that for most of the
criteria the ratio of the range of the sliding scale
compared to the range of measured values is
questionable, i.e. the deviation of the measured
values are too large compared to the sliding scales.
The range of measured Fx in medium severity
pulse test is 37 N to 92 N, whereas the range for the
corresponding sliding scale is 30 N to 190 N [Table
4], that means, the range of measured values spread
almost over half of the sliding scale. For NIC and
Nkm the spread of the measured values is also not
sufficient high compared to the range of the
corresponding sliding scales.

Finally we investigated and determined the
influence of the measured values on the entire
rating scheme [4, 7]
By calculation the rating points for the 3 different
pulses we achieved an average of 1.66 points (low
severity pulse), 1.44 points (medium severity
pulse), 1.39 points (high severity pulse). The
coefficient of variation for the low severity pulse is
good (CV = 6.36%), whereas for the medium pulse
(CV = 18.5%) and the high severity pulse (CV =
17.06%) is not acceptable. The total points for the
entire seat assessment including the static
measurement are on average 4.57 points with a CV
of 10%. Even this deviation does not seem to be
remarkable, however, the difference between
minimum and maximum score is remarkable. The
lowest score of the 6 test series was 3.96 points, the
highest 5.17 points; which is about +/-13 %
deviation to the calculated mean score, or with
other words 26 % from the best to the worst result. 

There are legitimate questions if with a rating
system which offers such a poor repeatability, an
objective seat assessment can be made at all.
However, a rating system needs a certain
robustness in terms of repeatability otherwise it
appears unreliable. 
Also there are some concerns about the
discriminating power, i.e. to rate a seat against an
injury related scale in an objective way. 
Each rating system for assessing the occupant
safety should be related to a biomechanical scale.
But even in the field of WAD this biomechanical
knowledge is not complete and therefore derived
sliding scales are missed. Nevertheless, at this point
we will briefly discuss the biomechanical
background. The use of different threshold values
for lower and higher performance limits and sliding
scales is difficult to understand from a
biomechanical point of view. If a criterion is
regarded as a predictor for injury, it is assumed that
a certain loading results in a corresponding injury
risk. Usually biomechanical experiments are the
basis on which injury criteria and injury risk curves
are defined. In most cases these curves are non-
linear and the injury criteria are derived by
statistical means (e.g. non-linear regression).
Goldsmith and Ommaya (1984), for example,
performed several volunteer experiments and
derived corresponding threshold diagrams for neck
extension/flexion moments as well as for neck
shear and axial forces. None of their diagrams
shows a linear correlation. Therefore doubts arise
with respect to the use of (linear) sliding scales
since an evaluation based thereon has hardly any
relation to the biomechanical basis of an injury
risk.
Similarly, the absolute values chosen in the rating
scheme can be criticized. While Goldsmith and
Ommaya (1984) found a threshold value for
voluntarily tolerated neck shear forces of 845 N the
rating system sets an upper limit for the severe
pulse of 210 N which is rather low. In contrast, the
values for NIC with which a test would be passed
go up to 24 m2/s2 in den medium severity pulse.
This is not just a value higher than the most often
citied injury threshold of 15 m2/s2 but also not
logical since the highest values would be expected
for the high severity pulse.
Despite the fact that the lower and higher
performance limits might lack a biomechanical
foundation, adjusting such limits to different crash
pulses by means of scaling is fundamentally wrong.
From a biomechanical perspective, changing the
limits means shifting the threshold on the
underlying injury risk curve. In other words, a
rating system with different injury threshold values
accepts that the occupant is subjected to a different
injury risk at a different pulse. Due to the lack of
accurate injury risk curves today, the effect of such
a shift can not be assessed. 
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In our paper we criticized the poor repeatability of
Fx, at this point we will give an example from the
biomechanical perspective. If a person lies on his
back on a table such that the head is not supported,
an estimated shear force of 48 N (4.8 kg head
mass) and a moment of torque of 4.8 Nm (10 cm
lever, 4.8 kg) acts on the neck. This already gives a
roughly estimated Nkm of 0.15. This opens the
question if the proposed sliding scales of these
criteria are too low in a region far away where
WAD related injuries could occur.

CONCLUSIONS

Performing sled tests representing rear-end
collisions revealed that the accuracy with which
currently discussed neck injury criteria can be
obtained varies between 1.2% and 33%. Since the
biomechanical loads discussed in the field of WAD
are generally very low in comparison to loads
acting in other crash situations, even minor changes
in a test set-up may result in significant changes in
the loads measured. Consequently, the spread of
data increases.

Main Findings

• The neck shear force (Fx) exhibits a “not
acceptable” repeatability score for all 3 pulses
conducted. 

• NIC and Nkm show a “marginal coefficient of
variation (CV) in the low severity pulse.
However, in the medium and the high severity
pulse the CV for NIC and Nkm turn into the
“not acceptable” range.

• Although the deviations of most of the single
criteria of all 3 pulses are similar. The scoring
of the low severity pulse (CV = 6.36%) show
less deviation in contrast to the medium (CV =
18.5%) and the high severity pulse (CV =
17.06%).

Rating systems are necessarily based on such test
results. Therefore the scoring system used must be
robust enough to account for the spread of the input
data. Only a comprehensible and repeatable scoring
together with a biomechanical relevance will yield
to a strong test procedure. The discriminatory
power of the scoring system used here, however,
seems to be unsatisfactory. The minimum and
maximum scores obtained for testing the same seat
varied considerably. Consequently, depending on
the definition of the final minimum score
requirements, the same seat can fail or pass. This
finding illustrates a lack of robustness of the
scoring system as it is proposed today.
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ABSTRACT 
 
An ETAS study (ETAS is a French MoD RDT&E 
facility) was launched for reducing fatalities and 
damages due to traffic accidents involving military 
vehicles. Such vehicles were indeed identified as 
being subject to specific constraints bound to their 
particular operational use. Therefore, the French 
Defence Procurement Agency (Délégation générale 
pour l’armement, DGA) and Altran Technologies 
conducted for two years a joint study with the 
following  goals: 
 

1) identify the main drivers of traffic 
accidents involving military vehicles 
through a statistical survey over the past 
decade; 

2) identify and assess active and passive 
safety systems able to mitigate traffic 
accidents without altering military 
vehicles’ operational capabilities; 

3) draw the specifications of safety 
demonstrators to be manufactured, 
implemented and tested later on. 

 
Tasked by the DGA, Altran technologies conducted 
a statistical survey using the French Army data on 
traffic accidents in metropolitan France, overseas 
territory, and operational theatres. At the end of the 
survey, the results clearly showed that occupants in 
military vehicles run peculiar risks given specific 
uses and designs of such vehicles. In order to 
identify relevant technical as well as feasible 
solutions, the DGA and Altran technologies 
established new state-of-the-art of active and 
passive safety systems list of requirements/designs. 
The results show that the emphasis shall be put 
primarily on finding ways to improve: 
 

- static and dynamic stability; 
- traffic lights efficiency; 
- inter vehicle compatibility; 
- occupants restraint systems’ efficiency. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
For each of the themes, Altran Technologies 
defined a set of requirements that shall permit to 
improve the overall safety of the military vehicles 
during retrofit and design activities. 
 
INTRODUCTION 
 
The French MoD tasked Altran Technologies to 
conduct a study program aiming at reducing human 
and material losses due to traffic accidents 
involving military vehicles out of military 
operations activities. Accidents concerned included 
open road accidents appending on national territory 
or during transport activities in extra territorial 
operations. 
 
Focusing on high traffic vehicles, this study 
distinguished different categories of vehicles such 
as light vehicles, heavy logistics trucks, heavy 
trucks with trail, armoured wheeled vehicles and 
armoured track vehicles. 
 
This program was made up of different parts as 
detailed in this document which were meant to be 
exhaustive towards all potential active or passive 
security systems that shall improve the safety of the 
military vehicles. The main goal is to define 
technical requirements for future vehicles or 
necessary evolutions that will leverage the benefit 
of civilian safety systems developed by the 
automobile industry. 
 
GENERAL SURVEY 
 
In order to identify the main driver of traffic 
accidents involving military vehicles, the first step 
of the study program was to conduct a statistical 
survey involving military vehicle accidents over the 
past decade. Three sources of information were 
used in order to fill up this database (see figure 1): 

- the technical service for road and 
highways of the French MoT (Service 
d’Etudes Techniques des Routes et 
Autoroutes, SETRA); 
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- the French land forces staff (Etats-Majors 
de l’Armée de Terre, EMAT); 

- the regional land forces legal departments 
(Service contentieux des commissariats 
des régions terre). 

A structured database was built up in order to 
identify the facts necessary for the identification of 
the most exposed vehicles and the main causes of 
accidents. In order to restrain the study to relevant 
cases, only the accidents that satisfied either one of 
the three following conditions were taken into 
account: 
- severe injuries or fatalities of civilians or 

military personnel; 
- material losses estimated at more than 

10,000€; 
- failure of the military mission due to the 

accident. 
 
The information registered in this database was 
focused on the type of vehicle involved in the 
accident, the conditions of the accident, and the 
damage and fatalities resulting from it (see example 
in figure 2) . 

Over 900 accidents involving one or several 
military vehicles have been identified. For each 
kind of vehicle, it was estimated the ratio of the 

number of accidents vs the number of travelled km 
(see figure 3). The analysis of these data permit to 
identify the main causes of military vehicle 
accidents: 

- due to design constraint the military 
vehicles are not appropriate to operate on 
roads and highways; 

- the military personnel are not trained 
enough in order to safely operate the 
military vehicles. 
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The military vehicle designs are subject to 
operational requirement including discretion. The 
colour and the signalisation lights are defined to 
ensure the maximum discretion and therefore safety 
during military activities. However, this discretion 
becomes a threat on the road: military vehicles are 
not as visible as civilian’s and their signalisation 
lights do not permit other drivers to clearly 
understand the behaviour of the vehicle. Indeed, 
80% of the accident between two vehicles in the 
same lane is back shocks for the military vehicle 
generally explained by a bad perception of the 
vehicle’s behaviour or speed. 
 
The second identified cause of accident through the 
statistical survey is training and insufficient 
experience of military personnel towards their 
capacity to drive and operate military vehicle. In 
70% of the accident, drivers were under 25. By 
their design and specifically their off-road capacity 
and high charge capacity, military vehicles are not 
easy to operate on road or highways. The military 
vehicles off-road capacity and the armoured 
structure are the origin of instabilities and specific 
behaviour that can only be handled by a well 
trained and experienced driver. Despite the fact that 
the driver respected speed limits, in 25% of the 
accidents, the vehicle’s speed was considered 
inappropriate. 
 
These two causes are significant in accident risk for 
military vehicles. In addition, the statistical survey 
identified two other causes that lead to an increase 
of the accident consequences: 
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- military vehicles’ designs are not optimized 
for accident damage mitigation; 

- military vehicles’ seats and restrain systems 
are not optimized for injury mitigation. 

 
The off-road military vehicles’ design is not 
appropriate for damage mitigation especially with 
civilian vehicle. On one hand, this configuration 
exposes vehicle vital organs to shocks like the drive 
axle. The study underlined that 40% of the 
damaged vehicles are not economically repairable. 
On the other hand, the relative height of the military 
vehicles is a real threat for the civilian vehicles’ 
occupants. 
 
30 years old design vehicles are still in operation 
among the French forces. Those vehicles do not 
satisfy today’s seats and restrain systems. The 
automobile sector has shown a significant 
amelioration of vehicle occupants’ safety by an 
improvement of the seats and restrains systems 
design. A proper use of a restrain system can reduce 
by two the risk of severe injuries. 
 
The statistical survey showed that in order to reduce 
the material damage and fatalities due to military 
vehicles’ accidents, the French MoD will have to 
investigate active systems in order to reduce the 
number of accidents and passive systems in order to 
reduce the severity of these accidents. 
 
STATE-OF-THE-ART SAFETY SYSTEMS  
 
In order to provide valuable technical basis for 
recommendations, Altran Technologies has 
conducted a state–of-the-art analysis of the actual 

and future active and passive safety systems that are 
in operation in the automobile sector (see figure 4). 

The active safety systems have been distributed 
among three categories: 

- stability improvement and control systems; 
- driver assistance systems; 
- collision avoidance systems. 

 
The evolution of the active safety systems is 
characterized by the integration of automated 
control loop systems over the various components 
of the vehicle. Generation after generation, this 
systems increased their time integration capacity as 
well as the number of parameters that they are able 
to integrate e.g. from Anti-lock Braking System 
(ABS) to Emergency Brake Assist (EBA) to Anti-
Skid Resolution (ASR) and Electronic Brake-force 
Distribution (EBD). 
The passive safety systems have been distributed 
among three categories: 

- occupants’ protection; 
- vehicle protection; 
- close environment protection. 

 
The evolution of the passive safety systems is 
characterized by a progressive protection of the 
outside of the vehicle. A few decades ago, the 
engineers started improving the occupants’ 
protections through the optimization of restrain 
systems and the development of airbags. Later on, 
the technical efforts were oriented towards 
reinforcing the passengers’ compartment in order to 
avoid any deformation of this safety space. Today, 
research programs aim at reducing the risk the 
vehicle may represent toward its close environment 
like the others vehicles or the pedestrians. 
 
The sate-of-the-art safety system identification 
provided several axis of improvement through the 
integration of actual or near future technology from 
the civilian automobile sector. 
 
AXIS OF SAFETY IMPROVEMENT 
 
In order to mitigate the risk of military vehicles’ 
accidents, Altran Technologies identified four axis 
of improvement that shall be primarily addressed in 
order to scientifically reduce the number of 
accidents and the severity of the damages and 
fatalities: 

- improvement of the vehicle’s static and 
dynamic stability in order to ease the 
driving; 

- improvement of the signalisation lights’ 
effectiveness in order to better inform the 
other drivers; 

- improvement of the inter vehicle 
compatibility in order to reduce material 
damages and fatalities; 

- improvement of the seats and restrain 
systems in order to reduce the injuries due 
to the accident. 
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To ease the driving of the vehicle and therefore 
compensate the drivers’ lack of experience, the 
vehicle shall integrate an active safety system that 
shall improve its stability. The first step was to 
improve the static stability of the vehicle through an 
optimization of the brakes, suspensions and the 
tires. Then, a research program was undertaken in 
order to evaluate the benefits of dynamic systems 
such as the ABS or ESP. The preliminary studies 
show that the static stability speed limit is close to 
the speed limit of the vehicle in normal operational 
conditions with no security margin: through the 
integration of active systems or by limiting the 
vehicle’s speed of operation this speed limit shall 
be raised at least 20% above the maximum 
operation limit speed in order to avoid any specific 
unexpected behaviour of the vehicle. 
 
Over the past 5 years, lots of breakthroughs have 
been accomplished by the automobile and 
electronic sectors in the field of signalisation. The 
actual military vehicles’ signalisation lights are 
designed under discretion requirements and 
classical light bulb systems. The LED technologies 
are presently replacing the old signalisation system 
with a better efficiency and management of the 
light intensity. A research program has been 
proposed in order to develop an adaptive 
signalisation light system that shall be able to meet 
the discretion requirements during military 
operations but still warn other drivers of the 
vehicle’s manoeuvres with no ambiguity. 
 
The actual military vehicles’ designs do not allow a 
mitigation of damage and fatalities in case of an 
accident generally resulting from the all-road 
conception. During the past decade, several study 
programs were undertaken and regulations were 
implemented in order to prevent the threat that 
represents a heavy truck to light cars or motorbikes. 
Altran Technologies recommends implementing 
these systems as soon as possible on the current 
land forces vehicles in order to meet the civilian 
regulations and to prevent any fatalities that will 
legally consider as “fragile skeleton” issue. 
 
Through the past decades, the occupants’ safety 
systems have evolved and the safety regulations 
have progressively integrated this evolution by 
taking into account the technical progresses 
achieved by the automobile sector. At present, 
some old vehicles have no restraint systems (see 
picture 1). Three points restraint system for all 
occupants, airbag system for front occupants and 
reactive seats are today standard in the automobile 
sector. Altran Technologies recommends 
undertaking retrofit programs in order to upgrade 
the actual military vehicles to civilian standard and 
ensure the safety of the military personnel. 

 

 
 
Picture 1 : example of an old military vehicle 
without restraint systems 
 
The detailed analysis of the opportunity for safety 
improvement shows that a significant safety 
improvement can be achieved by implementing the 
actual automobile sector safety standard to military 
vehicles. 
 
CONCLUSION 
 
Designed for most of them during the 60’s and the 
70’s, military vehicles were at the edge of the 
technology at that time. However the acceleration 
of new research and developments in the 
automobile sector during the past decade as well as 
advances in the transportation infrastructures and 
the social perception of driving risks made this 
systems nearly obsolete and bring the urgency of 
actions to be undertaken in order to improve the 
safety of the military vehicles. 
 
The study program shows that several available 
civilian safety standards could scientifically reduce 
the number of military vehicles’ accidents as well 
as the damage and the fatalities due to these 
accidents. 
 
In the near future, the integration of the civilian 
safety standards to the military vehicles shall make 
it possible to divide by two the number of accidents 
and save lives and money to the French Army. 
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ABSTRACT 
 
A consumer information based child restraint 
evaluation program was initiated in Australia in 1992. 
The assessment and evaluation procedures used in 
this program were recently reviewed and as a result, 
the assessment protocols and scoring methods have 
been significantly enhanced. This paper presents the 
revised assessment methods currently being used in 
the Australian Child Restraint Evaluation Program. 
The program includes both a dynamic performance 
assessment and an ease of use assessment.  
 
Dynamic assessment includes frontal testing (56km/h 
and 34g) and two side impact tests (90 degree, 32 
km/h and 16g; and 66 degree, 32 km/h and 16g). The 
side impact test set up includes a non-intruding side 
door structure. Rearward facing, forward facing and 
booster seats are subjected to all dynamic tests using 
dummies corresponding to their upper mass range 
design limits. An approach based on an objective, 
pre-defined rating matrix was developed to score and 
rate the relative dynamic performance. 
 
The ease of use assessment method is based on the 
North American methods used by ICBC and NHTSA. 
Some enhancements to the individual items assessed 
and the ratings used were made to suit Australian 
conditions.   Details of these enhancements are 
presented. 
 
A scoring system that allows for a four step (A-D) 
rating system for both the dynamic and the ease of 
use performance was introduced and this is also 
presented and discussed in detail in this paper. 
Exemplar results from the first series of assessments 
are presented to demonstrate the benefits of the 

revised protocol and the scope for further 
improvements to the methods being used. 
 
The process for the release of the test results and the 
response from media are also outlined. 
 
 
BACKGROUND 
 
The Australian Child Restraint Evaluation Program 
(CREP) has been operating in Australia since 1992. 
Like all consumer information programs, the 
underlying philosophy is to influence consumers and 
to provide motivation for manufacturers to market 
products that are at least equal to the best currently 
available, and that offer protection above the 
minimum requirements of the Australian Standard for 
child restraints (AS 1754). The first CREP was 
comprised of three assessment units; an assessment of 
dynamic crash performance; an evaluation of ease of 
installation and use; and an assessment of vehicle 
compatibility. 

Original ease of installation and use trials were 
modelled on a draft International Standards 
Organization (ISO) child restraint system fitting trial 
standard that required recruitment of child and adult 
subjects [1]. This method proved to be a relatively 
expensive and time consuming exercise that did not 
reflect the observed problems with misuse. Following 
publication of results from the first CREP series, ease 
of use protocols were simplified and combined with 
the vehicle compatibility trial.  This combination was 
then used for CREP Stages 2 (1996) and 3 (1999-
2000). 

More recently, Rona Kinetics developed 
comprehensive ease of use assessment protocols for 
the Insurance Corporation British Columbia (Canada) 
[2]. These were then adapted further by the National 
Highways Traffic Safety Administration (NHTSA) 
[3]. This development, together with concerns that the 
Australian CREP dynamic performance assessment 
was not keeping pace with test severities in New Car 
Assessment Program protocols, led to a review of the 
CREP assessment procedures in 2005.  The outcomes 
from this review were more comprehensive ease-of-
use assessment protocols, a revised dynamic test 
protocol and innovative scoring protocols [4]. 

This paper describes the new protocols being used in 
the Australian CREP and presents exemplar results 
achieved with these protocols.  
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EASE OF USE ASSESSMENTS 
 
Misuse of child restraints is a significant problem, 
both in terms of frequency and consequence [5-12].   
Reducing the propensity for misuse through improved 
restraint design is an important countermeasure to this 
problem. Review of results from earlier releases of 
the Australian CREP demonstrated that while 
substantial comparative information was collected 
about the ease of use of restraints on the Australian 
market (showing there were considerable differences 
between products), little information regarding the 
outcome of these assessments was actually 
communicated to the public. Furthermore, the 
methods used relied wholly upon expert opinion and 
were not documented in an objective way.  
 
Following this review, significant changes were made 
to the ease of use evaluations and a methodology 
developed that allows for more objective rating of 
features weighted on their likely impact on reducing 
misuse, and the types of misuse that are influenced. 
This method is heavily based on the current North 
American ease of use rating schemes [3].    

The ease of use criteria used are summarised in 
Appendix 1. Full details can be found at 
http://tinyurl.com/29me5k. The protocol is very 
similar to that used by NHTSA [3] with additional 
assessments of some features and a modified feature 
assessment ranking. 

This method requires each feature listed within five 
‘categories’ to be assessed individually. The 
‘categories’ are: Packaging, Instructions, Labels, 
Securing/Releasing the Child, and, Securing/releasing 
the restraint within the vehicle (the latter was not used 
for booster ratings). Good, Acceptable, Marginal and 
Poor ratings were recorded for each feature according 
to the criteria set out for that feature (see Appendix 
1), and where necessary additional comments were 
made. Results were stored within an electronic 
database. Digital photographs of each restraint and 
relevant components were taken. 

As with earlier iterations of CREP, each device was 
evaluated by a single ‘expert’ assessor.  However, to 
increase confidence in ratings, a second ‘expert’  
independently did audit style assessments on a small 
sample of the restraints.  A panel then compared the 
results and where appropriate, reviewed the 
assessment criteria and ratings for all restraints. 

Initially, it was intended to use the same scoring 
protocol as NHTSA [3]. In this method each feature 
within each category is assigned a weighting factor of 
either  3, 2 or 1 according to risk of injury and 

severity of misuse.  The features associated with the 
highest risk of severe injury if misuse occurs are 
given a 3 weighting.  A numerical scale is also used 
to score the assessment outcome for each feature, 
with 3 points equating to good, 2 points to acceptable 
and 1 point to marginal and zero for poor.  Under the 
NHTSA method, the two numbers are then multiplied 
together to provide a feature score (from 9 to zero).  
The scores within each category are then summed and 
divided by the sum of the applicable fixed weighting 
factors to provide a weighted average score.  
Similarly, an overall weighted average score is 
obtained by dividing the sum of all feature scores by 
the sum of all fixed weighting factors.  The NHTSA 
weighted average will always be between 1 and 3 and 
within this range either ‘C’ ‘B’ or ‘A’ ratings are 
awarded for scores of < 1.7, 1.7 but < 2.4 and 2.4 – 3, 
respectively.  

This approach to scoring had never been attempted in 
Australia. For this reason, results obtained using this 
ranking procedure, were carefully examined prior to 
finalization of the scoring protocol. Early analysis 
revealed that the "A, B, C" ratings did not usefully 
discriminate between products. This was contrary to 
the outcomes from direct observation of restraints 
during assessment, which identified significant 
differences.  In particular most categories and overall 
ratings came out a "B" under the tripartite method. To 
overcome these problems, the weighted average 
method has been modified to allow A, B, C, and D  
ratings to be assigned for each category and for the 
overall performance to be based on a quartile ranking 
system. 

In addition, a weighting factor of 4 was introduced to 
provide for design features that were innovative and 
effective in reducing the propensity for misuse. An 
example is "Audible and visual indication that 
harness is adjusted correctly" (See Appendix 1).   

Under the NHTSA ranking method the range between 
the maximum and minimum value (with minimum 
value being 1/3 of the maximum value) is divided 
into 3 equal segments. Breakpoints are therefore 80% 
of the maximum score and above for A, 57% of the 
maximum score and above for B and below 57% for 
C. Our modification involves dividing this same 
range (i.e. range between maximum and 1/3 of the 
maximum) into four, so that breakpoints become 83% 
of maximum and above for A, 67% and above for B, 
50% and above for C. Anything under 50% results in 
a D. 

In the case of the overall rating, it was decided to 
assign equal weights to each category, since safety-
related issues are inherent in the weights assigned to 
each feature within a category. Therefore an overall 
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percentage was calculated from the average of the 
category percentages. The overall rating for a mode 
(forward or rear facing) was based on the same 
quartile breakpoints (83%, 67% and 50%). For 
convertibles, an overall rating was based on the worst 
mode rating. 

The process for determining scores and ratings is 
graphically illustrated in Figure 1. 

 

Figure 1.   Ease of use rating process. 

Exemplar overall ease of use results are shown below 
in Figures 2-4. As shown in these results all restraints 
assessed in this series scored an overall B or C rating. 
While the protocols allowed for discrimination across 
the spread of results, the spread was still relatively 
small. Rather than a reflection of the protocols, this is 
likely due to the fact that less than half of the 
currently available restraints have been tested and 
most of these were from a single manufacturer. 
Therefore instruction booklets and labels etc have the 
same format.  
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Figure 2.   Ease of use overall results – Boosters.  
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Figure 3.  Ease of use overall results - Forward 
facing child seats. 
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Figure 4.  Ease of use overall results - Rearward 
facing infant restraints. 
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The fact that no restraint achieved an ‘A’ rating 
reflects the scope for improving features that would 
influence the propensity for misuse. 
 
At this stage only the overall rating score is published 
in public documents, and available on stakeholder 
websites. However, scores from the individual 
categories (shown in Figures 5-7) provide more 
detailed information, both regarding the comparative 
performance and the scope for improvement. 
 
Since there is little involved in installing a booster 
seat into a vehicle, this category was not assessed in 
this type of restraint. The results from the other 
categories assessed are shown in Figure 5 and 
illustrate distinct differences between restraints. 
While securing a child within a booster seat is 
relatively uncomplicated, the relatively low scores 
shown in Figure 5 related to this task (51%-62%) 
reflect the scope for improvement in this regard. The 
incorrect use of the seat belt in combination with 
booster seat use is a common observation in the field. 
Booster design features that minimise the likelihood 
of this form of misuse are to be encouraged. 
Therefore many boosters fell short in providing 
adequate ease of achieving and maintaining the 
correct belt path. Booster seats are also required to 
serve children over a wide range of seated heights. 
Many seats also failed to provide for children across 
the full spectrum of anthropometry.  
 
Most of scores shown in Figure 5 related to features 
related to labelling were in the 78-79%, but 2 devices 
scored only 64%.  There was a similar range in scores 
in the instruction booklet category. Both labelling and 
instructions are covered by the Australian Standard, 
and the major scope for improvement for the boosters 
seen to date, would be in the clarity and positioning  
of labels; and the clarity and provision of information 
in other languages in the instructions. 
 
As shown in Figure 5, there were distinct differences 
in the quality of packaging, primarily in regard to the 
level and clarity of information supplied concerning 
which children should be using boosters. Premature 
graduation from booster seats to seat belts, and from 
forward facing child seats to booster seats are 
widespread problems in the field [11-12]. Providing 
this type of information clearly on packaging would 
greatly assist parents and carers in making good 
choices at the point of purchase. 
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Figure 5.  Ease of use category results- Boosters.  
 
Exemplar results from the feature categories for 
forward facing seats are shown in Figure 6. Features 
related to ease of installation was assessed in these 
restraints. There was one restraint that clearly stood 
above the others in this regard, primarily due to the 
lack of complexity in achieving the correct belt path. 
However, there is room for improvement in all 
restraints, primarily in providing some form of 
feedback to users when the restraint is not installed 
correctly. 
 
There were also substantial differences in features 
related to achieving proper use of the internal harness 
system, with a range of scores between 48% and 
69%. The poorer scoring devices fell short in items 
related to the ease of removing the restraint cover and 
rethreading the harness. Again there is scope for 
improvement in the provision of some feedback 
mechanism, so that users know when the restraint is 
being used correctly. The range of scores in the label 
category was similar (48%-71%). Problems observed 
in this category included the positioning and clarity of 
labels. Ideally labels should include pictograms and 
be positioned near the task to which they refer. 
 
Figure 7 illustrates exemplar results for rearward 
facing infant restraints. Most of the rearward facing 
restraints on the market in Australia are convertibles.  
The need for installation in two different ways results 
in potential for confusion around the correct seat belt 
path and is reflected in these reuslts. (This was also 
apparent in the convertibles among the forward facing 
restraints). The need for colour coding seat belt paths, 
labels and instructions for the different modes is high, 
and the lack of these features in Australian restraints 
affected the scores across a number of categories. 
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Figure 6. Ease of use category results- Forward 
facing child seats.  
 
As was the case for forward facing restraints, there 
were significant differences in the ease of achieving 
and maintaining proper use of the restraint, with 
scores ranging from 42-70%. Again the poorer 
performers did not allow for the easy removal  of 
covers and rethreading of the harness system, and all 
devices could be improved through the provision of 
feedback mechanisms to indicate correct use. Similar 
problems with labelling and instructions to that 
observed among the forward facing seats were also 
apparent in the rearward facing restraints.  
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Figure 7. Ease of use category results - Rearward 
facing infant restraints. 
 
Finally, it is important to note that not all restraints 
currently on the Australian market were assessed to 
the new protocols and that the exemplar results 
presented in the above Figures are a sample of the 
restraints that have been assessed thus far. 

DYNAMIC PERFORMANCE ASSESSMENTS 
 
Since its inception in 1992, the Australian CREP has 
included an assessment of dynamic performance in 
front, side, rear, and (for rearward facing restraints) 
inverted simulated impacts. The dynamic 
performance has been the focus of the rankings and 
information provided to consumers. 
 
In the past, two frontal impacts were conducted, one 
at the same severity as the Australian Standard 
(49km/h, 20g), and one at a higher severity of 56km/h 
and 34g.  The higher severity pulse originates from 
peak vehicle floor pan accelerations in the small 
number of vehicles tested in ANCAP in 1992, and 
also represents the upper acceleration envelope 
specified for the frontal tests in the Australian 
Standard.  

In the first series of CREP, all restraints were 
subjected to both tests. However in all previous series 
since then, booster seats have been excluded from the 
higher severity test due to concerns regarding the 
robustness of the test dummy. Booster cushions (i.e. 
booster seats with no back) have not been included in 
the program since the first series of CREP. 
 
Review of results obtained from these earlier 
evaluations found no worthwhile information was 
being gained from the lower severity frontal impact 
test. As a consequence the 48km/hr test has been 
dropped, and all restraints, including booster seats, 
are now subjected to the 56km/h test with a 34g 
pulse.  
 
In frontal impacts in the revised protocols, dummy 
choice is based on the mass of the dummy being 
equal to or above the upper end of the mass limit for 
each type of restraint. The TNO P3/4 (9kg) is used for 
rearward facing restraints with upper mass limit of 9; 
the TNO P11/2 (11kg) for rearward facing restraints 
with upper mass limit of 12kg; the TNO P6 (22kg) 
for forward facing restraints (upper mass limit of 
18kg); and the TNO P10 (32kg) for booster seats 
(upper mass 26kg). 
 
Underscoring the development of the assessment 
protocols is a philosophy based on assessing the 
comparative performance of each type of restraint 
with respect to what the protective aims of that type 
of restraint are, rather than one based on 
biomechanical injury criteria. 

For rearward and forward facing restraints in frontal 
impact, a high level of importance is placed on head 
displacement and measures that assess how well the 
restraint manages dummy deceleration.  
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No pre-defined limits of head excursion performance 
were set. Instead, the revised protocols allow for an 
objective comparison of restraint performance. Head 
excursion is recorded and scores assigned based on 
the range of excursions obtained. The best score (4) is 
given to that restraint with the least head excursion, 
the next best (3) to those within 50mm of that 
excursion, and so on. Similarly, head energy 
management is scored using the range of HIC36 
scores obtained. The range is divided into 3 and the 
best score given to those devices in the lowest third 
and the worst score given to those in the highest third. 

One of the primary design objectives of rearward 
facing restraints should be ensuring the distribution of 
crash forces is through the back of the child (or 
dummy). In earlier versions of CREP, head 
accelerations were used to assess how the crash 
forces were distributed in frontal impact, but review 
of the results from earlier programs demonstrated that 
chest accelerations are more reliable.  If crash forces 
are distributed through the back  of the dummy, the 
chest g’s in the x axis should at least be equal to the 
those in the z axis, and a restraint that does this really 
well should have a higher deceleration through the x-
axis than through the z-axis. Load distribution scores 
were assigned using a range reflecting this concept. 
An ‘unacceptable’ rating (i.e. a score of zero) was 
assigned if the chest  X-axis peak g was less than 
100% of the Z-axis peak g, but ≥ 90% of the Z-axis 
value. The next lowest score (1) was given when the 
acceleration in the x and z direction was 
approximately equal, and the higher scores awarded 
when more of the load was being distributed through 
the x direction. The highest possible score was 
awarded when the peak g in the x-axis was 130% or 
more of that in the z-axis. This ratio was chosen as it 
represents the best performing device currently on the 
market. 

A complementary measure of restraint ride down was 
also made in the assessment of rearward facing 
restraints in frontal impact. This measure, called TEM 
(torso energy management) is calculated from the 
resultant chest acceleration over a specific time 
period (in a similar manner to HIC) and was scored in 
the same way as HIC. That is the range of TEM 
values obtained were divided into three and scores 
awarded accordingly.  

Booster seats aim to improve the fit of the adult lap 
sash belt and their performance, particularly in frontal 
impact, should be assessed in these terms.  In frontal 
impact tests, a high priority is therefore placed on the 
pre impact and during impact positioning of the sash 
and lap parts of the belt. High scores (4) were given 
when: 

• the pre impact position of the sash was 
across and in contact with the dummy’s 
shoulder and chest and essentially remained 
in place during impact, and 

•  the lap portion of the belt remained in place 
over the dummy’s pelvic region, during the 
impact phase of the test. 

Unacceptable (0) scores were given to those restraints 
that failed to meet these criteria and there was no 
criterion in between. 

No attempt was made to compare head excursion or 
any measure of head energy management in booster 
seats in frontal impact. These types of measures were 
found to give misleading results since while they are 
heavily influenced by sash and lap strap positioning, 
low head excursion can be the result of submarining. 
This appeared to be the case in at least one of these 
tests. 

Dummy retention in booster seats was assessed using 
three possible scores. A high score was awarded for 
complete retention and an unacceptable (0) score for 
complete ejection, of if the dummy’s torso came free 
of the sash during the impact phase.  A third low 
score (1) was available if the dummy’s torso rotated 
so that it was only partially restrained by the sash. 

To date, side impact performance in CREP has 
involved subjecting child restraints to two simulated 
side impacts; one test at 90 degrees and another at 45 
degrees.  The pulse used is the same as that required 
by the Australian Standard. To increase the severity 
of the test, a simulated side door structure was 
positioned adjacent to the test seat. The door which 
replicates a simplified rear door of a sedan, in shape 
and size, is a static structure. 
  
Since the last CREP series and prior to the review of 
assessment procedures, the Australian Standard test 
methods and performance requirements in side 
impact were modified to also include the side door 
structure. This differs from the CREP door in that a 
poly carbonate inner door skin replaces the metal one 
used in CREP. Except for this detail, the 90 degree 
CREP side impact test now replicates the Standard 
test. In the Standard, booster cushions are exempt 
from this requirement. 
 
The Standard also now requires all restraints to 
prevent head contact with the door. However for 
forward facing restraints and booster seats, the 
dummies specified by the Standard represent children 
at the lower end of the restraints size range, in terms 
of seated height. For this reason, the 90 degree test 
continues to be included in the CREP assessment, but 
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the dummies used are modified to better represent the 
seated height of children at the upper end of the size 
range. For forward facing restraints, tests are 
conducted with a TNO P3 with a seated height 
modified to 605mm. Similarly, the booster seats were 
tested with the seated height of a TNO P6 increased 
by 40mm. Assessments were made on the absence or 
presence of head contact as well as the degree of head 
containment.  
 
During the review of the original procedures, the 45 
degree test was also found to be providing limited 
information useful in discriminating between the 
performances of the restraints. As a consequence, the 
45 degree test has been replaced with one that more 
closely resembles a US NCAP side impact - that is at 
66 degrees.  The same dummies and performance 
aspects assessed in the 90 degree test are used in the 
66 degree test. 
 
The same door structure was used in these tests as 
that used earlier iterations of CREP.  At this stage, the 
side impact test pulse remains at 32 km/h and 17g. 
Review of recent Australian NCAP side impact data 
suggests that this is an adequate severity. 
 
All restraints are subjected to both these tests. 
Booster cushions (i.e. boosters without backs) remain 
excluded from CREP assessment. 
 
To provide high levels of protection in side impact, 
child restraint systems need to minimise contact 
between occupants and the vehicle interior and, if 

contact occurs, minimise the severity of that contact. 
The greatest priority is head protection. In earlier 
versions of CREP, head displacement was assessed 
through noting any contact between the dummy’s 
head and the test rig. The inclusion of a comparative 
HIC score was considered in this revision of the 
CREP protocols. However data from past (and this 
current) test series revealed the HIC values obtained 
depend more on the stiffness of the location of the 
contact between the door and the restraint than on the 
properties of the restraint. Even for restraints that 
completely contain the head, the variability in 
restraint/door contacts results in this measure being a 
poor indicator of any individual restraint’s energy 
absorption features.  Therefore no assessment of this 
type was included in this revision, but work continues 
on the development of an appropriate way to assess 
this important feature. 

While the inclusion of head/door contact 
requirements in the Australian Standard has resulted 
in all devices providing some degree of head 
containment for the TNO P3 dummy, there is 
variability. For this reason the degree of head 

retention in side impact is also assessed. The highest 
score (4) is given if the head remains completely 
within the confines of the side wings, and a low score 
(1) is given if part of the dummy’s head is exposed 
over the rim of the side wings during the impact 
phase of the test, but a head strike does not occur out 
side the device. Similarly, the Australian Standard 
requires the dummy to be retained in the device, 
however observations made in past and the present 
series revealed that in some cases one shoulder 
escaped from the harness in side impact. A high score 
for dummy retention was awarded when the dummy 
was fully retained and a low score (1) awarded if the 
dummy’s torso was only partially restrained (one 
shoulder restrained) by the harness. 

The rear impact and simulated inverted impact used 
in CREP in the past have been dropped from the new 
protocols because during the review, they were found 
to not be providing useful comparative data. 
 
Summarised details of the revised dynamic test 
protocols are provided in Appendix 2, full details can 
be found at http://tinyurl.com/26qjqp. 
 
In earlier versions of CREP, ranking and scoring of 
results consisted of, “preferred buy” ratings being 
given to a number of devices in each restraint type 
category. These were awarded to restraints that 
performed well in a number of areas, however the 
method was relatively subjective.  The recent review 
of the program determined that there was significant 
scope for development of a more objective rating 
system that included formal documentation of 
objective protocols. A ratings system similar in 
methodology to the system being used in the ease of 
use assessment (and based on the method used by 
NHTSA) was therefore developed.  
 
The features being assessed in the dynamic 
component are divided into a set of performance 
categories. Within each category, there are a set of 
items or individual performance aspects (PA). Each 
PA has been given a weight between 1 and 4 based on 
their importance in terms of offering crash protection 
in the real world. A numerical scale of 4 (good) to 0 
(unacceptable) is used to rate the outcome for each 
PA. Scores for each PA are obtained by multiplying 
the outcome score by the weight for that PA. 
Category scores are arrived at by adding the scores 
obtained for that category and calculating what 
percentage this is of the maximum possible score for 
that category. Each category is then awarded an A, B, 
C or D ranking based on the breakpoints set out in 
Table 1. 
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These breakpoints have been set on the basis that any 
device scoring less than or equal to 50% of the 
maximum score is judged as ‘unacceptable’ and given 
a ‘D’ ranking. The range between 50% and 100% has 
then been divided into 3 equal ranks. 

There is also one limiting rule applied to category and 
overall rankings. This rule is that if any device 
receives two or more ‘0’ scores (i.e. an 
‘unacceptable’) score that device can not be awarded 
an A or B ranking for that category or for an overall 
ranking. 

 

 ‘Performance Aspect’ 
Set Score 

Overall Score 

The ‘PA‘ set score ≥ 83% 
of maximum ‘PA’ scores 
that could be obtained for 
the set 

The sum of the ‘PA’ 
scores ≥ 83% of the sum 
of the maximum scores 
that could be obtained for 
all the ‘Performance 
Aspects’ 

The ‘PA‘ set score < 83% 
but ≥ 67% maximum 
‘PA’ scores that could be 
obtained for the set 

The sum of the ‘PA’ 
scores ≥ 66% but < 83% 
of the sum of the 
maximum scores that 
could be obtained for all 
the ‘Performance 
Aspects’ 

The ‘PA‘ set score < 66% 
but ≥ 50% of maximum 
‘PA’ scores that could be 
obtained for the set 

The sum of the ‘PA’ 
scores ≥ 50% but < 66% 
of the sum of the 
maximum scores that 
could be obtained for all 
the ‘Performance 
Aspects’ 

The ‘PA‘ set score < 50% 
of maximum ‘PA’ scores 
that could be obtained for 
the set 

The sum of the ‘PA’ 
scores < 50% of the sum 
of the maximum scores 
that could be obtained for 
all the ‘Performance 
Aspects’ 

Table 1. 
Ranking score calculations –Dynamic Testing 

Exemplar overall dynamic performance results are 
shown in Figures 8-10. As shown in these figures 
there was a wide range in performance both between 
restraints of the same category and different restraint 
types. Booster seats achieved the lowest ratings, with 
most restraints achieving a C. There were no A level 
performances awarded, only one B and a D, the latter 
to a very poor performing seat.  
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Figure 8.  Dynamic overall results – Boosters.  
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Figure 9.  Dynamic overall results - Forward 
facing child seats 
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Figure 10.  Dynamic overall results - Rearward 
facing infant restraints. 
 
Similarly, there were no A levels among the forward 
facing seats. The majority achieved a B, with the two 
poorest performers achieving a C. Among the 
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rearward facing restraints, one device scored an A, 
and the rest scored a B. Overall then, the rearward 
facing restraints appeared to be performing the best, 
and booster seats the worst. 

These results illustrate the significant differences in 
performance that exists among restraints on the 
market in conditions beyond the minimum 
performance requirements of the Australian Standard, 
and the scope for further improvement in 
performance, particularly among booster seats and 
forward facing restraints (albeit it to a lesser degree). 

As was the case for ease of use, only the overall 
scores are being published at this time, and these 
scores are not weighted by performance category. 
However review of the performance in different 
impact types provides some useful information. 
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Figure 11.   Dynamic category results – Boosters.  
 
In boosters in frontal impact (see Figure 11), there 
was clear distinction between restraints with scores 
ranging from 28-70%. The best performing restraints 
had well positioned sash guides and crotch straps. 
Well placed sash guides correctly positioned and 
maintained the position of the sash part of the belt. 
This feature also controlled the dummy motion in a 
desirable way. Devices fitted with crotch straps (also 
called anti-submarine clips) maintained the position 
of the lap belt low down on the dummy pelvis 
throughout the impact. Those devices without these 
features performed poorly.  
 
Among the boosters in the 90 degree side impact 
tests, there were 3 ‘groups’ of devices - those that 
scored higher (75-80%); those that scored 
comparatively in the middle (50-60%; and one device 
that scored poorly (38%). Features affecting 
performance in side impact were: 

• side wing height - higher side wings were 
better able to prevent contact between the 
dummy’s head and the door, 

• well positioned sash guides – these appeared 
to have a role in preventing the dummy’s 
shoulder, and 

• the use of a non-frangible material in their 
construction. 

 
In the 66 degree tests, there was also a clear 
distinction in performance with scores grouped 
around 45% and 66%. The primary difference 
between the groups was that head contact with the 
side door occurred in the lower scoring devices. 
 
Overall it appears that for booster seats in general, 
there are a number of areas where there is significant 
scope for improvement. These include: 

• the provision of side structures that match 
the seated height of all children within the 
weight range of booster seats,  

• improved torso restraint in side impact - this 
includes better structural integrity, 

• better maintenance of the sash position 
during the impact phase in frontal and side 
impact, and 

• improved lap belt geometry and 
maintenance during the impact phase. 

 
Well positioned sash guides and crotch straps (or 
anti-submarine clips) appear to do address the latter 
two issues to some extent. 
 
Results from the individual performance categories 
for forward facing child seats are shown in Figure 12. 
From this figure it appears the results obtained were 
more consistent across restraint types than they were 
among the booster seats. The biggest difference in 
performance was in frontal impact with 2 restraints 
scoring much better than the others. These restraints 
significantly outperformed the others in achieving 
reduced head excursion and HIC values.  
 
There was much less difference between the overall 
category scores for forward facing seats in the 90 
degree impacts. While all of the restraints are 
approved to the Australian Standard (and therefore 
must be able to prevent head contact between the 
TNO P3 and the door), only one prevented head 
contact using the dummy with a boosted seated 
height. However this restraint, as well as many of the 
others had difficulty in completely containing the 
head since the side wings allowed ½ to a 1/3 of the 
dummy’s head (with boosted seated height) to be 
exposed. 
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The 66 degree impact tests provide better distinction 
between performance. Head contact with the window 
glass of the side door structure occurred in all cases. 
The primary difference in the poorer performing 
devices was that they allowed the left hand (nearside) 
shoulder strap to slip completely off the shoulder 
during rebound. 
 
Overall points for improvement for forward facing 
restraints are: 

• the provision of a better match between side 
wing height and the seated height of 
children in the upper mass range of the 
device, 

• optimization of the belt path to assist in the 
reduction of head excursion and the stability 
of the device during rebound, and  

• maintenance of good harness fit during the 
impact phase and rebound in side impact. 
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Figure 12.   Dynamic category results - Forward 
facing child seats.  
 
Among the rearward facing restraints there was one 
device with clearly superior performance in both the 
frontal and side impact categories (See figure 13). 
This device scored 96% in the frontal tests, 
performing the best in all aspects except the TEM 
(torso energy management) measurement (where it 
scored second best).  The other restraints fell short 
primarily in their management of head and torso 
energy during the impact. The poorest performing 
restraints also failed to distribute the loads as well as 
the others, and retain the dummy’s head. 
 
There was no difference between the restraints in the 
90 degree tests, all prevented head contact. This 
exemplifies the need for an adequate method for 
assessing the energy absorption ability of the 
restraints when the head is contained. Similarly, there 

was no head contact in the 66 degree tests. However 
there was one significant difference between the 
restraints. Some (scoring 100%) prevented head 
contact and contained the head fully within the 
confines of the restraint, while others allowed at least 
part of the head to move beyond the rim of the 
restraint. 
 
The greatest scope for improvement observed in 
rearward facing restraints lies in the inability of some 
restraints (particularly convertible restraints) to 
completely contain the head in frontal and side 
impact. It is imperative that these features be 
addressed since exposure of the head of an infant over 
the rim of the restraint increases the risk of head 
contact with the vehicle interior and/or intruding 
structures. The other area of concern, also primarily 
observed in convertible restraints is the amount of 
vertical motion occurring during rebound.  
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Figure 13.  Dynamic category results - Rearward 
facing infant restraints 
 
PUBLIC RELEASE OF RESTRAINT RATINGS 
 
Experience from other vehicle safety advocacy 
programs, such as the Australian New Car 
Assessment Program, and the Used Car Safety 
Ratings shows that consumers want complex scoring 
information distilled into a simple form they can 
understand. In this case, it was felt that the dynamic 
and ease of use scores were quite different and should 
be presented separately. This would enable 
consumers to make their own judgement if they 
thought one factor was more important than the other. 
 
The release of ratings is supported by a brochure and 
a media release.  The brochure lists the restraints in 
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categories in order of performance, best performing at 
the top of each table.  This information is also 
published on stakeholder websites as close as possible 
to the time and date the media release is circulated. 
 
 Media releases are drafted by one stakeholder, 
circulated to other stakeholders for comment, then the 
final agreed version is legally reviewed.   
     
The media release is embargoed and, on the day of 
the release, stakeholder representatives make 
themselves available for interviews. The response 
normally includes television interviews, as there is 
good video from the crash test facility, with high 
rating morning TV shows being particularly 
interested in the subject. 
 
 Newspaper coverage has also been widespread, as 
the information is appreciated in a range of areas, 
including maternity hospitals, child injury prevention 
groups and parent/consumer groups. 
 
There is an ongoing significant level of enquiry to 
telephone information lines that confirms that the 
CREP stakeholders are strongly associated in the 
public's mind with the distribution of child restraint 
rating information. 

 
 

DISCUSSION AND CONCLUSIONS 
 
The overriding objective of a program such as CREP 
is to provide children with improved levels of crash 
protection - beyond the minimum required by the 
Standard. Firstly the program aims to influence 
consumers to buy restraints which rate well, and 
avoid the restraints which do not. This secondly 
provides an economic incentive for manufacturers to 
develop and market better performing products.   
Thirdly, to assist manufacturers, the program 
provides detail of where their products rate well and 
where they do not. Therefore it also provides useful 
step-by-step guidance on where and how the product 
needs to be improved.  

Ensuring that useful, credible information is provided 
to consumers relies first and foremost on a reliable 
and appropriate assessment protocol. This was the 
driving force behind the recent review of the 
Australian CREP protocols.  

It is important that assessment procedures meet three 
primary objectives. Firstly they must allow 
discrimination between restraints to allow for 
comparisons between the best and worst performers 
within a category; secondly they must encourage even 
the best performers to improve designs in necessary 

areas, and thirdly they must reflect issues relevant to 
the real world protection of children in cars. 

The newly revised protocols, as presented here, 
clearly meet the first two objectives. Intuitive and 
anecdotal experience suggest they are also likely to 
meet the third, however scientifically robust 
validation methods are required to make sure. Two 
projects are currently underway to achieve this, and 
the results will be used to refine and enhance the 
CREP methodologies where necessary. 

In addition to refinements following validation of the 
methodologies, it is intended that these protocols will 
undergo regular review. This is particularly important 
to allow the objectives of the protocols to continue to 
be met as changes occur in the design of restraints on 
the market and/or the requirements of the Standard.  
Feedback from those conducting the assessments is a 
useful source of potential refinements and 
enhancements. 

Following the conduct of this most recent series using 
these newly revised protocols, a number of issues 
were raised for consideration in updated revisions. 

For example the ability to discriminate adequately 
between the energy absorption features of restraints 
containing the head in side impact would be a 
significant enhancement.   

While consumer information-based assessment 
programs focusing on child restraint design are likely 
to enhance the ease of use and dynamic performance 
of child restraints, the child restraint is only one piece 
of the protective system in the real world. There is 
also a need to encourage vehicle manufacturers to 
improve the ease of installing and using child 
restraint systems in specific models of vehicle and the 
development of effective strategies to achieve this is 
required. One possible measure raised in the past is 
the addition of some form of child restraint 
compatibility assessment to programs such as NCAP. 
An example of a possible scoring system is outlined 
by Brown et al [13]. 
 
Once there is an adequate assessment and scoring 
procedure, the critical part of the process is to ensure 
that the CREP results are readily available to 
consumers and that consumers use this information in 
making their purchasing decisions. 
 

An important part of the consumer evaluation process 
is to provide guidance to manufacturers regarding 
where the highest priority areas for significant gains 
in performance lie. This recent series of ease of use 
assessments has indicated a number of features where 
specific attention is warranted. These include; 
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• provision of information regarding correct 
and appropriate use in languages other than 
English on packaging and within instruction 
booklets, 

• one page pictorial set up and usage guides, 

• better clarity in diagrams such that the 
information contained with diagrams on 
packaging, labels and in instructions books 
conveys all necessary information with no 
need to read any additional text, 

• placement of labels on restraints in the 
vicinity of the task to which they refer, and  

• colour coding of instructions, labels and seat 
belt routing (particularly for individual 
modes of use in convertible restraints).  

The incorrect use of in-built harness systems (in 
forward facing and rearward facing restraints) and the 
sash of seat belts (in booster seats) are areas raising 
concern in the field. There is a need to encourage 
manufacturers to optimise their designs to reduce the 
propensity for this form of misuse. Bonus points were 
available in this series for restraints that provided 
some means of warning when the harness/belt was 
being used incorrectly (or conversely some feedback 
system denoting correct use). No restraints currently 
have any features like this and this would be one area 
where manufacturers could gain some edge for future 
programs. 

In the dynamic assessments, the philosophy of 
assessing performance with respect to what the 
protective aims of that type of restraint are, rather 
than one based on biomechanical injury criteria is a 
relatively new approach, and resulted in some 
significant changes to the way restraint performance, 
(particularly in the case of booster seats) was 
assessed. Results indicate that this assessment 
approach allows for the useful discrimination 
between products based on observable differences in 
performance in the laboratory.  

Of note, there was a substantial difference in the head 
excursion allowed between the best and the worst 
performing forward facing restraints. Overall, the 
results suggest there is specific scope for improving 
the performance of; 

• convertible child restraints generally, 

• booster seats, particularly those that do not 
incorporate adequate sash guides and crotch 
straps, and  

• forward facing and booster seats in side 
impact, particularly in the head protection 

provided in side impact at the upper end of 
their mass limits.  

Finally, it should be noted that due to differences in 
both the protocols and the scoring systems, it is not 
possible to compare the ease of use of Australian 
restraints and those in North America, or the dynamic 
performance results with those conducted elsewhere.  
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APPENDIX 1: EASE OF USE ASSESSMENT 
PARAMETERS 
 

CATEGORY  DESCRIPTION 
CHILD  Buckle secured in reverse 
CHILD  Indication buckle secured 

correctly 
CHILD  Easy access to harness 

adjustment 
CHILD  Ease of harness adjustment  
CHILD  Indicator of correct harness 

adjustment 
CHILD  Range of harness slots 
CHILD  Visibility of slots 
CHILD  Ease of changing slot 

position 
CHILD  Threading straps when 

changing slot position 
CHILD  Liner/harness interaction 
CHILD  Consistency  
CHILD  Removal of cover 
CHILD  Removal of child when top 

tether attached 
CHILD  Indication of correct 

harness us 
CHILD  Seat belt path 
CHILD  Indication of correct seat 

belt  
CHILD  Height adjustable 
CHILD  Ease of height adjustment 
INSTRUCTIONS  Instructions generally 
INSTRUCTIONS  Quick set up/reference 

guide 
INSTRUCTIONS  Easy to read font 
INSTRUCTIONS  Easy to understand 

diagrams 
INSTRUCTIONS  Size range clearly indicated 
INSTRUCTIONS  Modes of use clearly 

indicated 
INSTRUCTIONS  Belt routing  
INSTRUCTIONS  Using isofix  
INSTRUCTIONS  Belt/harness use 
INSTRUCTIONS  Correct use of top tether 
INSTRUCTIONS  Using correct harness slot 
INSTRUCTIONS  Warnings related to correct 

use of harness/belt 
INSTRUCTIONS  For maintenance 
INSTRUCTIONS  Location 
INSTRUCTIONS  Accessibility 
INSTRUCTIONS  In other languages 
LABELS  Labels generally 
LABELS  Easy to read font 
LABELS  Easy to understand diagram 

CATEGORY  DESCRIPTION 
LABELS  Child size range indicated 
LABELS  Modes of use indicated 
LABELS  Instructions for belt path 
LABELS  Instruction correct use of 

top tether 
LABELS  Instructions for using 

correct harness slot or belt 
guide 

LABELS  Warnings related to correct 
use of harness 

LABELS  Labels Consistent with 
Instructions 

LABELS  Durability of labels 
LABELS  Location of labels 
LABELS  Visibility of labels 
LABELS  Identification of stabiliser 

Bar 
LABELS  Colour coding for mode of 

use 
PACKAGING  Easy to read font 
PACKAGING  Child size range indicated 

for  mode 
PACKAGING  Modes of use clearly 

indicated 
PACKAGING  Accommodation (vehicle) 
PACKAGING  Appropriate use 

information provided in 
other language 

INSTALLATION * Indication that seat belt is 
routed correctly 

INSTALLATION * Correct belt routing  
evident 

INSTALLATION * Ease of achieving belt path 
INSTALLATION * interaction between harness 

and adult seat belt 
INSTALLATION * Ease of using  belt 

positioning feature 
INSTALLATION * Ease of removing belt slack  
INSTALLATION * Top Tether adjustment 
INSTALLATION * Top Tether attachment to 

CRS 
INSTALLATION * Seat back angle 
INSTALLATION * Ease of changing recline 

angle 
INSTALLATION * EASE OF USING 

STABILISER BAR 
INSTALLATION * Accommodation in large 

family sedan 
INSTALLATION * Ease of removing restraint  
* Does not apply to Booster Seats 
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APPENDIX 2: DYNAMIC ASSESSMENT 
PARAMETERS 
 

CATEGORY Applies* DESCRIPTION 
FRONTAL RF Head retention 

FRONTAL  FF Forward head 
excursion 

FRONTAL  RF, FF, 
BS 

Dummy retention 

FRONTAL   Upward and/or 
rotational displacement 
of the CRS in rebound 

FRONTAL  RF, 
FF,BS 

CRS security and 
integrity 

FRONTAL  RF Load distribution 

FRONTAL  RF Head energy 

management 

FRONTAL  RF Torso energy 

management 

FRONTAL  RF, FF Adjuster slip 

FRONTAL  FF Operation of quick 
release device 

FRONTAL  BS Seat belt sash strap 
location 

FRONTAL  BS Submarining 
FRONTAL  BS Seat belt strap location 

 
*RF – Rearward Facing Infant Restraint, FF – 
Forward Facing Child Seat, BS – Booster Seat 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

CATEGORY Applies* DESCRIPTION 
SIDE RF, FF, 

BS 
Head retention 

SIDE RF, FF, 
BS 

Dummy retention 

SIDE RF, FF, 
BS 

CRS security and 
integrity 

SIDE RF,FF Adjuster slip 
SIDE BS Seat belt sash strap 

location 
SIDE  Labels generally 
SIDE  Easy to read font 
SIDE  Easy to understand 

diagram 
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INTRODUCTION 
 European official data from the European Road 
Safety Observatory (ERSO, www.erso.com) shows that 
Road traffic accidents in 2004 in the Member States of 
the European Union lead to about 47.000 fatalities and 
more than 1.8 million people injured. Coming back to the 
data in France provided by ONISR (Observatoire 
National Interministériel de la Sécurité Routière) in 2004, 
5232 fatalities and 17435 seriously injured people have 
been observed. 3186 persons died in passenger cars.  
Frontal impacts represent 47% of killed and 69% of 
seriously injured people in passenger cars. The 
distribution is 1290 fatalities in front seats and 143 
fatalities in rear seats. Recent progress in passive safety, 
coming from both regulation enforcement and consumers 
ratings allowed to solve most of the lethal issues in 
frontal impact which were : 

 
- Intrusion (steering wheel, firewall, footwell,…), 

which decreased with well-designed absorbing 
structure 

- Head contact with steering wheel, avoided with 
frontal airbags 

- Chest injuries, reduced with seat belt load limiters. 
 
The aim of this paper is to review the evolution 

of lower legs injuries throughout the last vehicles 
generations to find out the benefits of advanced restraints 
systems such like double pretension. 

 
The first part of this paper is dedicated to an 

explanation of the Renault double pretension system, 
adopted on most of the line-up. Test data using Renault’s 
current procedure will show the effectiveness of that 
technical solution compared to a single pretension 
restraint system. The effectiveness will be shown not 
only for current 50th percentile occupant usually used in 
regulation and ratings, but also 5th and 95th percentile 
occupants. 

 
The second part is a review of real accident data 

provided by the LAB. Injury data have been collected on 

vehicles fitted with a double pretension and compared 
with those of the rest of the fleet, in order to estimate the 
effectiveness of double pretension. 
 
1° DOUBLE PRETENSION RESTAINT SYSTEM 

1-1°) Description of the different restraint 
systems 
The main purpose of pretensionning is to 

optimize the occupant coupling with the seat, and to 
reduce his relative speed with that of the structure. 
Buckle or retractor pretensioners are already well-known 
to yield a good occupant chest coupling with the seat. 
Firing the pretensioner once the impact is detected leads 
to a retractor pull-in or a downward movement of the 
buckle, allowing to remove all the gaps in the belt as well 
as to maintain the occupant chest and pelvis as close as 
possible to the seat. 
 

In addition to that single pretension, a second 
pretensioner can be fitted to increase the occupant pelvis 
coupling with the seat and then limit the pelvis forward 
displacement. Figures 1&2 show an example of pelvis 
pretensioner before and after deployment. 
 

 
Figure 1 : pelvis pretensioner before test  

 

  
  Figure 2 : pelvis pretensioner deployed 
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Some specific car designs prevent from being 

able to fit a second pretensioner on the outer side of the 
front seat. It is the case, for example, with 3 door or 
convertible cars, for which the front seats need to be 
moved forward to allow rear passengers to ingress. In 
that case, there is generally a sliding outer seat belt 
anchorage, and no pretensionner can be fitted. To reach 
the same performance level, a deployable cushion, named 
Pelvis Restraint Cushion, can be fitted in the front seat 
base. It consists of an inflatable metal box located just 
below the occupant thighs. The deployment of such a 
device reduces the pelvis forward movement in the same 
manner as the pelvis pretensioner. Figures 3 & 4 show a 
seat base cushion before and after deployment. Picture 5 
shows the deformation of the seat base deployable 
cushion after its interaction with the occupant’s pelvis. 
 

  
Figure 3 : Pelvis Restraint Cushion 
at rest 

 

 
Figure 4 : Pelvis Restraint Cushion 
deployed, before interaction with 
occupant 

               

 
Figure 5 : Pelvis Restraint Cushion 
deployed, after interaction with 
occupant 

 

1-2°) Assessment of the performance through a 
full lap frontal  impact 
 

1-2-1°) Test setup 
The performance of a restraint system 

can be assessed through the following test 
configuration : 
Full lap test on a rigid wall. The test features are 
given below : 
- Velocity : 56km/h 
- Offset : 100% 
- No deformable barrier to really assess the 

restraint system performance 
- Instrumented HIII dummy 
 
This test configuration can be performed either 

through a full scale test or a sled test. The following test 
campaign has been performed using a High-G sled test 
where the input pulse is that of the car obtained when 
tested against a rigid wall at 56km/h. The setup contains 
seats and belt systems with the actual geometry. The belt 
is equipped with a pyrotechnic retractor for the single 
pretension configuration and a pyrotechnic retractor + lap 
belt pretensioner in case of double pretension 
configuration. Since the purpose is to assess lower leg 
performance, the airbag is not present and to reduce the 
chest forward movement without airbag, a 6kN load 
limiter is fitted instead of the 4kN usually present in the 
Renault cars.  
 
The table below summarizes the different tests presented 
in this paper : 
 

 

Configuration 
/ Setup 

Restraint 
system 

Dummy size 

Single 
pretension 

5th 
percentile 

50th 
percentile 

95th 
percentile Full lap test 

56km/h Double 
pretension 

5th 
percentile 

50th 
percentile 

95th 
percentile 
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The figures 6&7&8 present the setup of configuration 2 
with the 3 dummy sizes 
 

 
Figure 6 : setup with 5th 

 

   
Figure 7 : setup with 50th 

 

 
Figure 8 : setup with 95th  

 
 
 

 
1-2-2°) Performance assessment 

method 
If we assume that hard contact of lower legs 

with the dashboard is at the origin of the injuries, one 
possibility to assess the performances of a restraint 
system for this body region is to calculate the knee 
forward movement during the test. We make the 
assumption that the knee displacement is the same as the 
pelvis displacement. We consider that in full scale test, 
when the knee is loaded by the dashboard, the pelvis can 
continue its forward displacement more than that of the 
knee by rotating around the tibia. It means that the knee 
forward displacement is lower than that of the pelvis. We 
can then assume that, with a given seat, the smaller the 
pelvis forward displacement is, the lower is the risk for 
the occupant’s leg to be injured. This displacement can 

be calculated by 2 methods: a double integration of the 
pelvis acceleration and a wire sensor fixed on the rear 
part of the pelvis and attached to the sled.  To do so, the 
dummies used for this test campaign were instrumented 
in the pelvis region as below: 

- accelerometers in X & Z directions (with 
the pelvis SAE-J211 reference), providing 

)(tX pelvis
&&  and )(tZ pelvis&&  

- angular velocity sensor providing Ω(t), the 
integration of which gives the pelvis 
rotation angle θ (t) due to the relative 
torso/leg movement 

- wire sensor between the sled (behind the 
seat) and the pelvis 

- accelerometer in X direction on the sled 
-  

The figure 9 describes the different measurements and 
axis involved in the tests. 

 
figure 9 : description of  the sensors involved in the tests 

and their axis. 
 
The pelvis forward movement relative to the sled can be 
calculated using the following formula: 
 

22 )())(sin)()(cos)(( dttXdtttZttX

ntDisplacemePelvis

t
Sled

t
pelvispelvis ∫∫∫∫ −+

=−

&&&&&& θθ
 

 
If the accuracy of this formula can be discussed 

in full scale test, depending on the structure behavior, it 
gives reliable results when using a sled. 

 
1-2-2°) Tests results 

Graph 1 compares the pelvis forward 
displacement obtained by double integration of pelvis 
traces for a 50th percentile with double or single 
pretension during a full lap test. The pelvis displacement 
decreases from 255mm in the single pretension test to 
180mm in the dual pretension test. It appears that the 
performance is much better thanks to the double 
pretension for the 50th occupant size 

Femur

X 
.. 

Z 

.. 
Ω 

Wire 
sensor
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Graph 1 : pelvis forward displacement of 50th 

percentile during 56km/h full lap test 
 

 
 
Graph 2 compares the pelvis forward 

displacement obtained by double integration of pelvis 
traces for a 95th percentile with double or single 
pretension during a full lap test. Here again, the pelvis 
displacement is reduced, decreasing from 325mm in the 
single pretension test to 233mm in the dual pretension 
test. For the 95th occupant size also, it seems that the 
performance is much better thanks to the double 
pretension. 
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Graph 2 : pelvis forward displacement of 95th 

percentile during 56km/h full lap test  
 
 
 

The graph 3 compares the pelvis forward 
displacement obtained by double integration of pelvis 
traces for a 50th percentile with double or single 
pretension during a full lap test. Here again, the pelvis 
displacement is reduced, decreasing from 172mm in the 
single pretension test to 153mm in the dual pretension 
test. For the 5th occupant size also, it seems that the 
performance is much better thanks to the double 
pretension. 
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Graph 3 : pelvis forward displacement of 5th 

percentile during 56km/h full lap test  
 
 
 
For the 6 previous tests, the pelvis maximum forward 
displacements are summarized below: 
 

Configuration / 
Occupant size 5th percentile 50th percentile 95th percentile

Double pretension 153 180 233
Single pretension 172 255 325

Reduction 11,0% 29,4% 28,3%

Pelvis maximum forward displacement from accelerometers (mm)

 
 
 The reduction of pelvis displacement reaches 
around 29% for both 50th and 95th percentile occupants 
and 11% for 5th occupants. This is supposed to reduce 
significantly the knee and tibia contacts in the IP, and 
also reduce the knee and lower legs injuries. 
 
 

The same approach is made with the wire sensor 
traces, whose the maximum for each test is summarized 
below: 

 

Configuration / 
Occupant size 5th percentile 50th percentile 95th percentile

Double pretension 128 176 199
Single pretension 164 255 277

Reduction 22,0% 31,0% 28,2%

Pelvis maximum forward displacement from wire sensor (mm)

 
 

 The trend is the same as in the previous results, 
since the displacement reached with a double pretension 
system is, for both 50th and 95th percentile occupants, 
reduced of around 29% respective to a single pretension 
system. We also notice that for 5th occupants, the results 
lead to a 22% reduction in pelvis displacement between 
both configurations. 
 

We can stress that the results between the 2 
measurements methods, accelerometers and wire sensor, 
give exactly the same results for the 50th dummy size 
whereas it presents some discrepancies for 5th and 95th 
dummies. In these 2 cases, it seems that the wire sensor 
results is lower than those obtained with accelerometers, 
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but the ratio between single and double pretension pelvis 
displacement is pretty the same with the 2 methods for 
these 2 occupant sizes. 
 

Thanks to this set of results, we can assume that 
the double pretension system should significantly reduce 
the knee contact with the IP, and we expect from this a 
reduction of lower injuries in real accident data for the 
vehicles equipped with such advanced restraint systems. 
 
2°) EFFICIENCY OF DOUBLE PRETENSION IN 
REAL WORLD 
  

To confirm all the developments carried out by 
Renault in term of safety, the LAB, Laboratoire 
d’Accidentologie et de Biomécanique, is in charge of 
performing for Renault in-depth analysis of real 
accidents occurring on French roads. In-depth crash 
investigations have been carrying out at LAB since 1970. 
There are actually two kinds of investigations. The first 
one concerns secondary safety. The goal is to understand 
the injury mechanisms in real-world crashes in order to 
improve occupant safety in cars by the means of 
protection devices or car structure. Almost all car 
manufacturers all over the world and even public 
research institutes have been carrying out that kind of 
study for decades. Specially trained accidentologists 
collect relevant information about types and violence of 
impacts, car deformations and occupant injuries and feed 
it into a corresponding database. They don’t need to go 
on the scene of the crash. Information is collected by 
accidentologists a few days or a few weeks after the 
crash at hospitals and at wreck garages. This 
methodology leads to a wide range of researches 
estimating risk curves or evaluating the effectiveness of 
on-board protection devices. 

The second one deals with primary safety. 
French car manufacturers started this activity in the early 
nineties, when it appeared that secondary safety would 
necessarily have limits and that there was a need for 
crash avoidance as well as a need for occupant protection. 
The challenge in this field is to understand the crash 
process, purpose new functions for active safety systems, 
and eventually to evaluate the effectiveness of new safety 
devices or avoidance systems on any kind of motorized 
vehicles. 

In any case, agreements are signed with the 
French ministry of Justice to allow that kind of technical 
work on crashes apart from judicial process involving 
drivers at fault. Investigations are exclusively technical 
and are carried out for research purposes only. 

In France, three institutes are presently carrying 
out that kind of in depth investigations with regards to 
primary safety concerns: the National Research Institute 
for Transport and Safety (INRETS) and The European 
Center for Safety Studies and Risk Analysis (CEESAR) 

with LAB (Laboratoire d’Accidentologie, de 
Biomécanique et d’étude du comportement humain). 

As for secondary safety oriented investigations, 
LAB has identified two study designs. The first design 
aims at getting a representative sample of impacts and 
impact violence of cars involved in a road crash in 
France. For this purpose, all crashes involving a 
passenger car with at least one occupant injured are 
investigated in a restricted sample area in the West of 
Paris. About 200 cars and their occupant injuries are 
examined in-depth every year. The sample rate is 
relatively small as about 90 000 passenger cars are 
involved in injury crashes every year in France. 

The second design aims at evaluating the 
effectiveness of protection systems supplied in newer 
cars. 150 cars involved in (mostly) severe crashes are 
chased all over the country each year. The only selection 
criterion is that the car must be a newer one, mostly 
Renault and PSA cars, equipped with the most recent 
safety devices. 

The collection of the information about crashed 
cars takes about one and a half hour in the garage. 
Complementary collection is made afterwards at the 
hospital with the authorization of the medical doctors and 
the patients. Most of the data is then coded and filled in a 
special database. Information that cannot be coded is 
conserved in original dockets along with photos and 
sketches. 

The two teams at CEESAR and LAB have 
investigated about 14 000 passenger cars, i.e. 25 000 
occupants and 65 000 injuries since 1970, which makes 
this database one of the most important one in Europe. 

 
Therefore, we can measure the real efficiency of 

advanced restraint systems fitted in new cars, once 
enough accidents involving these new cars have been 
studied. Now that the Renault range is composed of 8 
models fitted with double pretension, some of them 
existing since 2001, it is now possible to have a reliable 
feedback from the real accident data that can provide 
LAB. From this database, we have considered the 
following accidents in 2 samples : 
 
•  Frontal impact from 11 to 1 O’Clock 
•  Belted occupants, drivers only, since they are 

supposed to be more exposed to hazards through 
steering wheel 

• The body region that is studied includes all the limbs 
from hip to tibia and all AIS2+ injuries are 
considered. 

• 3 ranges of EES (Energy Equivalent Speed) are 
considered to highlight the difference in performance 
according to the accident severity : [40-49km/h], 
[50-59 km/h] and [60-80km/h] 

• A first sample S1 with other cars from LAB database, 
limited to the cars with a first launch from 1990 
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(conception year), which are not supposed to be 
equipped with double pretension. In this sample, all 
the vehicles from the second set detailed below are 
removed. 

A second sample S2 with vehicles equipped with a 
double pretension (Laguna, Vel Satis, Espace IV, 
Mégane II, Scenic II, Mégane II Convertible, Modus, 
Clio III). We also looked at depth of intrusion in the two 
samples since it is admitted that intrusion can cause 
lower legs injuries and that intrusion is expected to be 
more predominant in old vehicles than in newer ones. 
The calculation of the effectiveness of double pretension 
then takes into consideration the intrusion parameter. 
 
The sample obtained from the above requests are 
composed of: 
 
• In sample S1 : 993 involved drivers, among which 

196 are injured on the considered limbs, with a 
AIS2+ severity 

• In sample S2 : 114 involved drivers, among which 5 
are injured on the considered limbs, with a AIS2+ 
severity. In this sample, we must stress that the 
double pretension system is mainly composed of lap 
belt pretensioners. Due to a smaller distribution in 
production cars, the Pelvis Restraint Cushion is not 
yet sufficiently represented to draw any conclusion 
on that specific device. 
 

AIS2+ risk (ρι) in each EES range can be 
calculated as follows : 

i
i n

driversAISofnumberriskAIS +−−
=+=

22ρ  

where ni is the number of involved drivers in the 
EES range, and confidence interval is [ρ-2σ ; ρ+2σ], 
where σ is the standard deviation defined below : 
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Table 1 and 2 present, in the 3 EES ranges and for 

the 2 samples of cases, the distribution of involved and 
injured people, the AIS2+ risk (ρ) and the confidence 
interval : 
 

EES 40-49 EES 50-59 EES 60-80
Involved drivers 993 295 375 323

AIS2+ injured drivers 196 14 65 117
AIS2+ risk (ρ) 5% 17% 36%

Confidence interval [3%-7%]95% [13%-21%]95%[13%-41%]95%

EES range (km/h)
Sample S1

Total

Table 1 : data for sample S1 (vehicles with single or 
no pretension) 
 

EES 40-49 EES 50-59 EES 60-80
Involved drivers 114 43 30 41

AIS2+ injured drivers 5 0 0 5
AIS2+ risk (ρ) 0% 0% 12%

Confidence interval [0%-0%]95% [0%-0%]95% [2%-22%]95%

Total EES range (km/h)
Sample S2

Table 2 : data for sample S2 (double pretension 
vehicles) 
 
 The efficiency Ei of the restraint systems fitted 
in vehicles of sample S2 can be calculated for each EES 
range from the AIS2+ risks in EES range i of sample S1 
( 1iρ ) and sample S2 ( 2iρ ), as follows: 
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An overall efficiency can also be calculated by 

weighting the risks of injuries in the two samples by EES 
values and intrusion values. Actually, the severity 
distribution of accidents in the LAB database does not 
match the real distribution since this database contains 
comprehensive studies in a given area and in-depth 
studies on specific vehicles. We have therefore 
associated the above data with an assumed, distribution 
of the severity: 
  
EES Values (km/h)  
40-49 60% 
50-59 30% 
60-80 10% 
 
The overall effectiveness can then be deduced by: 
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with i, index for cars with double pretensioners, j index 
for cars without double pretensioners, and w the 
weighting factors for EES and intrusion values. 
 
The overall effectiveness is then 88 %, with a confidence 
interval at 95 % of [56% ; 97 %] 
 
3°) DISCUSSION 

The two aims of this paper were : 
 

- to evaluate the performance of the double 
pretension as an advanced restraint systems 
through laboratory tests, involving several 
occupant sizes 

- to check the efficiency in decreasing the lower 
legs injuries in real accidents. 

 



J. Faure, 7 

The performance has been assessed with a sled test 
campaign. The setup included seat and full seat belt 
systems taking into account on one hand a dual 
pretension system, and on the other hand, a single 
pretension system. The test configuration chosen for 
these tests is a full lap test 56km/h, which is supposed 
suitable to assess any restraint performance. The 
performance is assessed in term of pelvis forward 
displacement, since this displacement is assumed to be 
linked with injuries. It is expected that, for a given 
vehicle, a smaller pelvis displacement will reduce the 
lower legs injuries. 3 adult dummy sizes were involved, 
all equipped with accelerometers and angular velocity 
sensor in the pelvis, and also a wire sensor measuring 
directly the pelvis displacement. 
Whatever the occupant size considered, it clearly appears 
that the double pretension reduce the pelvis displacement 
compared to a single pretension, up to 30% for 50th and 
95th occupant sizes, and between 11 and 22 % for the 5th 
occupant size, depending on the measurement methods.  
The two measurements methods lead to the same 
tendency between the different restraint systems type, 
though the values are different, especially for 5th and 95th 
percentile. This could be explained by the fact that the 
initial tension is not under control, and that pelvis could 
begin to move forward without pulling out the wire. 
Moreover, the wire is fixed behind the pelvis on the top 
part, inducing differences due to the pelvis rotation. 
Anyway, both methods indicate that the dual pretension 
restraint system reduces the pelvis displacement with 
respect to a single pretension one. 
 
The accident database from LAB has been used to check 
the efficiency of the dual pretension restraint systems 
compared to the rest of the fleet. The investigation has 
been carried out by selecting the drivers in frontal impact, 
in vehicles for which the first registration is after 1990 
only. This sample has then been split in cars equipped 
with a dual pretension system and cars without. Each 
sample described above has been split in three severity 
ranges, starting from 40km/h. The injuries taken into 
account are all those related to lower legs, including hip, 
and the studied gravity is AIS2+. 
 
The AIS2+ risk in each severity range has been 
determined for the 2 samples of vehicles. It allows 
calculating the global efficiency of a dual pretension 
restraint system, which reaches 93%. The efficiency 
found through the accident data clearly shows that lower 
legs injuries are strongly reduced in these vehicles 
compared to previous vehicles generations. This 
efficiency result could seem quite high especially if we 
assume that it is only based on the pelvis displacement 
comparison. Actually, the first set of cars taken from the 
LAB database includes quite old cars that are not fitted 
even with a single pretension. We can then assume that 

the pelvis displacement in those cars are higher and 
produce more severe lower legs injuries. That is why the 
30% reduction in pelvis displacement observed in the test 
campaign, between single and dual pretension, is not in 
line with the efficiency found through accident data. This 
reduction would much higher than 30% if we compare 
dual pretension with no pretension, and this would be 
more in line with the global efficiency of 93% found 
through accident data. 
One can also stress that it is possible that the decreasing 
of lower legs injuries is associated with structure 
intrusion reduction and not only the outcome of advanced 
restraint systems. We agree that such advanced restraint 
systems fitted in a car presenting a lot of intrusion 
(footwell and dashboard) won’t be of some use since a 
dashboard contact will occur. Nevertheless, one 
additional case has been studied from the LAB database : 
a recent car without intrusion (eg no structural modifier 
in the EuroNCAP frontal impact) but equipped with a 
single pretension.  The sample is too small and the values 
non significant enough to be presented here, but the first 
trend is to have AIS2+ injuries from 50km/h EES, 
whereas with a dual pretension system, these injuries 
appear above 60km/h. A small structural intrusion could 
then considered as a first step towards a strong reduction 
of lower legs injuries but is not enough for very severe 
accidents. 
 Due to the statistic sample size, it is not possible yet to 
observe differences in term of efficiency  between pelvis 
pretensioner and Pelvis Restraint Cushion but we expect 
that it will be possible in the future. Nevertheless, the 
first feedback from the Pelvis Restraint Cushion 
behaviour is positive. The figure 10 presents a picture of 
the Pelvis Restraint Cushion after interaction with the 
driver in a real accident. The deformation shows clearly 
the impacts of left and right part of the pelvis. This 
pattern is exactly the same as that observed in tests with 
dummies. We can then expect a decrease of the lower 
legs injuries thanks to this device. 

 

 
Figure 10 : Pelvis Restraint Cushion after interaction 

with the driver in a real accident 
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ABSTRACT 
 
According to Traffic Safety Facts 2005 [1], single- 
vehicle crashes resulted in over 58% of all vehicular 
fatalities on the nation’s roadways during that year. 
Of these fatal crashes, almost 15,000 occurred either 
off of the roadway or on the shoulder.  The National 
Highway Traffic Safety Administration has 
recognized that technologies such as electronic 
stability control and other emerging safety 
technologies can potentially reduce a great number of 
these fatal crashes.   
 
One emerging technology that the National Highway 
Traffic Safety Administration believes may have 
great potential to save lives is lane departure warning.  
These systems assist the driver by providing a 
warning (passive or active) that their vehicle is about 
to depart the road lane.  The actual number of lives 
saved would depend upon the effectiveness of the 
lane departure warning system.   
 
This paper will discuss both the past and present 
research that has been conducted by the National 
Highway Traffic Safety Administration.  It will give 
a general overview of the performance and potential 
safety benefits of the technology. Information on the 
type of sensors and performance testing to evaluate 
lane departure warning systems will be presented, 
including examples of them.  Data from past field 
operational tests and test track research documenting 
system performance will be shown. 
 
INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA) has long recognized that single-vehicle 
road departure (SVRD) crashes lead to more fatalities 
than any other crash type [2].  Lane departure 
warning (LDW) was a key technology identified at 
the start of the Intelligent Vehicle Highway System 
(IVHS) program that could potentially reduce the 

number of fatalities and injuries associated with 
SVRD [3].  Based on 1991 General Estimate System 
and Fatal Accident Recording System data, Wang 
and Knipling reported that SVRD crashes accounted 
for almost 1.3 million of the 6.11 million police 
reported crashes and about 37.4% of all fatal vehicle 
crashes [2]. 
 
Since that time, NHTSA has continued to study the 
SVRD problem to increase the understanding of the 
crash problem and to help foster the development of 
this crash avoidance technology.  In the mid and late 
1990s, NHTSA developed performance guidelines to 
eliminate and mitigate road departure crashes [4].  
This work ultimately specified performance 
guidelines for both a LDW system and a curve speed 
warning (CSW) system.  Pomerleau also estimated 
that approximately 10% of all passenger vehicle road 
departure crashes can be prevented with LDW 
technology [4].     
 
In a more recent effort as part of the Intelligent 
Vehicle Initiative program, NHTSA completed a road 
departure crash warning system (RDCWS) field 
operational test (FOT). The RDCWS FOT studied 
both a lateral drift warning system and a CSW system 
in an operational test environment.  The study 
observed 78 subjects’ driving behavior for 1 month: 1 
week baseline without the RDCWS enabled and 3 
weeks with the RDCWS enabled.  The study found 
that the LDW function had three major influences on 
the subjects [5]: 
  
• Turn signal usage per mile driven increased by 

9%. (Note, that the system suppressed warnings 
when the turn signal was activated.)  

• The standard deviation of lane position was 
decreased significantly.  

• Vehicles returned to the lane of travel quicker 
after being issued an imminent alert as compared 
to lane excursions during the baseline week. 
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As part of the FOT, the Volpe Center served as the 
independent evaluator for the project.  In a 
presentation about the preliminary RDCWS findings 
[6], it was reported that the RDCWS with full 
deployment and availability could result in 34,000 to 
82,000 fewer lane departure crashes.   
 
Crash statistics show that over time, SVRD crashes 
have remained the largest category of crashes that 
result in fatalities.  From the crash problem 
description described by Wang and Knipling in 1994, 
a similar problem remains today as documented by 
Traffic Safety Facts 2005 (approximately 40%).  
Data from the FOT demonstrates that this technology 
has the potential to reduce SVRD crashes.   
 
PERFORMANCE TEST EVALUATION 
 
LDW can be effective in preventing lane departure 
crashes because the technology can prevent the 
vehicle from departing the lane by either warning the 
driver or actively controlling the vehicle.  Similarly, 
ESC is effective in preventing lane departure crashes 
because the technology can either limit a vehicle’s 
tendency to oversteer, thus preventing it from 
spinning out of control or mitigate excessive 
understeer, thereby preventing a vehicle from 
“plowing” off the road in a sharp curve.  Whereas 
ESC systems assist drivers who do too much steering 
in a lane departure event, LDW systems assist drivers 
that do not steer by alerting them.  These systems 
function at opposite ends of the crash spectrum.   
 
LDW systems have recently been introduced as 
original equipment on late model vehicles in Japan, 
Europe, and North America.  Unfortunately, it is still 
too early to support any traditional benefit analysis 
(crashes before technology vs. crashes after 
technology) due to low market penetration.  
However, many have been trying to understand if 
benefits can be estimated through performance tests 
and objective test development.    
 
In an effort to understand how LDW systems can 
potentially reduce SVRD crashes, NHTSA has been 
studying current LDW technology.  For an LDW 
system to reduce crashes, it must operate at a certain 
level of performance under varying conditions.  The 
purpose of this testing was to identify what objective 
test procedures could be used to measure the 
performance of LDW technology. 
 
Exisiting Objective Performance Tests 
 
During recent years, NHTSA researchers and others 
have been developing performance tests, 

specifications, and operational requirements for 
LDW technology. In some cases, these procedures 
and/or guidelines have been developed for specific 
programs such as the RDCWS FOT, but in general 
many of the concepts they test or specify are very 
similar.  The following list of performance tests was 
reviewed: 
 
1. Recommendations for Objective Test Procedures 

for Road Departure Crash Warning Systems [7] 
2. ISO/CD17361 Lane Departure Warning Systems 

[8] 
3. Development of Test Scenarios for Off-Roadway 

Crash Countermeasures Based on Crash 
Statistics [9] 

4. Run-Off-Road Collision Avoidance Using IVHS 
Countermeasures [4] 

5. Concept of Operations and Voluntary 
Operational Requirements for LDWS On-board 
Commercial Motor Vehicles [10] 

 
Items 1 and 2 in the above list specify detailed test 
procedures on how LDW performance testing can be 
conducted.  A variety of test scenarios, conditions, 
and detailed procedures are defined.  Item 3 
recommends a series of more abstract tests that can 
be performed to assess LDW performance based on 
developing tests from statistical crash data.  Najm 
suggests that 96.3% of all road departure crashes 
stem from just six conflict scenarios [9]. Items 4 and 
5 do not necessarily define performance tests, but 
provide performance specifications and operational 
requirements that should be met by an LDW system. 
 
A detailed summary comparing and contrasting the 
above listed efforts is beyond the scope of this paper, 
but there are many common concepts that are 
recommended to be tested.  They all indicate that an 
LDW system should be able to function using 
different roadway delineations.  These include both 
solid and dashed lines, yellow and white lines, and 
raised pavement markings.  They all recommend (or 
suggest demonstrating via a test) that LDW warnings 
should be issued for straight roads (>1000m radius of 
curvature) and curves (various radius of curvature 
50m to 1000m) within some time frame (or distance) 
of the lane marking at a variety of road departure 
rates.  The lateral departure rates vary from 0.1 to 0.8 
m/s.  Some of the other common concepts include a 
minimum operational speed (and/or test-specific 
speeds), tests to determine if the warning is 
suppressed by turn signal usage, and environment 
conditions for the tests. 
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Test Vehicle and Measures 
 
For this testing, a passenger car was instrumented for 
data collection.  The test vehicle was purchased with 
original equipment (OE) lane departure warning 
system (LDW) that provided an audible and visual 
warning when the vehicle departs the lane.  Also 
included on the platform were an aftermarket (AM) 
LDW and a low-cost lane position measuring system 
(LPMS) [11]. 
 
Both the OE and AM LDW systems use a forward 
looking video camera.  Both systems issue auditory 
and visual warnings to the driver to indicate lane 
departure.  For this study, a detailed analysis of the 
user interface was not appropriate. The output signals 
were used as a means to indicate lane departure 
electronically.  The primary measures that were 
collected are defined in Table 1. 
 
Raw measurement data were not available from the 
OE LDW sensor.  Derived measures such as warning 
time onset and lane line crossing had to be 
determined by fusing the OE LDW departure flag 
(i.e. data channel marker) with other data.  To 
compute warning time measures, time synchronized 
video data were manually compared to the onset of 
the departure flag from the OE LDW.  Other metrics 
for the OE LDW were calculated by comparing the 
data from the other two sensors and/or the event 
button and monitoring the output response of the OE 
LDW system.  Unfortunately, the ability to determine 
if the LDW is tracking the roadway line (availability) 
cannot be completely assessed this way, but positive 
warning rates can be calculated (i.e. if we know a 
lane line boundary was crossed, did the OE LDW 
warn or not?).   
 
Derived performance measures for the AM LDW 
were calculated using the lateral position and lane 
width channels as measured from the sensor. Lane 
departures and warning times were calculated by 
comparing the lane bust measure to the AM LDW 
warning flag. Data from the point of interest (POI) 
button and other sensors were also compared to 
ensure that a lane bust actually occurred.  For 
consistency, warning times were also compared 
manually to the video data.  Availability was 
measured by monitoring the lane position confidence 
channel.  
 
 
 
 
 
 

TABLE 1. 
Primary measures collected by the onboard data 

acquisitions for testing. 
 

System Measure 
Description 

Units Sample 
Rate 

OE 
LDW 

Departure Flag On/Off 30 Hz 

AM 
LDW 

Lateral Position Meters 5 Hz 

AM 
LDW 

Lane Width Meters 5 Hz 

AM 
LDW 

Lateral Velocity M/sec 5 Hz 

AM 
LDW 

Line Type Solid / 
Dashed / 
Unknown 
/ None 

5 Hz 

AM 
LDW 

Lateral Position 
Confidence 

Percent 5 Hz 

AM 
LDW 

Warning Flag On/Off 5 Hz 

LPMS 
Left 

Lateral Dist to Left 
Line 

Meters 30 Hz 

LPMS 
Right 

Lateral Dist to 
Right Line 

Meters 30 Hz 

GPS 
Position 

High Accuracy 
Position 

Northings 
and 
Eastings 

10 Hz 

POI 
Button 

Point of Interest 
(Experimenter 
Flag) 

On/Off 30 Hz 

Video 
Left 

Left Down 
Looking Video 

N/A 30 Hz 

Video 
Right 

Right Down 
Looking Video 

N/A 30 Hz 

Video 
Fwd 

Forward Looking 
Video 

N/A 30 Hz 

 
 
Test Track Testing 
 
Performance testing for each system was conducted 
at the Transportation Research Center, Inc. (TRC) in 
East Liberty, OH.  Tests were conducted to assess 
how the systems generated warnings on both straight 
road segments and curves.   
 
The first test was conducted on the straight section of 
the Winding Road Course (WRC) at the TRC. This 
test is very similar to the ISO repeatability test and 
the NIST lateral drift on a straight road test. The 
purpose of the test is to assess when warnings are 
given with respect to departing the lane and how 
repeatably the warnings are issued. To conduct the 
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test, cones mark two different approach angles 
leading up to a lane line. Using GPS measurements, 
results are recorded by comparing the vehicle 
position at the time of the warning to the position of 
the painted road marking.   
 
A rectangular course was marked 188m long by 3.6m 
wide, with one long edge of the rectangle being a 
solid painted line as can be seen in Figure 1.  Cones 
were placed on the solid line at the entry, 54m, and 
188m from the entry point.  An additional cone was 
placed 3.6m from the painted line to denote the width 
of the course.  The driver was responsible for 
aligning the cone 3.6 m out from the painted line with 
one of the cones at 54m and 188m, depending on 
desired approach rates.  Two calculated angles were 
used to achieve the two approach rates of 0.3 m/s and 
0.8 m/s at the controlled vehicle forward speed of 74 
KPH.  The exact distance from the painted line to the 
vehicle at the time the LDWS alarm sounded was 
determined from GPS data. 
 
 

3.6m

54m
188m

3.6m

54m
188m

 
 
Figure 1. Layout of the straight lateral drift 
warning scenario (not to scale). 
 
 
The purpose of the second test was to determine the 
timeliness and repeatability of the warning during a 
slow drift while in a curve.  A figure displaying the 
general test scenario is shown in Figure 2.   This is 
similar to the ISO warning generation test and the 
NIST curved road lateral drift test. The ISO 
document prescribes that this test be performed in a 
curve of radius 500m ±50m.  No such curve was 
found in any available test facilities.  The warning 
generation test was attempted on a curve with a 
radius of 110m, the largest un-banked curve available 
on TRC property for this test.  
 
The objective of this test was to achieve two different 
approach rates relative to the lane markings, in two 
different directions through the curve, and to depart 
the roadway on both the left and right side of the of 
lane.  On a straight section of the roadway 

approaching the curve, the vehicle is accelerated to 
74 KPH.  While in the curve, lane changes are 
performed at an approximate lateral velocity of 0.3 
m/sec and 0.8 m/sec. The exact distance from the 
painted line to the outside edge of the vehicle at the 
time the LDWS alarm sounded was determined from 
GPS data. 
 
 

 
 
Figure 2. Layout of the curve lateral drift warning 
scenario. 
 
 
In the ISO test document, a false alarm test is 
described.  The false alarm test was conducted on the 
skid pad at the TRC.  Straight lanes with painted lines 
approximately 2km long and 3.6m wide are available.  
The test was conducted with the car driven directly 
down the center of the lane.  No lane crossings are 
performed.  The objective of the test is to ensure that 
no false alarms are generated.  
 
Performance Testing Results 
 
The summary results from this testing can be seen in 
Table 2.  Overall, both the OE LDW and the AM 
LDW systems were able to perform quite well in 
these tests.  
 
One problem discovered during testing was that the 
AM LDW was not operating in a warning-enabled 
state during the lateral drift test in a curve.  Although 
the sensor was functioning (i.e. lateral position was 
being output) through the curve, the warnings were 
suppressed because the initial approach did not have 
lane lines.  If the AM LDW senses that there are no 
lane lines present for some period of time, the system 
enters a mode where warnings are suppressed.  Once 
the system senses good quality lines for some time 
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period, it automatically enables itself and is able to 
present warnings to the driver.  In the real world, this 
is done to prevent false alarms; however, from a test 
standpoint, this can be a problem when using a 
limited area.  
 

TABLE 2. 
Results of the performance testing conducted on 

the test track. 
 

OE LDW 
# Description Low Lateral 

Velocity 
High Lateral 

Velocity 
  L R L R 

1 
Straight 

Lateral Drift 
Warning 

Pass Pass Pass Pass 

2 
Curve Lateral 

Drift 
Warning 

Pass Pass Pass Pass 

3 False Alarm 
Test Pass 

AM LDW 
# Description Low Lateral 

Velocity 
High Lateral 

Velocity 
  L R L R 

1 
Straight 

Lateral Drift 
Warning 

Pass Pass Pass Pass 

2 
Curve Lateral 

Drift 
Warning 

N/A N/A N/A N/A 

3 False Alarm 
Test Pass 

 
 
Both systems were able to correctly generate 
warnings during the straight lateral drift warning test.  
Warnings were issued within the given window 
specified by the ISO test procedure under both lateral 
drift rates.  The alerts were issued within the ‘on 
time’ rating as calculated by the NIST test procedure.  
They were issued prior to the latest warning line and 
after crossing the earliest warning line determined by 
the lateral drift velocity.  Finally, warnings were 
issued in a repeatable manner by both systems during 
all tests. 
 
The OE LDW system was able to pass the curve 
lateral drift warning tests.  Warning generation tests 
were within the window of the pass criteria set by the 
ISO test procedure.  Warnings were issued prior to 
the latest warning line and after crossing the earliest 
warning line determined by the lateral drift velocity.  

Repeatability was a little more variable than the 
straight lateral drift tests.  It is believed that the 
variability was caused by the test driver since it is 
difficult to create the lane departure scenario in the 
same manner on a curve (i.e., its harder to judge 
where you cross the lane boundaries on a curved 
section of road vs. crossing a lane line while driving 
straight.).  Warnings were issued but were sometimes 
outside of the ISO set +/- 30cm zone for each test 
group.   
 
Both systems were able to pass the ISO false alarm 
test.  This test is very easy to implement and run, but 
it may be too simple to yield valuable data.  Neither 
of the systems tested issued a false alarm (i.e., a 
warning from the LDWS without a lane departure or 
near-departure). 
 
Functional Testing 
 
Functional testing was performed to determine how 
the systems functioned under real-world road 
conditions.  This testing is similar to what Najm 
describes as system robustness testing.  The tests are 
performed on roads that are very similar to the types 
of roadways described in the crash statistics. Since 
the tests are conducted on public roadways, the 
external test conditions cannot be tightly controlled, 
but they do provide a reasonable amount of 
variability that may be experienced in the real world. 
 
Functional testing was conducted on State roadways 
around the Marysville, Ohio area.  The roads have a 
posted speed limit of 72-88kph, are non-freeway / 
two lanes, rural, and mostly straight with some 
curves.  The road markings appear to be in good 
condition based on human visual perception.  On the 
right hand side of the road, the edge is delineated by 
a constant white line.  The left or center line of the 
roadway is delineated by yellow solid and/or dashed 
lines.  The road can further be characterized by 
mentioning that the surroundings are mostly 
agricultural and sparsely populated with rural 
housing.   
 
The test consisted of multiple drives over time.  The 
testing took place over multiple days and is done at 
different times of the day.  During each drive, the 
experimenter would regularly but randomly depart 
the roadway as many times as they could on both the 
left and right sides of the road.  The experimenter 
would indicate a road departure by pressing the POI 
button every time the vehicle departed the lane.  Data 
were recorded both manually and electronically, 
recording if the LDW system(s) issued a warning to 
the driver.    
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One of the important aspects of functional testing is 
to negate environmental conditions over time.  To 
negate environmental conditions, tests using the same 
roadways were conducted over multiple days, times, 
weather, and lighting conditions.  Tests were also 
conducted using a “double-back” route, where the 
route return trip is the same route but in the opposite 
direction, thus having the sensor face 180 degrees 
from its initial trip. It is believed that the 
environmental effects are negated using this method 
because performance can be shown over a period of 
time verses any one instantaneous moment.  The fact 
that weather, traffic, sunlight, etc. are constantly 
changing can be negated if performance is 
consistently poor or good over a given section of 
roadway. 
    
Functional Testing Results 
 
The results of the functional testing are displayed in 
Table 3.  The results are for a total of 12 test drives. 
At first look when evaluating the overall performance 
of both systems, the results are comparable with both 
systems performing in the 80 – 85% range.  One 
important note is that the systems both operationally 
perform differently.  This is evident in the number of 
departure attempts.  The OE LDW is capable of 
warning the driver constantly when speeds are over 
70kph.  The AM LDW is not capable of warning 
constantly.  The AM LDW system suppresses 
warnings for 5 seconds after it issues a warning.  This 
limits the overall number of departures that can be 
accomplished during the same segment.  This 
operational difference also makes the AM LDW 
departure attempts a subset of the OE LDW departure 
attempts.   
 
Looking at the individual segments, performance 
differences become more obvious.  The OE LDW 
system performs above 95% of the time on every 
segment but one, which brings down its overall 
average.  The AM LDW does not perform as high as 
the OE LDW but never performs lower than 63% 
(10% higher than the worst OW LDW performance).   
 
The other interesting observation from the data is that 
the OE LDW’s worst performing section is the AM 
LDW’s best performing section.  It is unclear as to 
why this phenomenon was observed.  Again, all of 
these roadway segments had lane markings that 
looked average or better and they all looked visually 
very similar.  Tests were also conducted using both 
systems at the same time.  Since the AM LDW was 
able to perform quite well, it is hard to suggest that 
there is a particular problem with this segment.    

 
TABLE 3. 

Results of the functional testing conducted on 
public roadways. 

 
OE LDW 

Segment Description 
Depart Warn % 

A TRC 
Property 106 105 99.1%

B TRC Gate to 
Raymond 501 476 95.0%

C Raymond to 
SR 31 287 284 99.0%

D SR 31 to SR 
4 520 277 53.3%

E SR 4 South 
of SR 347 449 431 96.0%

Totals 1863 1573 84.4%
AM LDW Segment Description 

Depart Warn % 

A TRC 
Property 39 32 82.1%

B TRC Gate to 
Raymond 441 369 83.7%

C Raymond to 
SR 31 264 167 63.3%

D SR 31 to SR 
4 457 419 91.7%

E SR 4 South 
of SR 347 381 286 75.1%

Totals 1582 1273 80.4%
 
 
DISCUSSION 
 
Unfortunately, detailed data for the OE LDW were 
not available for this testing.  Only the basic inputs 
(we departed a lane) and outputs (the LDW system 
warned) were known for testing.  If other data such as 
lateral position within the lane, lane width, line 
marking type, and measurement confidence were 
known, a better understanding of why the OE LDW 
performed poorly during section “D” of the 
functional test might be known.  Looking at the 
performance from the AM LDW was not helpful 
since it seemed to perform the best in this section.     
 
Overall, looking at the performance of the AM LDW, 
the data generally suggest that the sensor sometimes 
had trouble tracking the roadway markings.  This was 
indicated in the data as either low confidence or the 
absence of a lane boundary being sensed.  This has 
been discussed by others as “availability”.   
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Similar conclusions were found in the RDCW FOT 
where they identified that availability was, perhaps, 
the most important issue in LDW. They found that 
lane marking quality, camera obstructions, roadway 
contamination (water, glare, snow, salt, etc.), and 
ambient lighting conditions can impede the ability of 
the system to correctly track the lane. 
 
CONCLUSIONS 
 
Assessment of LDW systems is a challenge. There 
are many external influences that can cause problems 
and degrade the performance of the system.  
Although it may be important to characterize the 
functional characteristics of an LDW system, simply 
completing performance tests on a test track may not 
be enough to gain insight into the real-world 
effectiveness of an LDW system.  From the results of 
this study, it is believed that existing objective test 
procedures do not adequately characterize real-world 
performance.  Both the OE LDW and AM LDW 
systems performed quite well during the test track 
scenarios; however, both systems had various 
problems when tested on public roadways.     
 
A functional performance test may provide better 
operational insight about the performance of an LDW 
system.  Using this methodology, external influences 
can be minimized and real world performance can be 
measured.  Since both systems essentially passed test 
track testing, it appears both systems are equal in 
performance.  However, when comparing data from 
the functional test, it becomes obvious that the two 
systems perform quite differently. 
 
The idea of a functional performance test is quite 
new, and there are many problems with the concept.  
One challenge is to make this test repeatable so that 
similar results can be obtained from any group of 
similar roadways.  Another problem is that roadways 
are constantly changing over time.  Even using the 
same roadways, the results may differ with the same 
system.  A third challenge for this testing is 
developing pass/fail criteria for the test. Is it 
acceptable for an LDW system to perform above 
90% and then have a section where it performs at 
only 50%?  Or is it better to have a system that 
performs at above 80% under all conditions?  To help 
understand these issues and answer these questions, 
additional testing needs to be completed. 
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ABSTRACT 

Phase 1 of the NHTSA Tire Aging Test Development 
Project consisted of the analysis of six different tire 
models collected from privately owned vehicles in 
the Phoenix, Arizona USA metropolitan area during 
the spring of 2003.  This study was conducted to 
provide a better understanding of service-related tire 
degradation and to serve as the “real-world” baseline 
for the development of laboratory-based accelerated 
service life test for tires (often referred to as a “tire 
aging test”).  On-road tires and full-size spare tires, as 
well as the corresponding vehicle information were 
collected through 22 Phoenix-area retailers in 
exchange for new tires at no charge to the study’s 
participants.  Within the six different tire models 
studied, a total of 174 on-road tires and 9 full-size 
spare tires retrieved from Phoenix of varied ages and 
mileages were compared to 82 new, un-used versions 
of themselves.  The tires were either subjected to one 
of two whole-tire roadwheel tests or cut apart for 
material properties analysis.  The results were 
correlated against the absolute age and mileage (if 
original equipment) of the tires and will be discussed 
in this paper.  The raw dataset and project notes are 
available for download at (VIN redacted for vehicle 
owner privacy):  http://www-
nrd.nhtsa.dot.gov/vrtc/ca/tires.htm  
 

INTRODUCTION 

In late 2000, the U.S. House of Representatives’ 
Committee on Energy and Commerce conducted an 
inquiry into the fatalities and injuries resulting from 
the tread separation failures of Firestone Radial ATX, 
Radial ATX II, and Wilderness AT tires on specific 
models of Ford, Mercury, and Mazda light trucks and 
SUVs.  During these hearings, members of Congress 
inquired as to the possibility of a tire aging test (i.e. 
accelerated service life test) that could evaluate the 
risk of failure at a period later in service than that 
evaluated by current regulations, which only test new 
tires.  As a result of the committee’s actions, the  

 
 
 
 

House drafted the Transportation Recall, 
Enhancement, Accountability, and Documentation 
(“TREAD”) Act [H.R. 5164], which was enacted on 
November 1, 2000.  The TREAD Act contained 
provisions mandating the USDOT National Highway 
Traffic Safety Administration (NHTSA) to update the 
passenger car and light truck tire safety standards 
(however the legislation did not contain specific 
requirements for a tire aging test). 
 
In response to the TREAD Act, NHTSA conducted 
tire safety research in support of what would become 
the new Federal Motor Vehicle Safety Standard 
(FMVSS) No. 139, “New pneumatic radial tires for 
light vehicles”.  During these efforts, the agency 
conducted a comprehensive review of literature and 
had numerous consultations with industry regarding 
the effects of service life (i.e. age and mileage) on 
tire durability.  The agency concluded that while an 
industry-wide recommended practice for conducting 
accelerated service life testing of tires did not exist, 
some methods were seeing limited use and warranted 
evaluation.  The agency decided to conduct a study to 
provide a better understanding of service-related tire 
degradation and to serve as the “real-world” baseline 
for the development of laboratory-based accelerated 
service life test for tires (often referred to as a “tire 
aging test”).  This would involve studying “field” 
tires collected from on-vehicle use in the U.S., 
thoroughly examining national accident statistics for 
trends involving tire service life, and conducting test 
“tire aging” test development. 
 

Tire Service Life in the U.S. 
The average tread life of a passenger car tire in the 
U.S. was approximately 44,700 miles in 2004 [1], 
which represents an 86% increase from an 
approximate 24,000 miles in 1973.  Using an average 
miles traveled by passenger vehicles of 12,497 miles 
in 2004 [2] and 9,992 miles in 1973 [3], the average 
tire service life was calculated to be around 3.6 years 
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in 2004 and 2.4 years in 1973.  This suggests roughly 
a 49% increase in average tire service life over a 
thirty year period. 
 
The current U.S. Federal motor vehicle safety 
standard for light vehicle tires contains performance 
tests for new tires only.  The longest of these tests is 
currently the Endurance and Low Pressure test 
sequence, which is 35.5 hrs.  These performance tests 
are based on the premise that acceptable performance 
when the tire is new results in acceptable 
performance throughout the service life of the tire.  
However, the agency noticed in data from the 
aforementioned Firestone tire investigation [4], as 
well as many similar cases, that defective tire designs 
generally performed well in their first couple years of 
service and only began to fail after years of use.  
 

METHODOLOGY 

Phase 1 of the NHTSA Tire Aging Test Development 
Project consisted of the collection of 12 different tire 
models from use on private vehicles in the Phoenix, 
Arizona USA metropolitan area.  The Phoenix 
metropolitan area was selected as the collection 
location for the following reasons: 
 
1. Agency data indicated that states with high 

average ambient temperatures have higher tire 
failure rates.   Phoenix, AZ has an annual normal 
daily mean temperature of 23.4 Deg. C (74.2 
Deg. F). [5] It also has a mean number of 169 
days with a maximum temperature of 32.2 Deg. 
C (90 Deg. F) or higher. [6] 

2. A study conducted by the Ford Motor Company 
of the rates of degradation of tire material 
properties in six U.S. cities [7] indicated that the 
Phoenix, Arizona metropolitan area had the 
highest degradation rates of the six cities studied.  
These results were attributed to the exponential 
increase in the rate of the degradative reaction 
with temperature occurring in the relatively high 
mean and maximum temperatures of the Phoenix 
area. 

3. Maricopa County (Phoenix metro area), Arizona 
was a large population center of over 3 million 
residents [8] and possessed a large infrastructure 
of tire retail centers. 

4. The diminished need for minimum tire tread 
depth to facilitate wet and snow traction in the 
arid climate of the Southwest [9], as well as a 
relatively less aggressive roadway aggregate, can 
result in longer tire service lives in that region. 

 

In late 2002, NHTSA researchers used industry 
statistics on the most popular tire brands, sizes, 
manufacturers, etc. to construct a preliminary list of 
models for the study.  Tire manufacturers were 
contacted for help in narrowing down models to 
those that were in production from 1998 to 2003, had 
no ‘significant’ design changes in that period, and 
were available for purchase in Arizona.  During the 
February 25th to March 17th, 2003 timeframe the 
agency sent a team of Federal and contractor staff 
from the NHTSA Vehicle Research and Test Center 
(VRTC) in Ohio to Maricopa County (Phoenix), 
Arizona.  The team’s assignments were to recruit tire 
retail locations for collection centers, establish 
storage and transportation logistics, train retail staff 
on retrieval procedures, and launch the tire collection 
program.   
 
Sixteen tire retailer locations and six vehicle 
dealerships agreed to participate in the tire collection 
program.  A centrally located warehouse and a small 
fleet of moving vans were leased to facilitate short-
term tire storage and transportation.  After the first 
three weeks, the launch team returned from Phoenix 
and the program was administrated remotely from the 
VRTC until the end of April 2003.  At the conclusion 
of the project, all Phoenix-retrieved tires were 
shipped back to the VRTC for processing and 
distribution to the test labs. 
 
The details of the tire collection program were as 
follows:  The vehicle sample population was 
primarily comprised of random vehicles entering tire 
retail locations, as well as past customers of the 
businesses that were contacted by the retailer’s 
employees for interest in participation.  However, a 
small number of tires were retrieved from vehicles on 
auto dealer lots.  For vehicles entering a collection 
location, service personnel checked the tires against a 
collection list updated by the VRTC each day.  If the 
tires matched the exact specifications on the 
collection list, met age/mileage requirements, and the 
vehicle had current Arizona license plates, NHTSA 
offered to pay for the installation of a new set of tires 
with a road-hazard warranty at no charge to the 
customer in exchange for their current tires 
(including full-size spares).  Mini-spare tires were not 
collected. 
 
Table 1 documents the data collected at the retrieval 
of the tires.  Vehicle information such as the vehicle 
brand, model, odometer mileage, and vehicle 
identification number (redacted from public release) 
were collected.  For each tire, the mounting location 
at collection time, inflation pressure, and sidewall 
information were recorded.  In total, over 493 on-
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road tires of 12 different models were collected from 
local residents’ vehicles (See Table 10 in the 
Appendix for a list of the 12 tire models collected).   
 

Table 1. 
Data Collected from Tires at Retrieval 

Category Test 
DOT Code 
Brand / model / size / load index / speed 
rating 
Inflation pressure 
Position on vehicle 

Tire 

Original date of sale if known 
Arizona license plates (Yes/No) 
VIN (redacted from public dataset) 
Make / model 
Model year 

Vehicle 

Mileage 
Store identification number Collection 

Location Date of retrieval 
 
Following the Phoenix tire collection, VRTC staff 
separated full-size spare and non-Arizona tires from 
the main on-road tire population through searches of 
tire collection sheets, vehicle identification numbers, 
photos, and vehicle registrations.  About 10% of 
sample tires were eliminated from testing because the 
vehicle was not registered in Arizona for entire 
service life of tire.  This was done to prevent tires 
that may have been in service in other lower-
temperature regions of the country from confounding 
the results of the analysis of Phoenix tires. 
 
Within the population of the 12 tire models, an 
acceptable distribution of age and mileage could only 
be obtained for five original equipment tire models 
(i.e. tire model on the vehicle when purchased new) 
and one replacement tire model.  This result can be 
attributed to the technicians’ ability to watch for a 
specific vehicle model when searching for “original 
equipment” (OE) tire models, but not for 
“replacement market” tire models.  Replacement tires 
were not on any specific vehicle and therefore a good 
distribution of each model was difficult to obtain.  
Consequently, the six Phoenix-retrieved tire models 
with the best distribution of age and mileage were 
selected for testing (See Table 2). 
 

Table 2.  
Six Tire Models Selected for Phase 1 Testing

NHTSA 
Tire ID

OE 
Fitment?

Tire Brand Tire 
Model 

Tire Size Load 
Range 

Speed 
Rating

B Yes BFGoodrich Touring 
T/A SR4 

P195/65R15 89 S 

C Yes Goodyear Eagle GA P205/65R15 92 V 
D Yes Michelin LTX M/S P235/75R15XL 108 S 
E Yes Firestone Wilderness 

AT 
P265/75R16 114 S 

H No Pathfinder1 ATR A/S LT245/75R16 120/116E Q 
L Yes General Grabber 

ST 
255/65R16 109 H 

1 Manufactured for the Discount Tire Company by the Kelly-
Springfield Tire & Rubber Company, a subsidiary of the Goodyear 
Tire & Rubber Company 
 
Information on the 265 tires tested in Phase 1 is listed 
in Table 3.  The “age” of the tires was determined by 
subtracting the build date in the DOT code from the 
date the tire was collected from service.  This method 
of determining age was considered the most accurate, 
since once tires are depressurized when dismounted 
from the wheel, the thermo-oxidative degradation 
(aging) of tire rubber compounds should slow 
dramatically. 
 

Table 3. 
Phase 1 Sample Size 

Tire 
Position 

Number 
of Tires 

Average 
Age 

(years) 

Standard 
Deviation 

(years) 

Oldest 
Tire 

(years)
On-road 174 2.66 1.76 7.38 
Spare 9 4.08 3.34 10.7 
New 82 - - - 
Total 265 
 
The Phase 1 test tires were subjected to either testing 
on an indoor 1.7-m (67-inch) laboratory roadwheel or 
a cut-tire analysis of tire component materials 
properties.  Some tires were excluded from the final 
dataset due to an invalid roadwheel test (i.e. valve 
leak, wheel failure, test machine failure, etc.) or the 
fact that they were not true zero-mileage full-size 
spare tires.  The results from 183 tires retrieved from 
Phoenix of varying ages and mileages were compared 
to 82 new, un-used versions of themselves to 
determine overall rates of degradation in whole-tire 
or component material properties.  Table 4 
documents the distribution of the Phase 1 tires 
between the various tests. 
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Table 4. 
Total Tires Tested In Phase 1 

Tire 
Position 

Roadwheel 
Tests 

Materials 
Tests 

Total

New 45 37 82 
On-road 103 71 174 
Spare 8 1 9 
Total 156 109 265 
 

Phase 1 Tire Tests 
In Phase 1, the new and Phoenix-retrieved tires of the 
six models selected for testing were subjected to one 
or more tests listed in Table 5 at independent tire 
testing laboratories.  The results of key measures will 
be discussed in the following sections. 
 

Table 5. 
Phase 1 Tire Data Collected 

Test Category Test 
Crack Coding 
Puncture/Repair Coding 
Shearography 
Tread Depth 

Nondestructive 
Inspection 

Tread Durometer 
Stepped-Up Speed to Failure Laboratory 

Roadwheel Testing Stepped-Up Load to Failure 
Innerliner Compound Analysis 
Innerliner Permeability 

Destructive 
Inspection 

Microscopy 
Indentation Modulus Profile 
Peel Strength 
Shore Hardness 

Mechanical 
Properties of 
Compounds 

Tensile Properties 
Dynamic Mechanical Analysis 
Interlaminar Shear Strain 
Micro-DeMattia Crack Growth

Dynamic Properties 
of Compounds 

Two-ply Laminate Fatigue 
Crosslink Density Chemical 

Properties of 
Compounds 

Fixed Oxygen by Weight 

 

RESULTS AND DISCUSSION 

The testing conducted in Phase 1 of the NHTSA Tire 
Aging Test Development Project generated an 
extremely large and varied set of data for use in test 
development.  It is not possible to discuss the results 
of all of these tests in one short paper.  Therefore the 
results presented in this paper focus on the changes 
with age and mileage in intuitive measures such as 

retrieval condition, whole tire roadwheel 
performance, and mechanical properties. 

Tire Retrieval Data 
Data were collected from the Phoenix tires during the 
removal process for both the on-road tires and full-
size spare tires.  The inflation pressure of each tire 
was recorded by the service technician at the 
collection facility before the tire was removed from 
the vehicle.  Figure 1 documents the retrieval 
pressures versus the age of the tire for 453 on-road 
tires, separated into either the passenger or light truck 
category for analysis.  (Results for the full-size spare 
tires are analyzed in a separate section.) 
 

Figure 1.  Inflation Pressure at Retrieval vs. Tire 
Age, Phoenix-Retrieved Non-Spare Tires, All Tire 
Models. 

For the data presented in Figure 1, the average 
inflation pressure at retrieval for the 11 passenger tire 
models was 223 kPa (32 psi), and for the load range 
E light truck tires the average was 367 kPa (53 psi).  
While a large amount of scatter was seen for both the 
passenger and light truck tire models, the mean tire 
inflation pressure levels did not deviate significantly 
with the increasing age of the tires.  Out of the 12 tire 
models collected, the light truck tires had the widest 
distribution in inflation pressures at retrieval.  This 
might be attributed to their use on full-size pickup 
trucks of varying payload capacities (“½ ton” vs. “¾ 
ton”), use in dual tire configurations, or the use of 
lower inflation pressures by some vehicle owners for 
better ride quality when lightly loaded. 
 
The minimum cold inflation pressures available in 
the Tire and Rim Association (T&RA) Yearbook [10] 
load limit tables are 180 kPa (26 psi) for passenger 
tires and 250 kPa (36 psi) for light truck tires.  
Though a small number of these tires were retrieved 
from vehicles on dealer lots, approximately 11% 
(44/411) of passenger vehicle tires and 14% (6/42) of 
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light truck tires had retrieval pressures below the 
respective minimum T&RA pressures. 
 

Nondestructive Inspection 
Tread Depth - Per the ASTM F 421-00 

standard test method, tread depths of the six tire 
models selected for testing (of the twelve collected) 
were measured in each groove of the tire at a 
minimum of six locations around the circumference 
of the tire and then averaged.  The average tread 
depth versus mileage is displayed in Figure 2.  New 
tires are denoted by a “0” mileage on the x-axis.  
Since the actual mileage is only known for original 
equipment (OE) tires, only OE tires are plotted.  The 
U.S. Uniform Tire Quality Grading Standards 
(UTQGS) treadwear grade is listed in the legend for 
each tire model.  A summary of the linear curve fits 
to the data in Figure 2 is contained in Table 6. 
 

Figure 2. Tire Tread Depth at Retrieval vs. 
Mileage, Phoenix-Retrieved Non-Spare Tires, 5 
Tire Models (Original Equipment Tires only). 

One obvious trend in Figure 2 is a relatively linear 
reduction in average tire tread depth with known 
mileage. 
 

Table 6.  
Treadwear Rates vs. Mileage from Linear Fits 

Vehicle 
Class 

UTQGS 
Treadwear 
Grade 

NHTSA 
Tire ID 

Slope 
of 
Linear 
Fit 

Y - 
Intercept 
(mm) 

R^2 

Passenger 540 B -5E-05 7.0 0.73 
Passenger 300 C -9E-05 7.2 0.94 
LT/SUV 440 D -1E-04 9.9 0.83 
LT/SUV 440 E -7E-05 9.1 0.69 
LT/SUV 360 L -7E-05 8.4 0.99 
 
In general, the treadwear rates of tires retrieved from 
Phoenix showed good correlation to known mileage, 

with the treadwear grade being somewhat predictive 
of treadwear rate within a vehicle class. 
 

Shearographic Interferometry - 
Shearography is a non-destructive testing method that 
identifies and measures the internal separations 
present between layers of a tire.  These separations 
are considered undesirable in terms of tire durability.  
The shearography machine uses lasers to map the 
interior surface of the tire at normal atmospheric 
pressure, and once again under vacuum conditions.  
Internal separations in the tire will spread apart under 
the vacuum, causing the interior surface of the tire to 
exhibit raised areas resembling bubbles above the 
internal separations.  The resulting difference 
between mapping images of the two surfaces can be 
used to identify and measure the total internal 
separations (cracks or delaminations) within a tire. 
 
Figure 3 displays the results of full bead-to-bead 
shearography of the six Phoenix-retrieved tire models 
versus the age of the tires at retrieval.  New tires of 
each model had essentially no measurable separation 
when tested.  For some tire models, the total level of 
internal separation was observed to be higher in older 
tires.  However, the shearography measure did not 
appear to correlate strongly with age overall. 
 

Figure 3. Bead to Bead Shearography Separation 
@ 50 mbar Vacuum vs. Age, Phoenix-Retrieved 
Non-Spare Tires, 6 Tire Models. 

Figure 4 instead plots the measured level of internal 
separation versus the mileage of the tires.  The results 
shown in Figure 4 suggest the internal separation of 
tires appears to correlate better to the mileage 
experienced by the tire than to the age of the tire.  
This is an intuitive observation, since the initiation 
and growth of internal cracks/separations are driven 
primarily by the cyclical deformation of the tire. 
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Figure 4.  Bead to Bead Shearography Separation 
@ 50 mbar Vacuum vs. Mileage, Phoenix-
Retrieved Non-Spare Tires, 5 Tire Models 
(Original Equipment Tires only). 
 

Laboratory Roadwheel Testing 
Evaluations of whole tire performance were 
conducted on new and Phoenix-retrieved tires using 
laboratory roadwheels.  All roadwheel testing was 
completed at a single laboratory per the ASTM F 551 
standard practice for testing tires on a 1.7 meter (67 
inch) roadwheel.  All Phoenix-retrieved tires 
underwent multiple pre-test visual inspections as well 
as shearographic inspection before testing.  To not 
unfairly bias the results, only tires free from visible 
damage and repairs (patches, plugs, exposed belt 
edges, etc.) were subjected to roadwheel testing.  
Comprehensive pre and post-test inspections of the 
tires were completed with uniform coding of the 
results and photographic documentation.   
 
Within the six tire models tested, 111 Phoenix-
retrieved tires and 45 new tires were subjected to 
either a stepped-up speed to failure or stepped-up 
load to failure test on a laboratory roadwheel (See 
Table 7).  The Stepped-Up Speed test (SUS) is 
intended to measure a tire’s retention of prolonged 
maximum speed capability while under a typical 
loading condition.  The Stepped-Up Load test (SUL) 
was intended to measure a tire’s resistance to 
prolonged operation at a typical U.S. interstate 
highway speed while over-deflected (i.e. overloaded 
and/or underinflated).  Both roadwheel tests are 
based on the pass/fail tests in the new FMVSS No. 
139, “New Pneumatic Radial Tires for Light 
Vehicles”.  However, since the pass/fail test criteria 
in the new standard are based on a minimum 
performance level, the criteria are of marginal utility 
as a research tool.  Instead, the versions of tests used 
in this program continued to step up the test speed or 

load until tire failure rather than stopping the test at 
the passing mark. 
 

Table 7.  
Phase 1 Roadwheel Tests Sample Size 

Tire 
Position 

Stepped-Up 
Speed Test 

Stepped-Up 
Load Test 

Total

New 21 24 45 
On-road 38 65 103 
Spare 6 2 8 
Total 65 91 156 
 
The results of the Phase 1 testing for the six Phoenix-
retrieved tire models were compared to new, unused 
versions of themselves in the next section of this 
report.  (As always, when examining indoor 
laboratory roadwheel results it is important to 
consider that a straight-line test, under static uniaxial 
loading conditions, on a curved steel roadwheel only 
approximates the real world operation of a tire under 
dynamic multi-axial handling and loading conditions 
on a flat roadway surface.) 
 

Stepped-Up Speed Roadwheel Test 
Results - The Stepped-Up Speed (SUS) roadwheel 
test is based on the new FMVSS No. 139 High Speed 
tire test.  Per the standard’s High Speed test 
conditions, the tire is subjected to a two hour break-in 
on the roadwheel at 80 km/h (50 mph), then run 
continuously and uninterrupted for ninety minutes 
through three thirty-minute test stages at the 
following speeds: 140, 150, and 160 km/h (87, 93, 
and 99 mph).  If the tire completes the roadwheel test 
intact (i.e. no catastrophic structural failures or 
significant loss of inflation pressure), the tire is 
stopped for a one-hour cool down period and 
inspected.   
 
Unlike the pass/fail FMVSS No. 139 High Speed 
test, which ends after the 90-minute test period is 
complete, the tire was restarted and run through 
additional speed steps that increase 10 km/h every 30 
minutes until the speed rating of the tire is reached.   
Once the speed steps reach the speed rating of the 
tire, the tire is run at that speed uninterrupted until a 
catastrophic failure occurs.  Details of the test are 
listed in Table 11 in the Appendix. 
 
The results of the Stepped-Up Speed (SUS) 
roadwheel test versus age for new and on-road (non-
spare) tires can be seen in Figure 5.  (Spare tire 
results will be analyzed in a separate section.)  Since 
the “Type D” tire model had only one Phoenix-
retrieved tire tested, no exponential trendline was 
plotted through its data.  Figure 5 is organized by the 
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speed rating of the tire and displays the results for 
new, original equipment, and replacement non-spare 
tires retrieved from Phoenix.  The time to failure in 
minutes is plotted against the age of the tire at 
retrieval.  (The time to failure plotted does not 
include the 120 minute pre-test break-in period.)  
New tires are denoted by a “0” age on the x-axis. 
 

Figure 5.  Stepped-Up Speed to Failure Test: Time 
to Failure vs. Age, Phoenix-Retrieved Non-Spare 
Tires, 6 Tire Models [Excludes 2 Hour Break-in 
Time]. 

To evaluate the SUS test results in context, it’s 
necessary to look at the requirements of the FMVSS 
No. 139 High Speed test for new tires.  This 
regulation requires new tires to complete a 2 hour 
low-speed break-in and three 30-minute steps of 
increasing speed to pass.  All new tires tested in the 
SUS test easily exceeded the minimum requirements 
of the standard.  The new “Type H” load range E 
light truck tires, which have a Q-speed rating of 160 
km/h (99 mph), ran at that speed rating for hundreds 
of additional minutes beyond the passing mark.  
However, as displayed in Figure 5, this tire model 
exhibited a precipitous decline in time to failure with 
age.  Two of the three S-speed rated tires did show a 
decline in time to failure with age, with some tires 
eventually dropping below the new tire requirements.  
Conversely, the two tire models with the highest 
speed ratings (H and V-speed rated) showed little 
change in the test with increasing age.  For these two 
tire models the coefficients of determination (R^2) 
for the SUS test were very weak.  
 
8% (3/38) of the on-road Phoenix-retrieved tires 
failed before reaching the requirement of the FMVSS 
No. 139 High Speed test for new tires (See Table 8).  
All three were S-speed rated (180 km/h [112 mph]) 
tires and failed during one of the last two speed steps. 
 

Table 8.  
On-road Phoenix-Retrieved Tires That Did Not 

Exceed FMVSS No. 139 High Speed Test 
Requirements for New Tires 

Speed 
Step 

Speed Step 
Duration (min) 

Speed Failed

Break-in 120 80 km/h 
(50 mph)

0

1 30 140 km/h 
(87 mph)

0

2 30 150 km/h 
(93 mph)

1

3 30 160 km/h 
(99 mph)

2

Failures 3/38
 
In Figure 6, the results of the SUS test are plotted 
against the mileage of the tires at removal date.  
Since only OE tires can be plotted against mileage, 
only the two tire models with OE tires tested in the 
SUS test are displayed.  For the two tire models, the 
time to failure in the SUS test was observed to 
decrease with increasing mileage. 
 

Figure 6.  Stepped-Up Speed to Failure Test: Time 
to Failure vs. Mileage, Phoenix-Retrieved Non-
Spare Tires, 2 Tire Models (Original Equipment 
Tires Only) [Excludes 2 Hour Break-in Time]. 

The overall results of the SUS test showed 
correlation to age and mileage for some tire models, 
but not for others.  For the Q and S rated tire models 
the results of the SUS test suggest a reduction in 
prolonged maximum speed capability with age and 
mileage.  Construction features for H and V rated 
tires such as overlays (e.g. cap-plies) may explain 
their better retention of prolonged maximum speed 
capability with age and mileage.  
 

Stepped-Up Load Roadwheel Test Results 
- The Stepped-Up Load (SUL) roadwheel test is 
based on the new FMVSS No. 139 Endurance tire 
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test.  Per the Endurance test conditions there is no 
pre-test break-in.  The tire is run continuously and 
uninterrupted at 120 km/h (75 mph) while 
overloaded/underinflated for four hours at 85% max 
load, six hours at 90% max load, and then twenty 
four hours at 100% max load.  If the tire completes 
the roadwheel test intact (i.e. no catastrophic 
structural failures or significant loss of inflation 
pressure), the tire is stopped for a one-hour cool 
down period and inspected.  Unlike the 34 hour 
pass/fail requirement of the FMVSS No. 139 
Endurance test, the SUL test restarts tires and runs 
through additional load steps that increase by 10% of 
max load every four hours until catastrophic failure. 
The initial load and incremental loads are 
proportional to the maximum load rating for each 
tire.  Details of the test are listed in Table 12 in the 
Appendix. 
 
The results of the SUL test versus age for new tires 
and on-road (non-spare) tires can be seen in Figure 7.  
(Spare tire results will be analyzed in a separate 
section.)  Figure 7 is organized by the speed rating of 
the tire and displays the results for new, original 
equipment, and replacement non-spare tires retrieved 
from Phoenix.  The time to failure in hours is plotted 
against the age of the tires at removal date.  New tires 
are denoted by a “0” age on the x-axis. 
 

Figure 7.  Stepped-Up Load to Failure: Time to 
Failure vs. Age, Phoenix-Retrieved Non-Spare 
Tires, 6 Tire Models. 

As seen in Figure 7, new tires tended to last the 
longest in the SUL roadwheel testing, with time to 
failure decreasing with increasing age of the tire.  All 
six tire models saw a decrease in time to failure with 
age.  The rate of change in performance with age 
differed greatly between different tire models, with 
higher speed rated tires having less of a change in 
performance with age.  
 

To evaluate the SUL test results in context, it is 
necessary to look at the requirements of the FMVSS 
No. 139 Endurance test for new tires.  This regulation 
requires new tires to complete three steps of 
increasing load for a combined 34 hours to pass.  All 
new tires tested easily exceeded the 34-hour 
requirement of the 139 Endurance test.  For instance, 
new V-speed rated (240 km/h [149 mph]) tires 
repeatedly reached 230-240% of their maximum 
specified Tire and Rim Association (T&RA) load for 
the 180 kPa (26 psi) test pressure before failing.  
However, 43% (28/65) of on-road Phoenix-retrieved 
tires tested failed before reaching the 34-hour passing 
mark for new tires (See Table 9).   
 
The shortest time to failure in the SUL dataset was 
2.62 hours.  For this tire, this represented 2.62 hours 
of continuous operation at 120 km/h (75 mph) under 
98% of the maximum rated load for the tire inflation 
pressure used in the test (180 kPa [26 psi]).  Three 
additional tires failed before the end of the second 
load step (≤10 hours), which depending on the tire 
size corresponded to 103 to 104% of the maximum 
T&RA rated load for the test pressure.  Twenty four 
more tires failed before the end of the third and final 
load step (i.e. 34 hours), which corresponded to 115 
to 123% of the maximum T&RA rated load for the 
test pressure.  Unlike the improbable long durations 
at high speed represented by the SUS test, long 
periods of operation at 120 km/h (75 mph) while 
moderately overloaded / underinflated are realistic in 
the U.S.   
 

Table 9.  
On-road Phoenix-Retrieved Tires That Did Not 

Exceed FMVSS No. 139 Endurance Test 
Requirements 

Speed 
Step 

Load 
Step 
Duration 
(hours) 

Max 
Sidewall 
Load 
(%) 

Max 
Rated 
Load 
for Test 
Pressure 
(%) 

Failed

1 4 85 98 1
2 6 90 103-104 3
3 24 100 115-123 24

Failures 28/65
 
The results of the SUL test are plotted against the 
mileage of the tire at removal date in Figure 8.  As in 
prior plots against mileage, only OE tires are plotted. 
Similar trends to plotting against age were observed 
when plotting against mileage.  Those were a general 
decrease in time to failure with increasing mileage, 
also a difference between the rates of degradation 
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with age for brands that started out with similar new 
tire performance. 
 

Figure 8. Stepped-Up Load to Failure: Time to 
Failure vs. Mileage, Phoenix-Retrieved Non-Spare 
Tires, 5 Tire Models (Original Equipment Tires 
Only). 

Tires in the SUL test with higher speed ratings tended 
to lose less resistance to prolonged operation while 
overloaded / underinflated than lower speed rated 
tires.  The coefficients of determination (“R^2”) for 
the SUL test were better than expected given that 
these tires were taken off of random vehicles with 
varying service and operational histories.   
 
The general conclusions from the SUL test results 
suggest that tires lose resistance to overloading / 
underinflation (i.e. resistance to the higher strain 
levels and temperatures that result from over-
deflection) with increasing age and mileage.  The 
next sections of the report provide examples of 
changes in the tire structure and tire component 
material properties measured that can be used to 
explain the observed changes in whole tire 
performance with increasing service life. 
 

Destructive Inspection 
Optical Microscopy - To conduct optical 

microscopy inspections, tires were cut into cross-
sections at random locations, buffed, and examined 
under a microscope that utilized a high precision 
scale for measurement of distance.  Over 50 
quantitative or qualitative measures were recorded 
for each tire cross-section.  An example of an internal 
crack measured using optical microscopy can be seen 
in Figure 9.  Internal cracks, especially in the critical 
belt edge region are thought to have a negative 
impact on tire durability. 
 

Figure 9.  Example of Crack Observed in the Tire 
Shoulder at the Top (“#2”) Belt Edge via 
Microscopy 

Internal cracks in the tires were generally observed at 
the edge of the top (#2) steel belt, and progressing 
around the #2 belt edge inward between the two steel 
belts.  The largest internal crack observed in the 
Phoenix tire cross-sections was 17.15 mm (0.675 in) 
in length.  (The crack length data represent the largest 
cracks observed in the random section of the tire 
removed for microscopy only, not the largest crack in 
the whole tire.)  The largest crack length measured 
per tire cross-section versus the age of the tire is 
displayed in Figure 10.  For the six tire models 
studied, the largest crack length in the cross-section 
tended to increase with increasing tire age. 
  

Figure 10.  Largest Crack Length in the Tire 
Cross-Section vs. Age, Phoenix-Retrieved Non-
Spare Tires, 6 Tire Models. 

Figure 11 plots the largest crack length data against 
the mileage of the tire for original equipment tires.  
Largest crack length was observed to increase with 
increasing tire mileage. 
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Figure 11.  Largest Crack Length in the Tire 
Cross-Section vs. Mileage, Phoenix-Retrieved 
Non-Spare Tires, 5 Tire Models (Original 
Equipment Tires Only). 

A logical question would be if the cracks and inter-
laminar separations observed by shearography and 
microscopy were a product simply of stress-strain 
fatigue cycles from miles put on the tires, or if there 
were changes in the rubber compound themselves 
that made the tire components more likely to crack 
and delaminate as they experienced longer durations 
of service.  To address this question, a 
comprehensive evaluation of tire material properties 
was conducted. 
 

Material Properties 
The material properties of individual rubber 
compounds and composite layers of the new and 
Phoenix-retrieved tires were tested in multiple areas 
of the tires (See Figure 12).  The “Shoulder Region” 
and the “Bead Region” are critical areas of the tires 
that can experience high relative temperatures, 
strains, and forces.  In particular, the “Wedge” rubber 
between the two belt edges in each shoulder of the 
tire and the inter-belt “Skim” rubber are critical to 
tire durability.  These two components were the most 
thoroughly tested rubber components in Phase 1.  
(However the innermost tread and bead regions were 
also evaluated to serve as a baseline for development 
of an accelerated service life test.  The goal was to 
develop a test that produced “field-like” material 
properties throughout the tire, not just in the skim and 
wedge compounds.) 
 
     

Figure 12.  Regions of the Tires Where Material 
Properties Testing was Completed 
 

Wedge Component Material Properties 
Since virtually all the cracks and internal 
delaminations observed by shearography and 
microscopy in Phoenix-retrieved tires were at the belt 
edges of the tires, examples of select material 
properties of the wedge rubber component at the belt 
edge will be discussed in this section. 
 
Tensile Properties - The tensile properties of the 
skim and wedge rubber compounds were tested per 
the ASTM D-412 standard test method.  Five tensile 
test specimens (See Figure 13) from each side of the 
tire at two locations around the circumference of the 
tire were tested for both the skim and wedge rubber 
compounds.   
 

Figure 13.  Tensile Test Specimen - Wedge 
Component Rubber Compound. 

One tensile test measure, the modulus at a particular 
strain, is a measure of a material’s tendency to 
deform (in this case elongate) when a force is applied 
to it.  In Figure 14 the average per tire stress 
measured at 100% Strain (M100) for the wedge 
rubber compound was plotted against the age of the 
tire.  As is evident from the figure, the rubber 
compound requires more force to stretch to the same 
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length with the increasing age of the tire.  If tested 
under compression instead of elongation, the 
compound would be “harder” than when it was new. 
 

Figure 14.  Per Tire Average Stress Measured at 
100% Strain (M100) in the Wedge Rubber vs. 
Age, Phoenix-Retrieved Non-Spare Tires, 6 Tire 
Models. 

In Figure 15, the stress measured at 100% Strain 
(M100) for the wedge rubber compound was plotted 
against the mileage of the OE tires. As with age, 
average per tire stress measured at 100% Strain 
(M100) increases with the increasing mileage of the 
tire.   
 

Figure 15.  Per Tire Average Stress Measured at 
100% Strain (M100) in the Wedge Rubber vs. 
Mileage, Phoenix-Retrieved Non-Spare Tires, 4 
Tire Models (Original Equipment Tires Only). 

Another tensile test measure is the ultimate 
elongation of a material.  It represents the maximum 
length to which the rubber sample can be stretched 
before breaking.  In Figure 16, the average per tire 
ultimate elongation for the wedge rubber compound 
was plotted against the age of the tire.  The ultimate 
elongation was observed to decrease sharply with the 
increasing age of the tire. 
 

Figure 16.  Per Tire Average Ultimate Elongation 
in the Wedge Rubber vs. Age, Phoenix-Retrieved 
Non-Spare Tires, 6 Tire Models. 

In Figure 17, the average per tire ultimate elongation 
of the wedge rubber compounds are plotted against 
the mileage of the original equipment tires. As with 
age, the average per tire ultimate elongation 
decreases sharply with the increasing mileage of the 
tire. 
 

Figure 17.  Per Tire Average Ultimate Elongation 
in the Wedge Rubber vs. Mileage, Phoenix-
Retrieved Non-Spare Tires, 4 Tire Models 
(Original Equipment Tires Only).  

Overall, the tensile properties of the wedge rubber 
compounds are increasing in modulus and decreasing 
in ultimate elongation with increasing service life.  In 
other words, the compounds are getting harder, do 
not flex as much under a given load, and are losing 
their ability to stretch to a maximum length before 
breaking.  These degradations in the wedge rubber 
material properties may contribute to the increased 
crack and delamination levels observed by 
shearography and microscopy in the wedge region 
with increasing service life.   
 
The next question would be if there are not only 
changes in the material properties of the wedge 

MacIsaac/Feve 11 
 



compound but also the adhesion values between the 
steel belts in the wedge region with increasing 
service life.  To test this hypothesis, inter-belt peel 
strength was measured. 
 

Inter-Belt Peel Strength - The peak and 
average peel strength between the two steel belts in 
the tires were evaluated using the ASTM D 413 
standard test method.  Samples were taken from both 
sides of the tire at four locations around the 
circumference of the tire.  Data were divided into 
results for the skim and the approximately 25.4 mm 
(1 inch) long wedge rubber regions at the edges of 
the steel belts separately (See Figure 18).   
 

Figure 18.  Peel Strength Test Specimen - Skim & 
Wedge Components. 

In Figure 19, the average peel strength results in the 
wedge rubber region were averaged for eight test 
samples and displayed versus the age of the tire.  The 
average peel strength in the wedge rubber region (i.e. 
adhesion level between the edges of the steel belts) 
was observed to decrease with the increasing age of 
the tire for all six tire models. 
 

Figure 19.  Per Tire Average Peel Strength in 
Wedge Rubber Region vs. Age, Phoenix-Retrieved 
Non-Spare Tires, 6 Tire Models 

In Figure 20 the average peel strengths are plotted 
against the mileage of the original equipment tires.  
As with age, the average peel strength in the wedge 
rubber region between the belt edges was observed to 

decrease with the increasing mileage of the tire.  The 
results of peel strength testing suggest that inter-belt 
adhesion in the wedge region of the belt package is 
decreasing with increasing service life. 
 

Figure 20.  Per Tire Average Peel Strength in 
Wedge Rubber Region vs. Mileage, Phoenix-
Retrieved Non-Spare Tires, 4 Tire Models 
(Original Equipment Tires Only). 

Overall, the select material properties tests discussed 
in the section for the wedge rubber component 
suggest quantifiable changes in the compound that 
affect crack growth rate and inter-belt adhesion in 
that region.  These changes can be explained by 
chemical changes in the wedge compound and 
adhesive system; however discussion of these 
measures is beyond the scope of this paper.  The 
main point of including examples of material 
property testing was to emphasize that the changes in 
whole tire performance observed with age and 
mileage were partly a result of changes in tire 
compounds and interfaces, and not simply a result of 
cyclic fatigue. 
 

Spare Tires 
Figure 21 documents the inflation pressure of all tires 
retrieved from the spare tire location on the vehicle.  
This plot includes 29 tires of the 12 models collected 
in Phoenix and includes both zero-mileage spares and 
used tires stored at that location.  The lowest pressure 
observed was 55 kPa (8 psi) for a 6.78 year old 
passenger vehicle tire.  31% (8/26) of passenger tires 
at the spare tire location had pressures below 180 kPa 
(26 psi) when retrieved.  33% (1/3) light truck tires 
retrieved at the spare tire location had an inflation 
pressure below 250 kPa (36 psi).   
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Figure 21.  Inflation Pressure at Retrieval vs. Age, 
Phoenix-Retrieved Full-Size Spare Tires, All Tire 
Models. 

Out of the 29 tires retrieved from the spare tire 
location, there were only 9 tires of the six tire models 
tested in Phase 1 that could be confirmed as only 
seeing service in Phoenix and having zero mileage. 
Since these confirmed spares did not see service, 
measurements such as tread depth, shearography, 
largest crack length are not informative.   
 
A Ford Motor Company study of the material 
properties of 1500 tires retrieved from service in six 
cities in the U.S. concluded:   
 
“On-road tires age roughly 1.25 times faster than 
(full-size) spare tires independent of property. That 
is, the ratio of the rates of crosslink density increase 
and peel strength loss are the same independent of 
whether or not the tire is a spare. This suggests that 
the difference in rate is due to the fact the on-road 
tires see a somewhat higher temperature history than 
spare tires due to a combination of sun load and tire 
heating during driving. It is important to note that 
on-road tires are typically driven around 5% of the 
time.” [11] 
 
“In every case, the spare tire data was statistically 
identical to the road tire data, meaning that 
mechanical fatiguing does not impact the aging 
process with regards to property change of the 
rubber.” [12] 
 
Ford’s findings suggest full-size spare tires were 
experiencing material property degradation in a 
manner similar to on-road tires, but at a slower rate.  
The next logical step was to see if this material 
degradation also resulted in a change in performance 
of spare tires in roadwheel tests.  In Phase 1, six full-
size spare tires were subjected to the Stepped-Up 
Speed test and two tires to the Stepped-Up Load test.    

The results for the six spare tires that were subjected 
to the SUS test are plotted against age in Figure 22.  
Though the dataset is limited in size, a small decrease 
in time to failure was observed for the five S-rated 
full-size spares with age but not for the single V-rated 
spare. 
 

Figure 22.  Stepped-Up Speed to Failure Test: 
Time to Failure vs. Age, Phoenix-Retrieved Full-
Size Spare Tires, 2 Tire Models [Excludes 2 Hour 
Break-in Time]. 

The results for the two spare tires that were subjected 
to the SUL test are plotted against age in Figure 23.  
Again, though the dataset is limited, a small decrease 
in time to failure was observed for both models of 
spare tires regardless of speed rating. 
 

Figure 23.  Stepped-Up Load to Failure: Time to 
Failure vs. Age, Phoenix-Retrieved Non-Spare 
Tires, 2 Tire Models. 

The trends in the roadwheel tests were the same for 
on-road tires as spare tires.  Namely the lower speed 
rated tire showed reductions in time to failure in both 
the SUS and SUL tests.  The higher speed rated tires 
showed no significant change in time to failure in the 
SUS test but measurable changes in the SUL test.  
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While the reductions in the whole tire performance of 
the full-size spare tires in the two roadwheel tests 
were smaller in magnitude than for the on-road tires, 
and the dataset was extremely limited, the results 
support the hypothesis that spare tires could degrade 
while stored on the vehicle.  This is a particular 
concern when coupled with the inflation pressures of 
full-size spare tires at retrieval.  Over 30% of the 
passenger and light truck tires at the spare tire 
location had inflation pressures below the T&RA 
Load Table minimums.  A recent study by the agency 
projected that more than 50% of passenger vehicles 
will still be on the road in the U.S. after 13 years of 
service, and more than 10% will still be on the road 
after 19 years.  For light trucks, those figures go to 14 
and 27 years respectively. [13]  Since few consumers 
replace their full-size spare tires when replacing on-
road sets of tires, full-size spare tires have the 
potential for very long service lives.  This elicits the 
logical concern that older full-size spare tires with 
possible degradations in capability may see 
emergency use while significantly underinflated. 
 

CONCLUSIONS 

The goals of Phase 1 were to provide a better 
understanding of the effects of service life on tires 
and to serve as the “real-world” baseline for 
evaluating the effectiveness of accelerated laboratory 
tire-aging methods in subsequent phases of the 
project.  For the tests detailed in this paper, the 
following trends were observed in the Phoenix-
retrieved tires:   
 

 While mean tire inflation levels of on-road tires 
did not deviate much with age, approximately 
11% of passenger vehicle tires and 14% of light 
truck tires had retrieval pressures below the 
minimum pressures in the 2003 Tire & Rim 
Association Tire Load Limit Tables that were in 
place at the time of the tire collection. 

 
 Results of bead-to-bead shearography of the 
tires indicated that internal separations in the 
tire tended to increase with increasing age and 
mileage, correlating better to mileage. 

 
 In the Stepped-Up Speed roadwheel test, some 
tire models showed a decline in time to failure 
with age and mileage, while others did not.  
Results indicated a strong correlation to the 
speed rating of the tire, with the higher speed 
rated tires losing the least capability with 
increasing age and mileage. 

 

 In the Stepped-Up Load roadwheel test, all tire 
models showed a decline in time to failure with 
age and mileage.  Results indicated a strong 
correlation to the speed rating of the tire, with 
the higher speed rated tires losing the least 
capability with increasing age and mileage. 

 
 Optical microscopy results indicated that the 
largest crack length measured in tire cross-
sections examined tended to increase with 
increasing age and mileage. 

 
 The tensile properties of wedge rubber 
compound between the two belt edges were 
observed to increase in modulus and decrease in 
ultimate elongation with increasing age and 
mileage. 

 
 The average peel strength in the wedge rubber 
region between the two belt edges was observed 
to decrease with increasing age and mileage, 
indicating reduced adhesion between the steel 
belts. 

 
 The changes in the physical material properties 
of the tire rubber compounds can be explained 
by chemical changes in the compounds and 
interfaces; however discussion of these 
measures was beyond the scope of this paper. 

 
 Over 30% of the passenger and light truck tires 
at the spare tire location had inflation pressures 
below the 2003 T&RA Load Table minimums.  
Roadwheel tests of eight zero-mileage full size 
spare tires indicated possible reductions in 
performance with age. 
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APPENDIX 

Table 10. 
Twelve Tire Models Collected In Maricopa 

County (Phoenix), Arizona 
NHTSA 
Tire ID 

Tires Tire 
Manufacturer 

Tire Model Tire Size Load 
Range 

Speed 
Rating 

A 34 Hankook H406 P185/65R14 85 H 
B 70 BFGoodrich Touring T/A 

SR4 
P195/65R15 89 S 

C 31 Goodyear Eagle GA P205/65R15 92 V 
D 39 Michelin LTX M/S P235/75R15XL 108 S 
E 50 Firestone Wilderness 

AT 
P265/75R16 114 S 

F 49 Goodyear Wrangler HP 255/55R18 109 H 
G 29 Kumho ECSTA HP4 P205/60R15 90 H 
H 49 Pathfinder ATR A/S LT245/75R16 120/116E Q 
I 22 Yokohama Avid 

Touring 
P205/70R15 95 S 

J 45 Continental Touring 
Contact A/S 

P205/65R15 92 S 

K 35 Pirelli P6 
FourSeasons 

P235/45R17 94 V 

L 40 General Grabber ST 255/65R16 109 H 
Total 493 

 
Table 11. 

Stepped-Up Speed to Failure Test: Speed stepped-
up through FMVSS No. 139 High Speed test 

conditions to the speed rating of tire and held to 
failure 

 
 

Table 12. 
Stepped-Up Load to Failure Test: Load stepped-

up through FMVSS No.139 Endurance test 
conditions and continued on to failure 

Test Stage (#) Duration 
(hours)

Percent Max 
Load

Speed 
(mph)

Test

1 4 85% 75
2 6 90% 75
3 24 100% 75

Inspection 1 - - -

4 4 110% 75
5 4 120% 75

Etc. 4 +10%  every 4 
hours

75

FMVSS 139 
Endurance

Stepped-Up 
Load to 

Catastrophic 
Failure
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ABSTRACT 
 
NHTSA�s proposed FMVSS 126 ESC evaluation 
method and performance requirements are repeatedly 
tested by three vehicle manufacturers and NHTSA 
using two vehicle configurations, five test sites 
(tracks) and three temperature ranges. The results are 
examined to determine the sources of variability.  
Conclusions are presented on the variation of 
observed results. The initial experiment was designed 
considering directional stability metrics. The scope of 
the study was later expanded to include the 
responsiveness metric. 
 
INTRODUCTION 
 
In June, 2005, NHTSA employed subjective 
evaluation techniques that identified two vehicle 
configurations representing �diminished ESC 
performance� that defined NHTSA�s subjective 
threshold for acceptable vehicle directional stability 
performance. One configuration was slightly above 
this threshold (Threshold+) and the other was slightly 
below this threshold (Threshold-). These subjective 
assessments were later confirmed by NHTSA�s 
investigation of stability using a statistical model [1]. 
Sine with Dwell tests [2] were conducted on these 
�diminished mode ESC� vehicle configurations as 
part of the Phase 2a research [1]. Note that these 
vehicle configurations in the variability study 
represent �diminished mode ESC performance�.  The 
baseline calibrations of these vehicles are shown in 
Figure 1 by the light blue-gray lines with the round 
event markers.  It can be seen that the normalized 
yaw rate response of the baseline calibrations return 
to the desired zero state more quickly than response 
of the respective diminished mode calibrations 
indicating a significant improvement in directional 
stability. 

A designed experiment was constructed that allowed 
the investigation of the vehicle directional stability 
metrics for sensitivity to track, sensitivity to 

temperature, and testing variability [3]. This involved 
repeated tests of the aforementioned threshold 
vehicle configurations at different test sites and 
within different temperature ranges.  The 
performance results (test metrics) would be useful for 
examining the variability of metrics described in the 
FMVSS 126 NPRM [4] used to characterize vehicle 
directional stability performance near the threshold of 
acceptance.  

Testing of the vehicle configurations was conducted 
between August, 2005 and March, 2006 in order to 
accommodate testing and shipping logistics and to 
allow for testing within the desired temperature 
ranges. Figure 1 provides a comparison of the 
normalized yaw rates (yaw rate divided by the second 
peak yaw rate) for the threshold vehicle 
configurations versus the entire population of 
vehicles measured. It can be seen that the threshold 
configurations form a �boundary� of the ESC ON 
and ESC OFF configurations. 

Threshold+  Base Cal
Threshold- Base Cal
Threshold+  Base Cal
Threshold- Base Cal
Threshold+  Base Cal
Threshold- Base Cal
Threshold+  Base Cal
Threshold- Base Cal

Figure 1.  Rationale for configurations selected.  

After completion of the aforementioned study, focus 
shifted to determining the variability for vehicle 
responsiveness metrics near the threshold for 
acceptable vehicle responsiveness.  The best method 
to analyze the variation of responsiveness as it 
pertains to the proposed acceptance criteria is to 
measure a small number of vehicles whose 



 

 
 Boyd_Carriere_Lukianov   2 

responsiveness performance is near the acceptance 
criteria at a number of different tracks and 
temperatures.  As there was not time available to 
collect this data, the next best method is to examine 
the variability of responsiveness of the two 
configurations used in the stability variability 
study [5]. The Threshold+ configuration is one of the 
most responsive (approximately 98th percentile) of 
vehicles tested to date, while the Threshold- 
configuration represented the ~50th percentile for 
responsiveness. 

Although the study included a number of directional 
stability and responsiveness metrics, the scope of this 
paper is limited to the metrics proposed by NHTSA 
in the FMVSS 126 NPRM. 
 
DESCRIPTION OF EXPERIMENT 
 
The experiment was designed to execute a test series 
on each of the two threshold vehicle configurations to 
determine the variability at five different test tracks. 
The tracks were chosen in different parts of the 
United States since tracks tend to be built using local 
materials. The tracks were located in Arizona, 
California, Michigan, Ohio, and South Carolina. 
Aerial photographs of each track are shown in the 
Appendix. The dates for testing at each location were 
chosen, based on historical data, to achieve ambient 
temperatures in the desired temperature range. The 
experiment was also designed to conduct a test series 
on the two vehicle configurations at the same test 
track to determine the effects of testing at three 
different temperature ranges: Cold (~30 deg F), 
Medium (~60 deg F), and Hot (~90 deg F).  

A test series consisted of four repetitions of the Sine 
with Dwell maneuver and the associated Slowly 
Increasing Steer maneuver; once in the early morning 
and once in the afternoon of each day for two days.  
This protocol was designed to generate test data at 
the temperature extremes of each test day.  New tires 
were installed on the vehicle before each Slowly 
Increasing Steer/Sine with Dwell test combination to 
minimize the effect of tire wear on the results.  

The test matrix for track effect and for temperature 
effect can be seen in Tables 1 and 2 respectively. The 
Threshold+ configuration was labeled M32 and the 
Threshold– configuration was labeled 302. These 
descriptors will be used interchangeably throughout 
this paper. Note that there were 56 Sine with Dwell 
tests conducted in total: 28 on the M32 configuration 
and 28 on the 302 configuration. The initial tests of 
the M32 and 302 configurations conducted by 
NHTSA in the spring, 2005 can also be included for 
comparison purposes.  The same vehicles were used, 

although the tires used in the initial tests were not 
from the same lot purchased for the repeatability 
study. 

Note that the track sensitivity study only included the 
Medium temperate range data.  The temperature 
sensitivity study for each vehicle configuration 
included the data from a single track at which the 
vehicle was tested at all three temperature ranges (MI 
for the 302 configuration, and OH for the M32 
configuration). 

Table 1. 
Track Effect Test Matrix 

Test 
Series Config.

Test 
Track Temp. Tester

Temp or 
Track Effect

1 302 MI Hot GM Temp
2 M32 OH Hot NHTSA Temp
5 302 OH Med. NHTSA Track
6 M32 MI Med. GM Track
3 302 MI Med. GM Temp / Track
4 M32 OH Med. NHTSA Temp / Track
7 302 SC Med. NHTSA Track
8 M32 SC Med. NHTSA Track
9 302 CA Med. Ford Track
10 M32 CA Med. Ford Track
11 302 AZ Med. DCX Track
12 M32 AZ Med. DCX Track
13 302 MI Cold GM Temp
14 M32 OH Cold NHTSA Temp  

Table 2. 
Temperature Effect Test Matrix 

Test 
Series Config.

Test 
Track Temp. Tester

Temp or 
Track Effect

1 302 MI Hot GM Temp
2 M32 OH Hot NHTSA Temp
5 302 OH Med. NHTSA Track
6 M32 MI Med. GM Track
3 302 MI Med. GM Temp / Track
4 M32 OH Med. NHTSA Temp / Track
7 302 SC Med. NHTSA Track
8 M32 SC Med. NHTSA Track
9 302 CA Med. Ford Track
10 M32 CA Med. Ford Track
11 302 AZ Med. DCX Track
12 M32 AZ Med. DCX Track
13 302 MI Cold GM Temp
14 M32 OH Cold NHTSA Temp  

 
Assumptions 
 
A number of assumptions were made in order to 
conduct the experiment and interpret the results: 
• The two test vehicles are not changing during the 

experiment 
• The variation in instrumentation and 

measurement systems (between the three 
manufacturers & NHTSA) is small compared to 
the variation in a test vehicle configuration 

As the scope of the project expanded to determine the 
variability of the responsiveness metric, further 
assumptions were necessary: 
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• The variability in responsiveness of vehicle 
configurations well above the responsiveness 
performance requirement is similar to the 
variability of vehicles configurations near the 
responsiveness performance requirement when 
considering the following components of 
variability: 

Track sensitivity  
Temperature sensitivity 
Run-to-run variability 

• The diminished ESC modes of these vehicle 
configurations have no significant effect on the 
variability of responsiveness 

 
     Factors Not Controlled In This Experiment - It 
should be noted that brake temperatures and ESC 
algorithm changes with driving history and ignition 
resets were not controlled in this experiment; 
however it is unlikely that these factors had an effect 
on the results. 
 
TEST RESULTS AND ANALYSIS 
 
Graphical and statistical techniques were used to 
analyze the data and examine variability. Yaw Rate 
Ratio (YRR) and normalized yaw rate, the yaw rate 
divided by the second peak yaw rate, are used 
interchangeably in this paper. 
 
Graphical Analysis 
 
Graphical analysis was used to examine vehicle 
performance characteristics for major trends and to 
highlight variation of performance between vehicles 
and test conditions of interest. Graphical analysis 
provides an overall perspective of vehicle 
performance and provides direction for further 
statistical analysis. 

Graphical analysis included: 
• Plots of metrics versus time 
• Cross plots of metrics and test variables 
• Plot groupings for key variables such as track 

and temperature categories 

Stability and Responsiveness metrics were examined 
graphically to identify overall patterns.  

     Stability Metrics - Yaw Rate Ratio vs. time was 
examined for both vehicle configurations at the five 
tracks and the three temperature ranges. Comparison 
of YRR vs. time illustrates the difference in yaw rate 
ratio decay between the two vehicle configurations. 
M32 yaw rate ratio (Figure 2) continues at a higher 
level and for a longer period of time than the 302 yaw 
rate ratio (Figure 3). This graph provides a sense of 
the difference in the magnitude of vehicle yaw that 

continues after the steering is returned to straight 
ahead. This data also provides an indication of 
performance variation between tracks. 
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Figure 2. M32 YRR track sensitivity. 
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Figure 3.  302 YRR track sensitivity. 
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Figure 4.  M32 YRR temperature sensitivity. 

Examination of YRR vs. time for temperature 
variation indicates that the M32 configuration 
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(Figure 4) has a performance shift at Cold 
temperature that merits further examination. The 302 
data (Figure 5) does not exhibit similar temperature 
sensitivity. 
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Figure 5.  302 YRR temperature sensitivity. 

Plotting Peak YRR at particular times after end of 
steer versus all steering increments and then sorting 
by tracks, directions, and temperatures allows a 
closer examination of Yaw Rate Ratio variations. 

The discussion which follows uses the following 
convention to denote the stability metrics in the 
FMVSS 126 NPRM: 

YRR1 is the Yaw Rate Ratio 1.00 second after end 
of steer 

YRR175 is the Yaw Rate Ratio 1.75 second after 
end of steer 

Figure 6 shows that variation in YRR1 due to tracks 
is clearly observable for configuration M32. 
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Figure 6.  M32 YRR1 vs. steering angle: track 
sensitivity. 

Figure 7 shows the temperature sensitivity in YRR1 
for configuration M32. 

Figure 8 shows variation in YRR175 due to tracks is 
observable in configuration M32. 
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Figure 7.  M32 YRR1 vs. steering angle: 
temperature sensitivity. 
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Figure 8.  M32 YRR175 vs. steering angle: track 
sensitivity. 

Figure 9 shows temperature sensitivity in YRR175 
for the Cold temperature range in configuration M32. 
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Figure 9.  M32 YRR175 vs. steering angle: 
temperature sensitivity. 

Figures 10 through 13 show the YRR metrics for 
configuration 302.  It can be seen that configuration 
302 has significantly lower yaw rate ratios compared 
to M32. 

Track variation in YRR1 is difficult to observe, 
although Arizona appears to have higher than typical 
variation as seen in Figure 10. 
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Figure 10.  302 YRR1 vs. steering angle: track 
sensitivity. 

Temperature sensitivity is difficult to observe in 
configuration 302, as shown in Figure 11. 
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Figure 11.  302 YRR1 vs. steering angle: 
temperature sensitivity. 

Trace amounts of yaw rate ratio are apparent at 1.75 
seconds for configuration 302, as illustrated in 
Figures 12 and 13. Since vehicle yaw is basically 
complete 1.75 seconds after steer out, it is not 
surprising that track and temperature sensitivity is 
difficult to observe. 
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Figure 12.  302 YRR175 vs. steering angle: track 
sensitivity. 

Graphical review of YRR for configurations M32 and 
302 suggests that the M32 yaw rate ratio performance 
may show track and temperature sensitivity, while 
the 302 YRR performance is less likely to exhibit 
track and temperature sensitivity. 
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Figure 13.  302 YRR175 vs. steering angle: 
temperature sensitivity. 

     Responsiveness Metric – NHTSA�s proposed 
vehicle responsiveness metric, the minimum lateral 
displacement observed at steering wheel angle 
amplitudes greater than or equal to 180 degrees 
(Min Dy) was calculated for the test configurations.  
Min Dy versus steering wheel angle was examined 
graphically and reviewed for run-to-run, track, and 
temperature variation: 

Figure 14 shows variation due to tracks for 
configuration M32. 
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Figure 14.  M32 Responsiveness vs. steering input: 
track variation. 

Figure 15 shows that there may be some temperature 
sensitivity for configuration M32. 

Figure 16 shows little variation due to track for 
configuration 302. 
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Figure 15.  M32 Responsiveness vs. steering input:  
temperature variation. 
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Figure 16.  302 Responsiveness vs. steering input:  
track variation. 

Figure 17 shows some temperature sensitivity for 
configuration 302. 
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Figure 17.  302 Responsiveness vs. steering input: 
temperature variation. 

Graphical review of the responsiveness plots for 
possible track and temperature sensitivity reveals 
probable track and temperature sensitivity for M32 
and probable temperature sensitivity for 302. 
Statistical analysis was used to further quantify these 
sensitivities to track and temperature. 

Statistical Methods 
 
The statistical analysis techniques used in this 
variability study are described in this section.  The 
detailed results generated by these methods are found 
in the section discussing a specific metric and in the 
VARIABILITY RESULTS SUMMARY section.   

The analysis methods used in this study consisted of: 
• Signal to Noise Ratios 
• Confidence Interval Comparison 
• Temperature Sensitivity 
• Analysis of Variance (ANOVA) 
• Pooled Standard Deviation 

Different methods for combining standard deviations 
were also investigated. 
 
     Signal to Noise Ratio Calculations � Signal to 
Noise Ratio (S/N) is a good indicator of the 
robustness and discrimination capability of a given 
metric.  A higher value is better.  The ratio is 
calculated by dividing the difference between the 
metrics of each of the two vehicle configurations by 
the noise in the data. 

21
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µµ  (1). 

Where  
µ1 is the average of vehicle configuration 1�s data 

for the considered runs 
µ2 is the average of vehicle configuration 2�s data 

for the considered runs 
CI1 is the width of the 90% confidence interval for 

vehicle configuration 1�s considered runs 
CI2 is the width of the 90% confidence interval for 

vehicle configuration 2�s considered runs 
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Figure 18.  Example of elements of S/N 
calculation. 
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     Confidence Interval Comparison � Using the 
sensitivity to track as an example, if variability were 
zero, it would be possible to get the same result at 
any track. One comparison metric is the number of 
times two tracks are statistically different (i.e. 90% 
confidence intervals do not overlap). This is shown in 
Figure 18. For five tracks, there are ten possible track 
pairings.  Since there are two vehicle configurations, 
there are 20 possible track-by-vehicle pairings. A 
smaller number of non-overlapping pairs are 
preferred because the overlap shows that the results 
are track independent. 

     Pooled Standard Deviation � Since there are 
some statistically significant track differences, the 
run-to-run variation was calculated using a pooled 
standard deviation, where the variation about the 
mean of each vehicle at each track was summed so 
that track differences are not included in the run-to-
run variability. 

Variability due to tracks can be estimated by 
averaging all four test sequences at each track to get 
an average value for that track.  Considering each 
vehicle separately, this collapses the data down to 10 
values (5 tracks x 2 vehicles).  Since the vehicles are 
statistically significantly different, the pooled 
standard deviation was calculated using 2 means (1 
for each vehicle).  

     Temperature Sensitivity � The experiment was 
designed to examine tests conducted in three 
temperature ranges: Cold, Medium, and Hot by 
testing at three different times of year. Temperature 
sensitivity was examined using both the temperature 
category and the continuous range of temperature. 

Once the sensitivity of a metric to temperature has 
been established, it is useful to know how significant 
the change due to temperature is compared to typical 
values of the metric.  One method to answer this 
question is to consider a ∆T defined as the 
temperature change needed to make the metric 
change equal to the difference between the two 
vehicle configurations. 

( )
S

MM
T 21 −=∆  (2). 

Where 
M1 is the metric value of vehicle configuration 1. 

This is calculated by doing a linear fit of the 
metric versus temperature and evaluating the 
linear fit at 50 deg F 

M2 is the metric value for vehicle configuration 2 
at 50 deg F 

S is the slope of the metric with respect to 
temperature 

Metrics with higher ∆T values would rank vehicles 
more consistently across a broader range of 
temperatures. Temperature sensitivity is only 
calculated for a vehicle configuration when the slope 
(S) is statistically significant 

Figure 19 shows a typical temperature sensitivity 
plot.  In this case, only the slope for vehicle 302 is 
statistically significant, and it would take a 489 deg F 
temperature change to span the gap between the two 
vehicles at 50 deg F. 
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Figure 19.  Example of Temperature Sensitivity 
method . 

Another method for understanding the significance of 
temperature sensitivity is to multiply the sensitivity 
times the range of allowable temperatures so that the 
relative change in a metric due to temperature can be 
compared to the changes due to track and run-to-run 
variability. 

     Analysis of Variance – Results were calculated 
using DEXPERT, an expert system for the design and 
analysis of experiments [6]. Studies to investigate the 
effects of track and temperature range were 
conducted. The track sensitivity study only used the 
medium temperature range test configurations as they 
were common for every track. The temperature study 
used the MI track for the 302 configuration and the 
OH track for the M32 configuration, as these pairings 
consisted of testing each configuration over all three 
temperature ranges. 

The components of variability that can be estimated 
from the structure shown in Table 3 are: 

• Vehicle configuration, either 302 or M32 
• Location, either MI, OH, SC, CA, or AZ 
• Vehicle by Location interaction 
• Time of Day, either AM or PM 
• Vehicle by Time of Day interaction 
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• Location by Time of Day interaction 
• Vehicle by Location by Time of Day interaction 
• Day within Vehicle-Location combination 
• Time of Day by Day within Vehicle-Location 

combination 
Table 3. 

Track Effect Design Structure 
 300C M3 
 MI OH SC CA AZ MI OH SC CA AZ 
 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 D20 

AM x x x x x x x x x x X x x x x x x x x x 
PM x x x x x x x x x x X x x x x x x x X x 
  

The structure of the temperature sensitivity 
experiment shown in Table 4 is similar to the track 
sensitivity experiment except that instead of track, 
temperature is used.  It should be noted that there is a 
confounding effect caused by the fact that 
configuration 302 was tested in MI and M32 was 
tested in OH.  The results show that these tracks have 
similar characteristics, so the confounding effect is 
small. 

Table 4. 
Temperature Effect Design Structure 

 300C M3 
 Hot Med Cold Hot Med Cold 
 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 

AM x x x x x x x x x x x x 
PM x x x x x x x x x x x x 

  
The components of variability that can be estimated 
from the structure shown in Table 4 are: 

• Vehicle configuration, either 302 or M32 
• Temperature Range, either Hot, Medium, or 

Cold 
• Vehicle by Location interaction 
• Time of Day, either AM or PM 
• Vehicle by Time of Day interaction 
• Location by Time of Day interaction 
• Vehicle by Location by Time of Day interaction 
• Day within Vehicle-Location combination 
• Time of Day by Day within Vehicle-Location 

combination 

The ANOVA results are shown in the variability 
results summary section. 
 
Yaw Rate Ratio 1 sec after Steer-Out (YRR1) 
 
Figure 20 illustrates the normalized yaw rate 
responses for the variation study configurations 
versus a large number of test configurations 
conducted by NHTSA and the Alliance [1, 2, 7, 8]. 
Note that the initial test of the Threshold- 
configuration represented the central tendency of that 
configuration while the initial test of the Threshold+ 
configuration represented the lower boundary of that 
configuration. 
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Figure 20.  YRR1 variability configuration results 
vs. tested population. 

The results in Figure 21 indicate good discrimination 
as there is no overlap in the YRR1 metric between 
the Threshold- and Threshold+ configurations.   
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Figure 21.  Histogram for YRR1. 
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Figure 22.  Three Track Differences for YRR1. 

Figure 22 shows the yaw rate ratio measurements for 
each track. Configuration 302 shows three significant 
differences by track (CA different than MI, CA 
different than AZ, and AZ different than SC).  The 
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pooled standard deviation for run-to-run variability is 
estimated at 0.06. The standard deviation for the 
tracks is estimated at 0.05. 

Figure 23 shows the YRR1 versus temperature.  Only 
vehicle M32 showed a statistically significant 
temperature sensitivity of 0.0022 /deg F.  At higher 
temperatures the yaw rate at 1 second decayed more 
quickly. 
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Figure 23.  Temperature Sensitivity for YRR1. 

 
Yaw Rate Ratio 1.75 sec after Steer-Out 
(YRR175) 
 
Figure 24 illustrates the normalized yaw rate 
responses for the two vehicle configurations versus a 
large number of test configurations tested previously 
by NHTSA and the Alliance [1, 2, 7, 8]. Again, the 
initial test of the Threshold- configuration 
represented the central tendency of that configuration 
while the initial test of the Threshold+ configuration 
represented the lower boundary of that configuration 
for this performance metric. 

The results in Figure 25 indicate reasonable 
discrimination capability as that there is no observed 
overlap in the YRR175 metric between the 
Threshold- and Threshold+ configurations. Although 
there is no observed overlap, the largest value for the 
Threshold- configuration is only marginally smaller 
than the smallest value for the Threshold+ 
configuration indicating that there would be a 
statistical overlap.  
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Figure 24.  YRR175 variability configuration 
results vs. tested population. 

Also note the bimodal nature of the Threshold- 
configuration. One central tendency is at 4 to 6 
percent, and the other central tendency is at 28 to 30 
percent. The cause for this result is not known, but it 
is hypothesized that the response of the vehicle may 
be near a threshold level of the ESC algorithm.   
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Figure 25.  Histogram for YRR175. 

Figure 26 shows the YRR175 for all the tracks. For 
each vehicle there are 3 significant track differences. 
The pooled standard deviation for the tracks is 0.08 
and for run-to-run it is 0.11.  Note that variability for 
YRR175 is higher than that for YRR1 because the 
YRR versus time curve (see Fig. 20) for 
configuration M32 is relatively steep near 1.75 
seconds and therefore small differences in time to 
return to zero can result in large differences in YRR. 

The temperature sensitivity for YRR175, seen in 
Figure 27, is similar to that for YRR1; only 
configuration M32 has a statistically significant 
slope.  The temperature sensitivity of YRR175 is 
0.0028 /deg F. 
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Figure 26.  Six Track Differences for YRR175. 
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Figure 27.  Temperature Sensitivity for YRR175. 

 
RESPONSIVENESS TEST RESULTS 
 
Figure 28 illustrates the lateral displacement response 
characteristics for the variation study configurations 
compared to a large number of vehicle tests 
conducted by NHTSA and the Alliance [1, 2, 7, 8].  

The minimum lateral displacement observed at 
steering wheel angle amplitudes greater than or equal 
to 180 degrees (Min Dy), was calculated at the 90% 
confidence level and examined for track, 
temperature, and run-to-run sensitivities.   

Ten significant track differences were observed in the 
proposed responsiveness metric, Min Dy. The range 
of track averages observed for Min Dy was 1.05 ft for 
configuration M32 and 0.55 ft. for configuration 302. 
This range is approximately ±5% of the overall mean.  
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Figure 28.  Responsiveness of M32 and 302 
configurations vs. tested population. 
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Figure 29.  Track Sensitivity of Responsiveness 
(Min Dy). 
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Figure 30.  Min Dy temperature sensitivity. 

Different patterns of temperature sensitivity were 
observed for M32 and 302 responsiveness metrics 
shown in Figure 30. The M32 exhibits a quadratic 
behavior with a peak in the mid-range of temperature. 
Configuration 302 exhibits linear behavior and is 
more responsive at lower temperatures. These same 
trends were noted in the graphical examination. 
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Configuration M32 was equipped with high-
performance tires. High-performance tires are known 
to be sensitive to cold temperatures because the 
higher glass transition temperature of high-
performance tire compounds results in lower 
adhesion at low temperatures. The data for 
configuration 302 is more typical of all season tires 
and is consistent with testing observations made 
during fishhook and other nonlinear vehicle handling 
tests.  

This data indicates that testing variability can be 
reduced by narrowing the allowable temperature 
range, especially for vehicles equipped with all 
season tires. 

Further investigation at a constant steering wheel 
angle, such as at 180 degrees, may shed light on 
vehicle, track, temperature, and run-to-run variation 
without the confounding effect of sorting by Min Dy, 
which occurs at  steering angle input greater than 180 
degrees. 
 
Run-to-run Variation  
 
Data acquired to assess track sensitivity was used to 
assess the run-to-run variation caused by random 
variation in the vehicle, instrumentation, and random 
variation in the specifics of a particular track (i.e. 
surface contamination, wind speed and direction, 
etc.). Track sensitivity can be estimated by pooling 
the standard deviations calculated for each series of 
four runs are summarized in Table 5. Pooling can be 
by configuration and for both configurations 

Table 5. 
Summary of Standard Deviations for Min Dy 

AZ CA MI OH SC Pooled
302 0.07 0.31 0.11 0.13 0.11 0.17
M32 0.06 0.13 0.08 0.07 0.18 0.12

Pooled Run-to-Run 0.14
Temperature Compensated Pooled Run-to-Run: 0.12

Medium Temperature Only

 
The standard deviations of the Medium temperature 
data are similar, so the data was combined to 
calculate the pooled standard deviation. The pooled 
standard deviation for run-to-run variation is 
calculated to be 0.12 feet or approximately 1.3% of 
the overall mean of Min Dy.  

Since all the Medium temperature range data was not 
collected at the same temperature, statistically 
significant temperature sensitivities were removed 
before calculating the temperature-compensated, 
pooled run-to-run standard deviation. 
 
 
 

VARIABILITY RESULTS SUMMARY 
 
A summary of the FMVSS 126 proposed stability 
and responsiveness metrics for the two threshold 
vehicle configurations are shown in Table 6. The 
bimodal nature of the YRR175 metric for 
configuration 302 can be seen in the differences 
between the median and mean values. Also note the 
minimum values of Min Dy for both configurations 
(9.43 feet and 11.42 feet) are significantly larger than 
the proposed minimum required value of 6 feet. 

Table 6.  
Overall Summary of FMVSS 126 Metrics 

YRR @ 1 
sec

YRR @ 
1.75 sec

Min Dy @ 
swa>=180 deg 

(ft)
Median - 302 0.30 0.17 9.87
Mean - 302 0.33 0.18 9.95
St Dev 0.07 0.15 0.28
St Dev as % of mean 24% 88% 3%
Max 0.49 0.51 10.46
Min 0.20 0.02 9.43
Range 0.30 0.49 1.02
Range as % of mean 97% 289% 10%

Median - M32 0.73 0.64 12.21
Mean - M32 0.74 0.65 12.12
St Dev 0.07 0.08 0.36
St Dev as % of mean 9.8% 11.6% 3.0%
Max 0.90 0.81 12.60
Min 0.59 0.53 11.42
Range 0.31 0.28 1.18
Range as % of mean 42% 43% 10%

 
The standard deviations for the FMVSS 126 
proposed performance metrics calculated using both 
the ANOVA and pooled standard deviation methods 
are shown in Table 7. The results from these two 
analysis methods show similar trends, except for 
temperature, where the data was treated differently. 
The temperature data in the ANOVA was segregated 
by temperature range and the temperature data in the 
Pooled method was the observed temperature at end 
of test. 

Table 7. 
Variability of Metrics 

Metric
YRR1 YRR175

min Dy 
SWA ≥ 
180 deg

(ft)
YRR1 YRR175

min Dy 
SWA ≥ 
180 deg

(ft)

Track (1σ) 0.05 0.06 0.40 0.05 0.08 0.31

Run-to-Run
(1σ)

0.05 0.08 0.14 0.06 0.11 0.12

Temperature
(1σ)

  0.04*   0.03*   0.21*     0.12**     0.15**     0.41**

ANOVA POOLED

* 1 standard deviation in tested range 
** worst case change over a range of 54 degrees F  (104-50)  
Tables 8 and 9 summarize the percent contribution of 
each factor in the experiment for each performance 
metric.  The percent variation is given by: 
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total

component

V

V
Variation =%  (3). 

Where 
Vcomponent is the variation in the performance metric 

from the component examined 
Vtotal is the total variation in the performance 

metric 
 
Factors that Contribute to Variability 
 
Table 8 shows the contribution of the track-related 
factors and their interactions (up to 3-way) on 
performance metrics. It can be seen that the effects of 
track itself are not present for the YRR metrics, but 
are present in the Min Dy metric.  All metrics show 
the significant interaction of track sensitivity with 
vehicle configuration.  

Table 8. 
Percent Contribution for Track Study 
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Table 9. 
Percent Contribution for Temperature Study 
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Table 9 shows the contribution of the temperature 
range-related factors and their interactions (up to 3-

way) on performance metrics. It can be seen that the 
effects of temperature are present, but are 
overshadowed by the interaction of temperature 
sensitivity with vehicle configuration.  
 
Robustness of Metrics to Variability 
 
Table 10 summarizes robustness of the performance 
metrics to variability as assessed by the following 
measures: 

• Signal/Noise Ratio 
• Variance Ratio 
• Number of Significant Track Differences 
• Temperature Sensitivity 

The various indicators for robustness show similar 
trends for the two YRR metrics.  YRR1 appears to be 
more robust.  It has a higher signal-to-noise ratio, a 
higher ratio of vehicle variance to random error, 
lower track sensitivity and similar temperature 
sensitivity. 

The trends are mixed for Min Dy. Min Dy exhibits 
the highest values for signal-to-noise and variation 
ratio.  This is confirmed by noting it has the lowest 
standard deviation as a percentage of the mean in 
Table 6. However, Min Dy is the most sensitive 
metric to different tracks. 

YRR and Min Dy temperature sensitivity metrics can 
not be compared directly because the differences in 
responsiveness between the two configurations are 
much larger than the differences in stability. 

Table 10. 
Robustness to Variability Indicators 
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CONCLUSIONS 
 
Similar variability findings were obtained using both 
ANOVA and pooled standard deviation techniques. 
 
In all cases the individual variability components of 
the performance metrics are in the neighborhood of 3 
to 5 percent of the differences seen between the two 
vehicle configurations. 
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Yaw Rate Ratio Metrics 

The yaw rate ratio metrics discriminated between the 
two configurations with little to no overlap between 
these two vehicle configurations which, as previously 
noted, are near the proposed stability acceptance 
criteria for FMVSS 126.  

The standard deviations of Yaw Rate Ratio @ 1 
second due to track and run-to-run had similar values 
of approximately 0.05. The variation due to 
temperature was found to be ~0.12 over a 54 deg F 
temperature range. 

Yaw Rate Ratio @ 1.75 seconds had a track to track 
standard deviation of ~0.07, a run-to-run standard 
deviation of ~0.10, and a variation of ~0.15 over a 54 
deg F temperature range. 

Responsiveness metric 

The responsiveness metric discriminated, with no 
overlap, between these two vehicle configurations. 
Sensitivities to track and ambient temperature were 
found that are vehicle dependent. 

Responsiveness (Min Dy) has a track-to-track 
standard deviation of approximately 0.31 feet or 
2.8% of the mean. The range of observed Min Dy at 
five tracks is 10% of the mean. The run-to-run 
standard deviation is ~0.13 feet or 1.2% of the mean.  
The temperature sensitivity is 0.41 feet over a 54 
deg F temperature range. 
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APPENDIX A 
 
Test Tracks 
 

 
Figure A1.  TRC Skidpad, 1800 ft. x 1200 ft., East 
Liberty, OH 
 
 

 
Figure A2.  GM Milford Proving Ground 
Skidpad, 1600 ft. x 1500 ft., Milford, MI 
 
 

 
Figure A3.  Michelin Proving Ground Skidpad, 
1600 ft. x 400 ft., Laurens, SC  
 

 
Figure A4.  DCX Arizona Proving Ground 
Skidpad, 1350 ft. x 900 ft., Whitman, AZ 
 
 
 
 

 
 
 

 
Figure A5.  Dynamic Research Inc. Skidpad, 
800 ft. x 300 ft., Shafter, CA 
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APPENDIX B 
 

Table of Results 

Configuration
YRR @ 1 

sec
YRR @ 
1.75 sec

Min Dy @ 
swa>=180 

deg 
(ft) Test Site

Temp 
Range

Final 
Temp Test Org

302 - NHTSA, ESC Int' 0.28 0.16 9.65 TRC --- 55 NHTSA

302 - GM, ESC Int, Hot AM 1 TS-A' 0.20 0.02 10.11 GM MPG Hot 72 GM
302 - GM, ESC Int, Hot AM 2 TS-C' 0.22 0.02 9.72 GM MPG Hot 74 GM
302 - GM, ESC Int, Hot PM 1 TS-B' 0.29 0.10 10.09 GM MPG Hot 88 GM
302 - GM, ESC Int, Hot PM 2 TS-D' 0.29 0.19 9.79 GM MPG Hot 80 GM

302 - GM, ESC Int, Medium Temp AM 1 TS-A' 0.30 0.03 10.17 GM MPG Medium 47 GM
302 - GM, ESC Int, Medium Temp AM 3 TS-D' 0.37 0.28 10.23 GM MPG Medium 56 GM
302 - GM, ESC Int, Medium Temp PM 1 TS-B' 0.37 0.27 10.10 GM MPG Medium 52 GM
302 - GM, ESC Int, Medium Temp PM 2 TS-C' 0.41 0.32 10.35 GM MPG Medium 58 GM

302 - NHTSA, ESC Int, SC, Medium Temp AM 1 TS-A' 0.32 0.34 9.80 Lauren SC Medium 63 NHTSA
302 - NHTSA, ESC Int, SC, Medium Temp AM 2 TS-C' 0.29 0.28 9.77 Lauren SC Medium 56 NHTSA
302 - NHTSA, ESC Int, SC, Medium Temp PM 1 TS-B' 0.27 0.17 9.57 Lauren SC Medium 60 NHTSA
302 - NHTSA, ESC Int, SC, Medium Temp PM 2 TS-D' 0.35 0.28 9.80 Lauren SC Medium 64 NHTSA

302 - DCX, ESC Int, AZ, Medium Temp AM 1 TS-A' 0.49 0.29 9.77 DCX APG Medium 79 DCX
302 - DCX, ESC Int, AZ, Medium Temp AM 2 TS-C' 0.35 0.02 9.70 DCX APG Medium 74 DCX
302 - DCX, ESC Int, AZ, Medium Temp PM 1 TS-B' 0.44 0.43 9.71 DCX APG Medium 68 DCX
302 - DCX, ESC Int, AZ, Medium Temp P M 2 TS-D' 0.48 0.51 9.86 DCX APG Medium 65 DCX

302 - Ford, ESC Int, Medium Temp AM 3 TS-D' 0.26 0.02 9.43 DRI Medium 65 Ford
302 - Ford, ESC Int, Medium Temp PM 1 TS-B' 0.30 0.11 10.04 DRI Medium 56 Ford
302 - Ford, ESC Int, Medium Temp AM 1 TS-A' 0.28 0.06 9.93 DRI Medium 72 Ford
302 - Ford, ESC Int, Medium Temp PM 2 TS-C' 0.26 0.05 10.11 DRI Medium 77 Ford

302 - NHTSA, ESC Int, OH, Medium Temp AM 1 TS-A' 0.44 0.46 9.60 TRC Medium 61 NHTSA
302 - NHTSA, ESC Int, OH, Medium Temp AM 2 TS-C' 0.32 0.30 9.87 TRC Medium 57 NHTSA
302 - NHTSA, ESC Int, OH, Medium Temp AM 1 TS-B' 0.31 0.17 9.87 TRC Medium 68 NHTSA
302 - NHTSA, ESC Int, OH, Medium Temp AM 2 TS-D' 0.26 0.05 9.76 TRC Medium 72 NHTSA

302 - GM, ESC Int, Cold Temp AM 1 TS-A' 0.28 0.03 10.46 GM MPG Cold 28 GM
302 - GM, ESC Int, Cold Temp PM 2 TS-C' 0.32 0.11 10.36 GM MPG Cold 19 GM
302 - GM, ESC Int, Cold Temp PM 1 TS-B' 0.37 0.24 10.45 GM MPG Cold 29 GM
302 - GM, ESC Int, Cold Temp AM 2 TS-D' 0.29 0.03 10.23 GM MPG Cold 25 GM

Average 0.33 0.18 9.95
St Dev 0.07 0.15 0.28

M32, ESC MTrack Mode' 0.59 0.54 11.57 TRC --- 44 NHTSA

M32-NHTSA, ESC MTrack Mode, OH, Hot AM 1 TS-A' 0.74 0.67 11.95 TRC Hot 66 NHTSA
M32-NHTSA, ESC MTrack Mode, OH, Hot PM 1 TS-B' 0.68 0.56 12.22 TRC Hot 75 NHTSA
M32-NHTSA, ESC MTrack Mode, OH, Hot AM 2 TS-C' 0.76 0.64 12.52 TRC Hot 63 NHTSA
M32-NHTSA, ESC MTrack Mode, OH, Hot PM 2 TS-D' 0.78 0.68 12.33 TRC Hot 81 NHTSA

M32-GM, ESC MTrack Mode, Medium AM 1 TS-A' 0.78 0.60 12.35 GM MPG Medium 65 GM
'M32-GM, ESC MTrack Mode, Medium PM 1 TS-B' 0.74 0.67 12.50 GM MPG Medium 69 GM
'M32-GM, ESC MTrack Mode, Medium AM 2 TS-C' 0.72 0.58 12.32 GM MPG Medium 59 GM
'M32-3-GM, ESC MTrack Mode, Medium PM 2 TS-D' 0.68 0.57 12.45 GM MPG Medium 69 GM

M32 - NHTSA, ESC Int, OH, Medium Temp AM 1 TS-A' 0.70 0.69 12.51 TRC Medium 48 NHTSA
M32 - NHTSA, ESC Int, OH, Medium Temp PM 1 TS-B' 0.73 0.65 12.42 TRC Medium 66 NHTSA
M32 - NHTSA, ESC Int, OH, Medium Temp AM 2 TS-C' 0.73 0.62 12.50 TRC Medium 51 NHTSA
M32 - NHTSA, ESC Int, OH, Medium Temp PM 2 TS-D' 0.73 0.64 12.60 TRC Medium 60 NHTSA

M32 - NHTSA, ESC Int, SC, Medium Temp AM 1 TS-A' 0.73 0.63 12.37 Lauren SC Medium 60 NHTSA
M32 - NHTSA, ESC Int, SC, Medium Temp PM 1 TS-B' 0.69 0.65 11.95 Lauren SC Medium 59 NHTSA
M32 - NHTSA, ESC Int, SC, Medium Temp AM 2 TS-C' 0.83 0.61 12.16 Lauren SC Medium 52 NHTSA
M32 - NHTSA, ESC Int, SC, Medium Temp PM 2 TS-D' 0.77 0.71 12.04 Lauren SC Medium 64 NHTSA

M32-Ford, ESC MTrack Mode, Cool AM 1 TS-A' 0.67 0.63 11.92 DRI Medium 65 Ford
M32-Ford, ESC MTrack Mode, Cool PM 1 TS-B' 0.73 0.68 11.99 DRI Medium 67 Ford
M32-Ford, ESC MTrack Mode, Cool AM 2 TS-C' 0.90 0.79 12.14 DRI Medium 77 Ford
M32-Ford, ESC MTrack Mode, Cool PM 2 TS-D' 0.77 0.65 12.21 DRI Medium 55 Ford

M32 - DCX, ESC Int, AZ, Medium Temp AM 1 TS-A' 0.68 0.57 11.52 DCX APG Medium 69 DCX
M32 - DCX, ESC Int, AZ, Medium Temp PM 1 TS-B' 0.68 0.53 11.55 DCX APG Medium 71 DCX
M32 - DCX, ESC Int, AZ, Medium Temp AM 2 TS-C' 0.60 0.53 11.48 DCX APG Medium 70 DCX
M32 - DCX, ESC Int, AZ, Medium Temp PM 2 TS-D' 0.76 0.62 11.42 DCX APG Medium 77 DCX

M32 - NHTSA, ESC Int, OH, Cold Temp AM 1 TS-A' 0.86 0.78 11.77 TRC Cold 23 NHTSA
M32 - NHTSA, ESC Int, OH, Cold Temp PM 1 TS-B' 0.78 0.71 12.27 TRC Cold 28 NHTSA
M32 - NHTSA, ESC Int, OH, Cold Temp AM 2 TS-C' 0.84 0.77 11.90 TRC Cold 28 NHTSA
M32 - NHTSA, ESC Int, OH, Cold Temp PM 2 TS-D' 0.87 0.81 12.50 TRC Cold 38 NHTSA

Average 0.74 0.65 12.12
St Dev 0.07 0.08 0.36  
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ABSTRACT 
 
Measurements of human and dummy falling (often 
referred to as diving) speeds were made from four 
series of experiments.  The first series consisted of a 
5th and 50th percentile human and a 50th percentile 
dummy in a production vehicle with production belts, 
in a spit test at roll rates to 200 degrees per second.  
The second series was conducted with surrogates in 
dynamic repeatable rollover test roof impacts in the 
Jordan Rollover System (JRS) fixture.  The third 
series photo analyzed dummy motion in the interior 
of dolly rollover tests with belted and unbelted hybrid 
III dummies to determine independently, the 
excursion and intrusion speeds of the dummy and 
roof.  The fourth series analyzed Malibu rollcaged 
and production vehicle occupant belt loop load vs 
neck impact force similar to a previous analysis of 
Autoliv rollover tests.  
 
The first series measured the near and far side lateral 
and vertical excursion, excursion speed, roll rate, and 
belt loads, as well as, documenting occupant 
kinematics by lateral and frontal view video cameras.  
The second series measured the near and far side 
excursion and excursion velocity of a belted 
surrogate in 15 mph, 350 degree per second JRS roof 
impact tests.  The third series photo analyzed high 
resolution video of dolly rollover tests with 50% 
hybrid III dummies in addition to the parameters 
collected in the tests associated with roll rate, dummy 
head impact speed and belt loads. The fourth series 
analyzed Malibu roll caged and production belt loop 
load vs. neck impact force at roll rates up to 500 
degrees per second.  
 
The measurements are presented in a graphical 
format with discussion in the context of rollover 
injury potential.  The conclusions are that belted 
humans and dummies with 3 to 5 inches of excursion, 
have excursion speeds of little more than 0.5 mph.  

The unbelted dummies with a similar amount of 
initial headroom have only slightly greater falling 
speed because of the short duration of the roof 
contact acceleration.  Photo analysis of dolly rollover 
head impact speeds as measured by dummy neck 
loads, separated the excursion and roof intrusion 
speeds and indicated similar falling speeds.  An inch 
or more of intrusion from a roll caged roof in 
combination with the close proximity of the head of a 
dummy result in composite head impact speeds of 3 
mph or more.  
 
INTRODUCTION 
 
Rollover accidents in the US result in 30,000 serious 
to fatal injuries and 10,000 fatalities annually.  
Occupant motion in rollover accidents is an important 
parameter in determining injury causation and 
crashworthiness improvements.     
 
One theory of rollover head and neck injury 
propounded in 1975[1] is that the occupant dives into 
the roof which is stopped on the ground and that the 
injury occurs before the roof crushes.  This might be 
correct if the diving height (or equivalent falling 
speed) of the vehicle and occupant were sufficient to 
produce a severe to fatal injury.   
 
The Malibu experiments, were 16 rollovers with 8 
production vehicles and 8 with roll cages, each with 
restrained and unrestrained occupants[2,3].  The 
production roofs typically struck the ground at 1 mph 
and rollcaged vehicles struck at 3 mph as shown in 
Figures 1 and 2.  Roll caged roofs are not rigid: they 
typically intruded two inches at speeds of up to 5 
mph.  The roll caged vehicle and occupant falling 
speed in combination with the intrusion speed are 
insufficient to produce serious to fatal injury[4]. 
 
We analyzed the same Malibu and other experimental 
data to demonstrate that injuries are caused by a 
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production vehicle’s compartment crushing and 
impacting an occupant’s head at increased speed.  
Measuring the crush speed of the roof and the 
excursion speed of the dummy during a rollover with 
different strength roofs determines how head and 
neck injuries are actually caused. 
 

 

   
         

GM Malibu I
Test 5

(All data from GM)

Near Side Contacts:
(Green Lines)

550 ms =  0.6 mph
1500 ms =  0.3 mph
2350 ms =  1.2 mph
3350 ms =  1.2 mph
Far Side Contacts:
(Red Lines) 

790 ms = 0.6 mph
1677 ms = 0.4 mph
2662 ms = 1.2 mph
4330 ms = 0.7 mph

 
Figure 1.  Malibu production vehicle roof contact 
speed with the ground. 
 

GM Malibu I
Test 6

(All data from GM)

Near Side Contacts:
(Green Lines)
575 ms =  2.2 mph

1500 ms =  2.5 mph 
Far Side Contacts:
(Red Lines) 
836 ms =  2.7 mph

1802 ms =  3.1 mph
Note: Similar data between 
vehicle types.  The main 
difference is the rollcaged
vehicle does not crush.

 
 
Figure 2.  Malibu rollcaged vehicle roof contact 
speed with the ground. 
 
Previous work on this topic has focused mostly on 
quasi-static testing with low rotation rates.  Initial 
dynamic studies were conducted by Herbst, et. al. 
(1996)[5], Friedman, et al. (1996)[6], Friedman, et.al. 
(1998)[7] and Meyer et al. (2000)[8].  These studies 
found that safety belts in production vehicles from 
the 1990s allowed substantial excursion toward rigid 
roofs without injury, that cinching latch plate belts 
arrested human occupant falling velocity, and that 
people were not seriously injured with roof intrusion 
of less than about four inches and were serious to 
fatally injured with roof intrusion of more than 6 
inches as shown in Figure 3. 

 
 
Figure 3.  Table 4 from [7]. Injury Severity vs. 
Roof Intrusion. 
 
Dynamic rollover occupant kinematics were 
investigated further by Friedman et al. (2000)[9] in a 
roll fixture composed of  a vehicle buck suspended 
between two large hoops.  The system had an 
eccentricity of nine inches allowing the structure to 
be rotated subjecting the occupant to dynamic 
rollover motion with falling but without impacts. 
 
A dynamic rollover occupant study was conducted by 
Moffatt et al. (2003)[10] using both humans and 
dummies.  This study determined that there were 
minimal differences between the motion of 
anthropomorphic dummies and human volunteers.  
The excursion exhibited in this study did not increase 
with an increase in roll rate from 220 to 360 degrees 
per second as expected.  This study determined by 
photo analysis that far side occupants had a larger 
excursion than near side occupants.  This study did 
not investigate occupant motion due to the impact 
phase of a rollover accident and did not examine the 
occupants’ falling velocities during the tests. 
 
In the current study, we examined occupant motion in 
dynamic spit tests and utilized a Hybrid III dummy in 
a dynamic rollover experiment.  Further analyses of 
existing dolly rollover test results enabled us to verify 
our results. 
 
DYNAMIC SPIT TESTING 
 
Spit testing is important to determine how an 
occupant can move during a rollover.  It can be 
determined whether an occupant can strike the roof 
or pass through a window opening under specific 
rollover conditions.  Dynamic testing is the most 
realistic method of examining these issues without 
actually conducting a rollover test.  In this study, 
instrumented vehicles were rotated about the 
longitudinal axis of rotation.  Both human and 
dummy surrogates were placed into the vehicles to 
determine their excursion and excursion velocities 
through the use of string potentiometers.  The 
rotation was accomplished by spinning the vehicle by 
hand.  This allowed for quick start up and stopping of 
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the vehicle after the test phase of three to four 
rotations was completed.  In general, the vehicles 
were up to speed within one rotation and could be 
stopped within one rotation while achieving peak 
rotation rates of 208 to 237°/second. 
 
We used the Jordan Rollover System (JRS) fixture 
for this study.  The vehicle was suspended between 
the two drop towers which allowed the vehicle to be 
freely rotated about its longitudinal roll axis as shown 
in Figure 4. 
 
All the vehicles used in this study are production 
models.  The majority are late model mid-sized 
SUV’s, but the study also incorporates one sedan. 
 
The occupants for this study were volunteers and 
ranged in size from a 5’2”, 109 lb female to a 5’11”, 
165 lbs male.  In addition a Hybrid II dummy with 
seated pelvis was also used to determine how this 
compared to the human surrogates. 
 
The first part of this analysis examined the motion of 
a restrained occupant relative to the interior of a 
vehicle in a dynamic spit test.  In this test, the 
occupant was in a vehicle that is free to rotate about 
its longitudinal axis. 
 
The occupants were all volunteers.  Prior to each test 
the occupant witnessed the rotation of the vehicle and 
was rotated slowly in the vehicle at least once to 
become accustom to the motion of the vehicle and 
their motion in the interior of the vehicle.  
 
The occupant was instrumented with various devices 
including a string potentiometer positioned 
underneath the seat and attached to the occupant.  
This device allowed the direct measurement of the 
motion of the occupant during the test and calculation 
of the excursion velocity.  In addition, the vehicle 
was instrumented to allow monitoring of the roll rate 
throughout the test sequence.  Other instrumentation 
varied, but typically included a string potentiometer 
to measure lateral motion, a set of belt load cells, a 
string potentiometer to monitor retractor motion and 
video cameras.  Occupant data was collected by an 
onboard data acquisition system and transmitted to a 
stationary system. 
 
In the first test series, three occupants were used; a 
5’2”, 109 lbs female, a 5’11”, 155 lbs male and a 50th 
percentile Hybrid II male dummy.  The occupants 
were placed in the driver’s seat of a midsized SUV, 
which was then rotated both passenger and driver 
side leading monitoring the motion of the occupant 
and the vehicle.  In general, the vehicle was rotated 

four or more times in each direction.  The peak roll 
rates are shown in Table 1.  The occupant positioned 
the seat in a comfortable location prior to the test and 
donned the seat belt in a comfortable position.  This 
resulted in unlocked restraints on properly seated 
occupants.  This study did not look at out-of-position 
occupants. 
 

 
 
Figure 4.  Spit Test Setup. 
 

Table 1. 
Peak Roll Rates 

 
Subject Peak Roll Rate 

Human Female 237 deg/sec 
Human Male 223 deg/sec 
Hybrid II Dummy 208 deg/sec 

 
The production, mid-sized SUV used in this study 
was mounted in the test fixture as a buck with the 
front of the vehicle and running gear removed.  It was 
ballasted at the rear and front to rebalance the vehicle 
around its longitudinal roll axis.  The nature of this 
test did not require the vehicle to have mass 
properties equivalent to the production condition 
except for the location of the roll axis. 
 
This vehicle had ample headroom, see Table 2.  
During these tests, none of the occupants struck the 
upper roof panel.  There was light contact in one of 
the tests with the grab handle at the driver’s seating 
location on the roof rail.  This contact did not affect 
additional excursion.  In addition, none of the 
occupants’ heads went outside of the vehicle through 
the side window opening. 
 
Data from two of the tests with the same occupant on 
both the near and far side of the vehicle are shown in 
Figures 5 and 6.  The near side excursion was lower 
than the far side excursion.  In addition, the near side 
excursion is fairly consistent from roll to roll, while 



 Friedman 4

the far side excursion increases modestly with 
increasing numbers of rolls. 
 

Table 2. 
Normally Seated Occupant Headroom 

 
Subject Headroom 

Human Female 9.25” 
Human Male 5.25” 
Hybrid II Dummy 7.5” 

 
Driver Side Leading Spit Test: 5'11", 168 lbs. 

Male - Vertical Excursion and Velocity v. Time
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Figure 5.  Spit Test Results – Near Side Occupant.  
Excursion (inches) in orange and velocity (mph) in 
blue. 
 

Passenger Side Leading Spit Test: 5'11", 168 lbs. 
Male - Vertical Excursion and Velocity v. Time
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Figure 6.  Spit Test Results – Far Side Occupant. 
Excursion (inches) in orange and velocity (mph) in 
blue. 
 
Table 3 lists the peak excursion and excursion 
velocities for the various occupants.  The data traces 
for these tests are similar to Figure 5 and 6.  In 
general, the far side excursion was higher than the 
near side excursion.  The excursion velocities were 
low with a peak velocity of ~.52 mph. 
 
The prior study focused on a range of occupants in 
one vehicle moving as both near and far side 
occupants.  Additional testing was conducted in other 
production vehicles with a range of occupant sizes.  
This testing was both near and far side leading, with 
and without pretensioners.  The instrumentation was 

similar and this study focuses on the vertical 
excursion and vertical excursion velocity measured 
during the tests. 
 

Table 3. 
Test Results 

 
 Near Side 

Excursion 
Far Side 

Excursion 
Subject Peak 

 
Peak 

Velocity 
Peak 

 
Peak 

Velocity 
Human 
Female 

3.8” .32 mph 5.2” .36 mph 

Human 
Male 

1.7” .26 mph 2.9” .41 mph 

Hybrid II 
Dummy 

2.5” .47 mph 3.3” .51 mph 

 
The results of these tests are similar to those of the 
prior study.  Dynamic excursion ranged from 1.35 
inches (with a pretensioner) to 2.6 inches at peak 
excursion velocities of 0.69 mph with a range of 
occupant sizes. 
 
The tests were conducted in the same way as the 
prior study.  Table 4 illustrates the results of these 
additional tests.  The results of these tests were very 
similar to the first test series. 
 

Table 4. 
Results from Additional Tests. 

 
 

 Near Side Far Side 
Subject Peak 

Excur-
sion 

Peak 
Excursion 
Velocity 

Peak 
Excur-

sion 

Peak 
Excursion 
Velocity 

5’8” 
165 lbs 
Male 

2.2” .36 mph 2.6” .33 mph 

5’5”, 
144 lbs. 
Female 

  2.2” .69 mph 

5’7”, 
145 lbs. 
Female 

Without 
pretensioner 

2.6” .68 mph 

5’7”, 
145 lbs. 
Female 

With Pretensioner 1.4” .33 mph 

 
In order to further examine the question of occupant 
motion and roof crush in rollover accidents, 
experimental data must be examined in which there 
are impacts to the roof allowing impact effects and 
roof crush as mentioned in Moffat (2003)[10]. 
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DYNAMIC ROLLOVER TESTING 
 
While spit testing can be used to examine occupant 
motion during a rollover, it is limited in that it does 
not examine the effects of roof impacts and crush on 
the occupant.  This is important in both determining 
the occupant excursion velocity, the roof intrusion 
rate, the motion of the vehicle and how this relates to 
occupant injury. 
 
The spit testing in this study was conducted in the 
Jordan Rollover System (JRS).  This system can be 
used to conduct repeatable, rollover testing.  This 
testing allows for the positioning of anthropomorphic 
dummies in the vehicle and a direct examination of 
the excursion velocity, roof crush and neck load due 
to a rollover impact to the roof. 
 
In the first phase of the study, it was seen that the 
Hybrid II dummy is an effective surrogate for human 
occupants in vertical occupant motion with fairly 
similar excursion and excursion velocity.  This is also 
noted in other studies [10] with a Hybrid III (HIII) 
dummy.  This allows an examination of excursion 
and excursion velocity under impact conditions. 
 
This test is similar to the spit testing portion of the 
study where an instrumented HIII dummy was placed 
in the near side of a midsize SUV, which underwent a 
dynamic impact, see Figure 7.  The test vehicle, 
which had a strong roof, had previously undergone 
two dynamic rollover tests with only slight damage to 
the near side.  The impact was from a drop height of 
4 inches, at 214 degrees per second of roll and a 
roadway velocity of 15.7 mph.  The vehicle struck 
the ground at a roll angle of 153 degrees, a yaw angle 
of 10 degrees and a pitch angle of 10 degrees. 
 
The impact resulted in roadway loads of 
approximately 8,500 lbs.  After this impact, the 
vehicle continued to rotate striking the ground on the 
far side of the roof before the test was completed.  
The only significant neck load to the HIII dummy 
was measured in the impact directly at the dummy’s 
seating location. 
 
The Hybrid III dummy was instrumented with a head 
accelerometer, neck load cells and string 
potentiometers measuring the lateral and vertical 
motion of the dummy.  The vertical string 
potentiometer was positioned underneath the dummy 
through a hole in the seat.  The lateral string 

potentiometer was placed on the center console 
adjacent to the dummy. 
 

 
 
Figure 7.  JRS Test Setup. 
 
In addition to the dummy instrumentation, the roof of 
the vehicle was instrumented with string 
potentiometers placed approximately at the roll axis 
of the vehicle.  The near side string potentiometer 
was attached to the top of the A-pillar.  This allowed 
for monitoring the motion of the roof towards the roll 
axis of the vehicle.  This data gives timing 
information on the roof crush and the relative motion 
of the roof structure.  The head contact point of the 
dummy is rearward of this position, but the roof 
crush timing should be equivalent. 
 
The data traces of interest in this study are presented 
as a function of time in Figure 8.  The vehicle roll 
angle is 158 degrees at the 1.725 seconds and 163.4 
degrees at 1.75 seconds. 
 
Figure 8 illustrates the motion of the roof at the A-
pillar, the hybrid III dummy and the resulting neck 
load during the near side impact.  In this case with a 
near side occupant, a peak neck load of 2,670 N was 
recorded at which time the A-pillar was intruding 
into the occupant compartment at ~.5 ft/sec while the 
dummy was moving towards the roof at less than 1 
ft/sec due to the impact and excursion.  At the time of 
this impact, the dummy had moved outward and 
upward and was positioned under the roof rail near 
the intersection with the door window frame.  At this 
point, the excursion of the dummy was limited by the 
roof.  The neck load was due to a combination of the 
motion of the dummy and the roof. 
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Near Side HIII Dummy Motion as Measured with an Under Seat String 
Potentiometer Compared with Neck Load and A-Pillar Motion
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Figure 8.  JRS test results focusing on the near side impact. 
 
Figure 9 illustrates the same test sequence over a 
longer time period illustrating the effects of the far 
side impact.  Figure 9 represents the vehicle traveling 
from 142 degrees of roll to 230 degrees.  In the far 
side impact, the roof was moved upward and outward 
away from the near side occupant.  This allowed the 
dummy to move further upward at higher velocities 
with the deforming roof.  This resulted in the highest 
recorded excursion velocity of ~3 feet per second.  
However, due to the motion of the roof/vehicle and 
the dummy there is only a small increase in neck load 
at this time. 
 
This test clearly illustrates the motion of the dummy, 
roof and resultant neck load during a near side 
impact.  The excursion velocity is only above 1 ft/sec 
when the matchboxing roof allows a higher velocity.  
The peak neck load is due to a combination of roof 
intrusion and dummy excursion. 
 
The near side impact during this test was significant 
with a vertical load of 8,500 lbs measured by the 
instrumented roadbed.  This device allows for direct 
measurement of the load applied to the structure.  
This load was approximately 1.8 times the weight of 

the vehicle and is illustrated in Figure 10.  After the 
near side impact, the vehicle continued to roll striking 
the far side of the roof prior to the end of the test.  In 
this case, the load was much higher on the far side of 
the roof with a peak load of ~19,300 lbs (or 4 times 
the weight of the vehicle).  It should be noted that the 
near and far side loads do not always follow this 
pattern.  Larger near side than far side loads have 
been seen in several tests.   
 
In this dynamic rollover test, the circumstances 
around a near side impact are investigated examining 
the excursion velocity of the near side occupant and 
the timing of the peak neck load as compared to the 
roof and dummy motion.  The peak neck load occurs 
due to motion of both the dummy and the roof 
structure.  This light, non-injurious impact occurred 
at a head impact speed of approximately 1.5 ft/sec.  
At this point, the roof has crushed only a minor 
amount, ~0.3 inches, with the peak crush speed, ~2.0 
ft/sec, prior to the peak neck load.  The occupant has 
moved upward ~0.8 inches and the peak neck load 
does correspond to a local peak excursion velocity at 
~0.9 ft/sec.  A clearer picture of occupant injury will 
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be seen in a far side impact where larger neck loads 
are typically seen  
 

This test was done at rotation rates of less than 240 
deg/sec, although the dynamic rollover test achieved 
higher rotation rates after the near side contact.  

 

Near Side HIII Dummy Motion as Measured with an Under Seat String 
Potentiometer Compared with Neck Load and A-Pillar Motion
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Figure 9.  JRS test results focusing on the near side impact. 
 

JRS Test Results: Vertical Load
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Figure 10.  Vertical load during impact. 
 
OTHER EXPERIMENTAL PROOFS 
 
At higher rotation rates, the occupant becomes 
pinned to the vehicle at the upper corner.  In those 
cases, the only component of occupant “diving” 
velocity has to come from the bulk motion of the 

vehicle.  This can be examined from dolly rollover 
tests in which data is publicly available.  The Malibu 
II study [3] can be used for this purpose. 
 
The Malibu II study is an examination of eight dolly 
rollover tests with two restrained front seat 
occupants.  Half of the vehicles were reinforced 
while the remaining were in the production state.  
The vehicles and occupants were instrumented and 
filmed both internally and externally.   
 
For this study, it is also of interest to look at the 
Malibu II neck loads, belt loads and vehicle roll rates.  
This allows an examination of the occupant motion 
through the belt loads, impact with the roof through 
neck load and vehicle dynamics through the roll rate.  
If the occupant was undergoing a “diving” type 
loading the belt load would need to increase with 
increasing neck load.  A graphical examination of 
this data is illustrated in the following figures. 
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These figures from Malibu II were created by 
digitizing the graphical data provided with the study.  
The electronic data has never been released to the 
public for independent analysis.  They provide 
another method for examining the cause of the high 
neck loads seen during several of the tests in this 
series.  Figure 11 is a graph of Malibu II Test 2, a 

reinforced vehicle.  A peak neck load is at the end of 
the sequence where the roll rate has decreased to less 
than 200 degrees per second from an earlier peak of 
more than 500 degrees per second.  In effect this 
relieves the lap belt loop load as the dummy reacts to 
lower centrifugal force.  
 

 

Roll Rate, Lap Belt Loop Load and Vertical Neck Load v. 
T ime - Far Side Occupant - Malibu II Test 2

0
100
200
300
400
500

600
700
800
900

1000

0 1000 2000 3000 4000
Time (ms)

R
ol

l R
at

e 
(d

eg
/s

ec
)

0

1

2

3

4

5

6

Ve
rti

ca
l N

ec
k 

an
d 

La
p 

B
el

t L
oo

p 
Lo

ad
 (k

N
)

Roll Rate (deg/sec) Lap Belt Loop Load (kN) Neck Load (kN)

Average Belt Loop Load = 0.82 kN
 

 
Figure 11.  Malibu II Test 2 – Rollcaged Vehicle Data. 
 
The occupant excursion and excursion velocity 
during this impact can be analyzed by examining the 
high speed video of the test and utilizing the timing 
data determined during the original analysis of the 
tests.  In this impact, dubbed Potentially Injurious 
Impact (Pii) 2L1 (Test 2, left dummy, first impact 
over 2000 N) the interior photoanalysis of 2L1 roof 
and occupant motion is shown in Figure 12 just as 
roof/head contact starts.  The intrusion velocity of the 
rollcaged roof after 0.97 inches of intrusion is 4.7  
mph while the occupant is moving towards the roof at 
0.9 mph as identified by the by the dummy buttocks 
motion.  

 
 
Figure 12.  Split screen of Malibu II 2L1 roof and 
dummy motion.   
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Figure 13 examines Malibu II Test 3 of a production 
vehicle.  In this test, there are two spikes in the neck 
load early in the test at approximately 700 and 1300 
ms.  An examination of these neck load spikes 
illustrates a corresponding decrease in the lap belt 
load.  The decrease in belt load is caused by the roof 
deformation pushing the dummy towards the seat and 

unloading the belt.  Any lessening of belt load due to 
moving of belt anchor points, typically the D-ring on 
the B-pillar, would occur with the roof crush after the 
diving theory would predict an injury – prior to roof 
crush. 
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Figure 13.  Malibu II Test 3 – Production Vehicle Data. 
 
Figure 14 examines Malibu II Test 7 of a production 
vehicle.  This is similar to the graphs from Test 3.  In 
this case, the peak neck load is near the end of the 
sequence where the roll rate has decreased to 
approximately 200 degrees per second.  The belt load 
is relatively low as compared to the peak belt load in 
the test at which point there was no neck load of note.  
If a diving type mechanism was the prime force in 
this event, then you would need to see an increase in 
belt load, but this is not present.  The data clearly 
indicates something else is driving the neck load.  
Examination of the test video illustrates a moving 
buckle, as described in Malibu I [2], striking the 
dummy’s head and reported in a 2005 ESV paper 
[11].   
 
A similar study was conducted on a series of Ford 
Explorer rollover tests and presented to NHTSA [12].  

This study also looked at a comparison between neck 
and belt loads realizing that diving could only occur 
with an increase in belt load as the torso loads the 
neck of an occupant.  In a similar fashion to this 
study, the article concluded that diving type injuries 
can occur at low impact speeds in the absence of roof 
crush with the neck load increasing with increasing 
neck load.  However, in the presence of roof crush 
and higher neck loads, the belt load decreased with 
increasing neck loads illustrating the crushing roof 
forcing the dummy towards the seat and possibly the 
loosening of the belt due to the deforming roof and 
moving seat belt anchor locations.  Either of these 
motions preclude the diving theory as both 
necessitate the presence of roof crush and the diving 
theory states that the injury occurs prior to roof crush. 
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Roll Rate, Lap Belt Loop Load and Vertical Neck Load v. 
T ime - Far Side Occupant - Malibu II Test 7
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Figure 14.  Malibu II – Production Vehicle Test 7 Data. 
 
A comparison of neck load, belt load and roof crush 
was also made experimentally in a dynamic rollover 
test utilizing the JRS.  In this test, a mid-sized SUV 
was tested with a restrained, instrumented Hybrid III 
5th percentile occupant in the far side rear seat.  The 
vehicle was instrumented with string potentiometers 
on the near and far side with an interior high speed 
camera.  The test was an examination of small 
occupant motion in rollover accidents as no roof 
contact was expected during the test.  However, a 
large buckle was formed due to the design of the roof 
and the occupant was contacted.  This impact can 
clearly be seen on the high speed interior camera, see 
Figure 15. 
 
The data from this test clearly demonstrates the peak 
neck load occurring as the belt load is decreasing 
with little or no motion of the restraint system anchor 
points, see Figure 16. 

 
While there were no string potentiometers 
immediately above the rear seat dummy, a string 
potentiometer was located above the driver’s seat and 
recorded the motion of the buckle that struck the 
occupant.  The timing and motion of this buckling 
structure is very similar to the effects above the 
dummy.  Figure 17 illustrates the motion of the roof 
and comparison to the neck load in the dummy. 
 
While this test did not include a under the seat string 
potentiometer to examine excursion velocity, it 
clearly illustrates the non-injurious motion of the 
occupant in the absence of roof crush.  With this 
small occupant, the roof crush is the reason the 
dummy was struck and had a peak neck load of 2,622 
N. 
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Figure 15 A and B.  Video excerpts from test.  In the first picture, the dummy has moved upwards toward the 
roof and the roof is beginning to crush.  In the second picture, the roof is loading the dummy. 
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Figure 16.  JRS test results focusing on belt and neck loads during a far side impact. 
 
DISCUSSION 
 
This study is an initial look at occupant motion in 
rolling vehicles with a focus on excursion velocity 
and effects on occupant injury.  It was found that 
occupant excursion inside the vehicle is not at 
injurious speeds.  Further examination of additional 
studies illustrate that the diving mechanism is not the 

main factor in rollover injuries.  While torso 
augmentation may contribute to neck loading, it is 
not enough to cause injury in the absence of roof 
crush and additional occupant loading due to 
intrusion into the occupant survival space as is found 
in all other accident modes – front, side and rear. 
 
 

 



 Friedman 12

Far Side, Rear Seat HIII 5th%tile Female Dummy Results: Neck Loads 
with Nearest Measured Roof Motion
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Figure 17.  JRS test results focusing on roof motion and neck loads during a far side impact. 
 
CONCLUSIONS 
 
The Jordan Rollover System allows for dynamic spit 
testing and dynamic repeatable rollover testing. 
 
In dynamic spit testing, it was seen that: 
• Occupants do not necessarily contact the roof 

structure when rotated at rates up to above 200 
degrees per second. 

• Occupant excursion velocities are in the range of 
0.5 mph.  The occupant does not move faster 
than this relative to the seat in a non-deforming 
structure.   

• Human and Dummy surrogates are both effective 
in this type of testing.  However, the human 
occupants move differently in the motion of 
there arms, legs and especially the flexing of the 
neck. 

 
In the dynamic rollover testing, it was seen that: 
• Peak neck loads are caused by a combination of 

roof crush and occupant motion. 
• Even with an impact, peak excursion velocities 

are limited to less than 1 mph.  However, a 
higher speed was observed when the roof moved 
away from the occupant at a higher rate. 

• In the test of the near side occupant, the dummy 
occupant moved upward a small amount and 
then was retained by the roof. 

• In the test of a far side, rear seat occupant, the 
dummy moved upward without contacting the 
roof.  Roof contact and neck loads were made 
when the crushing roof structure contacted the 
dummy due to a large buckle formed by the 
design of the roof and roof rack assembly. 
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ABSTRACT   

Full-scale crash tests were conducted to investigate 
the correlation between the 5th percentile Hybrid III 
dummy kinematics and chest response at three test 
speeds. A total of 20 comparative full frontal rigid 
barrier tests were conducted at 40, 48 and 56 km/h 
with the dummies placed in the front and rear 
outboard seating positions.  

As test speed increases to 56 km/h, the forward 
excursion and rotation of the thorax increases 
significantly. This rotation combined with chest 
jacket distortions inhibits the accurate measurement 
of chest deflection. The influence of the seat 
characteristics and belt geometry at peak load are 
explored.  

A new multi-point sensing device, known as the 
RibEye is introduced in full-scale rigid barrier tests to 
evaluate the role of multi-point sensing in enhancing 
the accuracy of chest deflection measurements. This 
new instrumentation may significantly reduce the 
sensitivity to belt placement associated with 
traditional single point measurements. 

An impulse calculation method to evaluate the load 
management capability of restraint systems is 
proposed.  

 

INTRODUCTION 

In 2001 the Government of Canada published in the 
Canada Gazette, a Notice of Intent to change the 
Canadian Motor Vehicle Safety Standard for frontal 
protection (CMVSS 208). The department strives to 
harmonize motor vehicle safety standards with the 
U.S., except in cases where harmonization would 
lead to the relaxation of an existing safety 
requirement.   

The CMVSS 208 currently requires that the peak 
chest deflections for the Hybrid III 50th male remain 
below 50 mm for frontal rigid barrier tests conducted 

at up to 48 km/h. Complete harmonization with the 
U.S. FMVSS 208 would mean increasing the 
allowable chest deflection limit to 63 mm for the 
male and adopting a limit of 52 mm for the 5th 
percentile female. Raising the limit for chest 
deflection to levels that are beyond the magnitudes 
measured in vehicles would negate the benefit of 
including chest deflection as an injury criterion. A 
lower limit scaled to the 50th male is needed for the 
5th percentile female. 

Transport Canada has been engaged in the conduct of 
research to investigate the characteristics of the chest 
under belt and or combined belt and airbag loading 
conditions to identify the factors affecting chest 
response in the 5th percentile ATD. A study on the 
effects of breast anthropometry on chest response 
was reported in Stapp 2006 (Tylko, S. et al). During 
the course of this investigation it became evident that 
chest deflection did not increase linearly between 40 
and 56 km/h FFRB tests. The dummy behaved 
differently at higher test speeds. 

As the test speed is increased the extent of forward 
excursion and rotation about the torso belt is 
amplified and torsion of the jacket with respect to the 
rib cage becomes more noticeable.  Observation of 
the high-speed video indicated that the dummies 
rotated outboard as they approached the limit of 
forward excursion thus redirecting the load away 
from the single point measurement sensor in the 
sternum.  

A new multi-point sensing system was added to the 
instrumentation of the dummy to assist in the 
characterization of load application. The paper 
presents the preliminary multi-point measurements 
and the results of an alternative approach used to 
investigate the kinematics of the dummy and the 
influence that this may have on chest response.  
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METHODOLOGY 

Crash Tests 

Frontal rigid barrier tests were carried out at 40, 48 
and 56 km/h with model year 2006 - 2007 vehicles. 
The Hybrid III 5th percentile female anthropometric 
test device (ATD) manufactured by Denton ATD and 
FTSS were seated in the front and rear outboard 
seating positions. Test set-up, vehicle preparation, 
and dummy positioning for the front seat were done 
in accordance with the respective sections of the 
FMVSS 208 requirements for the full frontal rigid-
barrier tests (FFRB). 

The rear doors were removed to provide optimized 
camera views of the dummy kinematics. Video 
cameras were attached to the vehicle as shown in 
Figure 1. Pre and post-test dimensions were obtained 
to monitor for B-pillar displacement during the test 
should it occur.  

 
Figure 1: Plan view of camera locations. 

Instrumentation and Video Imaging  

Data were recorded at 10kHz and filtering was 
performed in accordance with SAE J211. High-speed 
videos at 1000 frames/second were obtained and 
included lateral views of the front seat occupants; 
lateral and a frontal view of the rear seat occupants. 
Overhead camera views of the occupants were 
obtained for one vehicle with a retractable roof 
(convertible). 

The baseline instrumentation in the dummies 
included a tri-axial accelerometer at the head CG, a 
6-axis load cell at the upper and lower neck and 
lumbar spine; a 3-axis clavicle load cell; tri-axial 
accelerometers at the upper, mid and lower spine and 
pelvis; accelerometers at the top mid and lower 
sternum; and single axis load cells in the femurs. The 
chest potentiometer was supplemented with either the 
THUMPER kit consisting of four IR-TRACCs 
(InfraRed – Telescoping Rod for Assessment of Chest 
Compression) or the RibEye for multi-point sensing. 

RibEye 

The RibEye is an electro-optical system developed by 
Boxboro Systems and Denton ATD for the 
measurement of rib deflections. The first production 
version was developed for Transport Canada for use 
in the 5th Female Hybrid III ATD. The RibEye 
measures the X and Y locations of 12 points on the 
ribcage using optical triangulation at a sampling rate 
of 10 kHz. Light emitting diodes (LEDs) can be 
attached to the ribs anywhere within the measurement 
range, offering much greater measurement flexibility 
than the traditional fixed sensors. Two light angle 
detectors are mounted on the sides of the spine box 
while the RibEye controller, is mounted in the spine 
box. The RibEye controller auto adjusts the 
brightness of each LED to enhance accuracy. After 
the angle data is acquired, the controller calculates 
the X and Y position of each LED by triangulation 
and reports the data in millimeters with an accuracy 
of 1 mm.  

  
Figure 2: RibEye sensor & light detector location. 

RESULTS 

RibEye Chest Deflection 

Tests were conducted with the RibEye installed in a 
Denton 5th percentile Hybrid III ATD. The 12 sensors 
were located on each rib at approximately 60 mm 
from the centerline of the sternum. By comparison, 
the four IR-TRACCs are attached at approximately 
30 mm from the centerline of the sternum. As shown 
in Table 1, the majority of the tests were conducted in 
the rear seat to investigate the RibEye response in 
belt only loading conditions. Two driver tests were 
also conducted to evaluate the RibEye performance 
in combined belt and airbag loading conditions and 
compare this to the pure belt loading responses. 
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Table 1: Tests conducted with the RibEye 

FFRB Test Speed  

Position 40 km/h 48 km/h 56 km/h 

11   1   

13   1   

14 1 1   

16 2 1 4 
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Figure 3: Comparison of peak chest deflection 
measured at potentiometer to peak RibEye 
measurement for rear seat, belt only. 
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Figure 4: Comparison of peak chest deflection 
measured at potentiometer to peak RibEye 
measurements for a driver at 48 and a driver at 56 
km/h with belt & airbag. 

As can be seen in Figure 3 the discrepancy between 
the deflection measurement of the potentiometer and 
the RibEye measurement of the individual ribs 
increases as test severity is increased. The first series 
of bars represent the measurement results obtained in 
a soft car-to-car test whereas the tests at 40, 48 and 
56km/h were all FFRB tests conducted with the 
dummy seated in the rear seat. The RibEye detected 
greater peak deflections than the potentiometer in all 
tests that were conducted at 56km/h. This confirms 
the greater out-of-plane motion that was observed in 

the videos of the higher test speed tests. Figure 4 
illustrates the effect of combined belt/ airbag loading 
in the two tests that were conducted with the dummy 
seated in the driver seat.  

Crash videos were reviewed to determine the belt 
drape. Tests were classified, as having belt routing 
that was close to the neck, at the mid-shoulder and 
distal to the shoulder. RibEye measurements were 
normalized as a function of potentiometer 
measurement and plotted for both sides of the 
ribcage.  
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Figure 5: Potentiometer measure normalized to 
the individual RibEye deflection values for a belt 
that passes close to the neck. Left rear passenger. 

Figure 6: Potentiometer measure normalized to 
the individual RibEye deflection values for drivers 
with belt and airbag loading at 48 & 56 km/h.  

Figure 5 is an example of the type of deflection 
pattern that is observed when the belt lies close to the 
neck. In this example the rear passenger dummy was 
seated behind the driver in a 40km/h FFRB test. The 
greatest rib deflection is observed on the right side of 
the rib cage. Figure 6 displays the deflection pattern 
observed when the belt and the airbag load the chest. 
In the 56km/h test the chest was evenly loaded 
however, in the vehicle that underwent the 48km/h 
test the videos confirmed that the shoulder belt was 
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very close to the neck resulting in higher peak upper 
rib deflections relative to the central potentiometer. 

The RibEye system was able to consistently 
characterize the asymmetrical deformation of the 
chest for the belted loading conditions. An ATD 
seated behind the driver will have greater deflections 
on the right side of the chest as it rotates into the belt 
and outboard. Similarly for the passenger seated 
behind the front passenger, deflections will be greater 
on the left side of the thorax.   

The system was found to track the belt position at 
peak load rather well. When the belt was close to the 
neck, the RibEye/ potentiometer ratio was greater 
than unity and progressively dropped in magnitude 
from the upper ribs down to the lower ribs. However, 
as the belt moved away from the neck and towards 
the middle of the shoulder, the normalized ratio for 
the lower ribs approached unity and was more evenly 
distributed from top to bottom. The sample contained 
only one vehicle model where the belt was clearly 
draped at the extremity of the shoulder. It was not 
possible therefore to draw any conclusion from this 
test since the lap belt penetrated the dummy 
abdomen.   

Interference with the potentiometer resulted in data 
loss during the initial trials of the system. However 
the problem was rectified with a slight adjustment of 
the sensors. Data loss was also observed to occur 
occasionally in more severe test conditions with the 
lower rib channels. The data loss was likely related to 
the upward displacement of the abdominal insert.  

Kinematic Analysis & Chest Deflection 

Removal of the rear doors made it possible to obtain 
a full lateral view of the dummies as they engaged 
the seat cushion and restraint system in the rear seats. 
Generally the motion of the ATD’s can be described 
as:   

a) Translation of the upper body and pelvis 
with minimal vertical motion; or 

b) Rotation of the upper body about the lap belt 
with large vertical displacement into the seat 
cushion.   

The initial loading phase of the lumbar spine force 
appears to be a good indicator of these motions as 
each of these kinematic behaviors is associated with a 
distinctive time history trace. Figure 7 displays 
sample time history traces of the lumbar spine force 
in the vertical axis for three different vehicle seats 
associated with this motion. In the case of translation 
the vertical lumbar spine is in compression, early in 
the event as the pelvis and thighs of the dummy 
rapidly engage the seat cushion and belt. Extension of 

the spine follows during rebound resulting in a clean 
sinusoidal trace. Figure 8 displays samples of time 
history traces for lumbar spine forces for four 
different vehicle seats wherein rotation was the 
principal motion. In these examples the lumbar spine 
is in extension at the onset of the loading phase. 
Observation of the videos suggests that this initial 
extension is characterized by a forward ramping of 
the pelvis; the dummy has less contact with the seat 
cushion and almost appears to become airborne in 
some cases. This motion early in the event 
contributes to spring-like oscillations of the dummy. 
The seatbelt and seat are discordant and there is 
substantially more out of plane motion than in the 
cases where translation is the predominant motion. 
Consequently, there is a greater tendency of lap belt 
migration into the abdominal cavity and greater 
opportunity for the head to strike the surrounding 
structure. The lumbar spine force response is 
dependant on seat and restraint system but does not 
appear to be affected by test severity.   

Figure 7: Time history traces of lumbar forces in 
dummies characterized by a translational motion 
in rear seats. 

Figure 8: Time history traces of lumbar forces in 
dummies characterized by a rotational motion in 
rear seats. 
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The lumbar force time history may also be used to 
qualify, or explain the chest deflection measured at 
the potentiometer. The example shown in Figure 9 
illustrates the interaction that occurs between chest 
deflection and the dummy kinematics. The time 
history traces presented are from a 56km/h test where 
the ATD was in the right front passenger seat. The 
chest deflection stops and remains constant at the 
moment that tension in the lumbar spine is released. 
There is no further deflection because the dummy is 
sliding downward into the seat. While this kinematic 
timing may be effective in reducing chest deflection, 
the risk of lap belt intrusion into the abdominal cavity 
may be increased.  

Figure 10 illustrates the relationship between the 
lumbar spine forces and chest deflections at 48km/h 
and 56 km/h in the same vehicle model. As speed is 
increased the character of the traces remains 
unchanged but the magnitude is amplified. In this 
case the vertical force does not explain the observed 
difference in deflection. 

Figure 9: Time history trace of lumbar force and 
chest deflection for the front right passenger with 
seatbelt and airbag in a 56km/h FFRB test. 
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Figure 10: Time history trace of lumbar vertical 
force and chest deflection for the driver with belt 
/airbag in a 48 & 56km/h FFRB test. 

  
Figure 11: Free body diagram of forces included 
in the calculations. 

Load Management 

Comparison of dummy responses can be quite 
complex to carry out particularly when the dummies 
are in different vehicles, seat positions and exposed 
to different test speeds. Ideally, a comparison of the 
load distribution between the dummy and the 
restraint system could help quantify the energy 
management capabilities of a particular restraint 
system.  Furthermore, qualification of load paths 
could help explain why deflection does not 
necessarily increase with increasing test speeds.   

The individual force channels for the neck, pelvis, 
femurs, and lap and shoulder belt were integrated in 
time and summed as a function of time to provide an 
estimate of the total impulse in time. Figure 11 shows 
a free body diagram of the forces. Since this was a 
preliminary investigation calculations were restricted 
to two dimensions Fx and Fz. Comparisons were 
conducted with two FTSS 5th percentile Hybrid III 
dummies. The equations used for the calculations are 
presented in the Appendix. 

Four separate comparisons will be presented as 
follows: 

1. 2 drivers, 2 vehicle models;  
2. Driver & passenger same vehicle crash; 
3. Right front & right rear passengers same 

vehicle crash. 
4. 2 drivers, same vehicle model two test 

speeds 

The first sample includes a comparison of two 
dummies seated in the driver seat of two vehicles 
undergoing a FFRB test at 48 km/h. The dummies 
were each restrained by a seatbelt and an airbag. 
Figure 12 displays the loads on the belt in the solid 
color and the loads on the dummy in the shaded 
color. The test labeled as A and colored blue, 
indicates that more force was exerted on the dummy 
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than on the belt. In fact, the shoulder belt force, 
which was 3.5 kN for the driver was relatively low 
given that the chest was compressed to 38 mm. The 
driver clearly had femur contact with the knee 
bolsters since the femur loads were of the order of 4 
kN in this test. In contrast, the belt forces for test B 
shown in red were significantly greater than the sum 
of the forces on the dummy. The dummy experienced 
very little load application. The seatbelt in this 
vehicle seems to have provided better energy 
management.  

In the next plot, Figure 13 shows that the difference 
in chest deflections was 11 mm and that the chest in 
test A in blue was loaded more rapidly, more 
abruptly than in test B. In Figure 14, the third and 
final plot of the comparison, the two chest 
acceleration traces are overlaid, the blue trace or test 
A displays a more rapid drop and is noisier than the 
red trace of test B but the chest clips are equal. 
Overall the plots suggest that the restraint system in 
test B offered better chest protection. 

The second sample is a comparison of a dummy in 
the driver seat and a dummy in the right front 
passenger seat of the same vehicle in a 56km/h FFRB 
test. Both dummies were restrained with the seatbelt 
and the airbag.  

In Figure 15 the loads on the driver shown in shaded 
red are greater than the loads on the belt (solid red). 
The loads on the driver rose much more rapidly and 
were greater than the sum of the loads on the 
passenger shown in the shaded blue. The loads on the 
passenger belt shown by the solid blue trace were 
much greater than the loads on the passenger. The 
passenger therefore, appears to have exerted more 
force on the belt than the driver. The driver left femur 
load was above 8kN, the lumbar spine force was 3kN 
while the axial tension in the neck for the driver was 
above 2kN (Nte of 0.98) in this test, hence with such 
large loads transmitted above and below the chest it 
is not surprising to see that the chest was by-passed 
altogether.  

Deflection for the driver, shown in red in Figure 16 
was only 19 mm while for the passenger the chest 
deflection, shown in blue was 26 mm. Figure 17 
displays the time history trace for the chest 
acceleration in red for the driver and in blue for the 
passenger. The onset of chest acceleration for both 
dummies were equal, however, beyond the initial 
peak the responses were quite different. The chest 
clip did not reflect the differences observed in the 
acceleration responses between the driver and 
passenger nor did they provide any indication that the 
load paths were away from the chest for driver and 
involved the chest for the passenger.  

The third sample is a comparison of a dummy seated 
in the right front passenger seat with a dummy seated 
in the rear right passenger seat of a vehicle that 
underwent a FFRB test at 40 km/h. The front seat 
passenger is restrained with a seatbelt and airbag and 
the rear dummy is belted only.  

Figure 18 illustrates the loads transmitted to the front 
passenger dummy in blue and the rear passenger 
dummy in red. Both belt load curves were well above 
the two dummy load curves. The sum of the dummy 
forces was slightly greater for the rear passenger but 
both dummy traces displayed a similar trend. This 
particular vehicle has firm seats and good belt 
geometry. The lumbar spine vertical forces for both 
the front and rear dummy are in compression early in 
the loading phase and there is good engagement 
between the pelvis and the seat cushion. The video 
analysis suggests a controlled deceleration of the 
dummies. 

The deflections are shown in Figure 19. With the 
exception of the pretensioner response observed in 
the blue trace for the front passenger the shape of the 
traces were very similar. Deflection for the rear seat 
passenger shown in red was greater than for the front 
seat passenger seat by approximately 7 mm.   

Figure 20 displays the chest acceleration traces, the 
pretensioner and load limiting effects of the front 
seatbelt shown in blue, cause a more gradual 
deceleration of the chest. Though the difference in 
chest clip is only 5g, the rear occupant is decelerated 
more rapidly and without interruption. 

The final sample is a comparison of two dummies 
seated in the driver seats of two identical vehicle 
models tested in a 48 km/h and 56km/h FFRB crash. 
The blue traces represent the 48km/h test while the 
red trace represents the 56km/h test in all three 
graphs. Figure 21 indicates that the belt loads in both 
tests were comparable during the first 100 ms.. The 
sum of forces for the dummy was greater in the 
56km/h test.  
In Figure 22 the peak deflection measured at 56km/h, 
shown in red, was 26mm compared to 29mm for the 
48km/h test. The chest acceleration traces in Figure 
23 indicate a more rapid and slightly longer 
deceleration at 56km/h, yet there is only a 3g 
difference in chest clip.  
While deflections were lower at 56km/h, the sum of 
impulses on the driver suggest that load paths were 
redirected to regions other than the chest in the higher 
severity crash test. 
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Figure 12: Comparison of load distribution for the 
dummy and the seatbelt for drivers in two 48km/h 
FFRB tests. 
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Figure 13: Corresponding chest deflections 
recorded in the two 48km/h FFRB tests. 
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Figure 14: Corresponding chest accelerations 
recorded in the two 48km/h FFRB tests. 
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Figure 15: Comparison of load distribution for the 
dummy and the seatbelt for the driver and front 
passenger into a 56km/h FFRB test. 
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Figure 16: Corresponding chest deflection recorded 
in the 56km/h FFRB test. 
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Figure 17: Corresponding chest accelerations 
recorded in the 56km/h FFRB test. 
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Figure 18: Comparison of load distribution for the 
dummy and the seatbelt for the right front and rear 
passenger in a 40km/h FFRB test. 
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Figure 19: Corresponding chest deflections recorded 
in the 40km/h FFRB test. 
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Figure 20: Corresponding chest accelerations 
recorded in the 40km/h FFRB test. 
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Figure 21: Comparison of load distribution for the 
dummy and the seatbelt for the drivers in 48km/h 
and 56km/h FFRB tests. 
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Figure 22: Corresponding chest deflections recorded 
in the 48km/h and 56km/h FFRB tests. 
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Corresponding chest accelerations recorded in the 
48km/h and 56km/h FFRB tests. 
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DISCUSSION & CONCLUSION  

Comparative testing with the Hybrid III 5th female 
dummy was conducted at 40, 48 and 56km/h to gain 
a better understanding of the effects of dummy 
kinematics and load distribution paths. New 
instrumentation capable of measuring deflection in 
two dimensions at 12 locations along the ribs of the 
dummy thorax will greatly facilitate the 
characterization of the chest response. The 
preliminary trials carried out in this test series 
suggest that this system could prove useful in 
delimiting belt routing on the chest. Asymmetrical 
loading particularly in more severe test conditions 
appears to be quantifiable with this system. Further 
testing under controlled conditions, should be 
conducted in order to determine where the sensors 
are best positioned to achieve optimal measurements. 
While the optical sensors require a clear line of sight, 
interference due to obstruction does not appear to be 
a problem unless belt intrusion and abdominal insert 
displacement occurs.  

The lumbar spine force time history trace is a good 
indicator of seat and restraint performance. Video 
images confirm that lumbar force compression early 
in the event is associated with better seat cushion and 
seatbelt engagement and results in a more controlled 
deceleration. This signature trace is independent of 
test speed. Examination of the relationship between 
lumbar force and chest deflection time history traces 
can also, in certain vehicle models, help explain an 
unexpected reduction or increase in chest deflection 
since it reflects the vertical displacement of the 
dummy. Though not included in this study, the 
addition of anterior superior iliac spine load cells 
could provide a better definition of lap belt 
interaction with the pelvis and abdomen of the 
dummy. 

The forces at the neck, lumbar spine and femurs were 
used to estimate the total impulse in time detected by 
the dummy and the total impulse in time measured in 
the seatbelt. Based on this exploratory exercise the 
method appears to offer the possibility of estimating 
the proportion of impulse from the crash that is 
directed to the dummy and the proportion transmitted 
to the belt. Measurements of direct load applications 
such as force and chest deflection are authoritative 
indicators of dummy load paths. Global measures 
such as acceleration clips provide only a snapshot in 
time and do not adequately describe the severity or 
duration of the loading event.  The identification of 
load restrictions to key body regions could eventually 
provide a more comprehensive systems approach to 
the evaluation of occupant protection systems. 
Further applications of this method to a larger sample 

of crashes will be completed to validate the process 
and establish correlation with existing injury criteria.  
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APPENDIX 

Impulse calculation equations: 
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ABSTRACT 
 
This paper describes the development, validation and 
application of a usability or “ease of use” rating 
system for child restraints and the design changes 
that have evolved. 
  
The rating system was developed in response to 
concerns about the high incidence of child restraint 
misuse and the potential for reduced protection 
during a collision. The objectives were to help 
consumers choose child restraints that are easier to 
use and to encourage manufacturers to improve the 
usability of their products. 
 
A research program to develop the rating system was 
undertaken by RONA Kinetics with the support of 
the Insurance Corporation of British Columbia in 
Canada.  It included participation by members of the 
ISO child restraint working group, regulatory 
authorities, vehicle and child restraint manufacturers, 
child passenger safety technicians, IIHS and 
consumers.  A sample of some 30 child restraints 
(from N. America and Europe) was used to identify 
key child restraint use features that were ranked 
according to the risk of injury if misused.  Objective 
criteria and tests for rating the individual features and 
a method for calculating the rating scores were 
developed.  
 
The rating system was first used to rate 80 child 
restraints for ICBC consumer guides.  It is the basis 
for the NHTSA child restraint ease of use rating 
program.  It is being used in new ISO work related to 
the usability of ISOFIX (LATCH/UAS) features.  Its 
current use and areas in which the rating system may 
be upgraded are considered.  
 
The rating system provides an objective means of 
evaluating the usability of child restraints.  It 
addresses features related to the safe use of child 
restraints that are not included in current regulations.  
Since its application, child restraint 
manufacturers have improved the usability of their 
products thereby reducing the risk of misuse and 
increased child passenger protection.   

 
INTRODUCTION 
 
In this paper, unless specified otherwise, the term 
“child restraint” is used to refer to rear-facing and 
forward-facing restraint systems as well as booster 
cushions as described in the Canadian Motor Vehicle 
Safety Act (RSSR). The effectiveness of child 
restraints in preventing or reducing collision trauma 
is well established.  Their effectiveness depends, 
however, on their proper use.  The misuse of child 
restraints is reportedly high and child restraint 
inspection clinics often report misuse of up to 90%.  
There is a shortage, however, of data on the type and 
nature of misuse. Misuse observed and reported at 
child restraint clinics ranges from minor errors, with 
no or little effect on safety, to gross misuse which is 
likely to significantly reduce the performance of child 
restraints in real collisions.  Available data indicates 
that the incidence of “gross” misuse is relatively low 
and may be less than 5-10% of the observed misuse 
(Legault and Pedder, 1999).  Field data demonstrates 
that the children who are most likely to be seriously 
injured in an otherwise non-injurious or survivable 
collision, are those who are either unrestrained or are 
secured in a restraint system too large for their size.  
Test data also shows that some of the types of misuse 
included in child restraint clinic reporting is relatively 
minor and will not have a significant effect on child 
restraint performance (Lalande et al., 2002).  
 
In exploring how best to get all child occupants in an 
appropriate restraint, consideration was given to 
concerns about the complexity of using current child 
restraints properly.  In a usability study conducted for 
Transport Canada in BC (Noy and Arnold, 1995) to 
identify features to determine which product features 
contribute to proper and prolonged use of child 
restraints, it was confirmed that some types of misuse 
were associated with poor instruction or complicated 
design features.  The study was conducted so that 
such features may be addressed in the regulations 
governing restraint systems for children.  It has been 
known for a long time that child restraints that are 
easier to use are more likely to be used correctly.  
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Current child restraints are often complicated or 
difficult to use properly. 
 
In an effort to promote child restraints which are easy 
to use properly and to reduce the opportunity of 
misuse, the Insurance Corporation of British 
Columbia funded a project to develop objective tests 
and criteria to rate the usability of child restraints.  
The Insurance Corporation of British Columbia is a 
public agency in Canada which was established in 
1973 to provide universal auto insurance to motorists 
in British Columbia, Canada.   ICBC is also actively 
involved in provincial child passenger safety efforts.  
 
 
DEVELOPMENT OF THE USABILITY 
RATING SYSTEM 
 
The final rating system was developed by RONA 
Kinetics and Associates in North Vancouver, Canada 
in 1999 for the Insurance Corporation of British 
Columbia with input from local and international 
child restraint and safety experts.  Initial work in the 
development of the usability rating system took place 
during two consecutive two-day meetings in July 
1999 which were organised by RONA Kinetics and 
hosted by ICBC in Victoria, British Columbia, 
Canada.  The first two-day meeting involved six 
invited members of ISO/TC22/SC12/WG1 (child 
restraint systems) and one safety restraint expert who 
was actively involved in the development and use of 
educational material for proper child restraint use.  
The primary purpose of this meeting was to identify 
child restraint use features and rank their importance 
according to risk of injury if misused.  Samples of 
different types of child restraints as well as four 
vehicles (a 2-door and a 4-door car, van and sports 
utility vehicle) were used to assist in this work.  
Based on Misuse Mode and Effects Analysis 
procedures (Czernakowski and Müller, 1991) 
individual features pertinent to child restraint use 
were identified, their function noted and the potential 
misuse modes considered.  The effects of the 
different misuse modes were then examined and 
according to the severity or effect on safety, the 
importance of each feature was ranked as A, B or C 
according to the risk of injury if misused.  An “A” 
rating was used if the proper use of the feature was 
essential for the full protection of the child and if 
there was a high risk of injury if the feature was 
misused.  In comparison, a “C” rating was assigned 
to features deemed less important to the proper use of 
the child restraint, with no or insignificant effect on 
safety if misused.  At the same time, work was also 
initiated on the development of criteria and objective 
tests for rating the individual features. 

 
The ranking of the level of importance of each 
feature was conducted by the team of experts based 
on their combined and considerable knowledge and 
experience of child restraint systems which included 
collision investigation, child restraint laboratory 
testing, vehicle and child restraint manufacturing as 
well as the use of child restraint systems by parents 
and caregivers.  Reference was also made to 
published work by other authorities.   
 
 
INPUT FROM INVITED CPS SPECIALISTS 
 
The second meeting involved six invited safety 
specialists and consumers.  The primary purpose of 
this meeting was to rate individual products using the 
usability criteria developed during the first meeting.  
A rating form based on the outcome of the first 
meeting was prepared and different versions of the 
form were tried during day one.  The rating form 
included only three options for each feature.  
Initially, consideration was given to allowing for 
more options, however for many features it was 
difficult to provide more than three options and often 
they were no longer meaningful.  It was decided that 
the ease of use characteristics were best rated 
according to three options, i.e. good, average, and 
poor. During day two, the rating form was used to 
rate individual restraints by three teams of two.  Each 
restraint was rated by two or more teams and the 
results of the rating compared for repeatability.  The 
rating form was revised to address repeatability 
problems.  Not surprisingly, the repeatability of the 
features reflected the potential to objectively assess 
the features. For example, ease of tightening the 
tether was rated as good if it could be tightened by a 
simple pull with one hand and poor if otherwise.  
There was 100% repeatability in the rating of this 
feature.  In comparison, the rating of the child 
restraint manual was initially less repeatable where it 
depended on the interpretation by the evaluator. To 
improve repeatability, brief descriptions of usability 
characteristics were included on the rating form 
within each rating category.  Repeatability was 
further improved by the fact that the overall usability 
rating of each different usability category was 
calculated from the rating of several features 
pertinent to that category. 
 
The rating form was finalised by RONA Kinetics 
after the meetings to ensure that the rating of 
different restraints was repeatable with at least a 95% 
confidence level.  To further promote repeatability, a 
rating manual was prepared that included illustrations 
of examples of good, average and poor features.   
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USABILITY FEATURES 
 
The child restraints were rated on the following 
features. 
 
1. Ready to use 
This rating was based on whether the restraint 
required additional assembly or if it was ready to use.  
A “good” rating was given to restraints which did not 
need any assembly (of safety features) before use. 
 
2. Instructions for use 
This rating was based on whether instructions were 
easy to understand, included clear illustrations and 
contained all the information necessary for securing 
the child in the child restraint and installing the 
restraint in a vehicle. 
 
3. Ease of Conversion  
Child restraints that could be used in different modes 
were rated on how easy it was to convert them from 
one mode to another.  This included ease of changing 
the harness strap position.  Also considered was the 
ease of removal and replacement of the seat cover or 
pad for cleaning. 
 
4. Labelling on the child restraint 
This rating was based on the clarity and completeness 
of the labelling on the restraint itself.  A “good” 
rating included clear seat belt routing diagrams or 
markings, clear tether use illustrations, airbag 
warnings, usable harness slots and clear identification 
of the size of child that could use the restraint. 
 
5. Securing the child in the restraint  
This rating was based on the ease of tightening or 
loosening the harness, the number of harness height 
adjustment slots (more than one is better), whether 
the buckle could be released when secured in the 
correct or reverse position, whether the restraint had a 
belt positioning guide, and whether the guide could 
be used easily without causing belt slack. 
 
6. Installation of child restraints 
The child restraints were not installed in a motor 
vehicle, however consideration was given to such 
features as whether there was sufficient hand 
clearance or access to the seat belt routing path. 
 
7. Tether straps 
The ease of tightening or loosening the tether strap 
was an important feature as Canada requires forward-
facing child restraints to meet head excursion limits 
that are typically met through the use of a tether 
strap. Tethers which tighten with a single pull were 

rated “good”.  Tether straps requiring tightening by 
threading through a buckle were rated “poor”. 
 
 
CHILD RESTRAINT RATING PROTOCOL  
 
Three sets of forms were developed and colour-coded 
to rate each mode of use of each child restraint, viz. 
rear-facing, forward-facing with harness and tether, 
and booster seats.    Each child restraint was rated 
independently by two evaluators.  The rating of the 
child restraints was initially conducted at RONA 
Kinetics by technicians experienced in child restraint 
performance in collisions. The rating was later 
undertaken by child passenger safety (CPS) 
technicians who were given a one-day training in the 
completion of the rating forms.  The rating by each 
evaluator was then compared and when a feature had 
been rated differently by the evaluators, the feature 
was re-examined and a decision made.  If 
appropriate, the feature was documented and 
photographed for inclusion in the manual and 
consistent future ratings. Hard copies of the forms 
were preferred by the evaluators as it enabled them to 
annotate or comment on features that may be new or 
they were unclear how  to rate.  The data was then 
entered into an excel table for calculation of the final 
rating in each category.   
 
 
CALCULATION OF RATING SCORES 
 
As noted above, the importance of each feature was  
ranked as A, B or C according to the risk of injury 
and severity of misuse.  In the calculation of the 
rating scores, this importance ranking was used as a 
fixed weighting factor for each feature.  Each 
weighting factor was assigned a numerical value of 
A=3, B=2, and C=1.  The individual features of each 
child restraint were then assessed using the rating 
form and rated as “good”, “average”, or “poor”.  
These were also assigned a numerical value where 
good=3, average=2, and poor=1.  The overall rating 
was calculated by multiplying the weighting factor by 
the score given during the rating of that feature by the 
evaluator.  If a feature was not applicable for a given 
child restraint, both the rating and the weighting 
factor became zero and the feature was excluded in 
the calculation of the final rating.  The final rating of 
each usability category was calculated from the sum 
of the weighted ratings of individual features divided 
by the total number of features. 
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ICBC CONSUMER GUIDE 
 
The usability rating system was first used by the 
Insurance Corporation of British Columbia in the 
rating of child restraints for the ICBC consumer 
guide “Buying a Better Child Restraint” published in 
1999.  Based on the premise that a child restraint that 
was easy to use was more likely to be used and used 
correctly, the guide rated child restraints sold in 
Canada on their usability.  The guide provided the 
individual scores for each of the rating category.  The 
guide was published to help parents and caregivers 
make informed decisions when buying a child 
restraint.  The guide included infant and child 
restraints as well as combination harness/booster 
systems and booster seats sold in British Columbia.  
The seats were also available across Canada.  The 
guide also provided information to help consumers 
select the appropriate type of restraint for best fit and 
had a shopping checklist with key safety and 
usability features. 
 
The ICBC “Buying a Better Child Restraint” was 
updated annually for four years with ratings on 
current and new child restraints products   Informal 
feedback indicated that the guides were used by 
consumers when they purchased a new child 
restraint.  The guide was used by some local retailers 
in the selection of child restraints to be offered for 
sale in British Columbia.  
 
In the ICBC guide, the ratings were not combined to 
provide an overall rating of each child restraint.  An 
overall rating was not provided out of concern for the 
possibility that consumers would assume a restraint 
with the “best” overall rating would be the best and 
safest restraint in their vehicle.  Emphasis was given 
in the ICBC guide to ensure the restraint properly fits 
the consumer’s vehicle.  
 
At the time of publication, there were no child 
restraints sold with the universal attachment system 
(UAS). These systems are known as LATCH (Lower 
Anchors and Tethers for CHildren) in the United 
States and based on the ISOFIX concept. It was 
anticipated that when UAS became mandatory in 
Canada in 2002, the usability of these systems would 
be considered. 
 
 
ISO CHILD RESTRAINT TASK FORCE 
 
The same rating system model was adopted by the 
child restraint usability task force of 
ISO/TC22/SC12/WG1.  The task force is currently 
developing a rating system specifically for ISOFIX 

features.  It includes the rating of ISOFIX features on 
the child restraint and in vehicles, as well as the ease 
of installing an ISOFIX child restraint in a specific 
vehicle. 
 
 
NHTSA RATING SYSTEM 
 
In 2002, NHTSA introduced an ease of use child 
restraint rating system that was modelled in the rating 
system used by ICBC (NHTSA, 2002).   The ratings 
are posted on the NHTSA website (www.nhtsa.gov). 
  
The NHTSA rating system included most of the same 
features, however, child restraints were rated under 
four ease of use categories: assembly; evaluation of 
labels and instructions; securing the child; and 
installation in the vehicle.  
 
The rating score for individual features was 
determined in the same manner (weighting factor x 
feature rating score).  The weighted average for the 
category was calculated by dividing the sum of the 
feature rating score by the weighting factor.  Each 
category was then given a rating based on the 
weighted average:  A = 2.40 to 3.00; B from 1.70 to 
< 2.40; C < 1.70. 
 
The ICBC website now links directly to the NHTSA 
ratings for those products sold in Canada 
(http://www.icbc.com).  Only products that meet the 
Canadian Motor Vehicle Safety Standards are legal in 
Canada. 
 
 
EFFECTIVENESS OF THE RATING SYSTEM 
 
It is difficult to know what, if any, effect the ICBC 
child restraint usability rating guide had on products 
and buying trends.  It did, however, provide a means 
of educating parents, caregivers, and educators on the 
importance of checking the ease of use of different 
features of the child restraints.  It provided them with 
a guide in finding the appropriate restraint for their 
child.  It also provided child restraint manufacturers 
with a tool for the assessment of the usability of their 
new and current products.   
 
There appeared to have been an improvement in the 
labelling of some products since the first usability 
guide in 1999, although further enhancements will 
probably only be realised with regulatory revisions, 
such as the need to include pictograms for our 
multicultural population, many of whom can speak 
little English. Current French/English text 
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requirements may prevent the use of visible 
pictograms on the sides of the child restraint.   
 
With the implementation of the NHTSA ease of use 
rating program, there was a noticeable improvement 
in the usability of the child restraint features that 
were rated.  These improvements were observed on 
products sold in Canada and the United States.  Some 
examples of the improvements that seem reasonable 
to assume were promoted by the ease of use rating 
system follow. 
 
Ready to Use 
Significant reduction in products that came 
disassembled or products that required harness 
removal to enable the child restraint cover to be 
fitted. 
 
Instruction and Labelling 
Increase in the use and clarity of illustrations 
including pictograms on both the child restraints and 
in the child restraint manual.  Routine attachment of 
the manual to the child restraint at point of sale, so 
the manual remains with the child restraint itself 
when first purchased.  Better consistency in the size 
and mass limits given on the child restraint labels 
compared to the manual. 
 
Securing the Child in the Restraint 
Harness height adjustment systems that could assume 
multiple positions without the need to re-route the 
harness. 
 
Installation 
Fewer belt positioning guides on boosters that could 
introduce inadvertent seat belt slack.  Separation of 
the seat belt path from the harness system. 
 
Tether Straps 
The increase in easy to use tether straps that could be 
tightened with a single pull in replacement of tether 
straps requiring threading through the buckle to 
tighten. 
 
 
AREAS FOR IMPROVEMENTS 
 
The significant improvement of those child restraint 
features considered in the ease of use rating is 
reflected in the latest NHTSA rating where the 
majority of products were rated A or B.  The rating 
system has clearly been successful in promoting 
some ease of use features, however, as observed by 
CPS advocates, many child restraints remain difficult 
to use and to use properly. 
 

There is now a need to better discriminate between 
the ease of use of new child restraints. This includes 
the need to rate the ease of use of  UAS/LATCH 
systems.  
 
It is also important to recognise better and easier to 
use products that include such features as: easy to use 
manual storage pockets accessible in all modes of 
use; uniform harness adjustment; better size range to 
promote longer use of harness systems and 
discourage premature graduation to booster seats and 
seat belt systems; continued awareness of airbag 
related safety issues.  
 
Issues of child restraint/motor vehicle incompatibility 
are not addressed by the ease of use rating system.  In 
Canada and the United States, any child restraint can 
be bought and used in any motor vehicle.  Even child 
restraint systems which are rated as easy to use may 
not be the best for the intended vehicle.  It was hoped 
that some problems of compatibility would be 
overcome with the introduction of the universal 
anchorage system.  Usability problems have been 
observed with some LATCH (UAS) systems (Decina, 
2006).  Hopefully, they will be addressed through 
improved design and also the possible introduction of 
criteria for rating LATCH (UAS) systems by 
NHTSA.  It would probably be of benefit if the rating 
of these systems harmonised with the work of the 
ISO/WG1 task force on usability.  
 
 
CONCLUSIONS 
 
The usability rating system has provided an objective 
means for assessing the ease of use of different child 
restraints.  The repeatability of the rating system was 
better than 95% among trained evaluators. 
 
It addresses many features related to the safe use of 
child restraints that are not included in current 
regulations. 
 
Since the introduction of the usability or ease of use 
rating system, the usability of child restraints has 
improved with a resulting reduced risk of misuse and 
increased child passenger protection. 
 
The child restraint usability system provides an  
educational tool for parents and caregivers. 
 
The rating system needs to be regularly updated to 
reflect new design features and to encourage 
manufacturers to continue to improve their products 
and make them easier to use. 
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ABSTRACT 
 
In MY 2007 nearly all of the BMW�s sold in the US 
will be equipped with an Automatic Crash 
Notification System (ACN) called �BMW Assist�.   
The service is provided to the customer for a period 
of 4 years free of charge. This fleet of BMW�s will 
notify the Telematics Service Provider (TSP) when 
they have been in moderate or severe crashes. This 
service will continue to be provided for a period of 4 
years.  The resulting body of information will be of 
unprecedented value for research purposes.  For 
example, researchers will be able to determine the 
time between the initiation of the emergency call and 
the arrival of rescue.  For cases with long rescue 
times research can focus on ways to shorten the time 
and improve the service.  In addition, cases with 
injuries can be identified as candidates for in-depth 
investigation.  This capability will resolve one of the 
greatest impediments to crash investigation research 
� how to find crashes of interest.  Finally, by having a 
complete census of all crashes involving ACN 
equipped vehicles less than four years old, the crash 
exposure can be determined and crash involvement 
risks can be accurately calculated.  When combined 
with sales exposure data, the crash involvement rates 
will permit the benefits of accident avoidance 
countermeasures to be assessed.  There is no other 
data system that will provide the resolution or 
accuracy of this system � particularly for the 
assessment of crash avoidance countermeasures. 

INTRODUCTION 
 
The introduction of Automatic Crash Notification 
(ACN) technology offers new opportunities for 
conducting research to improve the safety of vehicles 

as well as the care and treatment of injured 
occupants.  For the past five years the William 
Lehman Injury Research Center (WLIRC) and BMW 
have been conducting a pilot project to find ways to 
improve the service offered by the ACN system.  
This research also produces unique safety research 
opportunities.  In past papers, we have reported on 
the benefits of using data from the crashed vehicle 
sensors to assess the risk of injury to occupants and 
the need for urgent rescue response.  This paper also 
deals with the added benefit of using the data from 
ACN calls for pioneering safety research.  

Existing ACN systems send a signal to emergency 
responders if a crash exceeding a pre-determined 
severity threshold occurs.  This severity is roughly 
equivalent to that required to deploy the belt 
pretensioners or the airbags.  The rapid notification of 
rescue services in the event of a crash increases the 
chances that an occupant who needs medical 
attention will receive potentially life saving care as 
quickly as possible.  It is well established that ACN 
systems offer life saving benefits due to the 
immediate notification that a crash has occurred and 
the accurate description of crash location (Augenstein 
2006, Donnelly 2000, Champion 2003, Evanco 
1999).  However, ACN data currently collected also 
offers a unique opportunity to analyze other aspects 
of pre-crash and post crash safety of drivers. 

The ACN system currently offered in all BMW�s are 
known as the BMW Assist System.  This technology 
was optional in the past.  However, in MY 2007 
nearly all of the BMW�s sold in the US will be 
equipped with an ACN system.  BMW Assist 
currently transmits geographic coordinates of the 
vehicle and the vehicle identification number to a 
Telematics Service Providers or TSP�s within 
seconds of a crash.  As systems become more 
advanced in the future, additional data elements may 
be transmitted which characterize crash severity.  The 
addition of crash severity data will help rescue 
providers to select and deploy the most appropriate 
type of rescue care.  The transmitted data can also be 
used as a basis for identifying crashes of interest for 
in depth investigation.  Such investigation would be 
undertaken only after gaining permission from the 
owner of the vehicles involved. 

Since 2005, BMW and the William Lehman Injury 
Research Center (WLIRC), at the University of 
Miami School of Medicine, have conducted pilot 
research using ACN data.  This paper presents the 
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methodology used to improve post-crash safety to 
analyze the benefits of accident avoidance 
countermeasures. 

IMPROVEMENTS IN ACN SYSTEMS AND 
POST-CRASH SAFETY 

The automatic crash notification system offers the 
possibility of providing three types of data to aid in 
the rescue.  First the geographic coordinates of the 
crash are provided.  Second, the voice 
communication with the crashed vehicle occupants 
provides valuable information.  Third, useful data 
from the vehicle could be provided. 

The first generation of ACN systems only transmitted 
the geographic coordinates and voice 
communication. The vast majority of crashes with 
restraint system deployment do not result in 
significant injury to the vehicle occupants.  Voice 
communications with the occupants can further 
verify the need for rescue. However, in a fraction of 
the cases there may be no voice response.  In some of 
these cases the reason for the lack of response could 
be due to injuries caused by the crash.  The added 
data from the vehicle would be particularly valuable 
in these cases.   

The ability to identify injured occupants has become 
more difficult as vehicle safety systems have 
improved (Augenstein, 2003, Champion, 2003).   As 
restraint systems have improved, the residual injuries 
have become more subtle and difficult to identify at a 
crash scene.  Occupants may not display the 
physiological cues to assist first care providers in 
recognizing injuries, and injured occupants may �feel 
fine�.  Improved technology from the ACN system 
might help in identifying these injuries. 

BMW and WLIRC have pioneered the development 
of methods to identify crashes in which there is a 
high probability of injury and a need for rapid post-
crash response.  This research has included the 
development and continued improvement of an 
algorithm called URGENCY.  The URGENCY 
algorithm uses the restraint deployment data from the 
crashed vehicle to predict the risk of injury to the 
occupants involved in the crash. 

Previous papers have discussed the difficulty in 
identifying crashes with injuries and the application 
of URGENCY to improve the injury recognition 
(Augenstein 2003, 2006).  The single most valuable 
data element is the change of velocity of the crash 
(deltaV).  However, the injury risk is also highly 

dependent on the direction of the crash.  This 
dependenct is shown in Figure 1.  The Figure shows 
the injury risk vs crash severity for different crash 
modes, based on data from NASS/CDS 1997-2003 
(Augenstein, 2006).  It is evident from Figure 1 that 
for a given deltaV (30 mph for example),  the 
probability of injury varies with crash direction.  
Consequently, crash direction is an important 
variable for accurately determining injury risk. 
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Figure 1. MAIS3+ Injury Probability by Delta-V 

and Crash Direction 
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 Figure 2. MAIS3+ Injury Probability Increase for 
Added Variables in Frontal Crashes 

 
There are other important variables that are measured 
before or during the crash that are also useful.  In 
addition, the ages of the occupants would be useful, 
when available.  The benefits of these added 
variables are illustrated in Figure 2.  This figure 
shows how different variables influence the injury 
probability for a 25 mph frontal crash with a baseline 
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injury risk of 20%.  For example, the absence of 
safety belts increases the risk from 20% to 38% 
(Augenstein 2003). 

The influence of the variables shown in Figure 2 
varies with crash direction.  In addition, other 
variables become important in non-frontal crashes.  
To simplify the presentation of the complex 
relationships, the URGENCY algorithm can be used.  
A typical presentation from the algorithm is shown in 
Figure 3. 

 

URGENCY ALGORITHM

Frontal Crash
DeltaV - 31 MPH
Multiple Impact
Driver Only Present
Seat Belt Used

Injury Risk - 65%
  

Figure 3.  Typical Presentation of the URGENCY 
Algorithm 

 
The presentation shown in Figure 3 permits the rapid 
identification of the combination of crash events that 
could increase injury risk.  It could assist in rapidly 
identifying crashes that may need rapid response 
from rescue.   

There are several types of crashes that URGENCY 
could be particularly helpful to the occupants of the 
crash.  The first type is the severe crash with no 
response from the occupants.  Heightened concern 
over the need for rapid response could be transmitted 
to the emergency responders.  Reducing the rescue 
time for these rare cases could have life-saving 
benefits.  Another potential benefit is for people with 
injuries that are not immediately recognized.  The 
algorithm could raise the suspicion of an injury so 
that immediate care could be sought.  In some cases, 
unrecognized and untreated injuries can lead to 
subsequent disabilities and even death.  

BMW and WLIRC are continuing to evaluate ways 
to improve the post-crash safety environment.  One 
of the impediments is the novelty of using crash data 
from the vehicle to assist in recognizing crashes with 
high probability of injuries.  Continuing efforts are 
underway to develop publications and training 
materials to advise emergency responders and care 

givers of the technology available that could assist in 
post-crash safety. 

ASSESSMENT OF THE BENEFITS OF CRASH 
AVOIDANCE COUNTERMEASURES 

ACN data can provide a wealth of information to 
analyze the pre-crash safety of vehicles.  Unlike other 
available datasets, ACN data includes a census of 
crashes involving a know population of vehicles 
where the criteria for inclusion within the dataset are 
consistent and well defined.  Only those that exceed 
the deployment threshold of the ACN system are 
automatically included.  Manual transmissions are 
also possible if a driver or other occupant manually 
activates the system.  Figure 4 below shows the 
population of BMWs equipped with ACN technology 
in use on US roadways.  Using this data in 
combination with crash counts, crashes per vehicle in 
service can be accurately calculated for any 
population of interest. 

  

For vehicles equipped with an ACN system, a 
notification that a crash has occurred is transmitted to 
the telematics service provider for all crashes 
exceeding the deployment threshold.  For this reason, 
a wealth of data is available to analyze crash 
involvement rates for the population of vehicles 
deployed.  Sales data exists which defines the exact 
size of the exposed population.  The impact of crash 
avoidance technologies can be assessed by 
comparing crash involvement rate before and after 
the introduction of a safety feature or through direct 
comparison of crash rates for populations with and 
without an optional feature.   

Using ACN data, exact vehicle specifications, 
including the presence of optional features, can be 
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determined using the available vehicle identification 
number (VIN).  In the future, this data will allow for 
the evaluation of the safety improvement of emerging 
active safety systems.  Some examples include 
Adaptive Cruise Control, Heads-Up Displays, Lane 
Departure Warning Systems, Active Steering 
Systems and Blind Spot Warning Systems.  In 
addition, it is possible to compare user interfaces and 
communication strategies for crash warning systems 
and for driver assistance systems like in-dash 
Navigation devices. 

Compared to currently available crash data collected 
by NHTSA and US states, ACN data provides a 
significantly larger number of observations from 
which conclusions can be drawn.  Some publicly 
available US crash data systems provide only a small 
sample of crash cases including all makes upon 
which general safety conclusions can be drawn.  The 
National Automotive Sampling System, 
Crashworthiness Data System (NASS CDS) is an 
example of a database that contains very detailed 
information for a very small sample of crashes.  
Since the data is only a sample of 4,500 crashes per 
year, few conclusions regarding specific vehicle 
platforms and the impact of newly introduced 
technologies can be drawn unless the technology is 
deployed nearly fleet wide.  Further, since NASS 
CDS collects crashes involving both new and older 
vehicle models such that it may be necessary to 
compile multiple years of observations before any 
meaningful changes can be detected.  Alternatively, 
US state crash data systems include a census of 
police reported crashes occurring in a particular state.  
Each state data file contains a large number of 
records however; the quality of data collect by police 
is questionable.  Further, state files are compiled by 
state and made available for analysis long after a 
safety device first enters the vehicle fleet.  As not all 
states report crash counts, national level analysis of 
data is not possible. 

In the past, several researchers have analyzed the 
effectiveness of safety devices including Anti-lock 
Brake Systems (ABS) and Electronic Stability 
Control (ESC) technology using US state crash data 
(Evans 2000, Farmer 2004, Bahouth 2005, Green 
2006).  State data files were the only available crash 
data source with a sufficient number of observations 
required to draw statistically significant conclusions.  

Such evaluations have lead to important and 
noteworthy findings, however the use of police 
reported crash data from multiple states is 
problematic and could be biased in some cases.  With 
regard to the evaluation of ESC, the first such 
evaluation was possible only 2004 even though the 
technology emerged in some vehicles in 1999.  It was 
necessary to pool data from as many as 10 US state 
files in order to estimate statistically significant 
effects.  Similarly, it is difficult to pool data from 
multiple files due to inconsistencies in case inclusion 
criteria from state to state.  As the ACN data is 
collected in real time across the entire US and 
collected using consistent inclusion criteria, it offers 
a significantly better alternative to the use of state 
crash files. 

The ACN dataset available for analysis contains a 
large sample of crashes and is expected to grow 
significantly based on expected sales of new ACN 
equipped vehicles.  Figure 5 shows the projected 
number of crashes expected for the coming 4 year 
period.  This plot was created using current ACN 
equipped vehicle crash rate (approximately 0.008 
crashes per month per registered vehicle in service) 
times the projected number of vehicle registrations 
based on 2005 and 2006 new vehicle sales estimates.  
The sales estimates assume equivalent sales for 2007-
2010 where 100% of the vehicles sold are equipped 
with an ACN system.  By June, 2010, these estimates 
indicate that more than 1,000 vehicles will be 
involved in crashes per month exceeding the 
deployment threshold of the ACN systems.  
Currently, the ACN dataset includes over 8,000 crash 
events and is expected to exceed 44,000 crashes by 
December 2010. 

The ACN dataset provides a unique resource to study 
newly emerging active safety technologies.  If we 
were to conduct an analysis of a technology with 
25% penetration into the vehicle fleet, with the 
current crash population as shown in Figure 5, we 
have 71.1% power to detect a presumed effect size of 
5% or greater.  As the population grows over the next 
4 years as shown in the figure, this power to detect 
5% difference in crash involvement will increase to 
over 99%. 
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CONCLUSIONS 

The ACN system on BMW vehicles provides unique 
opportunities for studying pre-crash and post-crash 
safety.  Our studies of  factors that influence injury 
risks in vehicles  is providing guidance in how to best 
use the information from the vehicle to improve post-
crash safety. 

The decision by BMW to offer �BMW Assist� free of 
charge for four years will create a unique database for 
evaluation accident avoidance countermeasures.  It 
will be possible to develop a database of all BMW�s 
that crash in the US and the crash avoidance features 
on each of those each of those vehicles.  Such a 
database, in conjunction with the vehicle sales 
database will permit an unprecedented capability to 
evaluate accident avoidance countermeasures such as 
active cruise control, lane departure warning, blind 
spot warning, heads-up displays and many other 
features associated with communicating information 
to the driver.  BMW and the William Lehman Injury 
Research Center are working together to continue to 
improve the safety of motor vehicle occupants, 
focusing on new technology. 
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ABSTRACT 
 
The National Highway Traffic Safety Administration 
(NHTSA) estimates delta-V from detailed 
measurements of vehicle deformation using the 
WinSMASH crash reconstruction code. Previous 
research has shown that WinSMASH delta-V 
estimates underpredict true delta-V by 25% on 
average. One possible explanation for this error is 
inaccuracies in the stiffness values used in the delta-
V reconstruction calculation. The accuracy of codes, 
such as WinSMASH, is dependent upon vehicle 
stiffness values computed from post-impact crush 
measurements in crash tests. Any error in these crush 
measurements will be reflected as inaccuracies in the 
stiffness coefficients, and ultimately as errors in 
WinSMASH delta-V estimates. This paper 
investigates the accuracy of post-impact crush 
measurements in 93 frontal New Car Assessment 
Program (NCAP) tests of model year 2005-2007 
vehicles.  
 
INTRODUCTION AND BACKGROUND 
 
Estimating the total change in velocity or delta-V of a 
vehicle during a crash is a way to evaluate the 
severity of a motor vehicle accident. The calculated 
delta-V can be used as an important parameter to 
study the occupant injuries resulting from the crash. 
Therefore, the fidelity of these studies will be 
affected by the accuracy of the delta-V estimations. 
 
NHTSA uses WinSMASH, a derivative of CRASH3 
to estimate the delta-Vs of real-world crashes through 
post-crash reconstruction [1]. The algorithm of 
CRASH3 [2] was based on the work done by 
Campbell in which a linear relationship was observed 
between static crush and impact speed into a fixed 
rigid barrier [7]. The delta-V calculation is based on 
the estimation of the absorbed crush energy by the 
vehicle from the post-crash measurements of the 
vehicle deformation. The damage algorithm in 
WinSMASH uses the post-crash measurements of the 
vehicle to estimate the energy absorbed by the 
vehicle in the approach phase of the crash, which is 
then used to estimate the delta-V by applying the 

Newton’s second law of motion and conservation of 
linear momentum. 
 
Previous research has shown that WinSMASH delta-
V estimates underpredict true delta-V by 25% on 
average [3, 1, 4, 5]. One possible explanation for this 
error is inaccuracies in the stiffness values used in the 
delta-V reconstruction calculation. The accuracy of 
codes, such as WinSMASH, is dependent upon 
vehicle stiffness values computed from post-impact 
crush measurements in crash tests. Any error in these 
crush measurements will be reflected as inaccuracies 
in the stiffness coefficients, and ultimately as errors 
in WinSMASH delta-V estimates. 
 
Calculation of Delta-V 
 
Equation 1 and Equation 2 are used by WinSMASH 
to calculate delta-V for one of the simplest collision 
configurations, a central collision, which is defined as 
a collision where the line of action of the collision 
forces passes through the centers of mass of the two 
vehicles. For the frontal vehicle crash with a rigid 
barrier, Equation 1 and Equation 2 can be simplified 
to Equation 3. 
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Where ΔV1 is the change in velocity of vehicle 1 
during the approach period, ΔV2 is the change in 
velocity of vehicle 2 during the approach period, Ea is 
the total energy absorbed during the approach period, 
m1 is the mass of vehicle 1, and m2 is the mass of 
vehicle 2. 
 
The model discussed in this paper only considers the 
total change in velocity during the approach period, 
which is from the time of the initial impact to the 
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time when the velocity of the vehicle reaches zero 
before it begins to rebound. 
 
The damage algorithm, which incorporates the 
suggestions proposed by Prasad [2] in 1990, provides 
a way to describe the vehicle stiffness curve and to 
calculate the absorbed energy. The vehicle crush 
behavior, which is described by the linear 
relationship between wEa /2  and residual crush, is 
determined by two parameters, d0 (the intercept of the 

wEa /2  vs. crush curve), and d1 (the slope of the 

wEa /2  vs. crush curve.), and is shown in Figure 1. 
The dissipated energy is calculated by integrating this 
linear relationship over the crush profile of the case 
vehicle. Equation 5 is used for the calculation of the 
absorbed energy. 
 

 
 

Figure 1.  Linear relationship between wEa /2  
and residual crush. 
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Where Ea is total energy absorbed during approach 
period, m is the mass of the vehicle, w is the total 
length of indentation (the length of the total contact 
damage incurred by the vehicle), d0, d1 are vehicle 
stiffness values, and c is the post-crash crush 
measurements. 

 
 
 
 

Calculation of Vehicle Stiffness Values d0 and d1 
 
The NHTSA vehicle crash test database [8] is used to 
generate vehicle-specific stiffness coefficients d0 and 
d1 for accident reconstruction. The database contains 
the results of over 5000 crash tests conducted by 
NHTSA since 1979. Each test entry contains a 
complete description of each test which includes 
vehicle weight, length, center of gravity, static crush 
measurements, and instrumentation time histories. 
 
With the assumption of the linear relationship 
between wEa /2  and residual crush, at least two 
data points are required to determine the intercept d0 
and the slope d1. The high speed data point is 
obtained from a rigid full frontal barrier crash test 
usually conducted at 56 km/h (35mph) as part of the 
NHTSA NCAP program. The low speed data point is 
obtained by assuming that 12.07 km/h (7.5 mph) is 
the highest full frontal barrier impact speed which 
will not result in any permanent vehicle deformation. 
The stiffness coefficients d0 and d1 are obtained from 
a linear curve fit of the two data points. Equation 6, 
7, and 8 are used to calculate the vehicle stiffness 
values. For frontal impact tests with a rigid fixed 
barrier, an average of the crush measurements can be 
used in Equation 6 if six values of crush 
measurements at equally spaced intervals are 
available. Equation 9 is used to calculate the average 
crush. 
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Where 
w
E2 is the energy dissipated per unit width 

of the crush, v1 is the low speed (assumed to be 12.07 
km/h (7.5 mph)), v2 is the vehicle test speed, w1 is the 
vehicle width, w2 is the total length of indentation, C1 
is the zero crush intercept, and C2 is the average of 
post-test crush measurements. 
 



Wang 3 

Sensitivity of Stiffness Coefficients to Errors in 
Crash Test Crush Measurements 
 
The objective of this section is to describe the 
sensitivity of the WinSMASH stiffness coefficient d1 
to errors in measurement of the average crush in the 
high speed crash test.  The coefficient d0 is not a 
function of C2 and hence is insensitive to errors in the 
crush measurement C2.  
 
By definition, C1, the crush at the low speed impact 
speed, V1, equals zero.  Using Equation 6: 
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Taking the derivative of this expression with respect 
to C2 and approximating the infinitesimal derivatives 
by the finite differentials δd1 and δC2: 
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Rewriting the expression to normalize δd1 by d1 and 
δC2 by C2: 
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So we see that a 10% overestimate in the average 
crash test crush C2 will result in a 10% underestimate 
of the stiffness coefficient d1.  
 
Sensitivity of Delta-V Estimate to Errors in Crash 
Test Crush Measurements 
 
To determine the effect of errors in crash test crush 
measurements on delta-V calculations in the field, we 
consider the simple case of a real world full frontal 
perpendicular crash into a rigid barrier.  From the 
preceding equations, it can be shown that 
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Where ΔV = change of velocity of the case vehicle to 
be estimated and C=crush of the case vehicle.  In the 
development of the stiffness coefficients, ΔV1 is the 
change of velocity at the lowest velocity which does 

not result in any permanent deformation (assumed to 
be 7.5 mph).  ΔV2 is the change of the velocity in the 
high speed crash test, and C2 is the resulting average 
static crush. 
 
For mathematical convenience, we define an offset 
delta-V equal to ΔV- ΔV1.   
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To compute the effect of errors in C2, we take the 
derivative of the expression with respect to C2, and 
approximate the derivatives by finite differentials:  
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Rewriting the expression to normalize δ (ΔV- ΔV1) 
by (ΔV- ΔV1) and δC2 by C2: 
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Therefore, for the case of a real world full frontal 
perpendicular crash into a rigid barrier, a 10% 
overestimate in the crash test average crush C2 will 
result in a 10% underestimate in the offset delta-V 
quantity ΔV- ΔV1.  The effect of crush measurement 
errors for other configurations can be computed using 
the relationship derived earlier showing the influence 
of measurement errors in C2 on the stiffness 
coefficient d1. 
 
OBJECTIVE 
 
The objective of this study is to determine the 
accuracy of post-crash test crush measurements, and 
their influence upon frontal stiffness coefficients used 
for crash reconstruction. 
 
APPROACH 
 
The mathematical methods for calculating delta-V 
suggest that the success of vehicle delta-V estimation 
will greatly rely on the accuracy of vehicle-specific 
stiffness coefficients which are obtained from the 
vehicle tests using crush measurements. This study 
presents the accuracy of post-test crush 
measurements in NCAP tests conducted from 2005-
2007 using (1) double integration of accelerometers 
in the occupant compartment, (2) comparison of pre- 
and post-test vehicle length measurements, and (3) 
analysis of high speed videos. The paper will present 
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and compare WinSMASH stiffness coefficients 
computed using each of these measurement 
techniques. 

 
Double Integration of Accelerometers 
 
The test vehicles investigated in this project were 
fully instrumented to measure the acceleration of the 
vehicles during the tests. The quality of the 
acceleration time history was examined before the 
analysis to ensure that the responses truly represent 
the test vehicle. The accelerometers mounted in the 
crush zone were not considered in this study.  
 
The maximum static crush was calculated using the 
accelerometers mounted in the occupant 
compartment. Two accelerometers were used for 
each test vehicle to represent the kinematics of the 
occupant compartment of the vehicle. The mounting 
locations for the accelerometers were generally the 
left and right sills, the left and right floorpans, or the 
left and right rear seats. Any bias errors, which were 
caused by the accelerometers not being perfectly 
zeroed out before the test, were corrected before the 
integration. The displacement of the vehicle occupant 
compartment as a function of time was obtained by 
integrating the acceleration curve twice. The 
maximum static crush was achieved when the vehicle 
rebounded and separated from the barrier. The time 
of separation was defined for this study to be that 
time when the total force of load cells mounted on 
the rigid barrier reached zero.  

 
Comparison of Pre- and Post-test Vehicle Lengths 
 
Physically measuring the vehicle damage profile is 
the method currently being used by NHTSA for 
accident reconstruction. The techniques for field 
vehicle damage data collection and the detailed 
instructions regarding the use of these measurements 
are stated in the NHTSA test reference guide [6]. 
 
The NHTSA protocol estimates static crush using 
three methods which measure the lengths of the 
vehicle before and after each test. In each of the 
methods described below, our study uses the 
maximum value of the differences between pre- and 
post-test measurements as the maximum static crush 
of the vehicle. 
 
The first method is to use six points DPD1-DPD6 
(Damage Profile Distances) to determine the 
dimensions of the crush. The six DPD points are 
equally spaced along the length of the crush profile. 
Four points are used if the length of the damage is 
400mm or less. The length of the damaged area L and 

the distance from the midpoint of L to the vehicle 
center of gravity are also calculated, and will be used 
in the reconstruction program. The depths of crush 
are measured from the original outline of the vehicle 
before the test to the final crushed position. For 
frontal damage, the DPD measurements are taken 
from the vehicle's left (the driver side of the vehicle) 
to the vehicle's right (Figure 2). 
 
The second method is to use pre- (BX1 through 
BX21) and post-test (AX1 through AX21) Vehicle 
Measurement Data to calculate the change in length 
of the vehicle and distances between different vehicle 
components. The data BX1 through BX21 and AX1 
through AX21 represent a range of vehicle 
measurements required for determining the extent of 
damage to the vehicle. The measurement most 
relevant to this study is the change in Total Length of 
Vehicle at Centerline (BX1 – AX1) (Figure 2). 
 

 
 

Figure 2.  DPD and BX-AX crush measurements. 
 
Finally, the maximum crush distance is recorded as 
CRHDST, which indicates the maximum static crush 
distance (damage penetration), regardless of its 
location. In 54 of the 93 NHTSA NCAP tests, 
CRHDST equaled the BX1-AX1. 
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Static Crush Patterns 
 
Different post-test crush profiles were observed from 
the tests we investigated. Normally, a perpendicular 
full frontal barrier test will result in a flat post-test 
profile. However, during rebound from the barrier, 
different portions of the front structure may unload 
by differing amounts leading to an irregular static 
crush profile (Figure 3 and Figure 4).   This 
phenomenon indicates that simply measuring static 
crush at the centerline of the vehicle, using for 
example the quantity BX1-AX1, may overestimate 
the average static crush. 
 

 
Figure 3.  Post-test right front 3/4 view of the 
vehicle (Test 5615). 
 

 
 
Figure 4.  Post-test front underbody of the vehicle 
(Test 5615). 
 
Normally, all structural restitution ceases once barrier 
forces upon the vehicle drop to zero at time of 
separation.  In unusual cases, the bumper has been 
observed to springback after separation.  Bumper 
springback after separation occurs will have no effect 
on delta-V. Hence basing stiffness calculation on 
physical measurement to the bumper in these cases 
will introduce a bias in delta-V.  These cases can be 
difficult to detect. Video cameras are not always in 

the right position to photograph structural unloading 
after the vehicle rebounds from the rigid wall. 
Because the bumper is not instrumented, this 
phenomenon cannot be detected with accelerometers.  
 
Two examples of irregular post-test crush profile are 
NHTSA NCAP test 5615 and 5818. The pre-test and 
post-test frontal profile of the vehicle for test 5615 is 
shown in Figure 5. The detailed post-test crush 
patterns for 12 NHTSA NCAP tests of model year 
2007 are shown in Table 1 (See Appendix). 
 

NHTSA NCAP Test 5615 crush profile
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Figure 5.  Pre-test and post-test frontal profile of 

the vehicle for NHTSA NCAP test 5615 
 
Analysis of High-speed Videos 
 
Real-time and high-speed cameras are used in 
NHTSA NCAP tests to document the frontal barrier 
impact events. Therefore, analysis of high speed 
videos provides another way to calculate the 
maximum dynamic crush of the vehicle in addition to 
the double integration of accelerometers. Maximum 
dynamic crush is the amount a vehicle deforms from 
initial impact to the point of maximum deformation. 
Due to the position and angle of the cameras in the 
tests, the maximum static crush, which is the amount 
a vehicle deforms from initial impact to the point of 
separation from the barrier, is generally difficult to 
obtain from the test videos. 
 
Motion analysis software was used to identify a 
marker on the door of the vehicle and track its 
position one frame at a time throughout the image 
sequence. The positions of the marker at the time 
when the vehicle starts contacting the rigid barrier 
and when the vehicle fully stops were recorded and 
used to calculate the maximum dynamic crush. 
 
Case Example 
 
NHTSA NCAP test 5720 was chosen as an example 
to examine the accuracy of crush measurements using 
different methods. NHTSA Test 5720 was conducted 
at a speed of 56.65 km/h (35.2 mph). The test vehicle 
was a 2007 Mazda CX-7 having a test weight of 1968 
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kg. Two accelerometers were mounted on the left and 
right rear seat of the test vehicle. As shown in Figure 
6, the time of separation was determined to be 139 
ms based on the time when the total barrier forces 
reached zero. The maximum static crush at the time 
of separation was calculated as 563 mm (Figure 7) 
and 483 mm for the left and right rear seat of the 
vehicle respectively by double integration of the 
acceleration curves. DPDs measured from the vehicle 
were 127 mm, 394 mm, 559 mm, 547 mm, 350 mm, 
and 39 mm for DPD1 to DPD6. The values were 575 
mm, 407 mm, and 454 mm for BX1-AX1, BX19-
AX19, and BX20-AX20 respectively. The CRHDST 
recorded in the test report was 575 mm for the 
maximum static crush. 
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Figure 6.  Total barrier forces as a function of 
time for NCAP Test 5720. 
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Figure 7.  Displacement of the left rear seat as a 
function of time for NCAP Test 5720. 
  
In the analysis of full frontal barrier tests, it is 
generally assumed that the left and right of the 
vehicle crush uniformly. In this test however, the left 
and right crush patterns of the front structure were 
not symmetrical as shown both by integration of the 
acceleration curves and physical measurements. Film 
analysis was conducted to investigate the reason for 
this variation. High speed videos taken from left and 
right side of the vehicle were analyzed to obtain the 
maximum dynamic crush, and results were compared 
to the data calculated from the accelerometers. The 
time of the maximum dynamic crush was 77 ms, 

which was determined by double integration of the 
accelerations. The maximum dynamic crush 
calculated by left and right rear seat accelerometers 
was 656 mm and 636 mm respectively. The 
maximum dynamic crushes obtained from high speed 
video analysis were 729 mm and 711 mm for left and 
right view of the videos.  
 
Two conclusions can be drawn from the test. First, 
the accelerometers do not always provide an exact 
measurement of dynamic crush. In this test, the 
dynamic crush computed from accelerometers was in 
error by 10%. Second, even in a perpendicular full 
frontal barrier test, the left and right side crush may 
not be the same. Although the crush values obtained 
by film analysis were higher than accelerometer data, 
it was observed that the left side of the vehicle had 
more crush than the right side, which was consistent 
with the maximum static crushes. 
 
RESULTS AND DISCUSSIONS 
 
Maximum Static Crush by Different Methods 
 
Ninety-three NCAP frontal barrier impact tests were 
investigated on the accuracy of post-test crush 
measurements in this project. In these tests, a vehicle 
impacts a rigid barrier with full frontal structure 
engagement with an initial velocity of around 56 
km/h. The maximum static crush was calculated by 
double integration of the accelerometers as described 
above. The results were compared with the pre- and 
post-test measurements DPDs, BX1-AX1, and 
CRHDST.  
 
Results of the maximum static crush obtained from 
the accelerometers and physical measurements are 
shown in Figure 8 to Figure 13. In each graph, the 
maximum static crush computed from the 
accelerometers is plotted on the horizontal axis. The 
dotted 45 degree diagonal lines indicated the perfect 
agreement between the horizontal and vertical axis 
values. Trendlines were created to compare the 
physical measurements to the accelerometers. R2 is a 
measure of goodness of fit surrounding the 
trendlines. It was observed from Figure 8 to Figure 
13 that the physical measurements of the maximum 
static crush were on average 6 % less than the values 
calculated using the accelerometers. The values of 
the goodness of fit (R2) for each comparison showed 
considerable scattering.  The maximum static crush 
based on the maximum DPDs had a slightly better fit 
to the values calculated using the accelerometers than 
the other measurements. No significant difference 
was noticed between the left and right accelerometers 



Wang 7 

comparing with the same physical measurements, as 
similar values of the goodness of fit were obtained. 
 
Direct comparison was also completed between the 
accelerometer data obtained from the left and right 
side of the occupant compartment, and the results are 

plotted in Figure 14. It was found that the 
acceleration data obtained from both sides of the 
vehicle occupant compartment were very consistent 
with each other, which was indicated by the goodness 
of fit value (R2) of 0.82.  
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Figure 8.  Comparisons of the maximum static 
crush computed from CRHDST and left 
accelerometers. 
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Figure 10.  Comparisons of the maximum static 
crush computed from maximum DPDs and left 
accelerometers. 
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Figure 12.  Comparisons of the maximum static 
crush computed from BX1-AX1 and left 
accelerometers. 
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Figure 9.  Comparisons of the maximum static 
crush computed from CRHDST and right 
accelerometers. 
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Figure 11.  Comparisons of the maximum static 
crush computed from maximum DPDs and right 
accelerometers. 
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Figure 13.  Comparisons of the maximum static 
crush computed from BX1-AX1 and right 
accelerometers
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Figure 14.  Comparisons of the maximum static 
crush computed from left and right side 
accelerometers. 
 
Results of High-speed Video Analysis 
 
In addition, video analysis was completed for 13 
NHTSA NCAP tests of model year 2007.  Test 
videos were not available for Test 5818, a 2007 
Nissan Versa. The results were compared to the 
maximum dynamic crush calculated by 
accelerometers and illustrated in Figure 15 and 
Figure 16. These figures show that the maximum 
dynamic crush obtained from the acceleration curves 
were on average 3% less than the value estimated by 
the analysis of high-speed videos. The goodness of fit 
values suggest that the left side accelerometers had a 
better correlation with the videos (R2 = 0.82) than the 
right side accelerometers (R2 = 0.65). It was 
concluded from the figures that when video analysis 
was unavailable, utilizing accelerometers was a good 
alternate method to estimate the vehicle maximum 
dynamic crush accurately. 
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Figure 15.  Comparisons of the maximum 
dynamic crush between video analysis and left 
side accelerometers in 13 model year 2007 
vehicles. 
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Figure 16.  Comparisons of the maximum 
dynamic crush between video analysis and right 
side accelerometers in 13 model year 2007 
vehicles. 
 
Study of Vehicle Stiffness Coefficients and Delta-
V Estimations Using Different Measurements 
 
Accurate crush measurements are the basis for 
WinSMASH reconstruction of delta-V in real world 
crashes. Errors in static crush measurements will be 
reflected as inaccuracies in the stiffness coefficients, 
and ultimately as errors in WinSMASH delta-V 
estimates. The effects of vehicle crush measurements 
using different methods on vehicle stiffness 
coefficients and delta-V estimations will be discussed 
in the following section. 
 
The investigation was conducted on 14 NHTSA 
NCAP tests of model year 2007 vehicles. Estimates 
of average crush obtained by different post-test crush 
measurements (DPDs, BX1-AX1, and the 
accelerometers) were used to calculate the vehicle 
stiffness coefficients. The comparisons of different 
crush measurements were completed in two steps. 
First, the average crush calculated using different 
crush measurements was compared, and the results 
are illustrated in Figure 18. Second, vehicle stiffness 
coefficients were calculated using the average 
crushes. The comparison between different methods 
was shown in Figure 19.  
 
Equation 9 was used to calculate the average crush. 
Value c1 to c6 were the crush measurements along 
the damage profile. The average crush was calculated 
in three different methods. For the first method 
(denoted as DPDs in figures), original DPD 
measurements were used in the equation. For the 
second method, it was noticed that the post-test 
damage profile of the vehicle was nonuniform along 
the vehicle width. Large variations were also 
observed in different test vehicles. Our concern was 
that the post-test measurements may not really 
represent the true deformation of the vehicle during 
the test. Therefore, for the second method (denoted as 
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DPDs’ in figures), it was assumed that the vehicle 
had a uniform post-test damage profile. The average 
of DPD3 and DPD4 was used as the maximum static 
crush, and was subtracted from the original profile 
(six equally spaced points along the vehicle) of the 
vehicle to calculate the average crush. For the third 
method, the change in Total Length of Vehicle at 
Centerline (BX1 – AX1) was subtracted from the 
pre-test profile of the vehicle, and then used in 
Equation 9. As an example, the average crush 
computed using these three methods is plotted in 
Figure 17 for NHTSA NCAP test 5615. Along the 
same line, the average of maximum crushes by right 
and left accelerometers was used as the post-test 
profile, and was subtracted from the pre-test profile 
of the vehicle to calculate the average crush.  
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Figure 17.  The average crush computed using 
three methods for NHTSA NCAP test 5615. 
 
For 13 NHTSA NCAP tests of model year 2007, 
accelerometers were corrected to agree with the video 
dynamic crush. The accelerometer static crush was 
recomputed, and is shown in Table 2. Vehicle 
stiffness coefficients calculated using the corrected 
accelerometer static crush are also tabulated in Table 
2.  
 
It was observed from Figure 18 that the average crush 
calculated by physical measurements was generally 
5% less than the value predicted by the 
accelerometers. The reason for this difference could 
be the continued expansion of the vehicle after its 
separation from the barrier or errors in measurement. 
Also from the figure, no significant difference was 
noticed between the average crush calculated by the 
first two methods mentioned above (DPDs and 
DPDs’) despite the concern we had before the 
analysis.  
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Figure 18.  Comparisons of the average crush 
computed from physical measurements and 
accelerometers. 
 
When the average crush was used to compute the 
vehicle stiffness coefficients (as shown in Figure 19), 
vehicle stiffness coefficient d1 (the slope of the 
stiffness curve) calculated using physical 
measurements was approximately 7% greater than 
the value calculated using accelerometers. This 
discrepancy in stiffness coefficients indicated that the 
physical measurements estimated the test vehicle had 
a stiffer structure than predicted by the 
accelerometers.  
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Figure 19.  Comparisons of the vehicle stiffness 
coefficient computed from physical measurements 
and accelerometers. 
 
Implications of the Results 
 
Accelerometers can be used as an upper bound on 
crush. We originally thought that accelerometers 
might provide a true measure of crush. This was 
based heavily on the belief that all restitution of the 
front structure ended after the vehicle separated from 
the wall. Examination of high speed videos however 
shows that the bumper can spring back somewhat 
after separation from the wall. Despite the fact that 
bumper springback has no effect on delta-V, post-test 
measurements of frontal deformation use this final 
bumper position to compute static crush.  
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From the comparisons of the maximum static crush 
computed from physical measurements and 
accelerometers, 27 cases in the 93 case data set 
appeared to show physical measurements in error. 
These would be cases in which physical 
measurements of static crush exceeded the static 
crush computed using the accelerometers.  This 
situation is not possible in a rigid full frontal barrier 
test. For the 27 cases, the maximum static crush from 
DPD measurements exceeded the static crush 
computed from the accelerometers by 9% on average, 
with a range from 0.2% to 25%. As shown in the 
derivation in the previous section, a 9% overestimate 
in crush will lead to a 9% underestimate in d1 and 
also a 9% underestimate in ΔV- 7.5 mph in full 
frontal rigid barrier crashes. 
 
Therefore, our recommendations for the post-test 
measurements are that: (1) all physical measurements 
should be checked against accelerometers; (2) all 
accelerometers should be checked against high speed 
videos and corrected if necessary.  It should be noted 
that this does not guarantee that the physical 
measurements which have lower crush than 
accelerometers are correct, but this procedure does 
catch some measurement problems. 
 
LIMITATIONS 
 
Several limitations were found for the three different 
methods to obtain the maximum crush. Although the 
data calculated by left and right side accelerometers 
were generally very close, relatively large 
discrepancies were observed in some test cases. The 
differences could be the result of failure and errors by 
the accelerometers or the variation of the vehicle 
impact angle during the test. The limitation for video 
analysis was that the marker tracked in the videos 
was on the door of the vehicle instead of the floor of 
the occupant compartment, and it could only be used 
to calculate maximum dynamic crush to help 
examine the accuracy of accelerometers since the 
time of separation was difficult to determine in 
videos.  
 
CONCLUSIONS 
 
This paper has presented the accuracy of vehicle 
crush measurements in 93 NCAP frontal impact tests 
conducted from 2005-2007 and the WinSMASH 
stiffness coefficients as well as the delta-V estimates 
computed using different measurement techniques. 
 
• The results from comparing the maximum static 

crush by different methods showed that the 
physical measurements of the maximum static 

crush were on average 6 % less than the values 
calculated using the accelerometers. 

 
• The comparison of the accelerometer data 

obtained from the left and right side of the 
occupant compartment demonstrated that 
acceleration data obtained from both sides were 
very consistent with each other. 

 
• Results of high-speed video analysis indicated 

that utilizing accelerometers to estimate the 
vehicle maximum dynamic crush was a good 
alternate method in addition to the video 
analysis. The maximum dynamic crush obtained 
from the acceleration curves were on average 3% 
less than the value estimated by analysis of high-
speed videos. 

 
• Study of vehicle stiffness coefficients and delta-

V estimations using different measurements 
showed that the average crush calculated by 
physical measurements was 5% less than the 
value computed by the accelerometers. As a 
result, vehicle stiffness coefficient d1 calculated 
using physical measurements was mostly 7% 
greater than the value calculated using 
accelerometers.  

 
• The comparisons of the maximum static crush 

computed from physical measurements and 
accelerometers showed that in 27 cases of the 93 
case data set DPD measurements exceeded 
accelerometers by 9% on average. A 9% 
overestimate in crush will lead to a 9% 
underestimate in d1 and also a 9% underestimate 
in ΔV- 7.5 mph in full frontal rigid barrier 
crashes. 

 
• Physical measurements of static crush in crash 

tests should be checked against high speed 
videos and accelerometers prior to computation 
of vehicle stiffness coefficients.  When physical 
measurements are found to be in error and 
cannot be repeated, the maximum static crush 
computed from accelerometers in the occupant 
compartment or measured from high speed 
videos can be used as an upper bound on static 
crush. 
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APPENDIX 
Table 1.  

Crush patterns of 12 NHTSA NCAP tests of model year 2007  
(solid lines represent pre-test profiles, dash lines represent post-test profiles) 
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Table 2. 
 Summary of the data presented in Figure 18 and Figure 19 

Average static crush (mm) Stiffness coefficient d1 ( cmN / ) 
Test Make Model Year Accelerometer 

(uncorrected) 
Accelerometer 

(corrected) 

Stiffness 
coefficient 
d0 ( N ) 

Accelerometer 
(uncorrected) 

Accelerometer 
(corrected) DPDs DPDs’ BX1-

AX1 
5615 CHEVROLET TAHOE 2007 528.5 557.5 123.25 9.06 8.58 9.47 8.71 7.10 
5661 DODGE CALIBER 2007 395.5 416.5 101.10 10.10 9.58 11.02 11.15 11.57 
5664 HONDA FIT 2007 492.3 497.8 95.41 7.51 7.43 8.76 9.00 8.50 
5675 TOYOTA CAMRY 2007 554.8 548.8 102.08 7.51 7.59 7.96 8.25 8.01 
5676 CHEVROLET SUBURBAN 2007 628.1 633.1 128.23 7.86 7.79 7.48 7.83 7.38 
5677 TOYOTA YARIS 2007 475.7 478.7 91.81 7.59 7.54 8.00 8.00 7.54 
5681 TOYOTA FJ CRUISER 2007 505.0 539.5 115.88 11.78 11.03 12.32 12.47 11.20 
5720 MAZDA CX-7 2007 407.2 461.2 109.71 10.48 9.21 10.93 9.67 9.21 
5757 LEXUS ES 350 2007 464.6 507.1 107.39 9.42 8.63 10.85 12.01 12.90 
5758 FORD RANGER 2007 590.9 557.4 111.23 7.73 8.19 8.38 8.55 8.52 
5818 NISSAN VERSA 2007 485.0 485.0 96.94 8.18 8.18 7.98 7.82 8.99 
5828 JEEP COMPASS 2007 481.8 476.3 105.75 10.25 10.35 12.18 12.58 12.42 
5838 HYUNDAI SANTA FE 2007 488.4 485.9 118.40 11.33 11.39 11.75 11.78 11.19 
5844 SATURN AURA 2007 420.8 452.8 107.32 10.72 9.94 11.25 12.27 12.34 
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ABSTRACT 
 
An extensive validation program was developed 
and implemented in support of computational 
mechanics of paratransit buses. The program is 
based on laboratory testing of coupons for material 
characterization (test level 1, TL 1) and connection 
tests (TL 2). Experimental data obtained from TL 1 
tests were used for development of the finite 
element (F.E.) models of several structural 
components and connections of a paratransit bus 
selected for this study. The segments, critical for 
crashworthiness performance of the entire bus, 
included: a wall-to-floor, a wall-to-roof, and a side-
wall panel of the bus. Resistance functions, relating 
a force applied vs. resulting displacement, were 
developed for each component. They were obtained 
from experimental tests (at TL 2) and from 
computational mechanics F.E. analyses. 
Comparison of the resistance functions and the 
failure mechanisms provided a good validation of 
the F.E. models of the major structural components 
which, in turn, were included in F.E. models of the 
entire paratransit bus. 

A model of the paratransit bus, with 600,000 finite 
elements, was developed for crashworthiness and 
safety assessment of the bus. AutoCAD files, 
material samples and components for testing were 
provided by the bus manufacturer to aid in the 
model development and validation processes. The 
Ls-Dyna nonlinear commercial code was used as 
major tools for numerical analyses. Two impact 
scenarios were considered: a rollover of a bus from 
800 mm, and a 90o side impact of the bus by a 
pickup truck at 48 km/h.  

1 INTRODUCTION 

Paratransit buses are defined as smaller buses 
usually carrying from 9 to 24 passengers. They are 
also known as public service vehicles (PSV) in 
England, minibuses in Europe, and omnibuses in 

Australia. Paratransit services are offered by public 
transit agencies, community groups, schools and 
churches, and they are often used to transport 
students and passengers with disabilities [1]. Even 
though the significant mass of these buses makes 
them invulnerable in front- and rear-end collisions, 
roof crash and side impact collisions remain two 
major concerns for crashworthiness and safety 
assessment.  
 
Paratransit buses are usually built in two stages. 
The chassis and the cab are first assembled by one 
manufacturer, and then the body and relevant 
equipment are installed by another manufacturer.  
Since there are no well-defined industry standards 
for paratransit buses in the US, especially for the 
bodies built at the second stage, each body 
manufacturer has its own body design and 
connection details. Therefore, there is a need for 
conducting crash and safety assessment of this kind 
of bus. It is recognized that finite element 
simulation provides viable information of the bus 
structural performance in crash scenarios if the FE 
models are validated. 
 
This paper concentrates on laboratory testing of 
coupons for material characterization and 
component testing for connection strength 
implemented in support of the development of the 
FE models of a selected bus (Figure 1).  
 

 
 
Figure 1.  A picture of a paratransit bus. 
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2 MATERIAL COUPON TESTING  

LS-DYNA, a nonlinear, dynamic finite element 
code, is used for the crash simulation. In order to 
realistically represent the vehicle dynamic 
behavior, reliable material parameters should be 
first determined from laboratory tests.  Four 
material types were selected for laboratory 
structure-property quantification, including:  
 

1. A metal sheeting 0.58 mm thick used as 
the outermost layer of the passenger 
compartment. 

2. The metal sheeting is glued with a thin 
layer of plywood to form a sandwich-like 
cover. This composite is further covered 
with foam for improved insulation and 
vibration damping. 

3.  Structural material used for the passenger 
compartment includes box tubing sections 
(HSS) and C channels that are welded 
together to form a distinct cage.  

4. A ¾ inch plywood sheeting is typically 
used as a floor structure. 

 
The steel coupons from the outer skin were 
prepared after removing the plywood part. For the 
structural steel, the test specimens were cut from 
the hollow section HSS 38.1x38.1x1.6mm which 
represents most of the bus body. A Computer 
Numeric Controlled (CNC) milling machine with a 
jig and a high tolerance cut (of 0.05 mm) was used 
to reduce the residual stresses in the test specimens. 
For steel coupons, spark spectrometry tests were 
first performed to determine their types. The 
spectro-max machine indicated that the materials 
were SAE 10xx series steel. Tensile tests were next 
conducted using an Instron 5865 machine, which is 
an electro-mechanical material testing machine 
using a PID feedback loop to monitor the extension 
of the specimen for a constant strain rate on the 
specimen. Figure 2 shows the setup of the steel 
coupon testing.  
 

 
 
Figure 2.  A coupon test of an outer layer of the 
bus wall. 
 
The stress strain relationship is presented in Figure 
3, and the material parameters, along with the 
MatWeb data [2], are listed in Table 1.  
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  Figure 3.  Stress vs. strain diagram from tensile 
   tests of the outer skin steel and structural steel. 

 

Table 1. 
Material characteristics for skin steel and structural steel 

 

 
Ultimate 
strength 
(MPa) 

Yield 
strength 
(MPa) 

Elongation 
at break 
(%) 

Reduction 
of area 
(%) 

Modulus of 
elasticity 
(GPa) 

MatWeb data 
for AISI 1010 

365 305 20 40 205 

Outer skin steel 463.2 346.38 23.9 37.95 186.66 

Structural steel 345.54 315.49 25.8 43.9 165.17 
 
For structural steel, the ultimate strength and yield 
strength are close to those of AISI 1010 steel, while 
the Young�s modulus is significantly lower.  
 
 

 
However, both the ultimate strength and yield 
strength of the skin steel are higher than the AISI 
1010 values. This is due to the work hardening of 
steel during successive rolling processes required 
to obtain a very thin sheet.  
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The external wall of the bus is made of a thin steel 
sheet (0.58 mm thickness) glued with a thin layer 
of plywood (3.45 mm thickness). The properties of 
the metal part were determined by the tensile test as 
described above. Further testing was needed to find 
the properties of the thin layer of plywood. Due to 
the significant difference of compression and 
tension resistance of both materials, a tension test 
was judged as inappropriate since the plywood 
would crush in tensile testing machine grips. A 
sample of the bus skin with 100 mm long and 13 
mm wide was cut for three-point bending test.  This 
test was performed per ASTM C-393 standards in a 
test fixture and loaded using the Instron 5869. The 
support span was set as L = 80 mm, and a mid-span 
deflection was recorded as a function of the load 
applied at the midpoint of the beam. The force vs. 
deflection relationship is shown in Figure 4.  
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Figure 4.  Force vs. deflection diagram from the 
three-point bending test of the outer skin 
consisting of steel and plywood.  
 
From the force-deflection relationship, along with 
the known material properties of the steel layer, the 
properties of the plywood are determined with the 
assumption of elastic-plastic material. The 
parameters are listed in Table 2. 

 
Table 2. 

Material properties of the plywood in outer skin 
 

 Initial 
modulus 
(MPa) 

Tangent 
modulus 
(MPa) 

Yield 
strength 
(MPa) 

Failure 
strength 
(MPa) 

1500 300 14.81 20.0 

 
A simple finite element model of the composite 
skin was developed with LS-DYNA to verify the 
obtained properties. With the steel properties and 
plywood properties assigned to corresponding 
layers, finite element analysis generated the force 

deflection curve which matches well with the tested 
curve shown in Figure 4. 
 
Inexpensive 7-ply plywood is a common material 
for the bus floors. Due to the construction of the 
wall-to-floor connection, it was found that the floor 
(plywood with unknown grade) contributed to the 
load transfer from the sides of the bus to the frame 
during side impact and rollover accidents. 
 
A segment of plywood was cut into 50.8 mm wide 
and 610 mm long for four- point bending beam 
test.  The test setup is depicted in Figure 5. 
 

 
 
Figure 5.  A four point bending test of a plywood 
sample from the bus floor.  
 
MTS LX 500 laser extensometer was used to 
measure the displacement at the mid span of the 
plywood sample (Figure 5). The measurement error 
was limited to +/- 0.001 mm. The flexure modulus 
of elasticity is 7.42 GPa and the maximum stress at 
break is 22.58 MPa.   

3 COMPONENT TESTING  

Simple pendulum testing can provide valuable 
information about actual dynamic properties of 
segments cut off from the bus body structure. Not 
only it will indicate how stiff the panel is under 
impact loading, but also it provides data for finite 
element model validation. A representative body 
panel was cut off and supported by two steel I 
shape beams (Figure 6). The impacting energy 
should be carefully selected. For example, an 
underestimated impacting mass leads to small 
deflections and poor validation of the assumed 
nonlinear material models. Excessive deflections 
due to overestimated impacting mass are useless 
for numerical simulation � the tested element is 
damaged, and no sufficient information about its 
behavior can be obtained. The best approach is to 
create FE models of the tested panels and run 
computer simulations first before the experiment. 
In this way some of the experiment parameters 
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such as an impacting mass and its initial position 
can be estimated.   The experimental setup for the 
bus wall panel, as well as the FE model is shown in 
Figure 6. 
 

 

Point B

Point A
 

 
Figure 6.  An impact hammer test of a bus wall 
panel and the FE simulation. 
 
The impacting beam was 2.45 m long. The length 
of the arms was 3.02 m. The total mass of the 
hammer was 70.8 kg. In the testing, the hammer 
was raised to a height of 3.0 m and released. Before 
the hammer touched the panel, the impact velocity 
was about 7.67 m/s. The measured permanent 
deflections are 46 mm at point A and 48 mm at 
point B. Figure 7 shows the results of FE 
simulation.  
 

 
Figure 7.  Displacement response of point A and 
point B on the panel under hammer impact 
from FE simulation. 
 
It is found that the dynamic response of the panel is 
not symmetric because a non-symmetric internal 
square tubing is located across the lower part 

between the window and the bottom of the panel. 
After 1.5 seconds, the displacements approach 
constant values which indicate the permanent 
deflections. The calculated deflections at point A 
and point B are 47 mm and 49 mm, respectively.  
 
The strengths of wall-to-floor and wall-to-roof 
connections play an important role for the 
crashworthiness of the entire bus. Each 
manufacturer has its own method of building the 
connections. Figure 8 shows the details of the wall-
to-floor connection and Figure 9 presents the setup 
of the wall-to-floor testing.  

C channelC channel

Z bar Floor

Vertical tube

Spotwelds
connecting Z bar

and C channel 

Figure 8.  Details of the wall-to-floor connection 
in FE analysis. 
 

pulling forces

 
 
Figure 9.  Setup of the wall-to-floor test. 
 
Finite element models of the components were 
developed to simulate the testing process. The 
plywood floor was built from fully integrated solid 
elements with 8 nodes.  The steel C channels, Z 
bars and vertical tubes were modeled with the 4-
node fully integrated shell elements which are 
considered computationally efficient and stable. 
The average element size is chosen as 20mm after 
trading off between the accuracy and time step. 
PIECEWISE_LINEAR_PLASTICITY material 
model was used for the steel with the material 
parameters obtained from the tests as shown in 
Table 1. The model of the component consists 
of 34,000 finite elements (Figure 10).  
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Figure 10.  FE model of the wall-to-floor 
connection.  
 
The calculated moment vs. rotation curve is 
compared with that from the test as shown in the 
Figure 11. 
 

0

200

400

600

800

1000

1200

1400

1600

1800

0 6 12 18 24 30 36 42

Angle (degree)

M
o

m
en

t (
N

-m
)

LS-DYNA for wall-to-floor
connection

Experiment for wall-to-floor 
connection

 
 
Figure 11.  Resistance function for the wall-to-
floor connection. Experimental data vs. finite 
element simulation. 
 
The wall-to-roof connection was also tested using 
the same setup, and analyzed by FE models.  

4 ROLLOVER AND SIDE IMPACT 
TESTING AND SIMULATION   

Most developed bus testing standards can be found 
in the European Union (EU directives [3-4]) and 
the United Nations� Economic Commission for 
Europe (UN ECE Regulations [5]). Two UN ECE 
Regulations apply to the passive safety of coaches: 
Regulation 66 (Strength of Superstructure) and  
Regulation 80 (Strength of Seats and their 
Anchorages). Although these regulations are not 
yet mandatory in all of Europe, they are seriously 
considered by bus manufacturers during 
development and approval testing of new buses. 
UN ECE Regulation 66 describes rollover testing 

[6-7]. After the bus has been overturned onto the 
edge of its roof, a defined survival space (Residual 
space) must be intact. The vehicle is placed on a 
horizontal platform and then tilted (without rocking 
and without dynamic effects, angular velocity shall 
not exceed 5 degrees per second) until it rolls over. 
The tilt table is elevated by 800 mm above the 
concrete floor (Figure 12).  
 

 
 
Figure 12.  Rollover testing defined by UN ECE 
Regulation 66. 
 
UN ECE Regulation 66 requires that the 
superstructure of the vehicle shall have sufficient 
strength to ensure that the residual space during 
and after the rollover test on the complete vehicle is 
uncompromised. This space is defined in [5]. This 
requirement constitutes a major pass/fail criterion 
established to provide a minimum survivable 
volume within the bus that is judged as necessary 
for mitigation of passengers� injuries. UN ECE 
Regulation 66 recognizes the need for finite 
element simulations as a viable source of 
information regarding crash and safety assessment 
of buses.  

 
 
Figure 13.  Setup for side impact by a pickup 
truck.  
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Another major concern about paratransit bus safety 
is side impact by a midsize pickup truck or an 
SUV. Due to the design tendency of lowering the 
bus floors coupled with the high location of 
bumpers in modern SUVs and pickup trucks, this 
impact scenario should not be ignored from the 
comprehensive bus crash and safety assessment 
program (Figure 13).  
 
The tested material properties and validated 
component models were implemented in the whole 
bus model. A Ford Econoline chassis model, 
developed by the National Crashworthiness 
Analysis Laboratory (NCAC), was adopted to 
reflect that of the cutaway vehicle used for building 
the Champion buses. Modifications included 
extension of the wheelbase, adding wheels, new 
spring leaves and several others. The model of the 
bus body was separately developed based on the 
CAD drawings and was assembled with the chassis 
model. In the model development process, many 
questions arose considering mostly connections 
between the structural elements and their 
computational representation in the FE model. The 
model consisted of over 600,000 finite elements, 
and is described in detail in [8]. It was used to 
analyze two accident scenarios, 48 km/h, 90o side 
impact by a pickup truck (Figure 14), and rollover 
test per Regulation 66 (Figure 15). The results will 
be presented in future publications.  
 

 
 
Figure 14.  48 km/h, 90o side impact of the bus 
by a pickup truck.  
 

 
 
Figure 15. Rollover simulation of the bus from a  
tilt table, per Regulation 66.  

5 CONCLUSION 

Material characterization and component testing 
were conducted for a selected paratransit bus. The 
testing process, setup and results were presented in 
this paper. Material characterization from 
laboratory coupon tests was applied for the FE 
analysis which required reliable material 
parameters. Connection tests were used in turn for 
validation of the assumed material models, material 
properties and contact description at the component 
level. The validated connection models were 
implemented in the entire bus model dedicated for 
comprehensive analysis of the dynamic response of 
the bus during rollover and side impact accidents. 
 
The testing process also allows for close 
investigation of the major connections which are 
responsible for keeping the residual space 
uncompromised per Regulation 66. It is highly 
possible that a bus with a strong passenger 
compartment but weak connections will fail the 
R 66 test. Good balance between the strength of 
structural members and the strength of connections 
is recommended for increased crashworthiness and 
energy absorbing.  
 
Comprehensive crashworthiness and safety 
assessment of the bus in rollover and side impact 
accidents using the developed FE model is 
ongoing. The results will be discussed in our next 
papers.    
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ABSTRACT  

This report presents the Canadian road safety 
situation, describes the programs, research and 
regulatory activities of Transport Canada since the 
previous report presented at ESV in 2005.  Canada 
continues to actively pursue policy initiatives to 
improve the safety of Canadians and to actively 
participate in numerous international research and 
regulatory working groups to advance motor vehicle 
safety and road safety.  Transport Canada is pleased 
to have contributed to the knowledge base, both 
nationally and internationally. The department is 
committed to on-going collaboration with industry, 
foreign governments, provincial and territorial 
governments and stakeholders. 

CANADIAN ROAD SAFETY SITUATION 

In Canada, road safety is a responsibility that is 
shared among the federal and provincial/territorial 
governments.  The federal government is primarily 
responsible for the safety of new vehicles and inter-
provincial commercial carriers, while the 
provincial/territorial governments have jurisdiction 
over the licensing and registration of drivers and 
motor vehicles, the enforcement of their respective 
traffic laws, road infrastructure and the development 
and implementation of road safety programs. 

Like many other developed countries, Canada’s road 
safety record improved greatly during the past quarter 
century.  During this period, fatalities resulting from 
motor vehicle traffic collisions decreased by more 
than 50%, while its population not only grew by 
approximately 35% but also became more mobile, as 
the number of licensed drivers grew by 
approximately 50%. 

Canada’s Road Safety Vision 2010 

Canada’s road safety advocates’ vision is to have the 
safest roads in the world. For more than a decade, 
this vision has been supported by a national road 
safety plan. First introduced in 1996 as Road Safety 
Vision 2001, the successor plan, called Road Safety 
Vision 2010, was introduced in 2002. All levels of 
government, as well as national public and private 
sector stakeholders with a strong interest in road 
safety endorsed this nine-year initiative. The Vision 

contains four strategic objectives: to raise awareness 
of road safety issues among the general public; to 
improve communication, cooperation and 
collaboration among road safety agencies; to enhance 
enforcement initiatives; and to improve national data 
quality and collection practices. 

Road Safety Vision 2010 also contains an overall 
quantitative national target (a 30% decrease in 
fatalities as well as serious injuries by 2010) as well 
as numerous quantitative sub-targets whose 
reductions range from 20% to 40%, that focus on 
Canada’s major road safety problems (e.g. non-use of 
seat belts, drunk-driving, speeding, intersections, 
commercial vehicles, rural roads, vulnerable road 
users and high-risk drivers). The principal idea 
behind the introduction of a national road safety plan 
in Canada emanated from the view that the use of a 
more focused approach to the development and 
implementation of safety initiatives would likely lead 
to more successful strategies and ultimately safer 
road travel. 

A number of task forces, comprised of 
representatives from various levels of government as 
well as key public and private sector organizations, 
have assumed ownership of the various targets as 
well as for developing and implementing strategies to 
meet the target objectives. These task forces operate 
under the auspices of the Canadian Council of Motor 
Transport Administrators, a body that coordinates 
federal, provincial and territorial efforts to improve 
the road transportation system in Canada. 

Some of the key initiatives that have been carried out 
recently in selected Canadian jurisdictions to make 
road travel safer include: 

• Conducting national seat belt use surveys to 
identify and target specific problem areas and 
groups (e.g. young drivers, rural roads); 
introducing a pilot project aimed at increasing 
proper use of child seats for young children; 
removing exemptions and increasing fines and 
demerit points for non-users of seat belts. 

• Drinking-driving campaigns targeting youth or 
young males that raise the awareness of the 
consequences of drinking and driving and; 
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mandatory assessment/rehabilitation and alcohol 
ignition interlock programs; the introduction of 
tougher sanctions for first-time offenders; and 
research into the use of designated drivers in 
rural areas. 

• Legislation aimed at reducing speeds in 
construction zones or when passing emergency 
vehicles or tow trucks; tougher sanctions (fines, 
demerit point and license suspensions) for 
speeding violations; expanded red-light camera 
programs to enhance intersection safety; and the 
installation of transverse rumble strips at high-
risk intersections and on road edges. 

• Introducing a strengthened hours of service 
regulation to provide commercial vehicle drivers 
with greater opportunities to obtain additional 
rest; carrying out focused commercial vehicle 
enforcement campaigns that targeted seat belt 
usage, mechanical inspections and hours of 
service; combining a carrier’s on-road 
compliance record for convictions, inspections 
and collision history into a single number safety 
rating that represents a carrier’s risk.  

• Introducing graduated licensing programs 
covering more than 95% of novice drivers in 
Canada that require novice drivers to adhere to a 
number of restrictions before they receive full 
driving privileges; developing public awareness 
campaigns targeting youth that focused on the 
dangers to young drivers and others of driving at 
unsafe speeds, drinking and driving and non-use 
of seat belts. 

• Pedestrian and driver awareness campaigns 
reminding each road user of their respective 
responsibilities; tougher licensing requirements 
for operators of motor scooters and motor-
assisted bicycles; and audits at city intersections 
to identify existing and potential safety issues, 
particularly with regard to pedestrians and 
cyclists. 

• Transport Canada is: developing enhanced 
frontal-impact occupant protection and side-
impact protection regulations, both of which will 
benefit a large number of vehicle occupants 
involved in serious crashes; conducting research 
on driver distraction, speed management, 
gearshift, seatbelt interlocks, and Electronic 
Stability Control systems. These are described in 
more detail in other sections below. 

Notwithstanding the collective efforts undertaken by 
all stakeholders to date, limited progress has occurred 
towards the achievement of the Road Safety Vision 

2010 national target. During 2005, the most recent 
year for which data are available, overall road user 
fatalities decreased by 1.4% and serious injuries by 
5.5% over the average number of fatalities and 
serious injuries that occurred during the timeframe of 
the inaugural national road safety plan (1996-2001), 
which is the period against which progress among the 
targets is being measured. A mid-term review of 
Road Safety Vision 2010 is currently being 
conducted to assess progress to date and to identify 
areas where greater effort is required in order to 
increase the likelihood of achieving the quantitative 
targets of Canada’s national road safety plan. 

Canada currently ranks 11th among Organisation for 
Economic Cooperation and Development member 
countries when comparisons are made on a deaths per 
billion vehicle kilometres traveled basis (2005 
figures).  

COLLISION DATA 

Collision investigations 

A program of in-depth collision investigations is 
carried out by seven contracted research teams across 
Canada, and by Transport Canada staff located in the 
National Capital Region.  The work supports the 
Directorate’s research and regulatory development 
programs, actively monitors high-profile traffic 
safety incidents across Canada, and provides a 
mechanism for rapid response to such incidents. 

Current activities include directed studies focused on 
several safety issues, and a program of special 
collision investigations which captures incidents of 
interest that fall outside of the criteria for particular 
directed studies.  On-going directed studies are 
investigations of frontal air bag deployments 
involving vehicles built to comply with the 
provisions of the current Federal Motor Vehicle 
Safety Standard (FMVSS) 208 - Occupant Crash 
Protection, moderately severe vehicle to vehicle side 
impacts, vehicle to pole side impacts, side air bag and 
side curtain deployment crashes, and frontal 
collisions involving fully restrained rear seat 
occupants.  Special collision investigation topics 
include school bus and motor coach crashes, air bag 
or seat belt induced fatal and serious injuries, 
collisions involving event data recorders, collisions 
between pedestrians and heavy freight vehicles, the 
performance of child restraints in crashes and 
collision testing the crashworthiness of micro cars. 

Transport Canada and one of the research teams are 
each undertaking the second phase of a pilot study 
investigating the causes of fatal motor vehicle 
collisions.  This study involves compilation of data 
on human, vehicle and environmental factors 
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involved in collisions and use a multi-disciplinary 
approach to assess the principal causal factors.  Both 
retrospective data collection and on-scene, in-depth, 
collision investigation techniques are being used to 
compare the effectiveness of the two approaches. 

Data Dictionary  

Recently, a new collision data dictionary has been 
adopted by the CCMTA.  This new data dictionary 
has been developed by consensus among the 
jurisdictions and will allow for uniformity of the 
basis for collision data amongst the jurisdictions. 
Such equivalency will permit fairer comparison as 
well as compilation, once implemented. 

Electronic Traffic Related Data Collection 

In partnership with selected provincial governments 
and police agencies, Transport Canada is conducting 
a demonstration project of a computer and 
communications-based system called the Traffic and 
Criminal Software System (TRaCs).  This software is 
designed for multi-jurisdictional use and was built in 
modules allowing for great flexibility.  It has many 
potential uses including the electronic on-site 
collection of traffic collision data, enforcement and 
ticketing and commercial vehicle inspection. The 
demonstration is designed to verify the flexibility of 
the software and its application within several police 
operated record management systems and computer 
assisted dispatch systems. 

Participating police agencies and commercial vehicle 
inspectors in Alberta have pilot tested the data 
collection software and forms for crashes, citations 
and commercial vehicle inspection.  Integration with 
motor vehicle registration databases allowed for the 
automatic population of data elements to be achieved. 
This demonstration project is intended to provide a 
national focus for the development of uniform 
electronic data collection performance standards 
leading to improved efficiencies, quality and 
timeliness of traffic collision data.   

CRASHWORTHINESS RESEARCH 

The Crashworthiness Research Division of the Road 
Safety and Motor Vehicle Regulation Directorate is 
mandated to reduce the number of Canadians injured 
or killed in traffic-related crashes by providing the 
necessary scientific basis for the development of 
regulatory initiatives. The research programs are 
directed towards improving frontal impact protection, 
side impact protection and towards the advancement 
of anthropometric test devices (ATDs) used in the 
evaluation of occupant protection. 

Frontal Crash Protection 

     Front Seat Occupants For the past several years 
the department has been developing a proposal to 
update the existing CMVSS 208 and address the 
safety needs of Canadian belted occupants. The 
frontal crash test program has therefore, focused on 
examining the effect of test speed and injury criteria 
on restraint optimization for belted vehicle occupants 
whose injury tolerance is less than that of the healthy 
average sized male.  

Triplicate sets of identical vehicle models were tested 
at 40, 48 and 56 km/h in full frontal rigid barrier 
(FFRB) tests to investigate occupant restraint system 
characteristics, characterize chest response and define 
occupant kinematics at incremental test speeds. 
Preliminary findings suggested a non-linear 
relationship between test speed and chest deflection. 
In fact, several vehicle models were observed to 
produce lower chest deflections at 56 km/h than at 40 
km/h. Some vehicle models may be designed to 
perform in this manner, however, an analysis of 
dummy kinematics indicated that reduced chest 
deflections may be due to dummy anomalies. 
Preliminary results are presented in these 
proceedings. The study has identified key parameters 
that must be considered when developing and 
defining regulations intended to optimize restraint 
systems. 

     New Technologies For the first time, advanced 
instrumentation developed for Transport Canada by 
Denton ATD and Boxboro Systems has made it 
possible to measure chest deflection at each rib. 
Previously, measurements were obtained from four 
InfraRed – Telescoping Rod for Assessment of Chest 
Compression (IR-TRACCs) located on either side of 
the sternum. While more predictive than the single 
point measurement, the IR-TRACCs were not 
sensitive enough to quantify belt location with 
respect to the centrally mounted potentiometer. The 
twelve optical sensors located on either side of the 
sternum define the chest deflection profile in the 
fore-aft and lateral directions as a function of time. 
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Since the locations of the sensors can be moved along 
the ribs, subsequent studies will focus on defining 
which locations best quantify load paths applied to 
the chest. This technology is very promising for 
frontal crash protection research and may also be the 
long sought solution for multi-point sensing in side 
impact test dummies, like the WorldSID family. 

     Rear Seat Occupants Governments and public 
safety advocacy groups have publicized the “rear seat 
is best for children” message for many years now. 
However, where as stringent regulations and 
extensive design innovations have been introduced to 
protect front seat occupants there are still no dynamic 
requirements for occupants seated in the rear. New 
sub-compact vehicles are generating much higher 
occupant accelerations and thus pose a significant 
challenge to rear seat occupant protection. Options 
such as frontal airbags and load limiters, which 
effectively protect front seat occupants, are not 
available in the rear seat.  

Transport Canada is continuing the rear seat occupant 
protection study initiated in 2002 to define 
appropriate dummy measurement criteria that will 
assist in the identification of ‘good’ vs. ‘poor’ 
restraint systems. The study relies on comparisons to 
front seat passenger responses to investigate the 
influence of belt geometry and seat cushion 
characteristics.  Since the reliability of seatbelt use 
data for rear seats contained in national accident 
databases has traditionally been poor, Transport 
Canada relies on data obtained from the special 
collision investigation studies to validate and 
complement crash test data. Trends from the field are 
slowly beginning to emerge and are helping define 
crash characteristics and injury mechanisms 
associated with rear seat injuries.  

Partnerships with vehicle manufacturers who have 
introduced advanced restraint technologies in the rear 
seats of their vehicles have also helped advance 
Transport Canada’s understanding of rear seat 
restraint systems and dummy kinematics.   

     Child Protection Child dummies representing a 
12-month-old infant, and 3-year-old, 6-year-old and 
10-year-old children are being tested in the frontal 
protection program. The child dummies are restrained 
in age appropriate child restraints and booster seats to 
investigate the performance of the restraints in severe 
crash test conditions.  

Because the crash tests are severe, and the true 
biofidelity of child dummies has yet to be 
determined, field data is essential to validate or, at the 
very least, gauge the study results. To this end, a 
partnership has been established with a large 

paediatric trauma center. Dedicated and passionate in 
the prevention of child trauma, the emergency staff 
has agreed to notify the crash investigation team of 
any frontal collision resulting in the admission of a 
child who was restrained in the rear seat and using 
the vehicle seatbelt.  

Transport Canada has completed a study 
investigating child seat attachment methods for 
children weighing more than 48 lbs and for infant 
carriers. Preliminary findings indicate that the lower 
anchorage belt or LATCH, when used in combination 
with the top tether, provides good retention of the 
child seat. Use of both the LATCH and the seatbelt 
when used in combination with the top tether did not 
degrade retention over either method alone. In some 
vehicles, the use of both methods was found to limit 
excursion. The much shorter length of LATCH 
webbing relative to that of the seatbelt more 
effectively limited the forward displacement of the 
child seat in 48 km/h rigid barrier tests. Similar 
results were observed for rear-facing infant seats. The 
complete findings of the study will be submitted for 
publication in 2007. 

Side Impact Crash Protection 

The Traffic Accident Information Database (TRAID) 
administered by Transport Canada, reports that 
approximately 950 passenger vehicle occupants are 
fatally injured in side-related crashes each year in 
Canada. Approximately 10% of the occupants are 
killed in single narrow object collisions, and 55% are 
killed in vehicle-to-vehicle crashes. Like many 
jurisdictions around the world, women tend to be 
overrepresented in car-to-car crashes while men tend 
to be overrepresented in narrow object collisions. 

The International Harmonized Research Activities 
(IHRA) Side Impact Working Group had, prior to its 
demise, proposed two test configurations, one car-to-
pole and one barrier-to-car test (ESV 2005). 
Transport Canada remains strongly committed to 
regulatory harmonization and has therefore, 
continued to take into consideration the findings of 
the working group in the design of its research 
programs.  

A study comparing the capabilities of ES-2re and 
WorldSID in oblique pole test conditions was 
completed and published in 2006. Transport Canada 
has accepted the lead in the preparation of the ISO 
SC22/WG1 pole test procedure. 

Side impact tests are being conducted to compare the 
intrusion profiles of vehicle-to-vehicle crashes to the 
intrusion profiles resulting from IIHS barrier-to-car 
impacts. The WorldSID 50th and 5th percentile test 
dummies are being used extensively in both near side 
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and far side impacts to better understand the 
influence of barrier design and to evaluate side 
impact occupant protection.  

A study comparing lower anchorage and seatbelt 
restrained child and infant seats in SUV-to-car side 
impact crash tests is under way. Child protection is 
being evaluated in both near side and far side 
impacts. Results of this study will be published in the 
next year.  

A subcommittee, led by Transport Canada was 
established in 2005 to develop a new seating 
procedure for WorldSID. The procedure, which is 
currently in draft form, is being developed in 
collaboration with Asia-Pacific, Europe and the U.S. 
and is the first seating procedure to be based on the 
world vehicle fleet.  

Dummy Development 

A study comparing the FTSS and Denton 5th female 
Hybrid III chest jackets was published in 2006. An 
SAE working group is now working towards 
developing a new harmonized 5th female moulded 
jacket.  

The biofidelity of the WorldSID 50th male and 5th 
female dummies continues to be evaluated as 
iterations of design modification and/ or 
improvements to durability are introduced.  Transport 
Canada is collaborating with the dummy 
manufacturers by providing in-vehicle dummy 
response data to enhance the capabilities of the 
WorldSID 5th female.  

Significant progress has been made in the 
advancement of the only 3-year-old side impact 
dummy, the Q3s. A full-scale accident 
reconstruction, based on a crash that was investigated 
by the Transport Canada accident investigation 
teams, was carried out to evaluate this newly 
modified test dummy. The results indicate that the 
head, neck and pelvis of the revised Q3s accurately 
predicted the injuries that were incurred by the child 
in the collision. Further work is required to improve 
the response of the shoulder and chest. 

Improvements in Test Capabilities 

Transport Canada now has a fully enclosed crash test 
facility making it possible to conduct tests in a 
temperature-controlled environment year round. A 
pneumatic Hyge sled was installed in 2006. The sled 
has a 2MN capacity and offers negative G capability. 
This acquisition will serve as an excellent 
complement to in-vehicle crash testing by providing 
dummy evaluation opportunities as well as assisting 
in rear seat restraint and child protection studies.  

CRASH AVOIDANCE RESEARCH 

Evaluation of Electronic Stability Control (ESC) 
on Motor Vehicles 

As of February 2007, ten vehicles had been tested to 
evaluate the performance of their ESC systems; these 
included 4 automobiles, 3 SUVs, 2 pickup trucks and 
one minivan.  Testing included manoeuvres such as 
the Sine with Dwell, the Closing Radius Turn and the 
J-Turn.  A programmable steering controller was 
used for all manoeuvres.  Testing was performed 
mostly on dry asphalt, and supplementary tests were 
performed on wet pavement under raining conditions 
and on packed snow in the winter.  Testing on packed 
snow was performed with both winter and 4-season 
tires.  Preliminary analyses of the data show that the 
performance of ESC systems far exceeds that called 
for in the US NHTSA Notice of Proposed 
Rulemaking for FMVSS 126.  Technical evaluation 
of ESC systems will continue as new ESC-equipped 
vehicle models become available in Canada. 
Transport Canada conducted a survey in February 
2006 to determine the level of awareness and 
understanding of ESC in Canada. Awareness of ESC 
was low. Sixty percent of the people surveyed had 
not heard of ESC before, and less than 5% had 
vehicles with ESC. Some people even believed that 
their vehicle was fitted with ESC, when it was not. 

Transport Canada has initiated statistical studies to 
quantify the effectiveness of ESC in Canada.  This 
work is on going and we hope to complete the 
analyses by the end of 2007; the results of these 
analyses and the technical evaluation of ESC will 
then be used to determine the cost-benefit of ESC for 
Canadians.  If these studies show that ESC would 
have a significant benefit for Canadians, Transport 
Canada will consider mandating these systems in 
Canada. 

A web page with consumer-oriented information on 
ESC has been created and is available at 

http://www.tc.gc.ca/roadsafety/tp/tp14651/vs200701/
menu.htm. 

Speed Management 

Transport Canada is currently conducting a research 
programme on speed management to investigate 
technologies that influence vehicle speeds and their 
potential impact on road safety and greenhouse gas 
emissions (GHG). 

Work is being undertaken in four main areas: 
Intelligent Speed Adaptation (ISA); fuel 
consumption/cost displays; modelling; and attitudes 
and driver behaviour.   
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A 20-vehicle pilot field trial was undertaken in 
Ottawa to evaluate two types of Intelligent Speed 
Adaptation systems: a haptic feedback system in 
which pedal pressure increases when the speed limit 
is exceeded, and an audio/visual system mounted on 
the dash that provides a voice alert when the speed 
limit is exceeded. The objectives of this trial were to 
develop a better understanding of the implementation 
issues and to collect preliminary data to measure the 
impact of ISA on speed and fuel consumption. 
Questionnaires were also administered to measure 
attitudes, experiences, and acceptance. 

A field trial is also being planned to evaluate the 
Belonitor system that was developed and tested in the 
Netherlands. This system provides drivers with 
continuous in-vehicle feedback on vehicle speed and 
following distance; drivers are rewarded points for 
good driving behaviour. 

We have found that drivers are largely unaware of the 
cost of speeding; we therefore plan to develop an on-
board real-time fuel cost/consumption information 
display. A field trial with this display will determine 
its effect on speed choice and driver behaviour. 

Using the data collected in the field trials and 
supplemented by laboratory testing, models are being 
developed to better understand the impact of speed 
controls on safety and GHG emissions.   

Finally, a survey was conducted to examine drivers’ 
behaviours and attitudes about speeding. The purpose 
was to identify and measure factors that influence 
speed choice in a representative sample of Canadian 
drivers; we also wanted to assess their need for 
information as well as determine how we could 
influence the public to view speeding as both a safety 
and environmental issue. A national telephone 
survey, with 10 subsequent focus groups in 5 cities 
across Canada were undertaken to assess what drivers 
know, think and feel about speeding and how this 
impacts their behaviour.  

INTERNATIONAL ROAD RESEARCH 

Transport Canada has participated for many years in 
the OECD Road Transport Research Program now 
known as the Joint OECD/ECMT Transport Research 
Centre.  Recent research initiatives by the JTRC 
include speed, young drivers, and achieving 
ambitious road safety targets.   

Reports from two of the working groups were 
published in October 2006: “Speed Management” 
and “The Young Driver: The Road to Safety”. Some 
of the key findings of the Speed Management report 
are as follows: speeds need to be reduced quickly if 
national fatality reduction targets, set in many 

OECD/ECMT countries, are to be met; speed 
management should be a central element of any road 
safety strategy and can help achieve appropriate 
speeds; new technologies, including ISA, can bring 
significant improvement, and progressive 
implementation is encouraged.  The JTRC working 
group recommended that each country support that 
all new cars be equipped with voluntary manual 
speed limiters as a first step, followed by informative 
ISA.  In addition, research on emerging technologies, 
such as cooperative vehicle-road speed management 
systems should also be facilitated. The report can be 
obtained at the following address: 
http://www.cemt.org/JTRC/WorkingGroups/Spee
dManagement/index.htm. 

Some of the key findings of the Young Driver report 
are as follows: road crashes are the single largest 
killer of 15-24 year olds in industrialized countries.  
This entails a significant economic and human cost 
given the years of productive life lost due to the 
doubling of the crash death rate in this age group.  
The report examines ways to reduce the death toll in 
this age group, which includes training related to self-
assessment and the ability to identify risk, the 
licensing process and meaningful enforcement.  
Information on the report can be found at 
http://titania.sourceoecd.org/vl=1576213/cl=14/nw
=1/rpsv/~6687/v2006n14/s1/p1l 

TELEMATICS AND ERGONOMICS 

Methods to Assess Safety Implications of In-
Vehicle Technologies 

Considerable research activity in both North America 
and Europe is currently focused on producing 
protocols for assessing the distraction potential of in-
vehicle tasks and devices. Transport Canada has a 
multipart research program to assess the safety 
implications of new in-vehicle technologies 
(telematics) on driver behaviour. Driver distraction is 
a leading concern. A variety of projects have been 
undertaken. We are also participating in a number of 
working groups and committees to address these 
problems. 

Basic Research 

This work investigates the problems facing drivers in 
terms of driver perception required level of 
concentration; hence distraction and performance 
when they use these new technologies (emailing 
PDAS, navigation systems, different forms of 
interfaces, etc.) while driving. 
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Evaluation of Industry Safety Principles for In-
vehicle Information and Communication Systems 

This project evaluates compliance and usability of 
advanced in-vehicle information and communication 
systems with respect to the Alliance of Automobile 
Manufacturers’ (AAM) safety principles. In-vehicle 
information and communication systems (telematics 
systems) from four leading manufacturers were 
evaluated according to the most recent guidelines 
from the AAM document “Statement of Principles, 
Criteria and Verification Procedures for Driver 
Interactions with Advanced In-Vehicle Information 
and Communication Systems”.  Results provided 
insights into how the current automotive industry 
standard for telematics systems rate versus new 
criteria.  The project also provided an independent 
assessment of the value of these industry guidelines 
and these results provide benchmark data on which to 
assess the safety developments of future telematics 
systems.  

Research in Support of ISO Standards 
Development  

Transport Canada continues to conduct research in 
support of telematics testing procedures being 
developed by the ISO. The focus has been on the 
Lane Change Test and Occlusion methodologies.  A 
variety of current navigation systems have been 
tested, comparisons made with measures from other 
research projects (e.g., HASTE) and refinements of 
metrics examined. The Driver Metrics Workshop 
(sponsored by the Alliance of Automobile 
Manufacturers and Transport Canada) was held in 
Ottawa in October 2006. The workshop offered a 
forum for researchers from around the world to 
present data and discuss the issues associated with 
these testing methods. The presentations from the 
workshop are available at 
 http://ppc.uiowa.edu/drivermetricsworkshop/ 

Memorandum of Understanding Concerning In-
vehicle Telematics 

Transport Canada is in the process of negotiating a 
memorandum of understanding (MOU) with 
automotive manufacturers dealing with the safety of 
in-vehicle telematics devices. The MOU will address 
safety concerns, be adaptive to continued 
technological advancement, and not unnecessarily 
burden the industry.   

Human Factors Issues for In-Vehicle Warnings 

This Transport Canada project is investigating and 
developing methods to assess the performance of 
safety critical in-vehicle warnings. Advanced Vehicle 
Safety technologies can assist drivers in avoiding 

crashes and minimizing harm. To be effective, 
however, the warnings need to lead the driver to 
timely and appropriate responses. This work 
investigates and assimilates the research on 
measuring the performance of warnings. Although 
the main focus will be automotive warnings, this 
project will also provide a survey of what can be 
learned from other applications (e.g. aircraft) and 
applied to the automotive realm. Criteria such as 
conspicuity, perception and reaction time, response 
type, appropriateness of response, signal detection 
(false alarms, hits, misses, rejections) and annoyance 
levels will be considered. Based on a review of the 
literature, a set of selected performance measures will 
be applied to a variety of automotive warning 
systems. The ultimate goal is to have a toolbox of 
performance measures (and criteria) that can be 
applied to automotive warning systems to evaluate 
their effectiveness.  The development of Warning 
Guidelines is a current work item for the IHRA-ITS 
Informal Group WP 29 that is led by Dr. Peter Burns. 
Transport Canada also made a presentation 
addressing warning assessment requirements and 
testing methods at the recent NHTSA Human Factors 
Forum on Advanced Vehicle Safety Technologies 
held in January 2007. 

Usability work on the Universal Anchorage 
System for Child Restraints 

Since September 2002, all new Canadian vehicles 
and child restraint systems (CRS) have been required 
to come equipped with the Universal Anchorage 
System (UAS), which includes lower anchorage, and 
top tether, attachments. As of April 2007, the 
installation of UAS anchorages will also be required 
in a proportion of seats on all new school buses.  
Despite being designed to make CRS installation in 
vehicles easier and with fewer opportunities for 
misuse, there have been reports that the UAS is not as 
easy to use, or as effective, as hoped.  A usability 
study was conducted wherein participants installed 
child restraints using different styles of UAS 
attachments in both a passenger vehicle and a school 
bus.  Results revealed that people are generally 
unaware of the UAS, and have difficulty locating 
UAS anchors in both types of vehicles.  Design 
improvements for child restraints and vehicles were 
identified. Implementation of the study’s 
recommendations will improve the overall usability 
of the UAS, and will form the basis for a public 
education campaign on this, still new, attachment 
system for child restraints. 



Ram  8

REGULATORY INITIATIVES 

Trailer Rear Under-ride Protection 
At the last ESV Transport Canada reported that a 
regulatory initiative requiring trailers to be equipped 
with rear under-ride protection was being mandated.  
When this initiative was incorporated, manufacturers 
were provided two years to become compliant.  
During this interim two year period manufacturers 
have been allowed to follow either the existing 
requirements in place in the United States, under 
Federal Motor Vehicle Safety Standards (FMVSS) 
223 and 224, or they have had the alternative of 
installing rear underride protection devices meeting 
the strict Canadian requirements.  The option of 
meeting the requirements of the United States will be 
eliminated on September 1, 2007. After that date all 
rear underride protection devices installed on trailers 
sold in Canada will need to be constructed to the 
stringent Canadian requirements.   

While the dimensional requirements of the Canadian 
regulations remain consistent with the existing 
United States regulations, the strength and energy 
absorption requirements for the guard are 
significantly higher.  The stronger Canadian guard 
design is needed to protect smaller vehicles with 
lower front hood lines. 

Universal Anchorage Systems on School buses 

Studies in the United States and Canada continue to 
conclude that school bus travel is the safest form of 
transportation for school children.  School buses in 
Canada are specifically designed yellow buses 
equipped with numerous safety devices to protect 
children both inside and around the exterior of the 
bus.  Some of the features that make school buses 
safe are energy-absorbing seats that provide passive 
protection and structural integrity features that 
increase safety in the rare event of a collision.  While 
school buses have traditionally been used to transport 
school-aged children to and from school and other 
activities, there has been an increase in the use of 
school buses to transport preschool-aged children 
(under approximately 4½ years old). 

In an effort to evaluate the safety implications for 
preschool-aged children travelling in school buses, 
Transport Canada conducted a research program, 
which revealed that appropriately installed infant or 
child restraints could enhance occupant protection for 
small children in the event of a collision.  Transport 
Canada subsequently amended its regulations in 
order to require Universal Anchorage Systems on bus 
seats for newly built buses to improve infant and 
child safety and to simplify the process by which 
caregivers can restrain infants and children in buses. 

This amendment represents a proactive approach 
geared to prevent injuries and deaths among young 
children.  Extending the application of the standards 
to school buses also clarified Transport Canada’s 
position regarding the use of infant and child restraint 
systems and reinforced the importance of safely 
restraining children travelling in any vehicle.  
Parental and caregivers’ concerns will be addressed, 
as improved protection will be made available when 
transporting young children on a bus. 

The minimum number of seating positions with 
anchorages varies from two to eight per bus, 
depending on the seating capacity.  Buses with 
rearward facing seats are exempt.  Anchorage 
systems are not permitted in a seating position 
adjacent to an emergency exit.  The user-ready tether 
anchorages may not be located on the bus floor. 

Mandating authority over the use of child seats in 
school buses and the retrofitting of school buses fall 
under provincial/territorial jurisdiction.  The new 
requirements became effective on April 1, 2007. 

Review of 15-Year Import Exemption 

Under the Motor Vehicle Safety Act (MVSA), all 
vehicles imported into Canada must comply with all 
applicable Canada Motor Vehicle Safety Standards 
(CMVSS), and the manufacturer must certify their 
compliance at the time of the main assembly.  The 
MVSA is based on self-certification by the 
manufacturer and provides for audit and verification 
rights to the Minister.   

The Motor Vehicle Safety Regulations (MVSR), 
allow vehicles, with the exception of buses, that were 
manufactured 15 years or more before the date of 
importation into Canada, to be exempted from the 
safety standards applicable to their particular class of 
vehicles. This allowance was intended mainly for 
limited use by hobbyists and collectors and posed 
minimal risk to road users, since these vehicles were 
by and large not employed for everyday use at the 
time this rule was established in 1986. 

Since both Canada and the United States use 
manufacturer based self-certification systems, the 
MVSA allows the importation of vehicles less than 
15 years old that are sold at the retail level in the 
United States market, provided the vehicles comply 
fully with all applicable United States federal laws, 
and with specific mandatory Canadian safety 
standards such as seat belt anchorages, applicable at 
the time of the vehicles’ main assembly.  These 
vehicles subsequently have to be modified to comply 
with additional Canadian requirements in areas such 
as daytime running lamps, bilingual labelling, etc., 
before being presented for licensing by a province or 
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territory.  Importation of these vehicles is managed 
through the Registrar of Imported Vehicles (RIV) 
program and details may be found at  
http://www.riv.ca. 

Vehicles less than 15 years old, which are not 
certified to Canada or United States safety standards, 
are currently not permitted into Canada. This is 
because differences in vehicle safety regulation 
regimes do not allow the determination of safety 
equivalency.   

Transport Canada has been asked by the Canadian 
Council of Motor Transport Administrators, which 
represents provincial/territorial and federal 
governments, to amend the 15-year rule for vehicle 
imports and align it with the United States threshold 
of 25 years.  Reasons for this request include the fact 
that most, if not all of these vehicles are not certified 
to the CMVSSs.    

Concurrent to the Council’s request, Transport 
Canada has noted a significant increase in recent 
years in the importation of 15-year old and older 
vehicles for everyday use. Therefore, the department 
is proposing to amend this threshold to 25 years in 
order to return the regulation to its original intent, i.e. 
to promote the safety of the traveling public. This 
amendment will also align the age threshold with the 
United States’ 25-year rule for vehicle importation.  
Transport Canada is consulting with stakeholders and 
expects to publish details of the proposed amendment 
in the Canada Gazette, Part I, in the near future.   

Low Speed Vehicles 
The Government of Canada is proposing to amend 
the definition for the low-speed vehicle class and to 
introduce marking requirements to better identify 
vehicles of this class.   Low-speed vehicles are small 
4-wheeled electric vehicles that have a maximum 
speed of 40 km/h and are designed for use in 
controlled areas.  The proposal will better define low-
speed vehicles and will increase other road users’ 
awareness of them should they be operated in regular 
traffic.   

The amendment will propose to update the definition 
to clarify the original reason for establishing the low-
speed vehicle class, which was to allow vehicles for 
short trips such as shopping, social and recreational 
purposes, in limited, planned and controlled 
environments. In addition to amending the definition 
to clarify the intent, the amendment will propose to 
add a requirement for a slow-moving vehicle emblem 
to be permanently installed on low-speed vehicles.    

To harmonize the Canadian definition with recent 
changes made in the United States, new wording will 

be introduced that will, for the first time, allow small 
trucks to be classified as low-speed vehicles.  To 
ensure that large trucks and passenger vehicles 
cannot be improperly classified as low-speed 
vehicles, the proposal will include a maximum limit 
for their mass.  Also, to remain in harmony with the 
United States, the proposal will specify what kind of 
safety glazing is acceptable for a low speed vehicle 
windshield. 

Finally, a minor revision will be proposed to the 
definition to clarify the current “no emission” 
requirement to state that a low-speed vehicle does not 
use fuel as an on-board source of energy.  This is in 
keeping with the original intent that a low-speed 
vehicle be an environmentally friendly electric 
vehicle.   

REGULATORY HARMONIZATION 

Sharing an integrated vehicle market with the United 
States, Transport Canada has been working to 
harmonize Canadian vehicle safety regulations with 
those of the United States, to the extent feasible.  In 
the long term, Transport Canada’s goal is to 
harmonize with the United Nations’ GTR 
requirements where possible. 

Currently, Transport Canada is working aggressively 
to fully harmonize an additional 26 of its regulations 
with the US where no specific Canadian safety issues 
can be found.  These include safety regulations on 
items such as vehicle brakes, tires, rims, etc. 
However, for areas where desirable unique safety 
requirements have been identified, such as vehicle 
theft and daytime running lights, they will remain 
partly divergent. 

Hydrogen storage on vehicles 

Transport Canada is currently reviewing the need for   
Canadian federal regulations to assure the safe use of 
hydrogen-fuelled vehicles.  Transport Canada fully 
supports the concept of developing a global technical 
regulation (GTR), under the 1998 Global Agreement 
of the United Nations Economic Commission for 
Europe (UNECE): work that is expected to be 
underway in the near future. 

Transport Canada is currently completing studies 
regarding hydrogen safety.  One study involves the 
review and evaluation of the necessary requirements 
for the installation of hydrogen fueling systems on-
board vehicles.  In another study, experience from 
past high-pressure cylinder failures is being 
compiled, which will assist in re-design efforts to 
prevent future occurrences.  Planning for a future 
study regarding the safety of relief systems for 
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hydrogen storage pressure cylinders is also 
underway.   

Conclusions drawn from these Canadian studies will 
help to support the development of the GTR and the 
ensuing Canadian federal safety regulations. 

Occupant Restraint Systems in Frontal Impact – 
CMVSS 208 

On May 12, 2000, the United States Department of 
Transportation published a final rule in the Federal 
Register (Volume 65, Number 93) that made 
fundamental changes to its occupant protection 
requirements. Eleven amendments have subsequently 
been issued in order to clarify and amend the initial 
provisions.  The intent of the United States final rule 
is to improve the frontal impact protection of front 
occupants, as well as to reduce the risk of air bag-
induced injury to small women, older occupants, 
children, and those who are out-of-position at the 
moment of deployment.  The new requirements 
include the introduction of additional dynamic tests 
using small female anthropometric test devices 
(ATD), neck injury criteria, improved head 
protection, lower chest deflection limits, and a series 
of out-of-position static tests. 

Transport Canada has been working on amending its 
equivalent CMVSS regulation to account for these 
changes since 2000.  Although many aspects of 
FMVSS 208 will be harmonized, chest deflection in 
particular is one area in which Transport Canada does 
not wish to harmonize.  Currently in CMVSS 208, 
the 50th male ATD chest deflection limit in the full 
frontal rigid barrier test is 50mm versus the 63 mm 
limit in FMVSS 208.  Harmonization of the chest 
deflection criteria would only degrade the safety of 
our standard. 

The United States final rule increased the test speed 
for the 50th percentile male ATD in the frontal rigid 
barrier test to 56 km/h from 48 km/h and the phase-in 
for this speed change begins September 1, 2007.  The 
CMVSS 208 equivalent test is currently still at 48 
km/h, however, in order to prevent disharmony in the 
test speed between Canada and the United States, 
Transport Canada is reviewing options that would 
allow CMVSS 208 to use the 56 km/h test speed.  
The target for amending the test speed in the 
regulation is 2007-2008.   

The addition of the United States requirements using 
the 5th percentile female ATD have been put on hold 
recently due to the repeatability issues presented 
earlier in this paper.  Transport Canada will pursue 
amending the regulation with the 5th percentile 
female ATD once these issues have been resolved.   

The provisions governing the child out-of-position 
static tests in the passenger position, which are the 
same as those of the United States, may be specified 
in a Memorandum of Understanding (MOU).  It is 
anticipated that these requirements will evolve, 
necessitating future amendments.  A MOU would 
enable the Department to adopt new provisions 
governing the passenger position in a timely fashion, 
which would allow motor vehicle manufacturers to 
make the latest advances in occupant protection 
system technology available to the Canadian public 
more quickly.  The target for issuing this MOU is 
2007. 

Child Seat Safety Initiatives 

Transport Canada has been active in its efforts to 
improve the benefits offered by child restraint 
systems.  In this effort, it will be proposing to 
harmonize with many of the United States 
requirements.  In a first step, Transport Canada has 
prepared an Interim Order to allow the sale of child 
restraint systems that can accommodate children 
weighing up to 30 kg (65 pounds).  In a second step, 
Transport Canada plans to propose regulatory 
amendments over the next year.  This would include 
more items of harmonization with the United States, 
such as use of the same Standard Seat Assembly, the 
same dynamic test pulse corridor and the same 
Anthropomorphic Test Devices for child restraint 
testing. 

It is expected that further work will be needed to 
evaluate the potential for an increase in the weight 
limits for child restraint systems.  This same work 
would also investigate the effectiveness of harnesses 
in school bus applications.  In addition, Transport 
Canada would further explore its interest in restraint 
systems for the disabled by evaluating practices from 
other countries.  Transport Canada officials will 
continue to be active at an international level, by 
participating at the ISO Working Group on child 
restraint systems.  Theses activities will involve 
monitoring the latest child restraint 
developments, which would include side impact 
simulations aimed at regulatory improvements. 

Universal Anchorage Systems (UAS) 

Transport Canada proposed to align many of its 
requirements for Universal Anchorage Systems 
(UAS) with those of the United States While the 
current requirements were developed closely with the 
United States, some differences still remain.  In this 
endeavor, it was proposed that the number of User-
Ready Tether Anchors in Multi-purpose Passenger 
Vehicles be aligned with the United States, and that 
Canada align its strength applications for the 
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Universal Lower Anchors in positions where no 
tether anchors existed. 

This proposal also included a unique Canadian 
provision to require that the rear seating positions of 
convertibles be equipped with a tether anchor.  This 
direction supports Canada's strong safety message of 
using an appropriate child restraint system when 
traveling with a child in your vehicle.  Transport 
Canada will continue to consult with its stakeholders 
and hopes to publish an amendment early next year. 

Door Locks and Door Retention Components – 
CMVSS 206 

Transport Canada has taken steps towards updating 
this regulation by proposing to align its requirements 
governing door latches, locks and hinges with those 
of the United States government and as an 
alternative, GTR No. 1, Door Locks and Door 
Retention Components.  Manufacturers will be given 
the choice of following either the referenced United 
States government requirements or the requirements 
of GTR  No.1. 

This amendment will reduce the risk of a potential 
inadvertent door opening and subsequent occupant 
ejection by improving the requirements for sliding, 
cargo and rear-hinged side doors. In addition, the 
proposal will extend the application of this regulation 
to buses with a Gross Vehicle Weight Rating 
(GVWR) of 4,536 kg or less, including 12 and 15 
passenger vans. Finally, the amendment will offer an 
alternative dynamic inertial test procedure to the 
current inertial calculation, which will be more 
representative of real-world conditions. 

Roof Intrusion Protection – CMVSS 216 

To reduce the number of severe injuries and deaths 
caused by rollovers, Transport Canada regulates the 
strength of vehicle roofs by way of Canada Motor 
Vehicle Safety Standard (CMVSS) 216, “Roof 
Intrusion Protection”.   This safety standard was 
implemented in September 1973 and while it has 
been amended on several occasions in the intervening 
period, the performance criteria for roof design 
resistance above the front seats of motor vehicles has 
remained substantially the same. 

The government of Canada is proposing to amend the 
Canadian safety standards relating to vehicle roof 
crush to improve the safety of vehicle occupants in 
the event of a vehicle rollover, while maintaining 
harmonization with safety standards recently 
proposed by the United States government. 

Bumpers – CMVSS 215 

Up until 1975, Canadian and the United States 
government bumper standards were harmonized.  In 
1975 the United States criteria changed, but the test 
speed was maintained at 8 km/h.  In 1982 the United 
States test speed was reduced to 4 km/h.  Transport 
Canada proposed an amendment in 1982 to 
harmonize CMVSS 215 with the modified 
requirements of the United States.  This was rejected 
pursuant to stakeholder consultations, and Canada 
continues to be disharmonized in this regulation. 

In 2007, Transport Canada will again consult 
stakeholders including the vehicle manufacturers, 
insurance companies and the general public, to 
determine if harmonization of CMVSS 215 with the 
United States requirements is feasible. 

Global Technical Regulation (GTR) on motorcycle 
brake systems 

Motorcycle brake system regulations have not kept 
pace with the advancement of modern technologies. 
With the improvement of disc brake systems and the 
recent introduction of new technologies such as anti-
lock brake systems (ABS) and combined brake 
system (CBS), modern motorcycles can be equipped 
with very sophisticated and effective braking 
systems. 

In an effort to improve and update existing national 
standards, Transport Canada agreed to sponsor the 
development of a global technical regulation on 
motorcycle brake systems.  The final document was 
adopted at the World Forum for Harmonization of 
Vehicle Regulations (WP.29) of the United Nations 
Economic Commission for Europe (UNECE), held 
the week of November 14, 2006. 

The GTR No.3 on motorcycle brake systems was 
subsequently registered in the United Nations Global 
Registry of Technical Regulations, obliging 
Contracting Parties to begin the process to adopt the 
gtr as part of their national requirements.  This gtr 
provides manufacturers the option to test their 
products to just one series of harmonized 
requirements, in order to sell within the markets of all 
Contracting Parties to the 1998 Agreement. 

The GTR No.3 is based on best practices within 
existing Contracting Parties’ national regulations, 
while taking into consideration modern brake system 
technologies that could improve rider safety.  In an 
effort to include the most stringent performance 
requirements, the GTR draws mainly from three 
existing national motorcycle brake system 
regulations, including the UNECE Regulation No. 
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78, the United States FMVSS 122 and the Japanese 
Safety Standard JSS 12-61. 

Compared to the existing Canadian national standard, 
the GTR includes a more appropriate test for braking 
in wet weather conditions, slightly more stringent 
requirements when subject to repeated brake 
applications and when braking from high speeds, and 
new requirements for motorcycles equipped with 
anti-lock brake systems. 

Currently, the motorcycle brake system requirements 
in Canada are harmonized with the United States.  
With the registration of GTR No.3, Transport Canada 
will be proposing to provide the GTR as an 
alternative to its existing national requirement, thus 
giving motorcycle manufacturers the choice of 
following either the Canadian requirements or those 
of the GTR.    

Compatibility Memorandum of Understanding  

The increase in popularity of MPV’s and light trucks 
has raised concerns with vehicle-to-vehicle crash 
compatibility due to the different heights of bumpers 
on vehicles.  On June 29, 2006 an MOU was signed 
with manufacturers stipulating that by September 1, 
2009 vehicles sold in the Canadian market would be 
designed to meet the front-to-side and front-to-front 
performance requirements set out in the MOU. 

In summary, in front-to-side crashes, the performance 
criteria is based on a HIC15 performance of 779 or 
less, with no direct head contact with the barrier, for 
a SID-IIs crash dummy located in the driver’s seating 
position.  The test is completed utilizing the 
Insurance Institute for Highway Safety’s moving 
deformable barrier side impact crash test1 protocol. 

In front-to-front crashes, the manufacturers have two 
options available.  Option 1 ensures that at least 50% 
of the light truck’s frontal energy absorbing structure 
overlaps that of the passenger vehicle.  Option 2 
requires the addition of a secondary structure, 
designed to reduce structural over-ride onto a 
passenger car during a frontal crash. 

Improving compatibility is an ongoing effort.  As the 
research in vehicle-to-vehicle crash compatibility 
progresses, there may be a need to reassess or refine 
aspects of the performance criteria. 

                                                           
1 
http://www.hwysafety.org/vehicle_ratings/test_pr
otocol_side.pdf 

ELECTRONIC BELT FIT TEST DEVICE (EBTD) 
MEMORANDUM OF UNDERSTANDING 

In 1982 the development of a physical belt fit Test 
Device began.  The intent of the device was to verify 
the proper fit of seat belts on human bodies in the 
front seats of light duty vehicles.  As technology 
progressed, it was decided that an electronic version 
of the belt test device (eBTD) would be more 
valuable in the development of vehicles.   

A software programme was subsequently created, 
and on June 29, 2006, manufacturers signed a MOU 
expressing their intent to use the eBTD in the 
development of their vehicles.  This MOU represents 
a Canadian milestone in which a design is verified to 
meet a standard by electronic means. 
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INTRODUCTION 
 
The EEVC, European Enhanced Vehicle-Safety 
Committee, exists since June 1974 and has been 
active in participating in the ESV-programme. We 
are pleased to present the EEVC Status report 
containing a summary of the most recent results of 
our work at the 20th ESV Conference. 
 
 
Advanced Anthropometric Crash Dummies 
 
This working group was originally dealing with 
adult anthropomorphic dummies, and its scope was 
recently expanded to child dummies. 
 
In the field of adult dummies, the group considers 
frontal dummies, especially the THOR, side impact 
dummies, and rear impact dummies. 
 
After completion of the THOR FT, the group has 
recently organized a 2-days workshop to exchange 
evaluation results comparing the two versions of 
THOR (i.e. FT and NT), and views on possible 
improvements. EEVC is concerned by dummy 
harmonization and is expecting to work with other 
parties around the world to go towards a 
harmonized THOR dummy. 
 
The group has developed an extensive test and 
evaluation programme for rear impact dummies 
(i.e. the BIORID and the RID3), including 
biofidelity, repeatability and reproducibility Also 
Japan was involved in this evaluation. A final 
report on this work will be available before summer 
2007. 
 
The group follows the development of the 
WorldSID dummy, both the internationally 
developed 50th percentile male version and the 
small female version developed iin Europe within 
the APROSYS EU funded project. 
 
Child dummies constitutes another important part 
of the work done by EEVC in the area of 
anthropomorphic dummies. This group has started a 
research aimed at developing injury risk curvers for 
children to be applied to Q series dummies. A 
report related to child safety activities, including 
dummy issues, will become available this year. 
 
 
Side Impact Protection 
 
The working group in charge of side impact 
protection has developed a roadmap for the coming 
years, which was approved by the EEVC Steering 
Committee. The main research topics for the side 
impact protection are the following: 

 
1) Evidence Review: Review the nature of 
European side impact accidents and consider the 
likely effects of advances in vehicle technology on 
the current accident and casualty profile. 
2) Barrier based test: On the basis of the 
Evidence Review, and taking account of the most 
recently available studies, assess the societal benefit 
of improving the current regulated barrier based test 
procedure (ECE Regulation No. 95).  Review the 
updated AE-MDB barrier and test procedure as 
proposed by the APROSYS project and other 
bodies that have evaluated the barrier and 
procedure. 
 
3) Non-struck side protection: On the basis of 
the Evidence Review make recommendations 
regarding necessary research with regard to �non 
struck side� occupant protection and the societal 
benefit of introducing measures to mitigate such 
injury risk. 
 
4) Pole Test: On the basis of the Evidence 
Review examine the work that has been undertaken 
by IHRA members, APROSYS and any other 
groups into the pole test (perpendicular and 
oblique). 
 
5) Review the proposed EEVC interior 
surface test procedure, including any validation 
testing that has been completed and, if necessary, 
refine the procedure such that it is fit for regulatory 
application. 
 
 
Compatibility 
 
The work done by EEVC has progressed over the 
last two years in conjunction with EU funded VC 
Compat project. EEVC acknowledges that 
compatibility is a complicated matter. 
 
As the work of VC Compat has just been 
completed, the group will analyse the results of the 
project in relation with the objectives of EEVC. 
 
The group has developed two candidate test 
procedures: 
1. A full width frontal impact against a 
deformable element (FWDB) and high resolution 
force measurement. 
2. A frontal offset impact against a 
progressive deformable barrier. 
 
The group has developed a large evaluation 
programme which analyzed the outcomes of car to 
car frontal tests in order to have a better 
understanding of advantages and disadvantages of 
the candidate procedures. 



 

 

A paper summarizing EEVC activities on 
compatibility will be presented during the ESV 
Conference. 
 
 
Pedestrian Safety 
 
The EEVC working group dealing with pedestrian 
safety has developed a work plan for the next years. 
 
Based on accident analysis results, the work will 
focus on six main topics. 
 
The issue of high bumper is approached through 
understanding of the effect of upper body to 
pedestrian kinematics and leg/knee loadings, in 
comparing different bumper heights. 
 
The group is focusing a large part of its activity on 
the question of A pillar/windscreen impacts. The 
group prepares a state of the art - including 
feasibility issues - aiming at developing the test 
conditions and requirements for head injury 
assessment in relation to A pillar/windscreen 
impacts. 
 
Leg injury criteria for pedestrian protection are 
under continuous discussion and EEVC is involved 
in that discussion and has developed an approach 
combining experimental tests and numerical 
simulation to propose validated injury criteria, 
especially for knee injury assessment. 
 
The issue of head rotational acceleration is also 
included in the EEVC pedestrian safety work plan. 
 
Certification procedures for pedestrian impactors 
were developed without a large experience gained 
from their use; EEVC is currently making a critical 
review of these procedures in order to improve 
them. 
 
Deployable systems for pedestrian protection 
assessment (such as pop-up bonnet) went into mass 
production after the EEVC procedure was 
developed; EEVC is carefully looking at possible 
additional requirements aimed at proving that those 
devices work as intended in different crash 
situations. 
 
EEVC has completed a report on virtual testing for 
pedestrian protection assessment which indicates 
that virtual testing would allow to improve 
pedestrian protection and test procedures. This 
report will be presented during the pedestrian safety 
session of the 20th ESV. 
 
 
 

Child Protection in cars, buses and coaches 
 
The group dealing with the protection of children is 
composed of national government representatives. 
Some of these representatives opt to include the 
support of technical advisors.  
This group was created in 2001 with clearly defined 
terms of reference:  

• Review accident statistics with respect to 
car child occupants and injuries in all type 
of car accidents. 

• Review research with respect to car child 
occupant safety. 

• Describe the state-of-the-art taking into 
account all existing regulations . 

• Identify lacks in knowledge, methods and 
tools  

 
Results on the first part of the terms of reference 
were reported and approved by Steering 
Committee. In 2003 the terms of reference were 
expanded to include children in buses and coaches. 
this is also reported in the document with some 
recommendations for possible improvements. In 
October 2003, the European Enhanced Vehicle-
safety Committee initiated collaborative research 
with the group in charge of anthropomorphic 
dummies in order to investigate the use of the P and 
Q series child dummies and make scientific 
recommendations for their future use.  
 
This group has established a link with the child EU 
project, especially in the area of accident studies. 
The Steering Committee of EEVC is considering 
the continuation of this group with new terms of 
reference. 
 
 
Rear Impact Protection and Whiplash Injuries 
 
EEVC WG20 was formed in 2003 to develop test 
procedures for rear impacts with a prime focus on 
neck injury reduction. WG20 is collaborating with 
WG12 (Biomechanics), which is tasked with 
recommending dummies, injury criteria and injury 
risk functions for WG20 test procedures, based on 
biomechanical evidence. 
 
The Working Group has three test procedures under 
development: 
• A static test of head restraint geometry. A 

robust test procedure with geometric 
requirements can ensure head restraint 
provision is adequate for those occupants 
taller than the 50th percentile male 

• A dynamic test of head restraint geometry, 
as an alternative to the static test of 
geometry 



 

 

• A dynamic, injury risk assessment test 
procedure, to encourage more advanced and 
effective solutions than just good geometry 

 
     Static Geometric Test Procedure 
 
WG20 has developed a draft test procedure based 
on the RCAR insurance test procedure, using a 
3-D H machine and HRMD. This test procedure has 
been evaluated for repeatability and reproducibility 
and a report was published last year by the EEVC 
(Hynd et al., 2006). It was found that the seat was 
the most important source of variability and that a 
reduced torso angle requirement of 25 ± 0.5° (from 
± 1°) would have a beneficial effect on 
reproducibility. Improved certification of the 3-D H 
machine was also recommended, as the exact 
geometry of the seat pan and back pan of 3-D H 
machine is not well specified and is therefore not 
well controlled. The tool appears to be adequate for 
determining an H-point, within the tolerance 
allowed, but this uncontrolled geometry makes 
repeatable backset measurement more difficult. 
 

 
 
Figure 1: Static backset measurement according to 

the draft WG20 test procedure. 
 
The selection of height and backset requirements 
will be derived from a cost-benefit study and are 
due to be reported in June 2007. 
Since the draft WG20 static geometry test 
procedure was evaluated, a number of alternative 
methods for making height and backset 
measurements have been proposed to the WG and 
at the GTR Informal Group on Head Restraints. 
WG20 is currently evaluating the potential of these 
proposals. 
 
     Dynamic Geometric Test Procedure 
 
The development of this test procedure was adopted 
as a new task for the WG in October 2006. The aim 
is to develop a test procedure to measure backset in 
a dynamic seat test, which is potentially less design 
restrictive and of benefit for testing active head 
restraints. It is expected that the test procedure will 
need to use a biofidelic dummy to ensure correct 
head-neck movement and seat-back interaction. 
The test procedure should be a dynamic equivalent 
of the static geometric test procedure, with no 

additional cost-benefit necessary and no assessment 
of injury risk. It is expected that the procedure will 
use information from the dynamic injury 
assessment test procedure programme, such as the 
pulse, adjustment of the seat and head restraint, and 
the same dummy. 
 
An initial review of the issues and proposed backset 
measurement methods is due in the first half of 
2007. 
 
     Dynamic Injury Assessment Test Procedure 
 
The key tasks for WG20 in the development of a 
dynamic injury assessment test procedure are: 
• Selection of pulse or pulses 
• Selection of scope (e.g. seat test, seat and 

restraint system, or full vehicle buck) 
• Definition of adjustment of seat and head 

restraint 
 
A draft test procedure is due by the end June 2007, 
which will then be evaluated with the WG12-
recommended dummy and injury criteria. 
 
 
Accident studies 
 
The Working Group dealing with accident studies 
is aimed at supporting the research activities of 
other working groups by the provision of accident 
data and analysis.  It has developed links with other 
working groups and has supplied many sets of data 
analysis. Principle areas of activity are listed below 
and a more complete report on activities is given in 
EEVC1. 
1. Audit of available databases � Summary 
details of the 46 accident databases available to the 
group have been prepared. 
2. Side airbag effectiveness  - A pilot study to 
explore the feasibility of combining datasets from 
France, UK and Germany was successfully 
conducted 
3. Lower extremity analysis � An analysis of 
injury patterns, with special reference to lower 
extremity injuries was conducted on behalf of WG 
12 using data from Sweden, UK and France. 
4. Neck injury analysis � An analysis of the 
circumstances of neck injury was conducted on 
behalf of WG 20 using data from UK, Germany 
and Sweden 
5. Side impact analysis � a major analysis of 
side impacts is being conducted on behalf of WG 
13 using data from UK, Germany, Sweden, and 
France. 
 
1   P. Thomas, Y. Page, G. Vallet, D. Otte, R. 
Sferco, G. Della Valle, M. Giunti , B. Hoogvelt, J. 
Paez, P. Magnusson, R. Cuerden. Status report of 
EEVC WG 21 Accident Studies. Paper 07-416 



 

 

Enhanced Safety of Vehicles Conference, Lyon 
2007. 
 
Virtual Testing 
 
The Working Group dealing with virtual testing has 
recently drafted a report aimed at describing the 
current status and knowledge, and making 
proposals for work extension. 
 
The main contents of the report are: 
 
Chapter 1:  State of the art on VT use in safety 
development 
The following subtopics are included in this 
chapter: 
- scope of VT and different tools 
- VT for regulation/rating  
- checking and managing reliability of results 
(tools, procedures, �)  
- state of the art in related fields (aircraft, 
railway,�)  
- existing regulation allowing VT   
- quality management  (definition of the 
responsibilities and limits of the qualifications)  
 
Chapter 2 : Expected benefits 
 
It is a really ambitious topic to achieve. Expected 
benefits for the society can be described but cost-
benefit analysis is out of reach in this first period. 
 
A presentation was made by the German 
representative on "Welfare of VT". He pointed that 
VT can provide stochastic dimensions to testing 
that physical test cannot do with one crash. The 
scope extension could be really simple (e.g. small 
barrier overlap) but always have to be justified by 
accident data and cost benefits. 
 
The 3 main points discussed are :   
- improvement of crash test reliability  
- increase of crash tests configurations  
- human models instead of more and more complex 
and expensive test dummies.  
The VITES project already found some scenerii not 
covered by regulation and that could be addressed 
by VT. A request will be sent to the Accident Study 
group on accidentology to provide some input on 
such accident configurations not well covered by 
physical tests.  
 
New regulatory testing is not always required in 
case of simple modifications. This is up to the 
approval authority based on an engineering 
judgement of the effects of the modifications. 
Introducing VT would lead to the possibility to 
provide an objective base for such a judgement and 
for harmonisation from one type approval authority 
to the others. Benefits for the industry are obvious 

in the process of vehicle developments. But it is not 
sure that introducing VT would decrease the 
number of physical full scale tests to be realized.. 
For society, governments or customers the benefits 
are difficult to evaluate.  
 
Chapter 3 : EU funded projects dealing with VT 
 
A review of EU funded programs VITES, 
ADVANCE, PRISM, RISER, ROBUST, 
APROSYS (SP4 Motorcycle accidents, SP6 
Intelligent Safety System, SP7 Virtual Testing), 
STORHY, HELISAFE TA involving VT activity is 
done in this chapter. The review is completed by 
other known projects (Whiplash, HUMOS, �) 
analysis.  
 
Chapter 4 :  Relationship with work performed by 
other group/bodies 
 
The main contact is with ISO WG4. The group 
stopped dealing with regulation as it seemed to be 
too complicated to incorporate governmental, 
certification administration in the process. There is 
a really good co-operation with this ISO group, 
which should continue as there are common 
interests.  
 
Another contact was established with the CEN task 
group on road equipment. The CEN group 
chairman provided some input concerning the work 
this group performs. The questions they are looking 
at are really relevant to our topics and we intend to 
exchange in the future. 
 
Chapter 5 :  Proposal of terms of reference for a 
new 3 year mandate 
 
A first list of possible topics to address in a future 
work period is proposed. For some parts, 
methodology is already covered by several projects 
and EEVC could use the results of those studies. 
The EEVC  should consider many different scenarii 
for VT introduction and will discuss to define 
which is the most appropriate.     
 
 
Future of EEVC 
 
EEVC, which has contributed to IHRA activities 
from the beginning; is considering that there is a 
need for international cooperation in the field of 
vehicle safety research. to comply with those 
thoughts, EEVC took the initiative to set up the 
Vehicle Safety Research Forum. 
 
It is proposed that a round table forum is created 
comprising of those Nation States as permanent 
members, that collaborate through shared resources 
to research in the field of vehicle safety. At this 



 

 

time, it would involve the National members of the 
former IHRA and the individual full members of 
EEVC - 14 governments in total. Separately, the 
European Enhanced safety Vehicle Committee 
continues research in this area and is therefore well 
placed to share experience and expertise with the 
Forum. We therefore propose that the EEVC would 
also have permanent member status at the forum. 
 
A fundamental principle of collaborative research is 
that the programme is agreeable to those who 
provide the resource for its delivery: it is not 
appropriate for third parties to dictate how an 
individual Nation State's research budget is 
allocated or managed. Therefore, under the 
proposed arrangement, the forum would have an 
advisory rather than controlling function. The 
forum could not impose research requirements 
upon the individual members, nor could it veto a 
research activity that had sufficient member support 
for it to be undertaken. Similarly, while WP29 
would be influential in the decision making 
process, it would not have a controlling position. 
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STATUS REPORT OF FRANCE 
 
 
Dominique Cesari 
INRETS 
France 
 
 
INTRODUCTION 
 
 Since the end of 2002, road safety has become a 
national priority and this was followed by a national 
programme including local actions. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Evolution of road traffic fatalities in 
France over the past 15 years. 
 
 During the last four years, the number of road 
fatalities has decreased by more than 35%, ranking 
France in the group of high road safety countries; 
however, the decreasing of casualties is not identical 
for all road users: 
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Figure 2. Evolution of road traffic fatalities in 
France for 3 road user categories 
 
 
If the number of car occupants killed in an accident 
has clearly dropped regularly during the last five 
years, motorcyclists and pedestrian fatalities have 
remained high from 2003. 
 

ROAD SAFETY POLICY 
 
The Authorities' Actions 
 
The Interministerial Committee decided on new 
measures structured around the following topics: 
 
     Actions to the benefit of young people 
 
1) plans of action when leaving nightclubs or 
discotheques (breathanalyser and drug tests, 
commitments by the management of these 
establishments by signing charters with the relevant 
authorities); 
2) driving licence for �1 per day; 
3) new procedure for organising test for school road 
safety certificates (ASSR). 
 
     A plan of action for motorised cycles 
 
1) fight against removing the speed restriction 
(increased penalties for selling and riding an 
"unrestricted" motorcycle); 
2) check on mopeds. 
 
     A plan of action for the systematic use of seat 
belts 
 
1) the driver's responsibility to be extended to all 
underage passengers carried in the vehicle; 
2) the 2003 European directive transposed into 
French law. 
 
     Public health 
 
1) The medical profession to be made aware of 
medical fitness to drive; 
2) institution of a medical examination after the of 60 
for all car drivers; 
3) an experiment with saliva tests for narcotics. 
 
     Mobilising participants 
 
1) The theme of the road safety week in 2005 was 
devoted to short daily journeys; 
2) the Association of French Mayors and the State 
have signed a road safety charter broken down at 
departmental level;  
2) the second meeting of the road safety authorities at 
national level was held on 20  October 2005. 
 
     Control-penalty system continues to be rolled 
out.  Some 1,500 radars were installed at the end of 
2006.  The sites selected for installation are those 
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which were submitted by the prefecture in order of 
priority, in accordance with the installation criteria, 
taking into account the accident-generating elements 
of the sites, the implication of the speed factor in 
accidents, the difficulty in carrying out normal checks, 
as well as an itinerary logic so that the equipment 
could be installed in a standard fashion all over the 
country.  
 
Various developments took place in 2005, 
particularly those making it possible to enter settings 
for the distance between radars, remote maintenance 
and improved signalling using yellow and black 
reflective bands. 
 
Automatic control as applicable at present: 
 
This control was set up by an interministerial order 
on 13 October 2004. The automation enables 
permanent controls to be carried out either from radar 
sets fixed and incorporated into the infrastructure, or 
from mobile sets. The first phases in the control chain 
(recording offences, statement of the data and their 
transmission to the processing centre) are now 
entirely automated. The transmission systems use 
dedicated telecommunications networks (most 
frequently the broadband networks) with encryption 
of the data.  The phases concerning processing of 
offences and collection of fines are carried out by a 
computerised processing operation, the only one of 
its kind worldwide. 
 
     Qualitative, quantitative and financial results 
of the programme 
 
1) The financial commitment came to �134 million; 
2) the fines generated revenue of �217 million (of 
which �13 million in increased fixed fines);  
3) in 2006, a special appropriation account was set up 
(CAS) with an amount of �140 million collected, for 
a budget of �120 million allocated to the radars, �11 
million for the road safety operations and �9 million 
to renew the driving licence file;  
3) 8,671,540 offences were recorded (1,048,489 of 
which were by foreigners),  
4) these offences gave rise to 4,257,541 notices of 
offence; 
5) 60 % of payments were made within 15 days; 
6) 1 % of the notices of offence were deposits, 
7) 15 % notices of offence resulted in another driver 
being designated and 6% in letters of objection.  
 
Various support measures were implemented : 
1) systematic means of informing the public (road 
signs, notices in the local press, map of radar 
installation on Internet);  

2) a call centre was opened to reply to users' 
questions (2,500 calls per day); 
3) letters received are systematically and rapidly  
managed (3,500 letters per day); 
4) payment by Internet and telephone (13 % of 
collections). 
 
     Current actions  
 
1) Foreign vehicles 
They represent approximately 12 % of offending 
vehicles. Bilateral co-operation agreements are being 
negotiated with neighbouring countries. 
(Luxembourg, Spain, Germany, etc.). 
 
2) Heavy goods vehicles, distances between vehicles, 
traffic lights. 
Studies are being carried out on these new topics.  
 
3) Cycles 
At the end of 2005, 47 % of radars were installed to 
check on the rear of vehicles. 
 
4) Assessment of the automated control-penalty 
system  
In 2005, the ONISR (National Interministerial 
Observatory for Road Safety) carried out an 
assessment of the automated control-penalty system, 
with the collaboration of the expert committee in the 
National Road Safety Council, the SETRA (Roads 
and Motorways Technical Study Department), the 
INRETS (National Institute for Research into 
Transport and Safety) and the Normandie-Centre 
CETE (Centre for Technical Studies on Equipment), 
to find out what impact this system had on road 
safety. It appears from this work available on the site 
of the National Road Safety Council, that the 
automated control-penalty system has made it 
possible to intensify speed control substantially. A 
considerable reduction in speed has resulted from this.  
The assessment established that three-quarters of the 
decline in the number of accidents and deaths can be 
attributed to this reduction in speeding. 
 
INFORMATION 
 
Setting up departmental Road Safety 
Observatories  
 
Since 2005, departmental Road Safety Observatories 
are being set up gradually. They will take action in 
three complementary areas:  
1) applications to find out what the dangers on the 
road are with, in particular, the quality and operation 
of the accident file, measurements of exposure to 
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risks, and observance of behaviour (speed and seat-
belt wear);  
2) an analysis of accidentology at department level 
(diagnoses, studies of the issues at stake, assessments 
of local actions);  
3) dissemination of this information (publications, 
promotion and capitalisation of knowledge, responses 
to requests for studies). 
 
The road safety expert committee 
 
This committee was set up in October 2001, at the 
same time as the National Road Safety Council. 
It has two assignments :  to assist the CNSR and to 
validate the publications of the National 
Interministerial Observatory for Road Safety.  
During 2005, work carried out by the expert 
committee was particularly oriented towards:  
- an assessment of the effect of the automatic control 
on road safety,  
- an assessment of the effect of the daytime use of 
headlights on road safety,  
- the method for presenting the results after the 
change in the definition of seriousness of accidents. 
For more information, refer to the NRSC site: 
www.securiteroutiere.gouv.fr/cnsr   
 
The changed definitions of seriousness   
 
Since 1st January 2005, the definitions of seriousness 
in the national file of accidental injuries was 
harmonised with those adopted by almost all 
developed countries. This harmonisation concerns the 
definition of a person killed (which went from six to 
30 days), the removal of serious injury (hospitalised 
for more than six days) replaced by injury with 
hospitalisation for more than 24 hours.  
During 2005, the monthly publication of accident 
statistics which depend on rapid feedback, continue 
to give the provisional statistics on deaths within six 
days, directly comparable with the statistics for 2004.  
It was only since the beginning of 2006 that data on 
the basis of the new definition of deaths within 30 
days have been published.  
Furthermore, a new coefficient on the changeover 
from deaths within six days to deaths within 30 days 
has been calculated : it comes to 1,069 (instead of 
1,057 calculated in 1993). 
 
Partnerships 
 
A certain number of charters were signed with 
professional organisations and a Code of Good 
Practices for the prevention of professional road risks 
was drawn up.  

A charter for receiving the families of the victim of 
road accidents was circulated to encourage health-
care establishments to develop a personalised 
reception for families. 
 
THE LOCAL ROAD SAFETY POLICY  
 
The specific features in the local policy on road 
safety are oriented towards:  
- the road safety houses which are being developed : 
20 have already been inaugurated; 
- Road Safety Week,  centred on risks in daily life. 
 
THE ROAD  
 
Checking the safety of road projects is in progress on 
the state-owned network in accordance with the 
provisions of circular 2001-30 dated 18 May 2001. In 
2002, 2003 and 2004, about three hundred inspectors 
were qualified in the inter-regional vocational 
training centres.  
 
The improvement in the existing road network 
requires other methods which were tried out on 15 
pilot routes (SURE approach). Maps of the 
accidentality on the national road network, since 
2004 have been regularly published on Internet.  
 
Furthermore, actions have been undertaken to 
improve the relevance of road signs.  
Finally, State-Region contracts have made it possible 
to commit more than �300 million to work to 
improve safety over five years. 
 
ROAD EDUCATION  
 
The "�1 per day licence" system makes it possible to 
spread the cost of the licence over several months, 
thanks to a zero-interest loan by which the State pays 
the interest, through an agreement entered into with 
the financial institutions. The driving schools 
undertake to abide by a quality charter.  
 
International activities  
 
At community level, negotiations continued between 
the Council of Transport Ministers of the European 
Union and the European Parliament on the draft third 
directive on driving licences.  
 
With regard to the International Commission for 
driver testing (CIECA), the conclusions in the three 
large studies were handed over and shared by all the 
parties concerned: Towards a European standard for 
Testing (TEST) which shows the differences in the 
evaluation of the applicants' services at the time of 
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the driving tests, Novice Driver Scheme Evaluation 
(NOV-EV) which showed the value, on the road 
safety level, of post-licence training, finally 
Minimum European Requirements for Driving 
Instructor Training (MERIT) which decided on the 
skills essential for any driving instructor so that the 
training given also includes emphasising an 
awareness of risks taken by novice drivers rather than 
just handling the vehicle. 
 
THE VEHICLE  
 
Technical regulations  
 
The main technical regulatory enactments passed in 
2005 concern :  
- a limit in the maximum speed at the time of 
construction, extended to public passenger transport  
and heavy goods vehicles of between 3.5 and 12 
tonnes; 
- label indicating the CO2 level and fuel consumption 
for private cars;  
- the determination of conventional fuel consumption 
and dioxide emissions extended to vans;  
- decrees laying down the rules for the end of 
vehicles' useful life. 
 
Technical inspection  
 
In 2005, 18.60 million inspections, of which 16.01 
million were initial visits, were carried out in the 
5,190 approved inspection centres (4,771 specialised 
centres and 419 auxiliary centres). The 16.01 million 
initial visits made can be broken down into : 13.92 
million for private cars and 2.09 million for light 
utility vehicles. In 2005, the percentage of private 
cars showing no elementary alternations in the 
classification came to 16.6% in 2005. 
 
RESEARCH 
 
The PREDIT Programme 
 
Predit must develop its role as a cooperation and 
action platform linked to the three research incentive 
levels, which are:  
 
The regional level: link with regional research, 
supported within the context of State/Region 
development agreements, and elaborated in the field 
of technologies for land transport through a network 
of regional poles (RT3 network: a charter signed in 
2001 by Nord-Pas-de-Calais, Alsace-Franche Comté, 
Haute-Normandie, Midi-Pyrénées, Poitou-Charentes 
et Rhône- Alpes). 
 

The national level: Predit is a vast programme, but it 
is also one among sixteen statefunded networks of 
research and technological innovation. It revolves 
more particularly around networks, 
telecommunications, software technologies, fuel 
cells, micro-nano technologies, materials and 
processes, land and space. 
 
The European level: increasing links with the 6th 
framework programme and the Eureka initiative, 
promoting the cooperation between France and 
Germany in transport research. 
 
Programme organization PREDIT 3 is headed by 
Jean-Louis Léonard, deputy in Charente maritime and 
mayor of Châtellaillon-Plage. The Steering 
Committee, together with the Chairman and the six 
promoters of the programme, decides on the 
reorientations to be given, global conditions of 
development, assessments to be done. The 
Orientation Council debates twice a year on the 
general priorities and the programming. Operational 
groups are in charge of defining and implementing 
actions, including the follow-up and the development. 
Under their respective Chairman�s authority, and 
Steering Committee if necessary, the groups are 
responsible for the organization and programming 
conditions: direct orders of research, calls for 
proposals, reception of spontaneous projects� 
Through these various paths, they propose projects to 
the financing bodies, then ensure the follow-up and 
the development. Their secretariat is ensured by 
representatives from the public financing bodies most 
involved in their respective fields. Funding is 
provided by  four ministries and two agencies. A 
permanent secretariat ensures the management of this 
device.  
 
Among the operational groups, two are dealing with 
safety issues: GO3 relates to improvement of 
knowledge in safety and G04 to the field of 
technological developments for safety. 
 
     GO3: "New Knowledge for Safety" 
 
The Operational Group 3 "New Knowledge for 
Safety" is devoted to producing new knowledge 
intended for public authorities, manufacturers, and 
individuals, on the stakes in transport in terms of 
personal safety, and also on how political decisions in 
this area are effective. It is aimed at creating an 
enlarged collective of researchers in order to better 
analyse the conditions (i.e. actions, opinions, 
information, training) under which those problems 
can be treated more efficiently. 
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Its works are particularly focussed on the socio-
political and epidemiological dimensions and it is in 
close relationship with the GO4 "Technologies for 
Safety". 
 
In compliance with the orientations given by public 
authorities, and especially with the CISR's decisions 
taken on Dec. 18, 2002, road safety is a priority issue, 
and the partnership with car manufacturers has been 
reinforced.  A call for tenders including 5 main 
directions was launched in 2003 .   
 
Thirty nine collaborative projects related to 
Operational Group 3 were sponsored by the PREDIT 
programme; twelve of them were in the field of 
public policies development and evaluation, six 
related to accident data bases development and 
analysis, twelve were in the area users behaviours in 
relation to safety, height in the approach of safety 
through health issues and the last one relates to 
transport of dangerous goods. 
 
     GO4: "Technologies for Safety" 
 
The objective of this group is to contribute, through 
technological innovations, to reducing transport-
related risks within a context of predictable increased 
traffics.  Three main issues are under study: global 
systems of flow regulation, road systems safety and 
driving aids towards a "natural" safety. 
 
This group particularly follows through two projects 
which are essential for its activity, namely ARCOS 
2004 and LAVIA, launched within the PREDIT II 
programme. 
 
ARCOS project 
The aim of the ARCOS project is to significantly 
reduce the number of accidents. Some fifty partners 
contribute to this work.  
 
Under a global approach, the project aims at 
enhancing driving safety on the basis of four safety 
functions :  
1. controlling inter-vehicle distances; 
2. avoiding collisions with fixed or slowly moving 

obstacles; 
3. preventing lane crossing; 
4. alerting upstream vehicles of downstream 

incidents or accidents. 
 
Building those four functions is the heart and 
originality of the project.  ARCOS is structured 
around eleven broad themes which enable to integrate 
inputs from engineering sciences, human and social 
sciences: 

1. perception techniques; 2. other measurement 
techniques: visibility and adherence; 3. data 
processing and command development; 4. 
transmission and communication; 5. 
simulation/evaluation and accidentology; 6. man-
machine system; 7. individual and social 
acceptability; 8. other collective social and technical 
aspects; 9. experimental means; 10. functions 
management, technical assistance; 11. development 
for trucks. 
 
LAVIA project 
The LAVIA project is testing and evaluating a speed 
limiter which adapts to the current speed limit on the 
road, in partnership with French car manufacturers. 
The device, tested onboard the vehicle, is a driving 
aid equipment which can operate according to various 
modes: 
 
- the informative mode: at any time, the driver is 
informed of the speed limit in force in the location 
where he is driving. If he overruns this speed limit, an 
alert sets off. 
 
- the active mode: the driver cannot overrun the speed 
limit; this is made possible by the fact that, beyond 
this allowed speed, the accelerator is deactivated 
 
- the "kick-down": in the active mode, the driver can 
use a device (known as "kick-down") which allows 
him to temporarily switch off the system.  The system 
will be reactivated as soon as the vehicle speed is 
below the authorized speed again. 
 
The main objectives of this project are:  
1. to test the system in operation and its acceptability 
to users; 
2. to evaluate changes in individual behaviours; 
3. to measure its effectiveness in terms of individual 
risk and also to detect and evaluate any adverse 
effects; 
4. to conduct simulation in order to evaluate overall 
collective safety impacts. 
 
In addition, the Operational Group 4 sponsored 
fifteen projects, three being in the area of driver 
information and awareness, two in safety in tunnels, 
five related to road vulnerable users (pedestrians and 
motorcyclists), safety of rail transport concerned 
three other projects, and the two remaining ones were 
in the field of driving simulator and drowsiness. 
 
This group has to coordinate its research work with 
the actions taken within the 6th R&D Framework 
Programme, especially with those projects selected in 
the E-Safety area at the first call. 
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The research actions of the group are supported by 
the French Ministries in charge of Transport and 
Research. 
 
EUROPEAN ENHANCED VEHICLE SAFETY 
COMMITTEE (EEVC) 
 
France provides a strong support to EEVC, actively 
participating in all working groups, and providing 
chairpersons to its steering committee and to two 
working groups. Throuhg EEVC, France is also 
supporting the set up of the new international forum 
for vehicle safety research. 
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VEHICLE POPULATION AND ROAD PER-
FORMANCE 

Germany, with its 82.5 million inhabitants, is the 
most populated country in Europe. The number of 
passenger cars in Germany on 01.07.2005 was 45.4 
million. There was an increase of 0.8% compared 
to the previous year. A further increase in the num-
ber of cars can also be expected in the coming 
years. Traffic intensities on the approx. 12,000 km 
of federal motorways in 2005 were about 48,300 
vehicles per 24 hours on average. The total driving 
performance of all vehicles in 2005 was about 684 
billion vehicle-km, out of which over 30% took 
place on the federal motorways alone.  

ROAD ACCIDENTS IN GERMANY 

The number of road accidents in Germany de-
creased in 2005 by about 5% compared to 2001 to 
about 2.25 million. Here, the number of accidents 
with injuries to persons has declined by 10% to 
about 336,619. Driving performance remained 
almost the same.  

The number of road accident victims has decreased 
from 7,503 in 2000 to 5,361 in 2005, i.e. the lowest 
figure since 1953. The decline in the number of 
those who were fatally injured was 8% between 
2004 and 2005 alone. The occurrence of accidents 
declined further in 2006 as well. The number of 
those who died dropped by 5% to approximately 
5,100.   

SAFETY OF LIGHT GOODS VEHICLES 

Accident involvement of light goods vehicles with 
a permissible total weight of over 2.8 t to 3.5 t has 
increased dramatically in the past years as has the 
number of these vehicles. The speed limit applica-
ble for this vehicle group till the end of 1997 was 
lifted at that point. Since then, it only applies to 
vehicles with a permissible total weight of above 
3.5 t.  

As shown in Fig. 1, the development in the number 
of small transporters above 2.8 t to 3.5 t involved in 
accidents with injury to persons U(P) is clearly 
different from the development of small transport-
ers above 2 t to 2.8 t and trucks above 3.5 t to 7.5 t.  
The number of light goods vehicles above 2.8 t to 

3.5 t involved in accidents with injuries to persons 
increased by 204% to about 5,270 till the year 
2002. After a slight decline in the year 2002 the 
dramatic increase in accident involvement did not 
continue. In 2004, about 5,670 light goods vehicles 
above 2.8 t to 3.5 t were involved in accidents with 
injuries to persons.  

Accident involvement of light goods vehicles 
above 2.8 t to 3.5 t on motorways till 2001 has 
increased by about 350% to 820 compared to 2001 
and the increase on motorways is more intense than 
on rural roads and roads within city limits. Whereas 
a decrease in accident involvement to about 750 
can be recorded after this in 2004, there was still a 
slight increase on roads within city limits and rural 
roads.   

Drivers of light goods vehicles above 2.8 t to 3.5 t  
are the main cause in two out of three accidents 
(65%). This percentage even increases to about 
74% among 18 to 24 year old drivers. The percent-
age of car drivers who are the main cause of acci-
dents, on the other hand, is more favourable at an 
average of 54 %.  

The percentage of registered light goods vehicles in 
the N1 category has increased dramatically in 
Europe. The IMPROVER study spearheaded by 
BASt in 2005 showed, that  in the EU25-countries 
about 4,000 people die annually in accidents in 
which at least one light goods vehicle is involved, 
and about 20,000 road users are seriously injured in 
the process.  

Road safety measures were tested for efficiency 
within the scope of IMPROVER. Benefit-cost 
ratios were estimated by introducing road safety 
measures for small transporters all over Europe 
within the scope of IMPROVER (see Fig. 2).  

The best results were evident in the so called "seat 
belt reminders� with a cost-benefit ratio of 5.3 and 
with professional driver�s training (benefit-cost: 
2.2). As in the case of other vehicle categories, ESP 
was also assessed positively in the case of small 
transporters (benefit-cost: 1.0). 

Meanwhile, car insurance companies are promoting 
the equipment of light goods vehicles with safety 
systems. An insurance offered directly by the vehi-
cle manufacturer reduces the premium by up to 
33%, for example, if the vehicles are suitably 
equipped with an electronic stability program 
(ESP), parking assistance, accident data recorder 
and hands-free set. 
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Fig. 1: Development in the number of light goods vehicles up to 3.5 t involved in accidents with injuries 
to persons and trucks above 3.5 t to 7.5 t  

 
In 2006, BASt investigated the problem of whether 
aquaplaning plays a role in causing accidents in 
which small transporters are involved. Aquaplaning 
is a well known phenomenon in the case of cars, if 
high speeds, a low tread profile and high water film 
height coincide. Truck drivers are not familiar with 
aquaplaning due to the high front axle loads and the 
comparatively low driving speed. What about small 
transporters? Reply: Yes, they can enter a state of 
aquaplaning, and here again � dependent on water 
film height and tread depth � even from 100 km/h 
onwards. This was evident from the tests in BASt's 
interior drum testing facility, which can be watered.  

HEAVY GOODS VEHICLES 

One of the priorities of the German �Program for 
more safety in road traffic� consists in reducing the 
risk potential of heavy goods vehicles (see: Pro-
ceedings 19th International Technical Conference 
on ESV, Government Status Report of Germany, 
June 2005). It is precisely in the case of heavy 
goods vehicles that control and driver assistance 
systems that help in avoiding accidents offer great 
potential due to the high crash energies of these 
vehicles. The German vehicle industry offers sys-
tems for electronic stability control (ESC), safe 
lane keeping, headway control or automatic emer-

gency braking in the case of threatening tailgating 
when confronted with an obstacle. When these 
systems interact with each other they cover a large 
part of the accident configurations that can take 
place with heavy trucks. Rear-end accidents, com-
ing off the carriageway and accidents with oncom-
ing traffic comprise about 45% of all accidents in 
which trucks are involved.  

Studies prove the great potential of ESC, adaptive 
cruise control and lane guard in avoiding accidents 
on motorways, on which the majority of goods 
vehicles drive.  

A vehicle insurance in Germany honours the opti-
misation of technical safety measures within the 
scope of a three year test run with more favourable 
conditions in the case of liability insurance and 
comprehensive vehicle insurance premiums for 
tractors. 

A further technical measure, emphasising the visi-
bility of goods vehicles at night, is the application 
of contour markings, which Germany has been 
trying to enforce as obligatory in the case of heavy 
goods vehicles. In future all newly registered vehi-
cles above 7.5 t (including trailers), that are wider 
than 2.10 m, must have contour markings on them.  
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Fig. 2: Estimate of the benefit-cost ratio of road safety measures for light goods vehicles introduced all 
over Europe [EU research project: IMPROVER sub-project 2: Impact assessment of measures 
concerning the improvement of road safety of light goods vehicles (LGV)] 

  

 

 

Fig. 3: Heavy goods vehicle equipped with an automatic emergency braking system  
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DAYTIME RUNNING LIGHTS  

The suggestion that all vehicles should drive with 
lights during the day as well, is being discussed 
both nationally and internationally for many years. 
This is why the Federal Ministry of Transport, 
Building and Urban Affairs has assigned the Fed-
eral Highway Research Institute with the task of 
investigating its effects on road safety in Germany 
more precisely. This research project was com-
pleted in July 2005. Based on the results a recom-
mendation for driving with lights during the day 
was announced by the transport minister. Driving 
with dipped-beam headlights and the use of dedi-
cated daytime running lights are the variations that 
appear most sensible out of all the technical solu-
tions for Germany.  Dedicated daytime running 
lights are seen as most suitable. Compared to 

dipped-beam headlights they stand out due to the 
obviously lower additional fuel consumption and 
clearly lower CO2-emissions. The additional fuel 
consumption when using daytime running lights 
corresponds to a percentage of a maximum of 0.3% 
of the total consumption. On the whole, driving 
with lights during the day can help in avoiding 
somewhat more than 3% of all accidents in Ger-
many per year.  This corresponds to a potential 
savings of approx. 1 billion �. Irrespective of the 
technical model of the daytime running light 
(dipped-beam headlights, daytime running lights 
based on light bulb technology or LED technol-
ogy), the benefit for driving with lights during the 
day lies at a minimum of 1.6 times the cost. Driv-
ing with lights during the day can thus be seen as 
an efficient measure for a lasting improvement of 
road safety. 

 

 

Fig. 4: Different variations of daytime running lights (Fog lights, dedicated daytime running lights (retro-
fitted), series-wise dedicated daytime running lights, dipped-beam headlights) [BASt 2006] 

 
A German insurance already grants financial sup-
port for equipping vehicles with daytime running 
lights and 10% discount on the vehicle liability 
insurance for appropriately equipped vehicles. A 
further insurance gives up to 20% insurance bonus 
for drivers who do not have any points for traffic 
offences and who always drive with lights in the 
daytime as well.  

Apart from improved creation of awareness about 
four wheeled vehicles, attention must now be paid 
to the visibility of motorcycles, although it has 
already been obligatory for them to have daytime 
running lights in Germany since 1988. Meanwhile, 
16% of those meeting with fatal accidents are mo-
torcyclists so that measures for their safety are 
particularly necessary. The Federal Highway Re-
search Institute is presently working on a research 
project dealing with the optimisation of the signal 
at the front of motorcycles and is investigating 
different solutions and alternatives for this purpose.  

 

ACOUSTICS OF MOTORCYCLE HELMETS  

The tested motorcycle helmets presently on the 
market show considerable differences with respect 
to the development of noise under the helmet. 12 
helmet models of various designs, manufacturers 
and price ranges with differences of more than 
20dB(A) were found in a  BASt research project. 
This is the same as an increase in the sound level 
under the helmet that is four times higher. The 
loudest helmet reached a sound pressure level of 
111 dB(A) at a driving speed of 160 km/h. A long 
standing decline in hearing as a preliminary stage 
of hearing damages can already occur at a sound 
pressure level of 94 dB(A) over a duration of effect 
of one hour. This value is already clearly exceeded 
in many helmets at 120 km/h. It has therefore been 
suggested to divide up helmet quality into four 
acoustics classes (see Fig. 5). Thus the buyer of a 
motorcycle helmet would have the possibility of 
consciously deciding to buy a �silent� helmet and 
could prevent hearing damages in this way.   
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Fig. 5: Division of motorcycle helmets into four classes for assessing aero-acoustics  

 

ACCIDENTS ON RURAL ROADS 

Another priority of the German "Program for more 
road safety� consists of an increase in road safety 
on rural roads. There has been a particularly posi-
tive development in the occurrence of accidents on 
rural roads in the past few years. In the period be-
tween 2000 and 2005, the number of accidents with 
fatally or seriously injured persons has decreased 
by about 30% in each case; this trend persisted in 
2006 as well. Based on the fact that this number of 
the total registered accidents on rural roads has 
only decreased slightly, there is a reduction in seri-
ous accidents that is above proportions.  

Cars continue to be the most frequently used means 
of transport. Almost 85% of those involved in an 
accident were driving a car and 2,698 people were 
killed in car accidents. It is precisely in the case of 
cars that the decrease in single vehicle accidents is 
most prominent. The full effects of electronic sta-
bility control is evident here. More than 70% of 
new vehicles in Germany are equipped with it. But 
even other improvements to vehicles in the areas of 
passive safety, brakes (installation of braking assis-

tants) and lighting have contributed to positive 
developments.  

 

CRASH COMPATIBILITY OF VEHICLES 

The EEVC WG 15, under German chairmanship, is 
investigating the area of compatibility between cars 
during head-on collisions. In March 2003, the VC-
COMPAT project promoted by the EU commission 
was started. The project was completed in Novem-
ber 2006. The results of this study, in which all 
members of the EEVC WG 15 have participated, 
are suggestions for possible testing procedures for 
evaluating the compatibility of cars in accidents.  

Methodical approaches for evaluating accident data 
from in-depth accident investigations and for 
evaluating the potential benefits of good vehicle-
vehicle compatibility were developed in a work 
package. The percentage of passengers affected by 
a good compatibility was estimated. The economic 
perspectives when implementing compatibility 
measures in the vehicle fleet for Europe (EU-15) 
were investigated within the scope of the subse-
quent cost-benefit analysis. Initial drafts for crash 
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test procedures and the corresponding evaluation 
methods were examined in crash tests. The work of 
the EEVC WG 15 forms an important contribution 
to the information of the Working Party on Passive 
Safety (GRSP) of the United Nations.  

In the second area of the VC COMPAT project, 
test procedures for truck underrun protection were 
developed.  Investigations with currently used 

vehicles were conducted on energy absorbing front 
underrun protection systems and on improved rear 
end underrun protection systems. A recommenda-
tion for the adaptation of the current test loads and 
geometric requirements for rear underrun protec-
tion systems in the ECE regulation R-58 was pre-
pared for recommendation to the European Com-
mission.  

 

 

Fig. 6: Super mini vehicle after a compatibility test against a medium class vehicle 

 

Fig. 7: Medium class vehicle during a collision with the front underrun protection system of a truck 
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CHILD SAFETY  

BASt is involved in the development of an inde-
pendent consumer protection test procedure for 
assessing universally applicable child restraint 
systems (CRS) within the scope of the project 
NPACS (New Programme for the Assessment of 
Child restraint Systems), with the objective of a 
uniform European evaluation of the efficiency of 
these products. A protocol for the dynamic check-
ing and evaluation of protection in head-on as well 
as lateral collisions and a protocol for evaluating 
the manageability/user friendliness of CRS were 
prepared. The project is presently in the validation 
phase, in which parallel tests according to the 
specifications in the protocols are being conducted 
in the participating laboratories. Q-series dummies 
are used.  

The lateral testing procedure used in NPACS was 
developed in a BASt research project. This testing 
procedure has also been introduced internationally 
in the ISO working group on child safety 
(ISO/TC22/SC12/WG1 �Child Restraint Systems�) 
as well as in the relevant sub-group for side impact. 

Two new BASt research projects will start in 2007. 
One project deals with the subject �Misuse of air-

bag deactivation when transporting children in 
child restraint systems"  The degree of misuse of 
airbag deactivation is to be  determined and more-
over the potential for risk of present and future 
airbag generations will be investigated. A second 
project is concerned with the �Investigation of 
changing body sizes and weights in the case of 
older children with respect to the testing, assess-
ment and use of child restraint systems.�  Here, 
anthropometric data regarding children is evaluated 
to determine the current size and weight distribu-
tions. At the same time, the potential for protection 
in existing child protection systems for larger or 
�heavier� children will be determined. The project 
will illuminate further requirements for action and 
possibilities for taking action.   

As the German representative, BASt is involved in 
the work of EEVC WG 18 on child safety. This 
working group deals with the observation of na-
tional and international research activities in the 
area of child safety in vehicles, and compiles the 
results to demonstrate the required consequences in 
the area of regulations particularly ECE-R 44, 
together with nationally and internationally avail-
able accident statistics.   

 

 

 

 

Fig. 8: Q3-Dummy during a side impact / NPACS Logo / Children's seat during lateral impact test  

 

DEMOGRAPHIC CHANGE 

The demographic aging of society, the decline in 
population and its increasingly uneven regional 
distribution change the image of society in Ger-
many. The percentage of older road users in the 
total population has increased from 15 % in 1991 to 
18.6 % in 2005. This trend will continue, so that in 
future the occurrence of accidents in this popula-
tion group will be brought to the forefront. The 
percentage of senior citizens in the total population 
will increase up to the year 2020 by 22%. The 
relevance of road safety problems typical to senior 
citizens will increase to the same extent so will the 
necessity for target group and problem oriented 
road safety measures.  

The growing percentage of senior citizens in the 
total population is relevant both in terms of their 
involvement in accidents as well as in the cause of 
accidents. As weaker road users, older road users 
are particularly at risk. In 2005, 1,162 senior citi-
zens were killed in road traffic (approx. 22 % of all 
those killed), out of which 471 persons died in car 
accidents, 336 as pedestrians, 282 on bicycles and 
73 in other modes of transport. A further 10,752 
senior citizens were seriously injured. Based on 
their vulnerability due to age alone, senior citizens 
are basically at a higher risk of being killed in a 
road accident or being more seriously injured that 
other road users.  
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With increasing age, there is also more frequent 
loss of performance relevant to road safety. The 
combination of old age and existence of several 
illnesses increases the individual risk of accidents 
considerably. As far as the cause of accidents is 
concerned, older road users form a risk group, 
because in their case the risk of accident causes 
specific to age group, which declines continuously 
form the time of acquiring the drivers� licence in all 
subsequent age groups, increases again. The group 

of senior citizens that is older than 75, has an acci-
dent cause risk that is only exceeded by the 15-17 
year olds. This applies both to car drivers as well as 
cyclists, but not to pedestrians.  

From a perspective of automotive engineering, 
driver assistance systems, which make driving 
easier for older drivers in particular, represent a 
way of countering the increased accident risk for 
older drivers.  

 

Percentage of the main causes based on the type of road participation
in the case of accidents with injuries to persons in 2005
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Fig. 9: Percentage of the main causes in accidents with injuries to persons based on the type  
of road participation 

 

RESEARCH PROJECT "AKTIV" 

The acronym �AKTIV" stands for �Adaptive and 
Cooperative Technologies for Intelligent Traffic.� 
28 partners are participating in this research initia-
tive � automobile manufacturers and  suppliers, 
electronics, telecommunications and software com-
panies, research institutes as well as road and traf-
fic administrators. The common goal is to make 
traffic safer and traffic flow smoother in the future, 
which requires driver assistance systems, informa-
tion technologies as well as vehicle-vehicle and 
vehicle-infrastructure communication to be devel-
oped by the middle of 2010.  

AKTIV consists of three projects � the projects 
Active Safety and Traffic Management promoted 
by the German BMWi as well as the project Coop-
erative Cars promoted by the BMBF.  

The development of new types of driver assistance 
systems for more safety in particularly accident 
prone traffic situations is the focal point of the 
vehicle specific project AKTIV-AS (active safety), 
in which BASt is involved.  Thus, an �automatic 
emergency braking� system is being developed, 
which intervenes depending on the traffic situation 
and interferes earlier than existing emergency brak-
ing systems. The �integrated lateral guidance� 
supports the driver when maintaining the lane posi-
tion and when changing lanes, especially in the 
case of narrow construction sites. The �intersection 
assistant� will help the driver in complex traffic 
situations such as, for example, when turning left. 
Unprotected road users such as pedestrians and 
cyclists will be recognised using anticipatory sen-
sors and � as far as possible � a collision will be 
prevented by introducing effective measures, or 
protective mechanisms will be activated, which 
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reduce the consequences of injuries. In the con-
nected sub-project, driving safety and attention, 
possibilities for compiling data on driver attention 
will be developed in order to include the degree of 
attention in the design of the applications to be 
developed. Long term effects and the potential for 
use of the driver assistance systems will also be 
estimated here and the legal framework conditions 
will be highlighted.  

The objective of the traffic specific project AK-
TIV-VM (traffic management) is the networking of 
traffic control systems and road users to increase 
the efficiency of the road network. A common road 
management system will be developed through 
cooperation of the automobile industry, the road 
network operators, data and information services 
providers and manufacturers of end user equip-
ment.  

The project CoCar serves the purpose of fundamen-
tal research in the area of vehicle-vehicle and vehi-
cle-infrastructure communication for cooperative 
driver assistance systems and an efficient road 
management. The independent CoCar project will 
thus be conducted in close cooperation with the 
projects AKTIV-AS (active safety) and AKTIV-
VM (traffic management).  

CAR-TO-CAR- / CAR-TO-
INFRASTRUCTURE-COMMUNICATION 
(C2C / C2I) 

Communication between cars (Car-to-Car) as well 
as between cars and technical infrastructure on 
roads (Car-to-Infrastructure) will play an important 
role in improving road safety and the efficiency of 
traffic systems in the future. Recently, there have 
been interesting possibilities for these new coop-
erative systems in the area of communications 
technology (keyword: Ad-Hoc networking). How-
ever, apart from solving the technical problems, the 
main challenge will be in creating the basis for 
introducing economic systems all over the country 
at a later stage that promise to be most successful. 
Partnership between manufacturers in the automo-
bile and communications industries and operators 
responsible for road infrastructure must be intensi-
fied in particular for this purpose.  

A national testing field for Car-to-Car and Car-to-
Infrastructure systems is therefore being built up in 
real traffic situations in Germany � most predomi-
nantly through an initiative for innovations by the 
federal government � in close cooperation with 
private industry and public road operators. The 
prototypical components and functions developed 
in different national and European research projects 
will be merged together for the first time in this 
testing field in large numbers and on a grand scale 
in an integrated system.  The functions to be inves-
tigated are, for example, local warnings of risks 

due to obstacles, accidents, construction sites and 
ends of traffic jams as well as assistants for com-
plying with the partly dynamically controlled road 
signs put up in roads.  

The testing field will try out the technical feasibil-
ity and readiness for the market of the integrated 
systems � particularly the unobstructed coexistence 
of different systems. After checking the effective-
ness of the applications, a feasible initial scenario 
with suggestions on sustainable business models to 
be introduced all over the country will be formed.  

TOLL FOR TRUCKS 

Positive results can be obtained for the toll system 
for trucks that has been running smoothly since 1st 
January 2005. The annual income in 2006 ex-
ceeded the three billion Euro limit for the first time. 
Meanwhile, more than 90% of the journeys are 
charged automatically through the on-board units 
installed in the vehicles. The innovative concept of 
automatic satellite based acquisition of tolls has 
meanwhile more than passed its test as an estab-
lished method.  

Since the toll for trucks in Germany is only applied 
on federal motorways, traffic that is possibly avoid-
ing it in the road network not subject to toll was 
carefully observed. An investigation conducted by 
BASt to accompany the introduction of the toll 
showed, that traffic trying to avoid the toll is not a 
problem of the whole road network. Only individ-
ual route sections that are really attractive for 
trucks larger than 12 tons are concerned. The fed-
eral government has therefore absorbed three route 
sections on the subordinate network into the toll 
paying area since the beginning of 2007. This re-
sults in a reduction in the additional load for those 
living along the routes concerned. 

The main challenge in the coming years will be the 
achievement of the interoperability of the different 
toll systems in Europe. Not least based on the di-
rective of the European Commission, users will 
have the possibility of paying the toll with only one 
device and one contract throughout Europe in fu-
ture. The technical, but most of all the organisa-
tional and contractual basic conditions required for 
this purpose are being created at present.  

NOISE 

As in all densely populated countries with high 
mobility, noise emission from traffic, particularly 
road traffic, plays an important role. The possibili-
ties for noise reduction in the areas within cities 
where most people live, outside city limits in rural 
areas and for those living near motorways are dif-
ferent in each case. BASt�s research work concen-
trates on tyre-road noise in particular, since this is 
dominant in the case of cars from 40 km/h onwards 
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and for trucks from 70 km/h onwards, i.e. when the 
noise already has to be reduced at the source, a start 
has to be made with vehicle tyres and road sur-
faces. BASt has been working with industrial part-
ners for many years in the national project �Silent 
Road Traffic� but also in EU-financed projects, e.g. 
SILVIA, ITARI and SILENCE  and with France on 
a bilateral project within the scope of DEU-
FRAKO. In the case of  tyres it appears that the 
noise of car tyres can be reduced by 1-2 dB(A), in 
the case of truck tyres, particularly in the case of 
the very loud driving axle tyres, the potential for 
reduction seems to be at 3 dB(A) or even beyond 
that. Now, the users must be persuaded to buy these 
silent tyres.   

Germany has been gaining experience with so 
called open pored road surfaces since the eighties, 
which are particularly silent. These surfaces are 
now into their fifth generation and their potential 
for reduction ranges from a considerable 7 to 9 
dB(A). However, apart from the increase in con-
struction costs (ca. + 35 �/m²) there is a limited 
durability. Even closed surfaces still have a poten-
tial for reduction of approx. 2-3 dB(A), which must 
be exhausted. Apart from the optimised texture 
formation of the road surface, the quality of the 
execution of the construction work is very impor-
tant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Tyre vibrations and air resonances as causes for the development of tyre noise 
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As far as the vehicle itself is concerned, it has been 
found that the ECE/GRB in Geneva has been work-
ing on a new testing procedure for accelerated 
passing, for some time now. This procedure will 
represent the real way of driving in cities better, 
however there are problems in adequately evaluat-
ing the noise behaviour of a vehicle driving with 
high engine speed. Policy makers are still working 
on this. Moreover, it is not clear, how silencers for 
retrofitting are to be evaluated, and especially in 
the case of motorcycles, the (easily made) manipu-
lation of silencer units by motorcyclists and the 
control and sanctioning by the regulatory bodies 
poses a problem.  

EU-PRESIDENCY AND G8 CHAIRMANSHIP 

eSafety-Specialists’ conference 

The European Commission aims to reduce the 
number of those fatally injured in road traffic by 
50% by the year 2010. This goal is also being 
strongly supported by the Federal Republic of 
Germany. The European eSafety Initiative has 
prepared recommendations for this purpose on 
how, by using ITS (Intelligent Transport Systems) 
in particular, important contributions to road safety 
can be achieved.  The following have been particu-
larly emphasised as systems with a good perspec-
tive in the analysis of the suggestions:   

� Real Time Traffic Information (RTTI) 
� Human Machine Interaction (HMI) 
� Driver assistance systems as well as  
� eCall 
These highlights have been structured and prepared 
further in special working groups of the eSafety 
Initiative.  

Germany will be taking over the EU presidency in 
the first half of 2007. Specialist conferences are 
planned within the framework of this presidency, 
of which the eSafety conference must be particu-
larly emphasised. The objective of this conference, 
which is directed at the heads of department of road 
construction authorities of the European Union, is 
to represent the achieved levels of development and 
to reach consensus on suggestions for further pro-
cedures, for the development of implementation 
strategies and if necessary the formulation of sug-
gestions for recommendations to the European 
Commission. BASt is intensively involved in the 
preparations for this specialists� conference, which 
includes the selection of suitable speakers on the 
given topics as well as the preparation of the sub-
ject matter.  

 

3. EFV Conference in Dresden 

Germany took over the chairmanship of the G8 
from Russia on 1st January, 2007.  Apart from is-
sues of worldwide trade and finance relations, the 
reduction in global imbalances as well as climate 
protection are focal points in the German agenda.  

The preparations for the third international EFV 
(Environmentally Friendly Vehicles) conference 
must also be seen in the context of the German 
double presidency. Its aims are to bring forward 
technologies for environmentally friendly vehicles. 
This process was started in the two past EFV con-
ferences in Tokyo and Birmingham and will now 
be continued in the third EFV conference in Dres-
den from 19th to 20th November 2007. Concrete 
suggestions will be developed together on how the 
demanding goal of the environmentally friendly 
vehicle can be achieved in a cost effective manner. 
The reduction of exhaust emissions harmful to 
climate, improvement in air quality, reduction of 
noise emissions caused by traffic, protection of 
resources, reduction in the dependency on fossil 
energy sources and the avoidance of the release of 
substances harmful to health into the environment 
are included in this.  

An important step in the direction of EFV is the 
precise and globally applicable definition of what 
an environmentally friendly vehicle is. This type of 
definition does not exist till now. All relevant as-
pects of an environmentally friendly vehicle, from 
its production to its life duration and its removal 
must be taken into consideration for an objective 
description of an EFV. This work can only be taken 
over in detail by an international group of experts 
who are experienced in the harmonisation of regu-
lations with respect to vehicles and their environ-
mental aspects. The working groups of the UN-
ECE, for example, are pre-destined for this work.  

The EFV conference, 2007 in Dresden represents a 
suitable political platform to bring together repre-
sentatives of different interests to suggest an ap-
propriate working group, for establishing a defini-
tion of EFVs, since high ranking personalities from 
politics, the (automobile) industry and research 
from all over the world are expected at the confer-
ence.  
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Hungarian Government Status Report 
 
 Dr. Mátyás Matolcsy 
Vice-president of the Scientific Society of mechanical Engineers (GTE) 
 
Mr Chairman! 
 
Ladies and Gentlemen! 
 
Last, a similar information on Hungary was 
presented in 1994 on the occasion of the 14th  ESV 
Conference in Munich. 
This time, I should like to inform you about the 
changes of the past 13 years.  
 
On the 93,000 km2 territory of Hungary, the 
population travels on a 30,000 kilometres long, 
national and 105,000 kilometres long, local 
authority-managed road network.  It is an important 
improvement that in comparison with the 1993, 
approximately 300 kilometres length of the 
motorways, this figure increased to 630 kilometres 
by 2006. The length of the cycle-tracks has also 
been enlarged significantly. In comparison with the 
2.5 million road vehicles using this road network 
by 1993 , at present 3.5 million motor vehicles of 
10.5 years average age are running on it. 
 
Against the increasing the number of the 
vehicles,and of the average vehicle mileage in 
2005, the number of the occurred road accidents 
remained approximately 20,000, during which, 
29,000 victims were injured, and 1269 persons 
killed. (the 1993 figures: 20,000 accidents, 25,000 
personal injuries and 1,600 fatalities). Whereas, the 
number of accident injuries somewhat increased, 
that of fatalities decreased. In 2583 cases (12%), 
the accidents were caused by drinking and driving, 
while 102 cases (only 0.5%) were due to technical 
condition of vehicles. 
 
The accident indicators are still more unfavourable 
than the EU average and in order to realise the 
safety level, determined by the EU White Paper, 
further measures are under preparation in the 
management of the transport administration. 
 
Hungarian road traffic rules and the applied road 
traffic signs are in line with the Convention on 
Road Traffic and Road Signs and Signals done at 
Vienna in 1968. In Hungary, the maximum 
permissible speed limit is 50 km/h in built-up areas, 
90 km/h on highways, 110 km/h on motor roads, 
and 130 km/h on motorways. The wearing rate of 
the safety belts, obligatory both on the front and 
rear seats of the passenger cars, is about 50 %. The 
use of passing beam and children’s safety devices is 
mandatory. The permitted level of blood-alcohol is: 
0,00 %.  
 

In Hungary, the technical requirement for road 
vehicles registration in traffic (issue of registration 
plates) -as the country acceded to the European 
Union in 2004- is that vehicles registreted in road 
traffic have to comply with the 60 relevant EU 
Directives. Moreover vehicles and their parts have 
to meet the requirements, set forth in the  124 UN-
ECE regulations annexed to the 1958 Geneva 
Agreement on the approval of vehicles. As of 2007, 
the newly organised National Transport Authority 
supervises and controls the road vehicles related 
type approval, conformity of production, the test 
required for registration in traffic and the periodic 
technical inspection, as well as the drivers’ theory 
and practical tests and the enforcement of other 
provisions for road vehicles. Observance of the 
technical and traffic rules of road safety, are 
controlled by police, within the framework of road 
surveys, speed measurements, breathalysers, etc. 
All vehicles must have an insurance  liability 
certificate. 
 
Passenger cars manufacturing restarted in 1991 , 
showed important progress with the assembling of 
163,964 Suzuki and 23,700 Audi cars (total 
187,664 cars) in 2006. Simultaneously, the Audi in 
Győr, and the General Motors in Szentgotthárd 
produced 1,890,000 and 442,893 (total 2,332,893) 
various petrol- and diesel-powered passenger car 
engines respectively. Furthermore, 21102 Allison 
type automatic gearboxes were also manufactured 
by General Motors. In addition, the companies of 
Association of the Hungarian Automotive Industry, 
as member of the OICA, and of the Hungarian 
National  Association of Manufacturers of Vehicle 
Parts, as member of CLEPA, are also engaged in 
the production of many electric and other vehicle 
equipment, motor vehicle seats, safety glasses, 
bundle of cables, injection pumps, etc. In 2006, in 
Hungary 187,842 passenger cars were registered 
in traffic. In comparison with the ’80-s, the proper 
improvement of Hungarian bus manufacturing has 
fallen to 3% of the earlier 13,000 units per annum. 
All the manufactured and imported vehicles meet 
the European road safety and environmental 
requirements.  
  
Since decades, the Hungarian experts take part in 
the activity of the UN-ECE WP.29 World Forum 
for the Harmonisation of Vehicle Regulations and  
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its subordinated six working groups. At present, the 
informal groups of experts dealing with the strength 
of bus superstructures and of the electronic stability 
control system (ESC) of road vehicles have 
Hungarian chairman. Likewise, since 2004, our 
experts also participate in the activity of the expert 
groups engaged in the elaboration of the EU 
technical directives. 
 
Appropriate equipment and skilled expertise are 
available for carrying out the technical certification 
tests as required by UN-ECE and EU at the national 
designated technical services (Institute for 
Transport Sciences (KTI), JÁFI-AUTÓKUT 
Engineering Ltd., TÜV-NORD – KTI Kft. etc). 
Type approvals given on the basis of their test 
reports are also accepted by party countries. 
Students tutored at motor vehicle departments of 
the universities in Budapest, Gödöllő and Győr are 
instructed in the subject of the construction of road 
safety structures.  
In Hungary, in the organisation of the Scientific 
Society of Mechanical Engineers, a motor vehicle 
 
 
 

Conference dedicated to the subjects of road safety, 
environment protection and energy saving is held 
every year (bus expertise meetings). This year, 
from  30 May to 1 June, the FISITA and EAEC  
sponsored 11th  European Motor Vehicle conference 
will be held in Budapest. 
 
The products of the permanently changing 
Hungarian road vehicle industry, operation of the 
road passenger and goods transport and the 
development of the road network meet from all the 
aspects the already mentioned requirements of 
European road safety. Moreover, the Hungarian 
authorities as contracting parties to the ADR 
Agreement on the carriage of dangerous goods by 
road and the 1997 Agreement on Periodic 
Technical Inspections done at Vienna, as well as 
to the 1970 European AETR concerning the 
working conditions of the crews of vehicles, 
regularly supervise also the observance of the road 
safety requirements set forth in the agreements 
listed above.  
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GOVERNMENT STATUS REPORT OF JAPAN 

Kazuyoshi Matsumoto 
Director-General, 
Engineering and Safety Department, 
Road Transport Bureau, 
Ministry of Land, Infrastructure and Transport of Japan 
 
ABSTRACT 
 
    The situation of road traffic accidents in Japan 
remains serious. In order to tackle the situation, 
Japan has been actively implementing initiatives to 
improve motor vehicle safety such as reinforcing 
safety regulations, new car assessment program 
(NCAP) and promoting advanced safety vehicle 
(ASV) project. Japan has also been promoting 
activities under the world forum for the 
harmonization of vehicle regulations (WP29) to 
facilitate the international harmonization of motor 
vehicle regulations and the mutual recognition of 
certification. 
 
 
TRENDS OF THE ROAD TRAFFIC 
ACCIDENTS IN JAPAN 
 
    The annual number of traffic accident fatalities 
in Japan where people died within 24 hours of an 
accident hit a peak of 16,765 in 1970, and then 
started to steadily decrease in the next year, dropping 
by almost half to 8,466 in 1979. Later, the number 
took an upward turn and recorded 11,451 in 1992, 
and then again turned downward in the next year, 

declining by more than half of the number in 1970 to 
8,326 in 2002. The number of fatalities in 2006 was 
as small as 6,352. 
    However, both the number of casualties and the 
number of traffic accidents have been increasing on a 
nearly consistent basis since 1978. In 2006, these 
numbers decreased to 1,097,591 persons and 886,703 
cases respectively, but still remained at a high level. 
    The following are the characteristics of fatal 
road accidents in recent years: 
・ A continuing large number of elderly fatalities at 

the age of 65 or older is observed, accounting for 
about 40% of the total fatalities. Of those elderly 
victims, more than 60% were involved in a fatal 
accident while walking or riding a bicycle. Also, 
the number of fatal accidents involving elderly 
drivers has been increasing. 

・ The number of young fatalities ranging from 16 
to 24 years of age has been significantly 
decreasing. Especially, the decrease of the death 
of automobile occupants is remarkable. 

・ When compared with the United States and 
European countries, the ratio of pedestrian 
fatalities to all fatalities is higher in Japan. 

    As for the international comparison of the 
number of 30-day fatalities per 100,000 population, 

0

4,000

8,000

12,000

16,000

20,000

24,000

19
46

19
51

19
56

19
61

19
66

19
71

19
76

19
81

19
86

19
91

19
96

20
01

20
06

0

20

40

60

80

100

120

N
o.

 o
f f

at
al

iti
es

N
os

. o
f a

cc
id

en
ts

, i
nj

ur
ed

 a
nd

 
ve

hi
cl

es

Fatalities

Vehicle Fleet (million Units)

Injured (10,000)

Accidents (10,000)

Source: ‘Traffic Statistics’ (Institute for Traffic Accident Research and Data Analysis)

0

4,000

8,000

12,000

16,000

20,000

24,000

19
46

19
51

19
56

19
61

19
66

19
71

19
76

19
81

19
86

19
91

19
96

20
01

20
06

0

20

40

60

80

100

120

N
o.

 o
f f

at
al

iti
es

N
os

. o
f a

cc
id

en
ts

, i
nj

ur
ed

 a
nd

 
ve

hi
cl

es

Fatalities

Vehicle Fleet (million Units)

Injured (10,000)

Accidents (10,000)

Source: ‘Traffic Statistics’ (Institute for Traffic Accident Research and Data Analysis)  
Figure 1. Trends of Traffic Accidents and its Fatalities / Casualties in Japan 
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made among 29 countries whose data have been 
released on the International Road Traffic and 
Accident Database (IRTAD), shows that Japan has 
relatively low fatalities, registering 6.7 persons (in 
2004). 
 
 
INITIATIVES FOR IMPROVING ROAD 
TRAFFIC SAFETY 
 
- Objectives Set in the Traffic Safety Basic Plan 
 
    In order to attain the ultimate objective, i.e. a 
society with no traffic accidents, the government will 
strive to attain the medium-term objective set in 2003 
of ‘achieving the world’s safest road traffic by 
reducing the annual number of road traffic fatalities 
to 5,000 or less, in ten years.’ Therefore, the 
government will aim to reduce the annual number of 
24-hour fatalities to 5,500 or less by 2010, the last 
year of the term of this program. 
    In March 2005, Japan established ‘the Eighth 
(FY2006-2010) Traffic Safety Basic Plan’ which set 
up a target for reducing the annual number of road 
traffic fatalities to 5,500 or less by 2010, and for 
reducing the annual number of casualties to one 
million or less by 2010. The program has following 
four viewpoints: 
・ Coping with declining birthrate and aging 

society 
・ Securing safety for pedestrians 
・ Encouraging citizens to improve their awareness 
・ Utilizing information and communication 

technology (ICT) 
 
- Target for Reducing Fatalities / Casualties by 
Vehicle Safety Measures 
 
    The Transport Engineering Council in 1999 set 
down a target to achieve a 1,200 annual fatality 
reduction in 2010 from the 1999 baseline, in terms of 
fatalities within 30 days from accident injury 
("within-30-day fatalities"), and Japan took several 
vehicle safety measures to achieve this target, 
according to the cycle of ‘setting a target,’ 
‘implementing safety measures’ and ‘evaluating the 
effect.’ Due mainly to marked improvements in 
occupant protection in collisions, the previous target 
to reduce within-30-day fatalities by 1,000 was 
accomplished in 2003, giving rise to the prospect of 
achieving the 2010 target in 2005 or 5 years in 

advance. 
    The Road Transport Subcommittee of Land 
Transport Committee of Transport Policy Council 
made a mid-term review of the above target, and set 
the following new target in June 2006: 
・ With the current fatality reduction target 

(recommended by the Transport Engineering 
Council in 1999) being reached 5 years in 
advance, the target will be strengthened by an 
additional 800-fatality reduction. 

・ To continue fatality reductions into 2010 and 
beyond, efforts will be exerted to enhance active 
safety measures. 

・ While no target has been set for the number of 
the injured, the government will aim to reduce 
road traffic injuries by 25,000 in 2010 from 2005 
baseline through the execution of active safety 
measures and passive safety measures. 

 
- Objectives of Vehicle Safety Measures 
 
    For achieving the abovementioned target, the 
report of Transport Policy Council in July 2006 
proposed mainly the following objectives of vehicle 
safety measures. 
 
1. Promotion of Active Safety Technologies 
 
(Measures needed for early introduction) 
    Heavy duty vehicles tend to cause severe 
accident damage; for example, their rear-end 
collisions on highways are a serious public issue. 
Therefore, it is urgently necessary to promote the 
widespread use of damage mitigation brake for heavy 
duty vehicles. 

 

Figure 2. Outline of Damage Mitigation Brake 
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    In association with the above recommendation, 
the government is planning a budget for 
disseminating the fitting of damage mitigation brake 
in FY2007, which subsides 50 percent of the total 
expense of the system. It is going to be started from 
April 1, 2007. 
 
(Measures needed in middle-term perspective) 
    To expand the use and accelerate the 
development of active safety technologies, the 
following conditions will be necessary: 
a) increased knowledge of vehicle users about 

safety technologies, 
b) introduction of measures to promote safety 

technologies, 
c) introduction of new safety regulations with a 

view to international harmonization, and 
d) development of even more effective safety 

technologies.  
    The promotion of active safety technologies 
must be supported by the quantitative evaluation of 
their effects, which will necessitate further 
improvements in accident analysis and the 
establishment of performance evaluation techniques 
for new technologies. Driving recorders are regarded 
as one of the effective tools for such purpose. 
 
2. Enhancement of Passive Safety Measures 
 
    Along with the promotion of active safety 
technologies, it is also necessary to enhance passive 
safety measures to reach fatality and injury reduction 
targets and minimize serious injuries and disabilities 

from road traffic accidents. For example, 
・ For the reduction of neck injuries from rear-end 

collisions, efforts will be made to establish a 
global technical regulation (gtr) for head 
restraints and to supply the consumers with 
relevant information, such as neck protection 
assessment information on various vehicle 
models. 

・ Wearing of seatbelts in the rear seats will be 
encouraged, although seatbelt wearing in the rear 
seats has remained at a modest 8% wearing rate 
despite the excellent occupant protection by 
these seatbelts. 

 
3. Promotion of Measures for Pedestrians and the 
Elderly 
 
A large percentage of fatalities continue to be from 
among pedestrians, many of which are children and 
the elderly. In view of ongoing aging and dwindling 
birth rate of Japanese society, it is important to 
enhance measures to protect pedestrians and the 
elderly. Following are examples of such activities: 
・ Efforts will be exerted to establish and introduce 

gtr for pedestrian safety. 
・ Efforts will be taken to promote the use of brake 

assist systems. 
・ Studies will be conducted to develop vehicles 

suited for the diverse physiques of drivers 
including elderly drivers. 

 
PROMOTION OF VEHICLE SAFETY 
MEASURES 

The safety regulation study group/accident 
analysis subcommittee 

Information collection/analysis on vehicle 
safety measures
•Accident analysis
•International activities (IHRA, WP29)
•Effect evaluation, cost vs. effect

Safety regulations, etc.

Course of safety regulations /
technology promotion
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by industry, university and 
government
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generation ASV technologies

ASV technologies

Automobile safety assessment 
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testing & information supply
Information on the correct use of 
safety devices, their availability, 
effectiveness ratings
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promotion with new 
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Figure 3. Linkage Image of Policy Initiatives 



Matsumoto 4 

Based on the report of Transport Policy Council in 
July 2006, Japan has been actively implementing 
initiatives to improve motor vehicle safety, such as 
the reinforcement of safety regulations, new car 
assessment program (NCAP) and the promotion of 
advanced safety vehicle (ASV) project, working with 
the linkage between those initiatives. 
 
- Establishment / Revision of Safety Regulations 
 
    After the last ESV Meeting in June 2005, Japan 
has strengthened the following regulations: 
・ Introduction of an offset frontal collision 

regulation for passenger cars and small trucks 
(adding on a current regulation for full-lap 
collision) (December 2005) 

・ Introduction of the regulations for ISO-FIX child 
seats and for mandating 3-point seatbelt for rear 
center seat (October 2006) 

・ Introduction of the regulation for Adaptive 
Front-lighting System (AFS) (June 2007 (plan: 
this item is going to be implemented in line with 
the other amendments of Japanese safety 
regulations for adopting the amendments 
established in 140th WP29 in November 2006)) 

    In introducing safety regulations, Japan 
undertake comprehensive consideration process by 
the cycle of vehicle safety measures (‘setting a 
target,’ ‘implementing safety measures’ and 
‘evaluating the effect’) so as to further expand its 
portfolio of vehicle safety measures, using a 
scientific methodology based on accident analysis. 
To ensure such a process, the task of introducing 
safety regulations was entrusted to the experts 
comprising the safety regulation study group and the  
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Figure 4. Framework for the Implementation of 
Safety Measure Cycle 

accident analysis subcommittee. Automobile safety 
symposiums are held annually for keeping 
transparency of the cycle of vehicle safety measures. 
 
- Advance Safety Vehicle Project 
 
    Advanced Safety Vehicle (ASV) are vehicles 
equipped with systems using advanced technologies 
to improve safety. Japan has been promoting ASV 
project since 1991, which aims to promote the 
development, introduction and popularization of 
ASV technologies.  The project is carried out under 
the auspices of the Study Group for Promotion of 
ASV, a joint industry, university and government 
initiative. Up to now, many ASV technologies, 
damage mitigation braking system and lane-keeping 
assistance system for example, are already available 
commercially in Japan. 
 

Table 1. Commercialized Technologies 
 from ASV project 

Status
ASV technologyNo.

☆☆☆☆☆Parking assist9

☆☆☆☆☆Night vision8

☆☆☆☆☆Curve warning7
☆☆☆☆☆☆☆Rear and side obstacle warning6

☆☆☆☆☆☆☆Drowsiness warning5

☆☆☆☆☆Damage mitigation brake4
☆☆☆☆☆☆☆Lane keep3

☆☆☆☆☆☆Low-speed adaptive cruise control2

☆☆☆☆☆☆☆
High-speed adaptive cruise control 
(ACC)1

200420011996

Status
ASV technologyNo.

☆☆☆☆☆Parking assist9

☆☆☆☆☆Night vision8

☆☆☆☆☆Curve warning7
☆☆☆☆☆☆☆Rear and side obstacle warning6

☆☆☆☆☆☆☆Drowsiness warning5

☆☆☆☆☆Damage mitigation brake4
☆☆☆☆☆☆☆Lane keep3

☆☆☆☆☆☆Low-speed adaptive cruise control2

☆☆☆☆☆☆☆
High-speed adaptive cruise control 
(ACC)1

200420011996

☆: In-company test, ☆☆: Road running test, ☆☆☆: Commercial use  

    ASV project activities have now been 
contributing to develop vehicle safety technologies 
for more than 15 years, and started its fourth phase 
(FY2006-2010) from September 2006, which will 
promote the popularization of ASV technologies and 
to encourage the development and introduction of 
new technologies. Evaluating effects and information 
on ASV technologies are included in the 
popularization promotion activities. For technology 
development, ASV Phase 4 is developing driver 
assistance systems based on tele-communication 
technology, and participates in trials of the Japanese 
joint initiative between government and private 
organization under the IT New Reform Strategy, 
from vehicle side, which aims to achieve the 
introduction of some driving systems using car-to-car 
or car-to-infrastructure communication technology.  
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- New Car Assessment Program (NCAP), etc. 
 
    To encourage the development and widespread 
use of safer vehicles by providing safety information 
to consumers, Japan has been conducting the new car 
assessment program (JNCAP) tests of vehicle safety 
and its evaluation since 1996, in collaboration with 
National Agency for Automotive Safety and Victims’ 
Aid (NASVA). More specifically, collision safety 
performance tests (full-lap frontal collision tests, 
offset frontal collision tests and side collision tests), 
pedestrian head protection performance tests and 
braking performance tests are undertaken. Child seat 
safety performance tests are also conducted in 
addition to JNCAP. 
    The results are open to the public by brochures, 
websites, etc., in which the explanation of the 
functions and availability of safety devices are also 
provided. To promote the dissemination of ASV 
technologies being in the process of popularization, 
the availability of each ASV technology, by vehicle 
model, is included from 2005. 
    The establishment of safety regulations and the 
initiation of JNCAP have prompted many models to 
score high ratings, so that the occupant injury values 
have come down to below the regulatory limit value 
by wide margins. For example, the average rate in 
collision safety performance tests has increased more 

than 40 percent between 2000 and 2005, and most of 
the vehicle models are winning the highest 6-star 
rating in 2005. In pedestrian head protection 
performance tests, the average rate has increased 
more than a half since its start in 2003. 
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Figure 6. Number of Vehicle Models and 
Assessment Ratings 

 
    NCAP is implemented in other motorized 
countries as one of their important vehicle safety 
measures, and the exchange of information are held 
regularly between those countries. In association 
with this information exchange, 4th World NCAP 
Seminar was held in Tokyo in October 2006, under 
the joint auspices of NASVA and Australasia NCAP 
(ANCAP). China, India and Korea were also 
participated to the seminar, in addition to ANCAP, 
Euro NCAP and U.S. 

 
Figure 5. Outline of ASV project 
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- Other Measures (Initiatives for Eliminating 
Accidents by Drunk Drivers) 
 
    In recent years, the number of fatal accidents 
resulting from drunk driving accounts for 
approximately 10 percent of total fatal accidents and 
has been decreasing steadily. However, it has become 
an object of public concern as three children were 
killed when the vehicle they were riding in plunged 
from a bridge into a sea after it was rear-ended by a 
drunk driver in August 2006 in Japan. 
    In response to such concern, Japanese 
government made up its efforts to eliminate drunk 
driving in September 2006, including increasing the 
effectiveness of police action and creating campaigns 
that enhance public awareness of the dangers of 
drinking and driving. 
    Vehicle technology-related issues were also 
included in these efforts, and the government started 
a study meeting with vehicle manufacturers from 
October 2006, seeking a possibility to develop and an 
alcohol interlocking system which automatically 
locks a vehicle's ignition when a certain level of 
alcohol is detected in a driver's breath. From 
February 2007, the government set up an advisory 
panel of experts for developing a draft technical 
guideline of alcohol interlocking system. 
 
 
INTERNATIONAL HARMONIZATION OF 
VEHICLE REGULATIONS AND PROMOTION 
OF THE MUTUAL RECOGNITION OF 
CERTIFICATION 
 
    In formulating safety regulations, it is necessary 
to take into consideration the ongoing efforts of other 
countries to harmonize their regulations and enhance 
collaborative relationships among countries in order 
to answer the growing demand for safety regulations 
reflecting sophisticated technologies. Japan has been 
a Contracting Party of the two international 
agreements by United Nation, 1958 Agreement and 
1998 Agreement. International harmonization has 
remarkably progressed over the recent years owing to 
these Agreements. 
    As a result, there are growing needs to 
harmonize regulations, and Japan has been 
contributing actively to the work in WP29. Japan 
contributes to international harmonization as one of 
major parties taking initiatives of the forum. 
    As for the activities related to the 1958 

Agreement, Japan has promoted international 
harmonization of automotive regulations and has 
made an effort to apply more ECE Regulations after 
its accession in November 1998. At present, Japan 
applies or harmonizes 36 ECE Regulations. Japan 
will keep working on applying regulations step by 
step and actively proposing to amend regulations to 
apply them, taking into consideration domestic and 
international demands for harmonization and their 
economical effects, while Japan continues to commit 
to keep levels of Japanese safety and environmental 
regulations. 
    For activities related to the 1998 Agreement, 
there are already two safety-related gtrs established 
by now. Japan is playing an active part in the 
establishment of gtr, together with U.S., Europe and 
other contracting parties by contributing in chairing 
or participating as a drafter in meetings’ discussing 
issues. 
    With regard to international research activities, 
Japan has actively participated in the ESV (Enhanced 
Safety of Vehicles) Conference and the IHRA 
(International Harmonization Research Activities) 
Project along with the EU, USA, Australia and other 
major motorized countries and regions. 
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GOVERNMENT STATUS REPORT – REPUBLIC OF KOREA 
 
Sangdo Kim 
Ministry of Construction and Transportation 
Republic of Korea 
 
 
OVERVIEW  
 

In 1960, the introduction of �Motor Vehicle 
Management System� for the efficient management 
of vehicle manufacturing, registration and scraping 
required the establishments of national type 
approval system and motor vehicle safety standards.  
The motor vehicle safety standards are documented 
in the �Regulation of motor vehicle safety 
standards� and the detailed test procedures and 
methods are listed in the bylaw of the regulations. 

In 2003, dramatically, the national type 
approval system for vehicle was shifted to the self 
certification system in order to give more flexibility 
for the auto manufacturers. With the system change, 
the manufacturers have more responsibilities on the 
early stage of vehicle design. As a result, the 
domestic manufacturers can achieve the 
international competitiveness in the safety area. As 
shown in the following Figure 1, the statistics 
reveals that the number of recalled vehicles and 
vehicle types continuously increased during the first 
3 years of initiation of recall campaigns. However, 
in 2006, the numbers of recalled vehicles and types 
decreased as the system was in a settled down stage.  
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Figure 1 Numbers of Recalled Vehicle Types  
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STRUCTURES OF KMVSS 
 

The Korean Motor Vehicle Safety Standard 
(KMVSS) has been established based on the article 
29 of the Motor Vehicle Management System; if the 
structure and device of vehicle which were defined 
by the presidential decree do not meet the safety 
requirements of performances and standards in the 
road operation, the vehicle shall not operate on the 
road and the more specified requirements and 
standards were provided by the directives of the 
Minister.  

The structure of KMVSS has 5 sub parts; 
General rules, vehicle-in-operation regulations, 2 
wheeled motorcycle regulations, vehicle 
manufacturing regulations, and supplementary rules.    
With 3 provisions of the general rules, the 
regulations of operating vehicles were composed of 
56 provisions. The regulations of 2 wheeled 
motorcycle and vehicle manufacturing have 27 
provisions and 32 provisions, respectively. With 4 
provisions of the supplementary rules, KMVSS 
consists of the total 122 provisions.  
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Figure 3 Structures of KMVSS 
 
 

 THE 42 MAJOR SAFETY REGULATIONS AND 
RELEVANT REGULATIONS OF FOREIGN 
COUNTRIES 

 
Passive Safety Standards 

 
The 21 passive safety standards were enforced 

to minimize the fatalities and damages in the event 
of traffic accidents based on the FMVSS of the 
United States as shown in Table 1.  

 
Table1. Passive Safety Standards of KMVSS 
 

 Items Relevant Standard 
1 Occupant Crash Protection ECE 95 (Side) 

FMVSS 208 (Frontal) 
2 Steering Control Rearward 

Displacement 
FMVSS 204 

3 Fuel System Integrity FMVSS 301 
4 Windshield Mounting FMVSS 212 
5 Windshield Zone Intrusion FMVSS 219 
6 Seating System Anchorages FMVSS 207 
7 Head Restraints FMVSS 202 
8 Door Locks and Door 

Retention Components 
GTR 1 

9 Impact Protection from the 
Instrument Panel 

FMVSS 201 

10 Impact Protection from the 
Seatback 

FMVSS 201 

11 Impact Protection from the 
Sun-visors 

FMVSS 201 

12 Impact Protection from the 
Armrests 

FMVSS 201 

13 Impact Protection from the 
Interior Rearview Mirrors 

FMVSS 111 

14 Impact Protection from the 
Driver from the Steering 
Control System 

FMVSS 203 

15 Side Door Strength FMVSS 214 
16 Roof Crush Resistance FMVSS 216 
17 Seat Belt Assembly 

Anchorages  
FMVSS 210 

18 Rear Under Ride Protection ECE 58 
19 Flammability of Interior 

Materials 
FMVSS 302 

20 Interior Compartment 
Doors 

FMVSS 201 

21 Anchorages for Child 
Restraint System 

 - 

Active Safety Standards 
 
The 16 active safety standards were enforced 

to prevent the traffic accidents based on the ECE 
regulations as shown in Table 2.  

 
 
Table2. Active Safety Standards of KMVSS 
 

 Items Relevant Standard 
1 Lamps, Reflective Devices 

and Associated Equipments 
ECE 7, 19, 23, 38, 46, 
48, FMVSS 108 

2 Forward and Rearward 
Visibility 

ECE 46 

3 Windshield Defrosting and 
Defogging System, Wiping 
and Washing System 

  
FMVSS 103 

4 Accelerator Control System FMVSS 124 
5 Brake for Passenger Cars  ECE 13H 
6 Brake for Vehicle other 

than Passenger Cars 
ECE 13 

7 Brake for Trailers  
8 Brake for Cars Equipped 

with ABS 
ECE 13 

9 Brake for Trailers Equipped 
with ABS 

ECE 13 

10 Brake during Turning for 
Combination Vehicle 

-  

11 Rapid Tire Pressure Loss FMVSS 110 
12 Steering Performance ECE 79 
13 Steering Limitation Device ECE 89 
14 Speedometer ECE 39 
15 Electro-Magnetic 

Compatibility (EMC) 
EEC 10 

16 Horn  - 

 
 

Others – Performance related Standards 
 

Table3. Other Performance related Standards 
of KMVSS 

 
 Items Relevant Standard 
1 Engine Power ECE 85 
2 Noise  - 
3 Fuel Consumption CFR 40 part 600 
4 Bumpers CFR 49 part 581 
5 Towing Devices EEC 77/389 

 
 
THE ENHANCED VEHICLE SAFETY POLICY 
 

Introduction of Auto Part Self Certification 
System  
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Through the Korean New Car Assessment 
Program (K-NCAP) and self-certification system, 
the safety of the auto maker�s new vehicles can be 
guaranteed. However, due to insufficient 
management system to secure the safety of the 
vehicle components, it is difficult to guarantee 
safety of the driver. 

Especially, skyrocketing number of non-tested 
components ended up creating defaulted vehicle 
component, which led to continuous occurrences of 
car accidents, as well as consumer damages. Last 
year, the revised Law of Motor Vehicle 
Management System which included the vehicle 
part self certification regulation was submitted to 
the National Assembly for approval. The brief 
summary of the revised Bill are as follows: first, all 
manufacturers of the equipments or parts that are 
attached or used in the vehicle should self-certify 
the compliance of their equipments or parts. Second, 
all manufacturers of the equipments or parts should 
register their manufacturing and test facilities with 
MOCT. When manufacturers of the equipments or 
parts certify their equipments or parts, their part 
specification should be reported to the agency and 
self certified mark can be displayed on their parts.  

The proposed 16 items such as tire and lamp 
system etc. which were selected based on the items 
that applied in the Unites States will be subject to 
the safety standards. The incongruous part will be 
recalled, thus the safety of parts can be enhanced. 
In the bylaw of KMVSS, all the necessary 
procedures will be listed such as registration of 
makers, reports of sales, mark of self certification 
level and obligatory reporting of recalls. The 
regulation of part self certification will be effective 
in year 2009 or 2010.  

 
  

INTRODUCTION OF RECALL REIMBURSEMENT 
PROGRAM 
 

The lack of the proper indemnity system of the 
complaints of consumers who repaired their 
vehicles or parts before the recall campaign 
initiated by the manufacturers has been a social 
issue in Korea recently. The proposed law of motor 
vehicle management system also includes the 
manufacturer�s obligation to reimburse the 
consumer�s pre-paid cost 3 year before and during 
recall campaign.  

The detailed reimbursement  procedures will 
be legislated in the bylaw of motor vehicle 
management system and the recall reimbursement 
program will be effective in 2008. 

 
 

EXPANSION OF K-NCAP 
 

In 1999, Korean government established the 
Korean New Car Assessment Program (K-NCAP) 
after 3 years research work. The main purpose of 
KNCAP is that to not only promote buying a safer 
car but encourage auto makers to undertake more 
efforts in building safer cars by publishing test 
results every year. KNCAP also provides 
information on proper use of safety devices in order 
to enhance user�s awareness and correct 
understanding on safety related devices such as 
airbag, ABS and seat belts. At the beginning, 
KNCAP test protocol and evaluation methods were 
similar to USA NCAP and only passenger car 
category was tested. In 2005, up to 4.5 tons of small 
trucks and vans were included in the K-NCAP.  

The test items were only the full wrap frontal 
crash test and braking test until 2002, however, side 
crash test with 55kph impact speed was added in 
2004 and in 2005, static roller and head restraint 
test became part of K-NCAP as shown in Table 2. 
This year, the pedestrian head test will be added to 
evaluate the protection of pedestrian. Next year, 
2008, the pedestrian leg test and dynamic head 
restraint test will be conducted. Until 2011, the test 
items will be expanded up to 10 test items.   

 
Table 4. K-NCAP Tested Vehicle Categories 
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(RV) 

7 - - 4 - - 1 2 - 

Large 
(PCs) 

0 - - - - - - - - 

Large 
(RV) 

5 - - 2 - - - - 3 

4.5 ton 
(Trucks) 

2 - - - - - - 2 - 

 
 



KIM-4           

THE PROACTIVE PARTICIPATION IN 
INTERNATIONAL ACTIVITIES FOR THE 
HARMONIZATION OF MOTOR VEHICLE 
REGULATIONS  
  

In recent years, the target of free trade has 
been shifted to the elimination of technical barriers 
from tariff barriers since the WTO agreement. 
Various efforts in the motor vehicle regulations and 
certifications have been undertaken as part of the 
market opening policies. These efforts are intended 
to harmonize the regulations and mutual 
recognition of certification process. It is also due to 
the growth of international distribution of motor 
vehicles and parts, as well as the globalization of 
vehicles and parts manufacturers and rapid 
demands of common vehicle and part specifications. 
The modularization of vehicle components also 
accelerates the activities of harmonization.  

After the accession to the 1998 Agreement in 
2001 and 1958 Agreement in 2004, Korea has 
promoted international harmonization of motor 
vehicles regulations and has made an effort to apply 
more UN/ECE regulations. Currently, Korea 
actively participates in the United Nations 
Economic Commission for Europe, the world forum 
for the harmonization of vehicles regulations 
(UN/ECE/WP29), which is carrying out activities 
leading to the harmonization and integration of 
regulations. Korea has participated in all 6 GR 
meetings as well as the plenary sessions of WP29 
on a regular basis and expressed our options and 
our policy and system. 

Each year, 4 or 5 items of regulations are 
selected and studied to harmonize with GTR and 
ECE regulations. Last year, head restraint system, 
indicator display system, side crash test and 
speedometer were studied to apply or harmonize 
with ECE regulations.     

As a chairman of APEC/VSHG, on the other 
hand, Korea is also endeavoring to invite more 
Asian countries to join the international activities 
for harmonization of standards and regulations.  

In 2006, MOCT promoted to establish the 
Korean Society of Automotive Safety to encourage 
the development of new safety technologies and 
motor vehicle safety policies.    

Korea will keep working on the harmonization 
of regulations step by step with the careful 
consideration of domestic road, traffic, and 
environment conditions. This year, regulations of 
motorcycle brake, windshield, variable headlamp 
and electromagnetic obstacle device will be studied 
for harmonization. 

The activities of mutual cooperation will also 
be reinforced for the better understanding of policy 
and system of the counterpart countries. In 2004, 
Korea and China signed the Arrangement for 
Cooperation  to discuss vehicle safety issues.  
Korea and the United States also signed the 
Memorandum of Cooperation (MOC) to work 
together on vehicle safety fields. On the basis of the 
agreements, the annual cooperation meeting has 
been held between Korea and China, and Korea and 
the United States, respectively. In 2007, Korea and 
Japan will sign MOC to promote the international 
harmonization of regulations and exchange the 
information on NCAP, and other vehicle safety 
matters. This mutual cooperation will be expanded 
to India, Russia and Latin American countries in the 
near future.   

 
 
R&D FOR FUTURE VEHCILES SAFETY 

 
 
KMOCT�s program for future vehicles, such as 

hydrogen, fuel cell and hybrid vehicles is focused 
on establishing safety performance requirements. 
The safety standards are vital to promoting the 
industry to early launch these future vehicles in the 
domestic market to improve environment and 
energy problems. In 2006, a R&D project for 
development of safety requirements and test 
protocol for hybrid vehicle was started and the 
standards will be established in 2009. This year, a 
project for safety requirement of the fuel cell 
vehicle will be initiated and the safety standards 
will be established in 2014.   

 
 
 

 
. 

 

 



GOVERNEMENT STATUS REPORT - POLAND 
 
Wojciech Przybylski 
Instytut Transportu Samochodowego

INTRODUCTION 
 
The following report contains information on 

the progress achieved in Poland with regard to 
chosen aspects of road traffic safety since the time of 
19th ESV Conference (Washington, 2005). This 
period is generally characterised as the intentional 
effort towards the presence of Poland in preparation 
of base data for EU legal instruments in all aspects of 
our life including widening of co-operation in 
development of European legal instruments. Traffic 
safety items are also involved in that effort within all 
its main system fields taking into account priorities 
drawn from analysis of domestic and international 
accident statistics. 
 
THE PROGRESS IN THE FIELD OF 
VECHICLE RELATED FACTOR 
 

In fulfilling of EU Member Country obligations 
we made adequate progress in accepting next ECE 
1958 Geneva Regulations and putting them into 
legislation of our type approval system, which is 
already unified to the extend possible at the time with 
the latest versions of three main framework EU 
Directives (70/156 motor vehicles, 74/151 � 
agricultural tractors and 92/61 � motorcycles and 
mopeds). It is to be stressed that the current 
harmonisation level of Polish technical vehicle 
requirements was reached by the date of EU 
accession and all important safety and environmental 
items regarding motor vehicles are already in force. 
Moreover there is also a visible progress of 
accreditation action inside the research and testing 
domestic third party laboratories harmonising their 
quality systems with future European Standards. 
Poland continues to present the opinion of the 
suitability of 1998 Global Agreement, recognising it 
as an effective way to harmonise world-wide 
important technical requirements for road vehicles. 
Having continued with a membership of EEVC from 
the beginning of 2003, we accept the initiative to 
establish the worldwide after IHRA solution, 
enabling better global harmonisation of vehicle 
technical requirements. Our membership in EEVC 
Steering Committee resulted in activity in three 
Working Groups i.e. WG 19: Active-Passive Safety 
Interaction, WG 21 Accident Statistics and WG 22 
Virtual Safety. It is worth  mentioning also the 

participation in international co-operation of Polish 
biomechanical laboratories in the frame of EPSN. 

With regard to the system of Periodic Technical 
Inspection of in-use vehicles, we are also in the 
process of introducing permanent improvements to 
its quality and objectivity of checks. Our presence in 
CITA organisation gives us on one hand the 
possibility to make positive input to international 
activities enabling better standards for PTI and in 
return to have access to latest achievements of CITA 
members works. The PTI checking equipment 
continues to be in Poland under certification and we 
perform with the basic level course and advanced 
training skills of PTI inspectors. In result of more 
stringent requirements regarding the personnel 
qualification and equipment quality, the rate of 
traffic accidents due to bad technical state of 
vehicles, has gone down in our estimations of about 
20% reaching the level of around 0.6%. Moreover, 
there are already around 1000 PTI stations of highest 
technical level having the care agreement with Motor 
Transport Institute and Polish Chamber of PTI, 
based upon which they receive the latest available 
data and information regarding professional items. 
The decision on the accession of Poland to the UN 
1997 Agreement, on the international PTI, had been 
taken and is to be finalised in 2007. 
 
THE PROGRESS IN THE FIELD OF HUMAN 
RELATED FACTOR 
 

From the accident statistics it still appears that 
in the majority of cases the human behaviour is the 
reason of majority of road accidents. Two main 
groups of road users � drivers and pedestrians are 
sharing this fatal record in the rate of 5 to 1 being 
involved as causal factor in more than 97% of 
accidents. Our National Road Safety Council pays 
the greatest attention to the problem but had, by now, 
succeeded in limited number of fields. The most 
important result was achieved in reducing the rate of 
accidents caused by drunken road users by around 
next 10, during last 2 years. This is however still not 
satisfactory enough and leads towards more stringent 
legislation.  

The other activity in the field of human factor 
realised in the last 5 years, was aiming at road 
education of children, promotion of safety of non 
protected road users, improvements of driver training 
and scientific co-operation in SARTRE 3, IRTAD 



and BEST-BOB programmes. We are also involved 
in new DRUID European research programme 
dealing with driving under the influence of alcohol 
and other drugs . 
 
THE PROGRESS IN THE FIELD OF ROAD 
RELATED FACTOR 

W noticed some progress in this field but still 
being far from our expectations. We have still so far 
a low rate of classified motorways, which is being 
0,15 km /100 km², while in the �old EU� countries it 
is 1,58 km/100 km², this figure speaks for itself! 

Fortunately there are some signs of spring in 
this specific area. During last five year period the 
road maintenance service, managed to improve some 
25% of Polish existing road network classified as 
�national� (38 000 km in total according to EU 
classification). Taking into account more or less 
stabile growths of number of vehicles on the roads it 
is not enough by far.. This item is however strongly 
related to private investors and local authorities 
(traffic control solutions) and still needs more careful 
attention of economy decision makers including UE 
support. 
 
CONCLUSION AND FUTURE AIM 
 

The overall road traffic safety in Poland seems 
to be slightly improved during last 2-year period,  
based on statistical data given below. But improved 
does not mean good in comparison to our society 
needs. Taking into account the EU road safety policy 

goals to reduce by half the number of fatalities on 
European roads we are continuing the national road 
safety programme called GAMBIT which is aimed  
at: 

• vulnerable road users (pedestrians, 
bicyclists), 

• people commonly ignoring traffic 
regulations, such as speed limits, drink-
driving or not using restraint systems, 

• traffic risk on major roads outside built-up 
areas (on the 6 % of the length of the road 
network, 25 % of all accidents, 40 % of all 
killed, 27 % of all injured, severity of 
accidents: 18 fatalities / 100 accidents),  

• young drivers aged 18 � 24 (20 % of all 
involved in road accidents), 

• intoxication of drivers and pedestrians.  
• quicker exchange of the oldest part of 

vehicle stock 
We hope that Polish participation in EEVC 

Working Groups, UN ECE, ESV, EU Commission 
and Council Working Groups together with ETSC 
and CITA activity will result in optimal use of our 
limited resources. 

I would like to wish all of you a good co-
operation and fruitful exchange of knowledge during 
this very important scientific international ESV 
conference being one of the important bases for 
improvement of everyday life � improvement of 
vehicle safety and thus road traffic safety. 



Table 1. Accident Data in Comparison with the Vehicle Stock and Population in Poland in the Period of 
1997-2006 

 

Year 
No. of 

accidents 
No. of 

fatalities 
No. of 
injured 

No. of 
vehicles 

(thousands) 

No. of 
passenger 

cars 
(thousands) 

Population 
(thousands) 

Fatality 
factor  

(No. of 
fatalitie/100 
thousands of 
inhabitants 

Accident 
severity factor 

(No.of 
fatalities/100 of 

accidents) 

No. Of 
passenger 
cars/1000 
inhabitants 

1997 66 586 7 310 83 169 12 284 8 533 38 650  19  11  221 

1998 61 855 7 080 77 560 12 709 8 891 38 661  18  11  230 

1999 55 106 6 730 68 449 13 169 9 283 38 654  17  12  240 

2000 57 331 6 294 71 638 14 106 9 991 38 644  16  11  259 

2001 53 799 5 534 68 194 14 724 10 503 38 632  14  10  272 

2002 53 559 5 827 67 498 15 525 11 029 38 219  15  11  289 

2003 51 078 5 640 63 900 15 890 11 580 38 195  15  11  303 

2004 51 069 5 712 64 661 16 701 11 975 38 174  15  11  314 

2005 48 100 5 444 61 191 17 536 12 339 38 157  14  11  323 

2006 46 876 5 243 59 123 18277* 12959* 38 170* 13,7*  11  339* 

*Estimated 
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Figure 1. Road Accidents and Vehicle Stock Percentage in Poland in the Period 1997-2006 (1997=100%) 
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GOVERNMENT STATUS REPORT, SWEDEN 
Anders Lie / Claes Tingvall 
Swedish Road Administration 
Government Status Report from Sweden 
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ROAD SAFETY ORGANISATION 
The Ministry of Ministry of Enterprise, Energy and 
Communications is responsible for the traffic safety 
in Sweden. The ministry is limited in size and the 
Swedish Road Administration (SRA) handles most of 
the practical work. The SRA has been commissioned 
by the Swedish Government with the overall sectoral 
responsibility for the road transport system. This 
involves issues relating to environmental impact, road 
safety, accessibility, transport quality, regional 
development and gender equality. Its responsibility 
also includes intelligent transport systems, public 
transport, adaptations for disabled persons, 
commercial traffic, applied research and development 
and demonstration activities in the road transport 
system. The main other bodies active in road traffic 
safety efforts are the police and the local authorities. 
Other important parties are the National Society for 
Road Safety (NTF), with its member organisations, 
and transport industry organisations. The Group for 
National Road Safety Co-operation (GNS) is a central 
body that co-ordinates co-operation between the 
SRA, the local authorities and the police. The NTF is 
an additional member of this group.  

FATALITIES 
The Swedish overall long-term safety objective 
within the road transport system was settled in 1997, 
when the Swedish parliament voted for the �Vision 
Zero�. This vision states that ultimately no one should 
be killed or seriously injured by the road transport 
system. The design and function of the system should 
be adapted to the conditions required to meet this 
goal. 
Sweden has a long tradition in setting quantitative 
traffic safety targets. After a period of positive 
development in the early 1990ies a target was set at 
400 fatalities in 1994. This target was confirmed by 
the parliament in 1997 and a new 10-year target was 
set at a 50% reduction for 2007. The target to have a 
maximum of 270 fatalities in 2007 is a major 
challenge. Sweden as member of the European Union 
is part of the union�s target of a 50% reduction of 
fatalities between 2001 and 2010. For Sweden that 
target means maximum 250 fatalities year 2010. 

 
Table 1. 
Number of fatalities on Swedish roads 
 
Accident Year 
 

Fatalities 
 

1989 904 

1990 772 

1991 745 

1992 759 

1993 632 

1994 589 

1995 572 

1996 537 

1997 541 

1998 531 

1999 580 

2000 591 

2001 583 

2002 532 

2003 529 

2004 480 

2005 440 

2006 <440 

 
With around 450 fatalities per year Sweden is still 
one of the safest countries when it comes to road 
traffic, with a level of 4,9 fatalities per 100.000 
inhabitants. This is around half of the European 
Union risk average (8,2 fatalities per 
100 000inhabitants year 2005, EU15). 
 
 
RESULTS OF VISION ZERO 
In the years since Vision Zero was first introduced in 
1995, Sweden has seen major changes both as regards 
views on road safety as well as in the working 
approach adopted. An important milestone was the 
parliamentary resolution adopted in 1997 when 
Vision Zero became the foundation for road safety 
operations in Sweden. Another step was the 
establishment of the Road Traffic Inspectorate in 
2003, whose task it is to monitor and analyse safety 
developments in the road transport system.   
 
One obvious result of Vision Zero is the change in 
road environments in Sweden. Central median 
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barriers and roundabouts have become much more 
common, as have different types of speed calming 
measures in built-up areas.  
 
Nonetheless, it is still too early to draw any firm 
conclusions about what Vision Zero has meant as far 
as reducing the number of people killed or seriously 
injured in traffic. It takes a long time to implement 
improvements in roads and vehicles. Changes in the 
infrastructure occur at a slow pace. What has been 
seen, however, is a reduction in the number of road 
deaths in recent years, despite an increase in traffic.  
 
NEW WAYS OF THINKING AND NEW 
SOLUTIONS 
Based on the concept of Vision Zero, the work on 
road safety has been aimed at preventing serious 
injuries. Previously this work focused primarily on 
preventing fatalities and accidents from ever 
happening. The change in direction also entails 
changes in our way of thinking and calls for new 
solutions. One typical example to illustrate the 
difference can be found in the choice between traffic 
lights or a roundabout at an intersection.  
 
� If the key objective is to reduce the number of 
accidents, then traffic lights are the best solution. 
There will be fewer accidents, but those that do 
happen often result in serious injury.  
 
� If the key objective is to avoid serious injuries, a 
roundabout will provide better results. There will 
probably be more accidents, but the injuries will 
mostly be minor.  
 
SAFER ROAD ENVIRONMENTS  
Everyone who travels by car in Sweden can see how 
the roads have changed. This primarily involves 
investments that have been made to reduce the risk of 
serious human injury. Much of what has been done is 
due to the fact that the municipal authorities have 
taken a major responsibility to improve safety from 
the basis of Vision Zero. 
 � Roundabouts have become more commonplace at 
intersections, particularly in populated areas. They are 
not a new phenomenon, but since the introduction of 
Vision Zero their key role in road safety has been 
highlighted. Roundabouts have a traffic calming 
effect. The consequences of a collision there are less 
severe than in a normal intersection due to the 
different angles of impact and lower speeds. 
 � A new and widely discussed innovation is the 2+1 
lane highway with a median barrier, a road type 
developed in Sweden. The summer of 1998 saw the 
first such median barriers being installed on a road 
stretch where there had been many fatal collisions. 

Despite much initial scepticism, this trial solution was 
found to be highly successful in preventing head-on 
collisions. Since the beginning of 2000 the 
construction of roads with median barriers has 
accelerated. 
 � One of the first effects of Vision Zero was that 
municipal authorities were able to establish a 30 km/h 
speed limit in built-up areas. This has been 
implemented on a relatively large scale, not least of 
all as a result of the ideas presented in the Swedish 
Association of Local Authorities publication entitled 
�Lugna gatan� (Calm Streets), which applies Vision 
Zero to urban environments. This publication makes 
it possible to systematically analyse and design a 
transport system that guarantees good accessibility 
and a high level of safety for all modes of transport. 
A speed of 30 km/h in built-up areas is nothing new, 
but the work on turning Vision Zero into reality has 
emphasised that this must be the limit if pedestrians 
and cyclists are to survive a collision. 
 � Speed limits on parts of the road network have been 
reviewed in order to ensure that they reflect the safety 
standard of the road. For example, it is now quite 
unusual to find a road with a speed of 110 km/h 
without a median barrier.  
 
SAFER VEHICLES  
Private passenger cars have become much safer, 
which considerably reduces the risk of being killed or 
seriously injured in new car models. This can in part 
be attributed to the European New Car Assessment 
Programme, Euro NCAP, which road safety experts 
at the Swedish Road Administration (SRA) were 
instrumental in setting up. As a result, consumers 
have access to information concerning the safety 
standard of different cars. There is no doubt that 
improvements have been implemented at a much 
faster pace than if legislation had been used for the 
same purpose. As it takes at least 10 to 15 years to 
replace an entire vehicle fleet, it will still take some 
time before the improvements will have full effect. 
The automotive industry can contribute to positive 
developments in society through meeting consumer 
demands concerning their products and behaviour. 
Particularly important are demands set by 
governments, municipalities, county councils and 
private business.  
 
SAFER TRANSPORTS  
Since the introduction of Vision Zero, the SRA has 
been involved in the quality assurance of transports as 
part of its effort to convince both those who provide 
and procure transport services to feel a greater sense 
of responsibility. This is being done by the SRA 
through its role as the public authority responsible for 
the road sector. The intention is that all private 
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companies and organisations that either procure or 
operate transport services themselves will assume 
responsibility for the impact this has on the 
environment and road safety. As a result of these 
initiatives, many companies and organisations have 
begun to place stricter requirements on vehicles and 
how they are used. We are seeing a growing number 
of those procuring transport services setting greater 
safety and environmental demands on these services, 
while more and more transport providers are showing 
a greater responsibility for how the transports are 
carried out. Swedish trade unions in cooperation with 
environmental and road safety organisations have 
developed a ranking system for heavy transports. This 
ranking system is called Q3 and is modelled on Euro 
NCAP. It is based on working environment, 
environmental and road safety requirements in 
connection with the procurement of heavy transports. 
As it is the clients who set the standards for the 
transports, they are the ones assessed.  
 
IN-DEPTH STUDIES OF FATAL COLLISIONS 
 Since 1997 the SRA has conducted in-depth studies 
of all fatal accidents on Swedish roads. The purpose 
has been to find out how the fatal injuries could 
happen. These in-depth studies are part of the SRA 
quality management programme and they also 
provide a good opportunity to monitor developments. 
The in-depth studies have shown that shortcomings in 
the road environment are a common cause of road 
deaths, in addition to road users exceeding the speed 
limit, failing to wear a seat belt or driving while under 
the influence of drugs or alcohol. In order to ensure 
that the conclusions drawn from an in-depth study are 
implemented in practice as road safety improvements, 
�OLA� projects are conducted. The acronym OLA 
stands for Objective data, List of solutions/actions 
and Addressed action plans. Subsequent to the study, 
the relevant system designers assemble to discuss 
possible solutions to avoid the same thing from 
happening again. This is followed by the 
implementation of concrete measures, confirmed in a 
declaration of intent signed by each player. System 
designers have been found to be enthusiastic about 
this way of addressing a problem. OLA projects are 
also conducted at the national level through what are 
referred to as �theme studies�. Examples of these are 
Moped-OLA, Bus-OLA and Youth-OLA (targeting 
young car drivers).  
 
SEAT BELT REMINDERS  
Seat belts must be worn in order for the in vehicle 
safety system to work. Sweden has been actively 
involved in promoting the development of technical 
systems to increase the use of seat belts. 
Representatives from the automotive industry, 

research institutes, public authorities and insurance 
companies have reached a common stand on how to 
increase the use of seat belts through reminder 
systems. Cars equipped with modern seat belt 
reminders are assigned higher ratings by Euro NCAP. 
Seat belt usage is close to 100 percent in new cars 
with seat belt reminders.  
 
ALCOHOL IGNITION INTERLOCK  
Alcohol related traffic accidents are all too common 
and often result in death or serious injury. An alcohol 
ignition interlock in vehicles keeps impaired drivers 
out of traffic. It is quite common in the USA and 
elsewhere to use interlocks to prevent any previously 
convicted drunk drivers from driving while under the 
influence. In Sweden, alcohol ignition interlocks have 
been introduced as a means to quality assure 
transports. Companies who have had interlocks 
installed in their vehicles can guarantee that their 
drivers will not be behind the wheel while under the 
influence of alcohol. A growing number of players 
within the road transport system are cooperating on 
developing alcohol ignition interlocks that are 
inexpensive enough to be installed in all vehicles.  
 
ROAD SAFETY CAMERAS  
It is the safety standard of the road that dictates the 
speed limit. Drivers who exceed this limit put safety 
in the road transport system at stake. Speed 
surveillance using road safety cameras has been 
found to be an effective way to prevent speeding 
violations and to reduce the number of accidents that 
result in serious injury. These cameras have therefore 
become much more common out on Swedish roads. 
Attitude studies have revealed that most drivers 
welcome their support in traffic.  
 
CYCLE HELMETS  
Vision Zero stresses the fact that the road transport 
system must be designed on the basis of what the 
human body can stand. Cyclists are unprotected in 
traffic and there is a major risk of injury in the event 
of an accident. Head injuries are the most serious type 
of injury incurred by cyclists. Wearing a helmet can 
prevent this. In 2005 it became compulsory by law 
for all children and adolescents up to the age of 15 to 
wear a cycle helmet when riding a bicycle. The hope 
is that wearing a helmet will become a habit past this 
age.  
 
ROAD SAFETY – A WORKING 
ENVIRONMENT ISSUE  
Many serious road accidents occur in connection with 
work or when travelling to and from work. The 
Swedish Work Environment Authority and the SRA 
have taken the initiative to work in closer cooperation 
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to reduce the number of work related traffic injuries. 
The ambition is to show that traffic injuries are also a 
work environment problem. To include road safety 
when assessing work environment initiatives 
systematically undertaken by companies and 
organisations means placing greater focus on what 
employers can do to improve road safety.  
 
CLOSER COOPERATION ON ROAD SAFETY 
The holistic perspective on safety in the road 
transport system that characterises Vision Zero has 
resulted in closer cooperation between system 
designers and other players. This cooperation is both 
formal and informal. In August 2002 the Government 
instituted a national road safety assembly. The aim 
was better coordination of the initiatives taken by 
various players for a safe road transport system. The 
primary focus areas are speed, protection systems, 
alcohol in traffic as well as children and youth in 
traffic. Within the framework of the national road 
safety assembly, several players have pledged their 
commitment to improve road safety. For example, 
key road transport carriers have undertaken to work 
systematically on road safety at top management 
level. The national road safety assembly has also 
resulted in regional and local road safety assemblies 
dedicated to the same purpose. Other examples of 
closer cooperation are the OLA projects, the quality 
assurance of transports and the development of such 
technical systems as seat belt reminders and alcohol 
ignition interlocks.   
 
QUALITY GOALS FOR THE ROAD 
TRANSPORT SYSTEM  
Goals for the road transport system should be 
converted into indicators that measure quality and are 
easy to monitor. Road traffic, for example, could be 
quality assured with respect to speed, seat belt usage 
and alcohol/drug-free driving. An example of quality 
assurance of road environments is the European 
concept for road tests, Euro RAP (European Road 
Assessment Programme). Within Euro RAP the 
safety standard of roads is surveyed and assessed. 
Road assessment tests were initiated in 2002 in 
Sweden, England, the Netherlands and Spain. It is 
still too early to draw any conclusions about the 
programme, but the intention is to classify road 
stretches according to their level of safety and then to 
assign star ratings. Anyone driving in a safe car on a 
road with the highest safety classification can travel 
with a sense of security � assuming that they wear 
their seat belt, they respect the speed limit and that 
they are sober. Euro RAP is to roads what the Euro 
NCAP crashworthiness programme is for cars.  
 
 

ROAD SAFETY STANDARD  
Safety and quality norms exist in most fields. The 
construction industry, for example, has standards for 
buildings and structures so that they will be able to 
withstand any critical situation � and not have to be 
reconstructed in the event of an accident. Such norms 
or standards are also needed for safety within the road 
transport system. A reference model based on criteria 
for a safe road transport system should be developed. 
This model could, for example, be called �Safe 
Traffic� and be used as the starting point for all future 
road safety undertakings. Strategies must be 
developed and action taken to reduce the gap between 
the reference model and the current situation. It is the 
reference model that should be the starting point and 
not sporadic events in the road transport system. In 
this way, safety initiatives in the road transport 
system can approach corresponding efforts in other 
sectors.  
 
A NEW ENFORCEMENT STRATEGY 
To change the police enforcement work from traffic 
control to safety work the Swedish Police has 
developed at new enforcement strategy. Through 
intelligence, uniformity and lower tolerance limits the 
work will be more efficient and more preventive in 
accordance with road safety goals. The main targets 
for the police are surveillance of speeding, non belt-
use and drunk driving. 
 
SAFETY IS A PRECONDITION FOR GOOD 
MOBILITY  
Road safety initiatives have often been considered to 
limit access and mobility in road traffic. An important 
aspect of the work on Vision Zero is to demonstrate 
instead that safety is a precondition for good mobility. 
It is possible to design the road transport system so 
that it is safe, even at current speed limits. There are 
major advantages to be gained if automobile 
manufacturers and road designers were to coordinate 
their efforts to achieve this. It would seem that 
cooperation remains a crucial issue for ensuring good 
mobility. Without coordination and cooperation 
between road users, the business community and the 
public sector, the optimum combination of 
investments required will never be possible.   
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THE ROAD TRAFFIC SAFETY 
INSPECTORATE 
A committee work on responsibilities of road 
transport system designers was initiated in 1999 since 
one of the main ideas in the Vision Zero concept is to 
add responsibilities to all bodies in society that 
influence the safety level in the road transport system. 
The committee proposed the initiation of a new 
authority, a Road Traffic Inspectorate. The govern-
ment approved the proposal in 2002. The inspectorate 
is organised as an independent part of the Swedish 
Road Administration. 
The duties of the Road Traffic Inspectorate are to: 
■ monitor and analyse conditions that could have a 
significant impact on safety in the road transport 
system. 
■ in discussion form, encourage responsible 
stakeholders to maintain a systematic approach in 
their road safety activities. 
■ co-operate with other players. 
■ follow and initiate R&D. 
The governing principle for the operations is Vision 
Zero and Parliament�s Stage Target of a maximum of 
270 killed on the roads in 2007. The attitude of the 
Road Traffic Inspectorate to road traffic is one 
system, the road transport system, with the following 
three components: the road user, the vehicle and the 
road. Responsible stakeholders shall make sure that 
together, the components make up a safe single 
entity. The Road Traffic Inspectorate makes 
systematic analyses of the road transport system and 
plans its operations on the basis of identified 
conditions that must be improved. The Road Traffic 
Inspectorate�s management system for quality is 
based on ISO 9001:2000. The approach is process-
based with production processes that are linked with 
the Inspectorate�s duties. The Analysis process 
creates and communicates analyses and conclusions 
regarding the conditions in road traffic. Discussion 
creates improved conditions in road traffic. 
Interaction creates the prerequisites for improved 
conditions and R&D creates and communicates new 
knowledge on the conditions in road traffic. 

 
THE SWEDISH IVSS RESEARCH INITIATIVE 
Intelligent vehicle safety systems (IVSS) is a public � 
private partnership programme set up to stimulate 
research and development for the road safety of the 
future. The end result will probably be new, smart 
technologies and new IT systems that will help 
reduce the number of traffic-related fatalities and 
serious injuries. The IVSS - programme is taking a 
needs�driven / problem�oriented approach and has 
identified three key problem areas for avoiding 
major road accidents: 
1. ”Impaired drivers� or drivers with reduced 

capability as regards the primary driving task 
• Drowsiness 
• Driver distraction 
• Alcohol / drunk drivers 
• Drugs / drugged drivers 

2. ”Speed – Sense, alert and respond” or the 
driver�s ability to adapt to the current or expected 
traffic situation (�feed-forward capability�). Increase 
driver / vehicle system ability to respond by  

• Obstacle detection / vision enhancement 
• Traffic & conflict management 
• Performance / Speed adaptation 
• Road condition monitoring  
 

3. �Just before the unavoidable� � crashworthiness / 
mitigation & biomechanics. Further research in the 
area is needed to improve the ability of these systems 
to adapt to various accident scenarios with respect to 
the type of collision and occupants involved, position 
of the occupants etc.  
Another important area concerns inter-vehicle 
compatibility as well as compatibility between 
vehicles and vulnerable road users.  
 
To support these three problem areas, the IVSS - 
programme has identified the following three major 
functions / systems: 
1. Sensor�rich embedded systems ranging from 

external objects detection / vision enhancement 
to internal vehicle systems / sensor fusion  

2. Communication platforms & digital road maps /   
infrastructure. 

3.    Dependable, fault�tolerant systems  
 
Each focus area includes basic research, applied 
research and the use/creation of demonstrators. 
Development of test and verification methods can be 
addressed in all focus areas. Further details are 
available on www.ivss.se  
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CONCLUSIONS 
- The road fatality risk in Sweden is one of the 

lowest in the world 
- The Vision Zero concept is the strategy to 

achieve safe road traffic in Sweden 

- New very demanding targets (50% reduction in 
ten years) has been decided 

- New responsibilities for system designers can 
improve the safety level 

-  
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UNITED KINGDOM - STATUS REPORT 
 
Ian Yarnold  
Department for Transport (DfT) 

 

 
INTRODUCTION 
 
I am pleased to be here today to present the United 
Kingdom’s Status Report at this ESV. 
 
My intention is to highlight some current topics of 
interest; some are existing issues, some new and 
others are mentioned to emphasise our long term 
interests.  This will only partially reflect the wide 
range of activities where the UK seeks to advance 
vehicle safety.  I will also touch on some themes and 
issues which are threaded through our work.  Topics 
covered will include research, the importance of 
collaboration, consumer information, standards, 
impact assessment & evidence based approaches, 
large vehicles, secondary safety, primary safety plus 
advanced systems.  At the core of activity by the UK 
Department for Transport (DfT) are the national 
casualty reduction targets.   
 
UK ROAD SAFETY TARGETS, PROGRESS 
AND NEXT STEPS 
 
Great Britain Road Safety Targets 
 
The following outlines the targets, our progress to 
date and some further steps being taken as the end 
date for the current targets (2010) approaches.  
 
    The Targets:  These were set out in March 2000 
in the Government’s road safety strategy, 
“Tomorrow’s Roads: Safer for Everyone”. This set 
new targets for casualty reduction by 2010 compared 
with a baseline of the average of casualties for 1994 
to 1998 for Great Britain.  The targets are  
• 40% for all road deaths  and serious injuries 
• 50% for child (0-15 years) road deaths and 

serious injuries 
• 10% for the rate (by vehicle kilometres) of slight 

injuries 
 
    Progress:   These three targets were considered 
challenging but achievable.  So what progress has 
been made and, in particular, are we on course to 
achieve them?  Progress has been assessed at three 
yearly reviews and the second review, covering 
casualty statistics to the end of 2005, was published 
in February 2007.  This highlighted. 
 

    Overall KSI:  We are on target for killed and 
seriously injured (KSI) overall with 2005 figures 
showing a reduction of 33%.  (Over the same period 
traffic had grown by 13 %.). If this trend continued, it 
would indicate a fall to 43.5% or, if new measures 
prove effective, 45.5% i.e. in excess of the 40% KSI 
target for 2010.  
  
The gain (to 2005) depends on the road user class.  
For most classes (pedestrians, pedal cyclists and car 
users) the gains are similar with falls in KSI in the 37 
-39% region.   On the other hand motorcyclist KSI 
casualties showed an increase between 1999 and 
2003, reflecting a substantial growth in the popularity 
of motorcycling.  The raised casualty level had 
dropped back in 2005 to 1% above the baseline.  
 
    Children KSI had fallen to about 49% of the 
baseline in 2005 and, if continued, this would give a 
reduction of 60% by 2010 compared to the 50% 
target.  The 2005 figures reflected gains in all areas 
with casualties falling for child pedestrians (49%), 
child cyclists (53%) and child car passengers (54%).    
 
    Slight Casualty Rate: This was well in advance of 
the target rate (10%) with a fall of 23% in 2005.   
 
However, despite the good progress on KSI, there has 
been a divergence between deaths and KSIs.  Deaths 
are down by 11% in 2005 and, if the trend persisted 
and no new measures were introduced, the number of 
deaths would be 19% less by 2010.   
 
    Steps from now to End of Existing Targets:    
Some of the momentum in improving benefits will 
continue as ongoing and expected measures take 
fuller effect.  However we are implementing further 
improvements that can have an immediate effect in 
the remaining three year period to 2010, particularly 
in areas which would further reduce the number of 
deaths, an area where progress has been slow.  The 
approach is to develop a co-ordinated approach of 
greater police enforcement and targeted publicity 
campaigns.    
 
    Next Steps – Strategy for Targets beyond 2010:     
In parallel with implementing and delivering actions 
and activities to support the current targets, we now 
need to develop a strategy for beyond 2010.  We 
hope to engage with an even wider group of 
stakeholders. The review process will involve 
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engagement with key partners early on followed by 
public consultation.  Potential areas include the likely 
contribution of technology over the next ten years, 
the effect of societal changes and the impacts of 
interventions to improve behaviour.   
 
RESEARCH   
 
Some of the research in specific areas is covered in 
later sections.  This section covers the fundamental 
area of accident investigation which is frequently 
drawn on in specific projects. The UK programmes 
are well known.   
 
    The On the Spot (OTS) accident research project 
studies the influence on accident causation and injury 
mechanisms of human involvement, vehicle design 
and highway design. It also allows enhanced 
reconstruction and analysis of accidents for specific 
projects. 
 
    The Heavy Vehicle Crash Injury Study 
(HVCIS) covers truck, bus, coach, minibus and 
agricultural vehicles and light vans.   The study 
draws on a range of sources. 
 
    The Co-operative Crash Injury Study (CCIS) 
remains Europe’s largest in-depth study.  It provides 
information on injury causation, the crashworthiness 
of vehicles, the effectiveness of occupant protection 
measures plus biomechanical information. An 
emphasis in the current phase is to regularly identify 
possible safety gains.   
 
EVIDENCE BASED DECISIONS   PLUS 
COLLABORATION    
 
While fully recognising the importance of research, it 
is not an end in itself. A key role is providing 
evidence to support the development of policy, 
standards and other activities leading to 
improvements in vehicle safety.    Resources, 
whether those of the public, industry or government 
are finite so it is vital that decisions on new measures 
use these resources to best effect. 
 
Impact Assessments 
 
For the UK an important and long established 
element in the process leading up to legislation and 
policy decisions has been an impact assessment. 
Typically a regulatory impact assessment (RIA) 
examines a range of options; associated factors 
including costs, benefits and implications (positive 
and negative) for those affected are identified and set 
out.  

 
Many other authorities take a similar approach and 
we particularly welcome the increasing extent and 
depth to which this approach is reflected in European 
decision taking on safety improvements in vehicles.  
However, even in Europe, the precise position e.g. 
size of benefits and costs, and individual judgements, 
can vary from country to country. This is one of the 
reasons why it is important to allow sufficient time 
for individual countries to properly review proposals 
for standards and updates in the international decision 
taking process.   
 
Impact assessments and proportionate responses are 
also relevant for consumer information requirements.  
This is expanded on later.     
 
Collaboration, Partnerships and Delivering 
Results  
 
We place great emphasis on collaboration and 
working flexibly with a variety of long term 
partnerships, national and international, in formal or 
looser arrangements.  Many are outside government 
ranging from industry to motoring organisations.  
 
The UK devotes considerable resources to 
international vehicle safety research. While there are 
many advantages of such collaboration, including 
combining resources, it is still an expensive national 
commitment.  But the cost of vehicle safety research 
is small in comparison with the overall size of the 
sector it affects; the core manufacturing, distribution 
and servicing business in the UK directly generate a 
turnover value of £200 billion.    
 
It is vital that such research is effective in terms of 
delivering better safety measures.  There have been 
many successes over the years but some setbacks 
where research has not achieved the expected 
outcome, an agreement proved elusive or a step 
forward took longer than preferable.  In long term 
areas, intermediate usable outputs would be valuable.  
Delays could mean a lost generation of casualties that 
can never be recovered.    
 
In practice, we prioritise where to concentrate our 
research efforts.  This applies similar disciplines in 
concentrating our resources where standards are 
discussed and developed.   In these fora, Success 
depends on open communication, good research 
inputs and a high level of responsibility in taking 
proportionate and transparent decisions.    
 
Collaboration post IHRA  
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There is still a period of readjustment or 
repositioning in the post IHRA landscape.   The UK 
sees societal benefits in wider co-operation and is 
keen to nurture a new collaborative arrangement.   To 
gain the widest involvement, this should have the 
potential to allow others to co-operate in a structured 
but unregimented way. The European Enhanced 
Vehicle Committee (EEVC) has endured for 30 years 
in Europe so it is worth looking and learning from 
this approach when considering the best model for 
global collaboration.  
  
WORKING TOWARDS IMPROVED SAFETY 
 
This is an area where the traditional boundaries, 
whether administrative or technical systems, are 
changing and becoming less distinct.   
 
Consumer Information – a Powerful Mechanism 
 
The advantages of consumer information include 
rewarding advances and efforts by manufacturers 
beyond legislative requirements and flexibility 
compared to regulations.  The societal benefit of the 
resulting product improvements is increased safety 
for all including those who are oblivious to consumer 
ratings.   
 
Consumer information is a powerful mechanism and 
it is important to be proportionate and transparent.  
Manufacturers naturally concentrate on achieving a 
good result and the steps chosen for an individual 
product will depend on a variety of design, practical 
and cost factors. The resulting score should ideally 
offer a tolerable reflection of the size of the 
associated safety benefit. In this way the maximum 
safety benefit is delivered for the cost of the steps 
taken by the manufacturer.  This is a considerable 
simplification and such a degree of refinement may 
be only partially feasible. However cost is a relevant 
factor, even though it may not be used in exactly the 
same way as in a regulatory environment. 
    
Consumer information can potentially be expanded 
into areas beyond Euro NCAP and the UK research 
effort on motorcycle helmets and child restraints is 
covered later.   For the UK, one of the most important 
factors in moving forward to implement a scheme is a 
well researched test procedure and assessment 
protocol.   
 
Euro NCAP 
 
Euro NCAP has had a very significant effect.  
Manufacturers deserve credit for their response; this 
is evident in terms of occupant protection where 4 or 

5 star is now the norm for adult occupant rating, and 
3 or 4 star for the child rating.   
 
But the story for pedestrian protection is mixed.  
Particular praise is due for important firsts - the 
manufacturer of the first car to achieve 3 stars in 
2001 (Honda) and the first 4 star in 2005 (Citroen). 
Both represented pioneering design steps.  
Disappointingly this single 4 star result has not yet 
been repeated. A number of cars have achieved 3 
stars to date but, overall, improvements are patchy 
and the incentive has not been as effective for 
pedestrians as for occupants.   
 
Though the possibility is neither new nor 
straightforward, perhaps we are nearing the point 
where it is worth reconsidering whether pedestrian 
protection should be reflected in an additional overall 
rating for cars rather than being treated separately.   
 
The UK continues to support Euro NCAP’s activities 
on primary safety by chairing the working group in 
this area.  The focus has been on advanced 
technology features, in particular Electronic Stability 
Control (ESC) which is now recommended and listed 
by model type as standard, optional or not available.  
Euro NCAP is also using its communications links to 
increase consumer awareness to give timely 
recognition, on a case by case basis, to developments 
where a manufacturer can demonstrate clear societal 
benefit.  
 
UK research on including traditional primary safety 
aspects such as braking, vision, lighting, handling 
into a consumer evaluation  was discussed although it 
is not being taken forward currently mainly due to the 
difficulty of providing clear accident evidence.  
 
Secondary Safety  
 
    Compatibility, front and side impact:   The UK 
has continued to contribute to the EEVC associated 
European VC-COMPAT research on car to car 
testing and simulation (modelling) including a full 
width wall (with load cells and deformable face) test 
and proposed criteria; the latter formed one of the test 
approaches reported in the VC-COMPAT final report 
issued early this year.    
 
On side impact we continue to support the work of 
the EEVC. In particular the UK, along with France, 
Sweden and Germany are reviewing relevant 
databases. This work and outputs from APROSYS 
will help inform and direct future work.    
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    Simulation:  European research on the role of 
simulation is sometimes in the context of possibly 
replacing an approval crash test of a real car with a 
virtual test. Whether simulation could totally replace 
approval crash testing given the need for high levels 
of assurance remain open questions. Leaving aside 
the “need for testing” issue, two advantages of 
simulation might be to offer a greater number of tests 
replicating a variety of potential accident situations, 
or information on the effect of production and design 
variations. The UK is examining whether simulation 
of simple elements might be more appropriate, if less 
ambitious, for a first step. 
  
    Biomechanics:   The UK has recently completed 
collaborative research with the EEVC on BioRIDII 
and RID3D to check their suitability for a rear impact 
test procedure.    
 
    Issues and Priorities (Secondary Safety):    Two 
important priorities in secondary safety are side 
impact and rear occupant protection. In the rear of 
passenger cars the sophistication of protection 
systems is typically much less.  Other issues include 
better protecting female occupants, an aging 
population, plus thorax injuries.    It seems clear that 
providing optimised protection for different users and 
accident circumstances would gain from more 
sophisticated occupant protection systems.  This may 
mean that dummy development is appropriate for 
future collaborative European research. 
 
    Pedestrians:   Developments on pedestrian 
protection form two strands.  One is the increasing 
use of frontal protection systems (FPS) with 
aftermarket devices covered from May 2007. The 
FPS Directive reflects a pragmatic approach ensuring 
FPS using advanced materials can deliver an equal 
level of safety to the base vehicle.  At present we are 
awaiting a proposal from the European Commission 
on Phase 2 of the Pedestrian Directive. We recognise 
the challenge that delivering this second tier of 
standards presents for manufacturers, but we also 
acknowledge the need to maintain effective measures 
that reduce the number and severity of pedestrian 
injuries in practice.     
 
Child Restraints 
 
The importance of protecting children is reflected in 
their high national safety target.  
 
    Improving Standards:  We welcome the 
inclusion of ISOfix attachment fixings in the 
CARS21 European proposals.    
 

A significant element of DfT research over many 
years has been on the development of a new side 
impact test, a contribution in support of an ISO 
working group which produced a draft side impact 
test for CRSs.   We were therefore disappointed that, 
in consideration at the next ISO level, it was 
narrowly decided that the WG proposal would not be 
released as a standard.  
 
    Child Restraint Assessment Methods:   We have 
continued to carry out research with partners in a 
consortium (New Programme for the Assessment of 
Child Seats - NPACS).    Our contribution to the 
research drew on our national accident databases and 
assessed areas such as usability, risk of misuse plus 
dynamic performance in front and side impact.  Some 
of this our research on side impact test procedures is 
being drawn on and potential protocols are being 
validated. We believe in the benefit of giving 
consumers this information and are working to bring 
forward a scheme, ideally in a European context.   
 
Motorcycle Safety (including Helmets) 
 
Some topics which are also related to the safety of 
motorcyclists are covered elsewhere in the paper e.g.  
DRLs and A pillars.  

    Moving forward on Motorcycle Safety. The 
Government’s Motorcycling Strategy was developed 
with the full involvement of motorcycling groups.   
The   National Motorcycle Council (NMC) is taking 
forward actions from the strategy; one subgroup 
covers actions on the risks of diesel spills and 
preventing these, braking, mirrors and current 
practice in tyre purchasing.  A recent survey sought 
the views of riders and the 800 responses will feed 
into decisions on whether existing standards are 
sufficient.    

DfT continues to take account of motorcycle accident 
data including the Motorcycle Accident In-Depth 
Study' (MAIDS) research project.  It is currently 
supporting UK participation in a European project 
"Powered Two Wheeler Integrated Safety" (PISa). 
This project will take account of motorcycle accident 
data from a number of sources, including our own 
OTS project.   
 
    Helmet Assessment Methods:  A recent project 
has been researching the performance of helmets on 
the British market currently and considering how a 
consumer information scheme might be 
implemented.  It included some comparison testing 
and found a significant difference between the best 
and worst performances.    We estimate that if all 
helmets performed at the upper level,   45 lives per 
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year could be saved in the UK.   The research has 
produced a test protocol and is addressing assessment 
aspects.    We are consulting and moving forward 
with a view to launching a rating scheme, Safety 
Helmet Assessment and Rating Programme (SHARP) 
later this year.     
 
Large Vehicles  
 
We are progressing two analytical research projects 
that are looking at the UK fleet to provide an 
evidence base for future decisions on vehicle safety.   
 
The first is reviewing the effectiveness of existing 
safety measures and ranking the future priorities for 
passenger, agricultural and goods vehicles (excluding 
car derived vans).  It is separated into phases.  The 
first looked for evidence on how previous changes 
e.g. rear under-run protection affected casualty 
figures.    The second phase includes analysis of 
accident data, particularly HVCIS. Overall, car 
occupants and pedestrians feature in many of the 
larger KSI groups.  The study will go on to identify 
the most cost effective and feasible safety measures 
for larger vehicles.   
 
The second project (Longer and Heavier Goods 
Vehicle Study) will assess the issues from the 
introduction of longer and heavier goods vehicles in 
the UK. The work is considering whether the benefits 
of increasing national limits are sufficient to 
outweigh the disbenefits, and what control measures 
would be needed if their use were allowed.    
 
Primary Safety  
 
Some wider primary safety aspects of advanced 
systems are covered in a later section. 
  
    A Pillars:  UK research has sought to quantify the 
effect of larger A pillars on the field of view and 
whether and to what degree this may have increased 
the risk of accidents.  While A pillars have been 
getting larger, and thus more likely to obscure vision, 
the significance as a contributor to accidents is 
difficult to quantify and is being considered alongside 
all the other contributory factors - both obscuration 
outside the vehicle and/or whether the driver was not 
looking correctly.   
 
    Mirrors (Lorries and Buses): We welcome the 
improvements in European requirements for mirrors 
on heavy vehicles which will help drivers detect 
vulnerable road users. The UK also experiences 
accidents on motorways involving left hand drive 
(LHD) lorries moving from the inside to an outer lane 

where a car may not be visible to the driver. (This is 
not a question of visiting lorries as some UK 
operators choose to have LHD vehicles if they are 
used a lot elsewhere in Europe.)  The increased 
fitting of close proximity mirrors can help in some of 
these accidents but many occur because the car is in 
another blind spot to the front and offside of the 
lorry.  These accidents create added road safety risks, 
raise public concerns and threaten network efficiency 
due to the inevitable delays and confusion that 
follows.  We took the unusual step of issuing free 
Fresnel lenses to 40,000 LHD vehicles last autumn  
to improve the field of view in this area   Early 
indications from this trial are that the number of 
accidents has fallen.    
 
    Daytime Running Lamps:  We welcome the 
European Commission’s helpful reconsideration of 
this issue following consultation in 2006. The UK 
response outlined our concerns that the safety case is 
weak, the cost benefit in UK estimates poor, the CO2 
impact significant and the effect on potential 
vulnerable road users unclear. Motorcyclists could 
suffer a dilution of their conspicuity if DRLs or 
dipped beams were used by all.   In particular there 
seems no justification for measures at EU level and 
decisions are best made at national level depending 
on national circumstances.   
     
Intelligent Speed Adaptation (ISA)  
 
Following on from an early trials project, a further 5 
year trials programme ended this year. It involved 20 
vehicles fitted with ISA using (mostly) local speed 
limit data. The research looked at longer term effects 
on driver behaviour and attitudes to using ISA, and 
included a truck and, in track tests only, a 
motorcycle.  
 
ADVANCING CAPABILITIES OF VEHICLES: 
OPPORTUNTIES AND CHALLENGES  
 
The boundaries of advancing technologies continue 
to shift dramatically and what was once a 
technological dream quickly appears on top of the 
range models, and then soon transfer to the mass 
market.  This trend is likely to increase – with some 
commentators predicting the bulk of future safety 
gains will come from this area. 
  
A key and well know technology is Electronic 
Stability Control (ESC) and the UK has recently 
looked at the benefits of ESC using national accident 
data. This work suggests a worthwhile benefit for car 
accidents involving occupant injuries. However the 
UK benefit estimates are lower than in other studies.   
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Recent work undertaken for the DfT included six 
mini-studies by experts, each asked to consider how 
they might assess the likely performance of advanced 
systems. The overall aim was to evaluate different 
analysis techniques, identify gaps in data and suggest 
how they might be filled. This is a precursor to a 
larger programme of work to help assess the benefits 
and risks of the new technologies.  The end intention 
is to put the quantification of benefits on a uniform 
and rigorous basis, including unknowns and 
sensitivities, and give a realistic assessment for the 
UK.    
 
There are approaches that we might wish to 
encourage but which might be less marketable. For 
example, vehicle detection sensors can be used to 
predict an imminent unavoidable collision; this 
allows the initiation of emergency braking to reduce 
the severity of impact and the secondary safety 
systems to be alerted pre-impact.   The capability of 
such collision mitigation could increase from “active 
and fixed” (secondary actions predefined) to “active 
and responsive” where the secondary safety actions 
are optimised for the individual(s) at risk and the 
particular accident circumstances.  
 
In principle the design capabilities of advanced 
systems e.g. collision mitigation might be expanded, 
as experience in service grows, to allow 
progressively earlier emergency actions. Nudging 
outwards the performance boundaries of systems or 
modest steps seems a more likely, if gradual, route to 
a limited degree of increased system control.  
 
Naturally with the level of opportunity from 
electronic systems comes a degree of risk. But the 
opportunities should be kept firmly in mind.  
 
It is important that drivers readily understand how a 
system operates. Different warnings in systems 
having comparable functions or differences in how 
control is handed back to the driver from an 
intervention could cause confusion or a mistaken 
driver response. Such variations between systems are 
more likely in a fast moving competitive market.   
 
Systems should not overload the driver. Neither 
should systems result in a false sense of safety or 
driver under-load which could reduce a driver’s 
alertness.  Vehicles will also operate over many years 
so core functions should be easily checked.  
 
We have been active in helping ensure that the 
general Human Machine Interaction (HMI) aspects 
are recognised. We have supported work developing 

and updating the European Statement of Principles 
and aspects of other human factors work within   
RESPONSE3 work on a Code of Practice offering a 
generic approach to Advanced Driver Assistance 
Systems (ADAS).   
 
In general, traditional vehicle standards groups have 
not been moving at the same pace as the marketplace.  
They face challenges in terms of how to develop 
appropriate tests for approval or consumer 
assessment and we do not pretend to have all the 
answers.   Ensuring that safety assessments for 
advanced systems are thorough, demand a good level 
of performance from generic systems, while allowing 
for ongoing technical innovation, is not a simple task. 
For example, advanced systems having the same 
generic function can differ considerably in their 
capabilities and are not easily placed in neatly 
defined compartments; this may be more difficult in a 
tiered consumer rating than in regulations where a 
single pass level applies.  An area where we 
anticipate activity is UNECE work leading to 
establishing ESC requirements for all vehicles.  
 
The present overall situation is that, while 
recognising the capabilities of manufacturers and the 
work on good practice, some systems are developing 
with a relatively light regulatory touch.  While this 
does allow the maximum freedom for new 
developments and innovation, the benefits of safety 
and convenience systems do not come without an 
element of risk. Striking the right balance requires 
careful judgements and, where specific measures are 
developed, an appreciable technical effort.    
 
WHERE NEXT? 
 
I take an enthusiastic and objective view on the 
potential future contribution from advanced 
technologies.  There is of course a risk of being 
overoptimistic. But this cautionary note does not 
seem to apply to past predictions for vehicle 
technology as the rate of introduction of new and 
more capable advanced systems has been dramatic.   
 
This does not mean that worthwhile advances in 
traditional areas will not continue to deliver valuable 
improvements although, in some of these, the 
progress is likely to be incremental.  Others e.g. the 
combination of secondary safety with primary safety 
systems could allow a much more tailored response 
for a varied population.  But the largest step gains are 
likely to lie with advanced systems.   
 
Much will depend on the effectiveness of advanced 
systems.  It is important to be rigorous and consistent 
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in determining benefits; these may vary depending on 
national accident circumstances.   
 
Reviewing and taking stock has been a strand in a 
number of UK research areas. But whatever the 
picture, it is important that we share a research based 
vision of the possible gains and routes to achieve 
them, even though we may differ on how far we 
should go.   
 
At the next ESV, the UK status paper will be 
covering progress in developing new casualty 
reduction targets beyond 2010.  I am sure that these 
will be ambitious and challenging.  What is certain is 
that attaining them will depend on continuing 
achievements in research and technology by experts 
at this and future conferences.   
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State of Motor Vehicle Crashes 
In 2005, 43,443 fatalities occurred in the U.S. as a 
result of motor vehicle crashes.  This is contrasted 
with the 54,589 people who were killed in traffic 
crashes in 1972 and 39,250 in 1992, the highest and 
lowest in the past 35 years.   
 
The fatality rate per 100 million VMT in 2005 was 
1.45.  This is contrasted to 5.5 fatalities per 100 
million VMT in 1966, the highest in the past 35 
years.  Similarly, the fatality rate on a person basis 
was 14.66 fatalities per 100,000 population in 2005.  
This is compared to 26.42 in 1969.  In 2004, the 
fatality rate per 100,000 population (14.35) was the 
lowest in the past 35 years. 
 
Motorcycle rider fatalities, after a major decrease in 
the 1980s and early 1990s, have increased steadily 
since a historic low in 1997. In 2005, motorcycle 
rider fatalities numbered 4,553, an increase of over 
2,437 fatalities from the 1997 level. 
 
The total number of police-reported crashes in the 
U.S. in 2005 was estimated by the National 
Automotive Sampling System (NASS) General 
Estimates System (GES) to be 6.2 million.  These 
police reported crashes resulted in 2.7 million 
persons being injured.  In recent years, the estimated 
number of injuries has decreased, as has the injury 
rate, based on VMT.  In 2005, the injury rate reached 
90 injuries per 100 million VMT. 
 
In 2005, safety belt use reached a usage rate of about 
81 percent for outboard seated occupants during 
daytime hours.   

State of Motor Vehicle Safety 
Over the past several decades, the fatality rate per 
VMT has been steadily decreasing.  The safety 
improvements made are due in part to the collective 
efforts of the operating agencies of the Department 
(The National Highway Traffic Safety 
Administration (NHTSA), the Federal Motor Carrier 
Safety Administration (FMCSA), the Federal 
Highway Administration (FHWA), Federal Transit 
Administration (FTA) and the Federal Railroad 
Administration (FRA))the States, automobile 
manufacturers, and other organizations.   

 
NHTSA’s engineering efforts combined with its 
educational and enforcement programs that ensure 
proper compliance with the U.S. regulations have 
been major contributors to this significant 
achievement in safety. Figure 1 shows the number of 
fatalities and the fatality rate for the period 1966 to 
2005. 
 

 
 

Figure 1.  Fatalities and Fatality Rate vs Time 
 
As can be seen from Figure 1, the fatality rate is 
leveling off and, in light of the fact that the vehicle 
miles traveled is steadily increasing, any significant 
reduction in total fatalities can occur only if new and 
bold initiatives are explored.  Further, the fatality 
trends in the United States show that for the last 
several years, the total fatalities have been fluctuating 
between 42,000 and 43,000.  If no improvements are 
made, and the current rate of VMT growth continues, 
the number of fatalities could increase to 54,000 in 
2016 (see Figure 2).   
 

 
 

Figure 2.  Fatality Rate Goal 
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Just to maintain today’s level of fatalities, the average 
fatality rate must be 1.2.  These projections point out 
the need to start taking a very aggressive and pro 
active role in trying to meet such a target.  
 
Another factor affecting the fatality rate is the 
changing demographics of the population at large.  
Shown in Figure 3 is the projected shift in the 
population for age groups 65 and older and for 85 
and older.  As can be seen, there will be substantial 
increases in their numbers.  This increase plays a role 
in the fatality rate as persons who are in these age 
groups are more susceptible to injury for a given 
crash. 
 

 
 

Figure 3.  Aging Population 
 
Another factor affecting the fatality rate is the 
increase in motorcycle fatalities.  While having 
declined for a long time, the recent trend is a 
substantial increase in fatalities.  Shown in Figure 4 
are a breakdown of fatalities by passenger vehicle 
occupants; motorcycle riders; and truck, bus and non-
motorists.  
 

 
 
Figure 4.  Breakdown of Motor Vehicle Fatalities 

 
New thinking must be given to what can be done that 
will reverse these trends.  While NHTSA should 
introduce programs to achieve minimum safety 
performance, only new additional initiatives would 
result in substantial safety gains.   

Evolving Research Strategy 

 
From the beginning of the twenty-first century, the 
state-of-the-art in motor vehicle safety has been 
going through significant changes.  In-vehicle 
advanced technologies such as electronic stability 
control that apply corrective measures to augment 
control of the vehicle by the driver in critical 
situations are being deployed.  Advanced 
technologies available in many of today’s vehicles 
can warn the driver of imminent crash situations.  
Also, new technologies such as communication 
devices, navigation aides and other devices that may 
help drivers also have the potential to negatively 
impact safety because of the attention demands 
placed on the driver that detract him/her from the 
primary task of driving.   
 
Occupant protection is being improved through the 
development of advanced restraint systems that can 
adjust their performance taking into consideration 
occupant and crash characteristics.  Event data 
recorders are in vehicles that will allow the vehicle 
safety community to better understand crash 
characteristics and to properly evaluate factors 
leading up to a crash. 
 
The Agency is beginning to shift its research strategy 
to take advantage of these emerging technologies.  
The use of these advanced technologies can help with 
new and innovative solutions to both current and 
emerging safety problems.  They can supplement the 
more traditional approaches related to crash 
avoidance, reduction of crash severity, occupant 
protection, post-crash safety, and structural integrity 
of motor vehicles.   
 
The existing vehicle related activities in the Agency 
may have to be expanded in the future to achieve the 
safety targets mentioned previously.  Even with the 
anticipated benefits of the Electronic Stability 
Control technology’s substantial safety benefits, the 
Agency will be short of that target.  It appears that 
the continued hope for significant safety benefits lies 
within pre-emerging and emerging vehicle 
technological advancements. However, it should be 
stressed that, while significant safety benefits are 
achievable that could meet these safety goals in a 
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shorter period of time and help close the gap, it is not 
possible at this point to implement all these 
technologies and achieve sufficient penetration of the 
fleet in the near future to completely obtain the 
required safety benefits.  But the faster these type of 
programs are initiated, the quicker these safety 
targets can be reached. 
 
 
A number of safety problems may be amenable to 
technological solutions.  For example, the absolute 
number of total crashes has remained about the same 
over the past several years.  The absolute number of 
drivers in fatal crashes with a high Blood Alcohol 
Concentration has remained high over several years.  
The percentage of passenger car and light truck 
occupants killed not wearing safety belts is 
approximately 52 percent.  Motorcycle riders killed 
has increased from 2,483 in 1999 to 4,553 in 2005.  
Pedestrian fatalities have stayed the same for several 
years.  The majority of fatal crashes occur on un-
divided roadways.  Single vehicle crashes represent 
57 percent of total fatal crashes and 70 percent of 
them occur off the roadway/on the shoulder/median, 
whereas 95 percent of multi-vehicle fatal crashes 
occur on the roadway. Determining if advanced 
technologies be brought to bear in addressing these 
safety problems in addition to other approaches is a 
question that is currently receiving the agency’s 
attention. 
   
An important role that is emerging in the NHTSA’s 
Office of Vehicle Safety Research’s (VSR’s) mission 
is that of being a pro-active leader in enhancing 
motor vehicle safety.  The state-of-the-art in motor 
vehicle safety is going through significant changes.  
In-vehicle advanced technologies such as electronic 
stability control, collision avoidance warning 
systems, and advanced air bags are being deployed.  
Even though some of these technologies are being 
deployed voluntarily, deployment of those that are 
truly safety beneficial needs to be accelerated through 
rulemaking actions, consumer information/education 
programs, and other methods.  VSR is dedicated to 
achieving a better understanding of the role of these 
technologies in improving all aspects of safety, their 
potential safety benefits and to understand the impact 
of any unintended consequences.  VSR is also 
dedicated to exploring new technological concepts 
and the means to facilitate their deployment in order 
to enhance motor vehicle safety.  It should be 
stressed that the discussions related to advanced 
technologies are meant to cover the complete 
spectrum of driving represented by a crash timeline 
that  include crash prevention, crash severity 
reduction, crash protection, and post-crash events. 

 
The emerging technologies have a high potential of 
helping to meet the safety targets of NHTSA.  
However, there is a need for accelerating the 
introduction of those technologies that are truly 
beneficial for safety.  In its traditional role of 
promulgating safety regulations, NHTSA  does not 
generally mandate technologies.  Other methods such 
as development of test and evaluation procedures for 
technology based full system countermeasure 
evaluations must be pursued in crash prevention, 
crash severity reduction, crash protection and post-
crash safety.  These results can support rulemaking, 
consumer information programs, and ratings and 
other programs. Thus, NHTSA research needs to be 
engaged in ensuring that these new technologies are 
properly deployed to maximize their safety 
capability.   
 
Ten objectives being followed in NHTSA’s Office of 
Vehicle Safety Research are presented below.  The 
earlier conceptual objectives are meant to relate to all 
vehicle types and to cover both crash avoidance and 
crashworthiness research areas.  They also introduce 
the integrated safety concept that relates to all areas 
along the crash time line mentioned above.  The 
programmatic objectives which are presented toward 
the end are meant to highlight some specific 
issues/opportunities. 
 
Objective 1.  Identifying opportunities for safety 
enhancement.  Previous NHTSA research activities 
have been based on the well known Haddon matrix 
(see Figure 5) developed by Dr. William Haddon, Jr., 
the first Administrator of NHTSA’s predecessor 
agency, the National Highway Safety Bureau.  The 
well known, nine-cell matrix has been the guiding 
beacon for the Agency’s activities in research, 
regulations, driver behavioral programs, highway 
safety standards, and emergency medical services.  
Clearly demarcated distinctions that existed between 
the human, the vehicle and the environment and their 
roles in pre-crash, crash and post-crash events have 
been apparent for many years, and this has facilitated 
the development of programs to address the safety 
problems related to each of these cells in the Haddon 
matrix.  
 
As vehicle technologies evolve, these clear 
distinctions are fast disappearing, and there is 
considerable overlap between the human and the 
vehicle as well as the vehicle and the environment 
across the board from the pre-crash to post-crash 
events.  This shift demands a change in the approach 
that safety experts must adopt to address the 
emerging safety issues in the future.  
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Figure 5.  Haddon Matrix 

 
Consider the events that precede a crash and those 
that occur during and after the crash.  Driving can be 
considered to be a benign and uneventful activity 
most of the time as long as the road conditions are 
conducive and the traffic environment is suitable.  In 
the same vein, the vehicle needs to be in good 
condition and the driver must be physically able to 
drive, taking advantage of all the safety devices that 
are available in the vehicle at the vehicle user’s 
disposal.  These events can be placed along a time 
line as mentioned before and shown in Figure 6. The 
critical time periods from a safety perspective are the 
few critical seconds before time zero, the few 
milliseconds during the crash, and the few minutes 
after the crash. 
 

 
 

Figure 6.  Crash Time Line 

Vehicle technologies can be incorporated into every 
phase of these events along the time line even far 
before time zero, where time zero is defined as the 
time at which a crash occur,  if a manufacturer so 

desires.  Technologies are becoming available at a 
fast pace.  There is also added pressure from 
inventors of technologies to load vehicles with 
features that could possibly attract more customers.  
Many of the features are attractive and consumers do 
demand them once exposed to their capabilities.   
However, while the Agency should positively 
reinforce these efforts, the Agency also must 
emphasize the importance of the designs in 
addressing safety critical parts of the pre-crash, crash 
and post-crash events, in addition to being attractive 
features.  
 
There is no question that technologies are bringing 
new opportunities for enhancing safety in vehicles 
that never existed before.  For example, many new 
technologies are already on the road or are on the 
verge of introduction in vehicles.  These include 
products that are extensions of the antilock brake 
systems such as electronic stability and traction 
controls, and adaptive cruise controls, road departure 
warning systems, night vision systems, advanced 
restraint and occupant protection systems, and other 
such systems.  Many of these technologies are 
expected to improve safety.  However, many have 
not undergone the evaluation of their effectiveness in 
real-world scenarios of driving.  Such evaluations 
require a considerable amount of research, analyses 
and testing, and expense. 
 
In estimating the benefits, an analysis of the safety 
problems and target populations at each stage of the 
crash event is important (see Figure 7).   
 

 
 

Figure 7.  Safety Cycle 
 
An important element in this process is the 
development of suitable test procedures that are 
objective and are related to real-world problems.  
Results from the use of these test procedures will be a 
key source of information for estimating the 
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anticipated benefits in addressing specific safety 
problems.  These steps are difficult to carry out by 
the Government alone because suppliers and 
manufacturers are the experts in technologies, and 
not the Government. 
 
Introduction of technologies through regulations 
would only be possible after developing suitable 
evaluation protocols and after estimating the likely 
benefits that may result in solving real-world safety 
problems.  This is especially important because the 
Government does not generally mandate technologies 
and they need to be based on total systems’ safety 
performance and requirements.  An additional 
approach is to find other means such as dissemination 
of consumer information and using market forces as 
drivers for deployments of safety technologies by 
automobile manufacturers.   
 
The rapid introduction of technologies to the market, 
while representing a positive direction in addressing 
safety concerns, has raised questions as to the level of 
safety benefits and practicability of many of these 
technological concepts.  The performance 
specifications are not standardized and the same 
concepts may have widely varying performance and 
resulting safety benefits. The key is to determine how 
well the technologies that are under consideration 
address the safety problems, how well they meet the 
demand of various situations along the crash time 
line and to what extent they really help in preventing  
crashes or in reducing their severities, and protecting 
the occupants when crashes are unavoidable. 

Objective 2.  Develop an Understanding of the 
performance of advanced technologies: Future 
Opportunities for Total Safety.  In order to keep 
abreast of technologies that are available and to 
understand their suitability for safety applications, 
research staff are in constant contact with Tier I 
suppliers in the United States and abroad and the 
automobile manufacturers to seek information.  The 
information obtained are being utilized in planning 
research programs for both light vehicles and heavy 
vehicles, and implementing research projects with the 
objective of determining feasibility of 
countermeasure system development for solving 
safety problems. 
 
The evaluation of the effectiveness of technologies 
would include a comparison of the different 
technologies aimed at mitigating the same safety 
problems such as rollover or rear-end collision, for 
example.  This comparative analysis will be able to 
examine how the different performance 
characteristics affect safety under different real-world 

situations.  Additionally, integration of multiple 
technologies and data fusion would be an important 
element in their research and evaluation. 
 
The objective of the above work will be directed at 
being pro-active in developing new technological 
concepts that can enhance safety through: 

• Performance improvement of vehicle sub-
systems such as safety belts, seats, child 
seats, structures, glazing, etc. 

• Performance improvements in crash 
prevention, driving performance, driving 
assistance, and crash severity reduction, etc. 

• Performance improvements in 
crashworthiness related to compatibility, air 
bag performance, and other crash protection 
and injury mitigation systems, etc. 

• Performance improvements related to 
pedestrian protection, two-wheeled 
motorized vehicle safety, impaired and 
drowsy driving, etc. 

 
Under this objective, research will be undertaken that 
cuts across the traditional areas of crash prevention, 
crash severity reduction, occupant crash protection 
and post crash safety.  Those new technologies that 
have the potential to mitigate safety problems in 
more than one phase of the timeline that represents 
the crash event will be considered as a research 
priority.  Thus, a technology that includes the use of 
forward looking radar can have effectiveness at 
avoiding a crash, mitigating the severity of a crash, 
and assisting in the optimal deployment of the air bag 
and other restraint systems 

Objective 3.  Address driver vehicle safety issues 
related to advanced technologies.  The human factors 
issues are of paramount importance as many different 
technologies are introduced into vehicles.  This is 
particularly of importance when they are employed 
for improving driving performance or when they are 
used as driver assistance products.  The research 
involved will include studies of how such 
technologies affect the ability of drivers to process 
information, improve driving capacity or improve 
driver alertness. Ability for drivers to cope with the 
information that is continuously being provided and 
work load issues will be investigated. When 
technologies intervene in the driving even minimally 
such as in limited control technologies, for customer 
acceptance, it may be important that such 
intervention at least in some cases is done in an 
unobtrusive manner so that it does not appear to 
deviate from the normal driving habits of people. 
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Objective 4.  Develop Performance and Objective 
Tests to establish the effectiveness of advanced 
technologies.  An integral part of the research 
activities will be focused on objective test tools 
development, performance criteria, test devices and 
test procedures development including computer 
simulation tools and methods.  These tests and 
procedures will enable NHTSA and other 
organizations to evaluate the potential safety benefits 
of various systems and to assess the relative 
performance of systems that use different 
technologies with the objective of solving the same 
problem.  These tests and procedures will support the 
Agency’s rulemaking, consumer ratings, consumer 
information and other approaches to facilitate 
introduction of advanced technologies. 
  
Objective 5. Retaining Leadership in Human Injury 
Research and Advancement of Injury Criteria, Test 
Devices and Procedures.  NHTSA has provided for 
many years the necessary data for understanding 
crash injuries through its own research on human 
injuries.  Such data have provided the basis for 
establishing human injury tolerance levels through 
scientific analysis of the data.  The Agency has also 
conducted objective biofidelity evaluations of 
anthropomorphic test devices and made 
recommendations on the suitability of such devices 
for its own use and to other public and private 
entities.  As a safety agency responsible for ensuring 
safety of vehicle occupants, it is important that 
NHTSA retain this leadership role, and through 
cooperative efforts with other organizations, in an 
attempt to avoid myriads of test tools, test devices 
and injury metrics appearing on the safety scene. 

Objective 6.  Heavy Vehicle Safety Enhancement.  
Just as in light vehicles, heavy vehicle safety 
improvement through the use of advanced 
technologies is equally important.  Available 
technologies for each phase of the crash event will be 
actively pursued.  In-vehicle technologies intended to 
promote safety will be pursued, their safety benefits 
assessed and their unintended consequences, if any, 
determined.  In consultation with the Federal Motor 
Carrier Safety Administration, regulatory and 
consumer information related research will be 
pursued. 
 
This subject is covered in the Agency’s rulemaking 
and supporting research priorities plan under the 
section titled: “Make Large Trucks Safe”, and the 
reader is directed to that discussion.  The two areas 
discussed include improvements in braking and 
reducing large truck tire failures.   
 

Heavy truck rollover is another area of concern that 
accounts for a high percentage of truck driver 
fatalities.  As part of the Intelligent Vehicle Initiative, 
technologies have been tested that will assist the 
driver in potential rollover situations. 

Objective 7.  Safety Issues related to Alternatively 
Fueled Vehicles.  Alternative fuel research by vehicle 
manufacturers is of growing importance.  Several 
fuels are under consideration as substitutes for 
petroleum fuels.  The research efforts for this 
program are discussed in the Agency’s rulemaking 
and supporting research priorities plan under the 
section titled: “Hydrogen, Fuel Cell and Alternative 
Fuel Vehicle Safety Research”.  As indicated in the 
document: “NHTSA’s program for hydrogen, fuel 
cell, and alternative fuel vehicles is focused on 
establishing safe performance requirements for 
hydrogen-powered internal combustion engine (ICE) 
and fuel cell vehicles.”  That discussion is not 
repeated here and the reader is directed to the 
Agency’s rulemaking and supporting research 
priorities plan. 

Objective 8. Motorcycle Safety.  As previously 
mentioned, in 2005, motorcycle crashes accounted 
for 4,553 rider fatalities.  This is an increase of 
approximately 60 percent over the last five years.  
Using the base year of 1997 (2,116 fatalities), which 
the Agency generally uses for motorcycle crashes, 
the increase is 115 percent. However, it is noted that 
there is also a significant increase in motorcycle 
registration during that same period.  Alcohol use and 
speeding are cited as major contributing factors in 
these crashes.  Helmet use in fatal crashes is 
approximately 50 percent. 
 
NHTSA’s recent efforts related to motorcycle safety 
foster motorcycle rider education and licensing, 
reducing the number of impaired motorcyclists, 
increasing motorist awareness of motorcycles, and 
increasing helmet use.  Previous efforts related to 
vehicle countermeasures examined helmet 
improvements, braking and other crash avoidance 
enhancements, and crashworthiness concepts. 

Objective 9. Pedestrian Safety.  Nearly 4800 lives are 
lost each year due to pedestrian crashes.  NHTSA is 
addressing the pedestrian safety problem through 
education, enforcement, and outreach.  Goals include 
reducing the number of impaired pedestrian injuries 
and fatalities, improving the safety of elderly 
pedestrians and reaching diverse communities. 
 
The primary vehicle oriented countermeasure 
research is centered on improving the frontal 
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structure of passenger cars to mitigate head and lower 
extremity injuries.  This involves examining the 
stiffness and geometric characteristics of the bumper 
and hood areas of the vehicle.  It has been shown in 
past research that vehicle parameters such as more 
clearance to under the hood engine components, 
streamlined front ends, energy absorbent bumpers, 
and laminated windshields result in less severe 
injuries to pedestrians when they are struck. 
 
Advanced technology systems utilizing radar, vision 
concepts and other types of sensors have been 
examined to identify pedestrians at intersections and 
to potentially provide warnings to drivers. 
 
Objective 10. Impaired Driving, Drowsy and 
Distracted Driving.  NHTSA’s programs to combat 
impaired driving and drowsy and distracted driving 
primarily employ education and enforcement 
programs. However, many new technologies are 
appearing on the market that could detect and assist 
drivers in overcoming the problem. 
 
There are several vehicle suppliers working on 
developing and implementing concepts to detect 
drowsy drivers and to then issue warnings to the 
driver.  Many technologies aimed at detecting drowsy 
drivers are available today.  VSR is addressing the 
potential of in-vehicle safety and non-safety 
technologies to distract the driver as part of workload 
management studies. 
 
Approaches to prevent impaired driving and 
technologies to detect impairment when the alcohol 
level in the blood stream of drivers is above a certain 
level, are being pursued through research.  Reliable 
and acceptable detection can provide warning and 
assistance systems that provide feedback to the driver 
when alcohol is detected.  

Status of Current NHTSA Research Programs 

Crashworthiness research 

Incompatibility between Passenger Cars and Light 
Trucks 
For decades, the light vehicle category consisted 
primarily of automobiles.  The growing popularity 
over the past 10 years of light trucks, vans, and utility 
vehicles (LTVs), all weighing 10,000 pounds gross 
vehicle weight rating (GVWR) or less, has changed 
the marketplace as well as the safety picture.  LTV 
sales have soared to almost eight million units sold in 
2002 – 49 percent of all new passenger vehicle sales.  
In 2003, the number of registered LTVs in the United 

States exceeded 85 million units or approximately 37 
percent of registered motor vehicles in the U.S.  The 
majority of LTVs are used as private passenger 
vehicles and the number of miles logged in them 
increased 26 percent between 1995 and 2000, and 70 
percent between 1990 and 2000.  Beyond the growth 
in sheer numbers of vehicles, LTVs also have 
increased in size, the curb weight gaining on average 
about 300 pounds from 2000 to 2004, whereas 
passenger cars gained approximately 110 pounds 
during the same period. 
 
NHTSA is continuing research to identify vehicle 
characteristics that affect compatibility and evaluate 
their effects in real world crash performance. Several 
compatibility performance metrics have been 
developed and are being evaluated against real world 
crash experience and staged vehicle crash testing.  In 
addition, evaluation of compatibility performance 
measures using sophisticated computer models is 
being done to assess the impact of vehicle changes on 
safety performance under controlled conditions. In 
addition to NHTSA's initiatives, vehicle 
manufacturers have committed to a set of voluntary 
standards for enhanced vehicle-to-vehicle crash 
compatibility.  NHTSA is closely monitoring these 
voluntary efforts and research developments from 
industry participants. 

Crashworthiness Rollover – Ejection Mitigation 
The crashworthiness rollover research program can 
be separated into two main topics, ejection mitigation 
and protection for non-ejected occupants.  The 
ejection mitigation program is aimed at occupant 
containment countermeasures, developing 
performance requirements, test procedures for 
evaluating these countermeasures, and developing 
procedures to evaluate rollover sensor performance.  
The research program for the protection of non-
ejected occupants includes roof crush test method 
development and rollover restraint performance.  
Ejection is a major cause of death and injury in light-
vehicle rollover crashes.  Almost two thirds of all 
ejection related fatalities occur during rollover 
crashes.  NHTSA is pursuing a phased approach to 
reducing occupant ejection in rollover crashes.  The 
recently proposed side impact pole test would 
provide improved head protection for occupants, and 
likely result in greater use of side curtain air bags.  
The ability of window curtains in preventing 
ejections remains to be proven. Depending on their 
characteristics and performance, as well as other 
design features such as tethers, window curtains 
could be designed to prevent ejections.  However, 
much work remains to be done in this area. The next 
phase is to establish performance requirements for 
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rollover sensors.  The agency collected considerable 
information (from manufacturers and suppliers) in its 
effort to develop a research plan for rollover sensor 
performance requirements. 

Side Impact Research 
NHTSA’s FMVSS No. 214 upgrade proposal would 
require auto manufacturers to provide head protection 
in side crashes and to enhance thorax and pelvis 
protection for a wider range of vehicle occupants.  
The proposed upgrade augments the current side-
impact standard by requiring an additional 
performance test involving a 20-mph (32 kph) 
vehicle side crash into a rigid pole at an approach 
angle of 75 degrees. The Agency is moving toward 
incorporating the more precise biomechanical 
knowledge provided by second generation side 
impact dummies.  The upgrade proposes the use of 
two dummy sizes representing a 5th percentile adult 
female and a 50th percentile male dummy for both 
the proposed oblique pole test and the current 
FMVSS No. 214 barrier-to-vehicle test.  In order to 
develop this proposal, the Agency has undertaken 
research in biofidelity assessment of dummies.  
Additionally, a number of crash tests were also 
undertaken to generate the necessary data for benefits 
assessment. 

Integrated Safety 
Integrated safety systems utilize data from crash 
avoidance systems to improve vehicle 
crashworthiness.  An example of this is the use of 
radar-based crash threat systems intended to provide 
adaptive cruise control and/or driver warnings being 
used to trigger advanced restraints if a crash becomes 
inevitable.  Such an integrated system could improve 
the current level of 50 percent effectiveness of 
restraints in fatal frontal crashes using crash pre-view 
information.  Further, if also equipped with an 
occupant sensing system, advanced adaptive 
restraints could offer new functionality that would 
adapt in real-time to the severity of a crash and the 
particular needs of an occupant in that crash.  
Similarly, if braking systems are linked to radar 
systems, then the vehicle could exert full braking at 
the last second to reduce crash energy.  NHTSA is 
implementing a cooperative agreement with the 
automotive industry to develop performance criteria, 
objective tests, and preliminary benefits estimates for 
both crash imminent braking and advanced front seat 
restraints.  Also of interest are integrated safety 
systems for rear seat restraints, and research in this 
area will be addressed next year.  

Hydrogen, Fuel Cell and Alternative Fuel Vehicle 
Safety Research 
NHTSA’s program for hydrogen, fuel cell, and 
alternative fuel vehicles is focused on establishing 
safe performance requirements for hydrogen-
powered internal combustion engine (ICE) and fuel 
cell vehicles.  NHTSA’s safety initiative will 
complement the efforts by the U.S. Department of 
Energy and the U.S. Council for Automotive 
Research (U.S.CAR).  NHTSA’s approach is to 
develop foundational research information that will 
be necessary to determine future requirements. 

Event Data Recorders 
NHTSA has been conducting research and collecting 
information related to Event Data Recorders (EDR) 
for several years.  Circa 2000, NHTSA sponsored 
two working groups, one on light duty vehicles and 
one focused on heavy vehicles.  Both working groups 
published findings, available on NHTSA’s web site 
at www.nhtsa.dot.gov.  Since 2000, NHTSA has 
concentrated on the collection of EDR data via its 
National Automotive Sampling System 
Crashworthiness Data System (NASS-CDS) and 
Special Crash Investigation (SCI) programs.  Several 
thousand EDRs have been read as part of these 
routine crash investigations.  Based on the 
information gathered, the agency initiated a 
rulemaking action on EDR (see rulemaking section 
near end of report). 

Biomechanics 
NHTSA’s Human Injury Research Division and 
Applied Biomechanics Division have developed a 
Biomechanics Research Plan to build upon the rich 
history of impact biomechanics research supported 
and carried out by NHTSA over the past 30 years.  
The plan prioritizes the research activities based on 
the needs for rulemaking. The safety needs are 
established on the basis of frequency, cost, and fatal 
outcome of crash injuries.  Based on the analyses, the 
plan has developed a set of projects that address the 
rulemaking and safety needs and can be grouped into 
the following areas: Injury Mechanisms Research, 
Anthropometric Test Device Research and 
Evaluation and Vulnerable Occupant Injury 
Research.  A brief discussion of each is described 
below. 

Injury Mechanisms Research  
The field data analysis indicates that occupants in car 
crashes continue to suffer serious injuries to the head, 
chest, and lower extremities.  Research into head and 
brain injury is underway to understand better the 
mechanisms of these injuries through experimental 
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and analytical methods.  The SIMon (Simulated 
Injury Monitor) model for the brain (Figure 8) has 
been enhanced to include more detail of brain 
structure and incorporates a more refined mesh and 
material properties.   
 
Chest and thoracic organ injury research includes 
understanding the properties of the rib structure and 
the underlying organs.  A repeatable test is being 
developed to evaluate human surrogate and crash 
dummy chest and shoulder response in three 
dimensions.  University supported research is looking 
at impact response of underlying tissue that may be 
incorporated into future injury criteria.  Work also 
continues on finalizing the lower extremity response 
to impact that will develop injury criteria for knee, 
thigh, and hip regions.  
 

 
 

Figure 8.  Enhanced SIMon Finite Element brain 
model 

Anthropomorphic Test Device Research 
At the 2005 ESV, NHTSA announced the release of 
the THOR-NT, advanced 50th percentile male frontal 
impact dummy.  Since then, THOR-NT has 
undergone significant testing of various types and 
evaluation by NHTSA, industry, and academia. The 
data have been catalogued and are available to 
researchers to assess the biofidelity and overall 
response of THOR.  Future enhancements are 
anticipated through worldwide partnerships that will 
help bring THOR into its design intent of evaluating 
future restraint systems that are being developed for 
automobiles.  
   
NHTSA has been heavily involved in evaluation of 
side impact dummies (ESII-re, SIDIIs, Q3S and 
WorldSID) and child dummies (Hybrid III 6yr and 10 
yr.), and rear impact dummies (Hybrid III and 
BioRID). The assessment follows the process that 
leads to federalization of these dummies for use in 
regulation.  The Human Injury and Applied 
Biomechanics Divisions have developed injury 
criteria and calibration and certification procedures 
for these dummies and continue to work with 

industry and dummy manufacturers to complete these 
projects.  Future enhancements to these dummies 
include advanced methods to measure head and torso 
rotation (rear impact dummies) and to measure chest 
deflection at multiple locations by non-mechanical 
means (for frontal and side impact dummies).  These 
enhancements will lead to relevant injury criteria that 
address the injuries seen in the crash field data. 

Vulnerable Occupant Injury Research 
Vulnerable occupants include children, elderly 
occupants, and pregnant occupants.  Dedicated 
research efforts are underway to understand the 
issues and determine research efforts required.  For 
elderly occupants, analysis will be performed on 
NASS-CDS and CIREN data on elderly injury to 
compare injury trends in the two databases.  
Subsequent CIREN data analysis regarding injury 
causation and mechanisms for older case occupants 
compared to younger case occupants will be done.  
Research on elderly injury tolerance through the 
testing of human surrogates and different size dummy 
tests with current and advanced restraint systems is 
underway and will help to determine the need for 
age-based injury criteria.   
 
For children, NHTSA is coordinating a multi-center 
research effort to better understand child head and 
neck injury mechanisms and associated, non-scaled 
injury criteria, shoulder and thoracic injury responses 
and abdominal injury tolerance and criteria.  This 
effort may lead to child dummy improvements and 
the creation of a human child computer model for 
further injury assessment in crash reconstructions and 
other tests. 

Crash Injury Research Engineering Network 
(CIREN) Developments 
CIREN is composed of 8 level one-trauma hospitals. 
Spanning the United States and funded by NHTSA, 
Honda R&D Co., Ltd., and Toyota Motor North 
America, Inc.  CIREN continues to produce “real-
world” research findings on crashes, injuries, 
treatments, and outcomes.  CIREN medical 
researchers, working with engineers at NHTSA and 
in the automotive industry and research universities, 
have produced more than 150 scientific papers and 
presentations analyzing the basic causes of more than 
3,000 cases of serious crash injuries.  CIREN is 
exploring new ways to enhance NHTSA’s and the 
public’s understanding of injury causation in crashes 
and refining the capability to define injury criteria.  
Two of these are the Biomechanics Tab (Bio Tab) 
and Digital Imaging and Communications in 
Medicine (DICOM).  The Bio Tab is a unique 
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CIREN application that provides a means to 
completely and accurately analyze and document the 
physical causes of injury based on data obtained from 
detailed medical records and imaging, in-depth crash 
investigations, and findings from the medical and 
biomechanical literature.  In 2006, the CIREN centers 
began collecting DICOM images that are the base 
radiographic digital images captured during CT or 
MRI scans that may shed further light into the 
understanding of injury causation and mechanisms. 

Heavy Vehicle Research 
NHTSA’s heavy vehicle research program is directed 
toward improving the collision avoidance capabilities 
of these vehicles.  A wide range of issues are 
currently being researched including:  brake system 
performance improvements, enhanced heavy vehicle 
stability, eliminating blind spots around large 
combination vehicles through video/camera imaging 
technology, and evaluating ITS technologies such as 
electronically controlled braking (brake-by-wire), 
rear collision warning, and drowsy driver monitoring 
systems.   
 
The agency research has shown that major 
improvements in braking performance for truck 
tractors can be achieved by using disc brakes, larger 
drum brakes, or hybrid combinations of disc and 
drum.  Stopping distance improvements of up to 30 
percent or more have been demonstrated.   
 
Electronic Stability Control (ESC) systems can 
reduce loss of control crashes involving heavy 
vehicles, which often result in rollover or jackknifing.  
Specific studies underway include testing at 
NHTSA’s VRTC facility in Ohio, an ESC 
effectiveness study utilizing hardware-in-the loop 
simulation, and a National Advanced Driving 
Simulator (NADS) study involving over 100 
commercial drivers.   
 
Blind spots around large combination vehicles 
contribute to lane change/merge crashes which are a 
significant portion of crashes involving tractor semi-
trailer vehicles.  As a result, performance 
specifications are being developed for camera/video 
imaging systems (C/VIS).  Based on these 
specifications, work has been initiated to develop and 
evaluate a system to provide 360 degree all-weather 
vision for the driver.  This program will result in 
information on the potential safety benefits, driver 
acceptance, and overall system performance for 
C/VIS technology.   
 
ITS technology evaluations are also a part of the 
heavy vehicle program.  Three field operational tests 

(FOTs), assessing an array of heavy vehicle crash 
avoidance systems, have been performed.  An FOT 
evaluating rear end collision warning technology has 
been completed, resulting in safety benefits (crash 
reduction) estimates, user acceptance data, and 
system performance information.   

Intelligent Technologies Research 

Advanced Collision Avoidance Technologies 
In response to increasing public concern about 
automobile safety and advances in technology, many 
manufacturers and their suppliers are developing and 
incorporating advanced safety into their vehicles that 
help drivers avoid crashes.  These systems are 
intended to prevent or reduce the severity for many of 
the most significant crash types including rear-end, 
lane change, driver impairment, rollover, and road 
departure.   
 
This program will develop and implement a 
framework to develop a Safety Value for vehicles 
that are equipped with emerging advanced safety 
technologies. In order to accomplish this we will: 

• Define pre-crash scenarios and critical 
events based on existing accident data. 

• Develop objective tests that measure the 
effectiveness of the feature in addressing 
specific crash scenarios and critical events. 

• Compute the Safety Value for vehicles 
equipped with these advanced safety 
systems. 

• Develop estimates of potential safety 
benefits when such technologies are 
deployed fleet-wide. 

In 2007, NHTSA started cooperative agreements with 
four automobile manufacturers focused on 
technologies that address Pre-collision Mitigation, 
Back-over Prevention, lane departure prevention and 
driver monitoring.  These programs will result in 
objective information that can help consumers 
identify the most effective safety technologies.  

Integrated Vehicle-Based Safety Systems (IVBSS) 
Initiative 
The IVBSS Initiative is a multimodal, two-phase 
program aimed at working with industry to accelerate 
the commercial availability of integrated safety 
systems in the U.S. light vehicle and heavy 
commercial truck fleets.  Integration of individual 
crash warning functions is expected to improve safety 
and overall system performance, reduce cost, 
improve consumer and fleet acceptance, and enhance 
product marketability.  Prototype vehicles will be 
developed during Phase I, and test vehicles will be 
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built and field operational tests conducted during 
Phase II.  

Cooperative Intersection Collision Avoidance 
Systems (CICAS) 
NHTSA is participating with FHWA in an effort to 
develop systems that address intersection collisions.  
NHTSA is managing a program to develop and 
evaluate a system that communicates between the 
road way and vehicle to warn the driver of potential 
stop sign and traffic signal violations.  The CICAS 
Initiative is designed to employ a combination of 
vehicle –based technologies and systems, 
infrastructure-based technologies and systems and 
communication systems focused on detecting and 
avoiding potential crossing path crashes at 
intersections.  The major focus of this program is to 
determine if these systems are effective at reducing 
crashes while achieving a sufficient level of driver 
acceptance. 

Vehicle Infrastructure Integration (VII) 
The goal of the VII Program is to achieve nationwide 
deployment of a communications infrastructure on 
the roadways and in all production vehicles to 
improve transportation and the quality of American 
life in ways not imagined a generation ago. The 
fundamental building blocks of the VII concept are 
coordinated deployments of communication 
technologies in all vehicles by the automotive 
industry, and on all major U.S. roadways by the 
transportation public sector. A VII consortium has 
been established to determine the feasibility of 
widespread deployment and to establish an 
implementation strategy.  The consortium consists of 
the vehicle manufacturers, AASHTO, ten State 
Departments of Transportation, and the U.S. DOT. 

Human Factors Research 
In the human factors area, NHTSA has been focusing 
on the role of the driver vehicle interface in 
determining the effectiveness and driver acceptance 
of advanced vehicle safety technologies (AVST), 
such as collision warning systems (CWS).  The 
ability of drivers to recognize, understand, and 
properly respond to the visual, auditory, and other 
feedback from these technologies is influenced by the 
degree to which their designs are compatible with 
drivers’ capabilities.  Proper designs will allow 
drivers to achieve the optimum safety benefit, 
whereas poor designs can limit or extinguish any 
advantage.   
 
To help address the research needs in this area, 
NHTSA organized a Forum on Human Factors 

Research Necessary to Support Advanced Vehicle 
Safety Technologies.  The Forum focused on five 
major topics: 1) the compatibility of the technology 
with the capabilities of the driving population; 2)  
how to minimize unintended consequences; 3) how to 
integrate multiple technologies and their interfaces to 
minimize driver confusion and maximize driver 
acceptance;  4)  the need for standardization of 
system operation and interfaces; and 5) what are the 
next steps and mechanism for future collaboration to 
complete the needed research and achieve the 
necessary requirements for these types of driver 
assistance systems.  NHTSA has posted the 
presentations and summary of the Forum on its 
website. 

Belt Minders 
NHTSA is close to completing its assessment of the 
effectiveness and acceptance of enhanced safety belt 
reminder systems.  We observed belt use in 
thousands of recent model vehicles and compared 
belt use in vehicles with and without an enhanced 
reminder system that many manufacturers are 
installing.  We are also exploring the tradeoff 
between how effective the reminders can be with the 
acceptability of the reminders to drivers. 

Driver/Vehicle Performance and the 100-Car 
Naturalistic Study 
Last year, NHTSA published results from the first 
large scale instrumented vehicle study to provide 
insights into the pre-crash behaviors of drivers.  The 
data were obtained from volunteers in the Northern 
Virginia region who drove their own or leased 
vehicles for about a year.  The study resulted in about 
80 crashes and 760 near crashes.  Among the findings 
were that nearly 80 percent of the crashes and 65 
percent of near crashes involved driver inattention. 
Visual inattention was a contributing factor for 
almost all rear-end crashes.  Driver drowsiness was a 
contributing factor in 20 percent of the crashes and 
16 percent of the near crashes.  The full reports are 
available on the NHTSA website. 

Backover Crashes 
The problem of passenger vehicles backing over 
pedestrians is a small but significant problem.  Last 
year, NHTSA prepared a report to Congress 
describing our current estimates of the extent and 
nature of the problem as well as our test results of 
current parking aids.  The size of the safety problem 
can only be roughly estimated because many of the 
backover crashes that occur on private property are 
not recorded in State or Federal crash databases, 
which focus on crashes occurring in traffic-ways. 
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Supplementing NHTSA crash records with death 
certificate reports, backover crashes involving all 
vehicle types are estimated to cause at least 183 
fatalities annually in the U.S.  Testing showed that 
the performance of sensor-based (ultrasonic and 
radar) parking aids in detecting child pedestrians 
behind the vehicle was typically poor, sporadic and 
limited in range.  Because of the potential that 
camera-based systems appear to offer in addressing 
the risk of backover, NHTSA plans to conduct 
additional work to estimate the effectiveness of such 
systems and to develop specifications of performance 
for any technology that could be developed to 
address this risk.  Further, the Agency plans to 
encourage vehicle manufacturers to continue to 
develop systems that can be effective in addressing 
this risk at a reasonable cost to the consumer.  

Headlighting Research 
Driver complaints about headlamp glare affecting 
their vision continue to be a concern in the U.S.  To 
address this concern and look for solutions that 
balance the need for increased visibility with the 
glare consequences that can result, NHTSA has been 
funding research to identify the factors affecting 
glare.  One of the key objectives is to identify the 
appropriate driver performance metrics to best 
evaluate the safety consequences of glare.  In July 
2004, NHTSA held a workshop on glare metrics and 
has been utilizing the insights from that workshop in 
its ongoing research at the Rensselaer Lighting 
Research Center.  Among the topics they are 
addressing are the effects on driver performance of 
light spectrum, glare exposure, misaim, and beam 
pattern.  Because adaptive headlighting systems may 
offer a solution to increasing visibility while 
minimizing glare, one research task will be to 
develop a prototype, safety-based system that 
automatically adjusts the lighting levels in response 
to driver visual needs and those of oncoming drivers.   

Data Collection and Analysis 
NHTSA conducts a motor vehicle crash data 
collection program through the National Center for 
Statistics and Analysis (NCSA).  It is composed of: 
the data collected from the states, including Fatality 
Analysis Reporting System (FARS) and the State 
Data Program, crash investigations, which includes 
the National Automotive Sampling System (NASS) 
and the Special Crash Investigations (SCI) programs.  
 
FARS is a census of all fatal crashes occurring on 
public roads in the United States.  The NASS is 
comprised of the General Estimates System (GES) 
and the Crashworthiness Data System (CDS).  The 

GES provides national estimates of characteristics of 
all motor vehicle crashes.  The CDS conducts 
detailed investigations into a nationally representative 
sample of crashes involving towed passenger 
vehicles to investigate injury-causing mechanisms 
and to evaluate countermeasures.  The SCI program 
provides in-depth data on crashes where emerging 
issues may be of interest.  
 
A new NHTSA initiative called the National Motor 
Vehicle Crash Causation Survey (NMVCCS) 
began collecting data starting in January 2005. This 
survey conducts on-scene crash investigations and 
collects data from a nationally representative sample 
of passenger vehicle (passenger cars, vans, sport 
utility vehicles, pickups and other light trucks) 
crashes.  The data provide information on the events 
and factors related to the causation of crashes.  The 
survey will help identify the events and factors 
related to how crashes occur. 
 
NCSA also conducts key analyses of the collected 
data and publishes reports, including the Traffic 
Safety Facts Annual Report and Traffic Safety Fact 
Sheets.  Copies of the most recent reports can be 
found at NCSA’s web site using the following URL: 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/AvailInf.html 

Significant Rulemaking Actions 

Truck Tractor Stopping Distance  
On December 15, 2005 NHTSA published an NPRM 
to reduce stopping distance for truck tractors.  A final 
rule is expected to be published in 2007. 

Electronic Stability Control for Light Vehicles  
On September 18, 2006 NHTSA issued a NPRM to 
require auto manufacturers to install electronic 
stability control (ESC) as a standard feature on all 
new passenger vehicles under 10,000 pounds starting 
with the 2009 model year and to have the feature 
available as standard equipment on all vehicles by the 
2012 model year.   

Light Truck Fuel Economy Final Rule and CAFE 
Reform Proposal 
In August 2005, the agency published a NPRM and 
on April 6, 2006 a final rule, to establish higher 
CAFE standards for light trucks for MYs 2008-2011 
and reforming the structure of the CAFE program for 
light trucks.  The reform is based on vehicle size.  
During a transition period of MYs 2008-2010, 
manufacturers may comply with CAFE standards 
established under the reformed structure or with 
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standards established in the traditional way.  In MY 
2011, all manufacturers would be required to comply 
with a Reformed CAFE standard.  The stringency of 
the reformed CAFE depends on each manufacturer’s 
fleet mix of vehicles.  
 
In May 2006, the Administration sent proposed 
legislation to Congress asking for authorization to 
amend the automobile fuel economy provisions of 
title 49, United States Code, to reform the setting and 
calculation of fuel economy standards for passenger 
cars. No action was taken to pass the bill in the 109th 
Congress.  
 
In the State of the Union Address in January 2007, 
President Bush announced a plan to reduce gasoline 
consumption from passenger automobiles by up to 
8.5 billion gallons in 2017.  The President’s plan calls 
for reforming and increasing CAFÉ standards for 
model year 2010-2017 passenger cars, and for further 
increasing light truck and SUV standards for model 
years 2012-2017. 

Event Data Recorders 
 
NHTSA published a final rule on August 28, 2005, 
that specified uniform requirements for the accuracy, 
collection, storage, survivability, and retrievability of 
onboard motor vehicle crash event data in passenger 
cars and other light vehicles equipped with event data 
recorders (EDRs).  This final rule responded to the 
growing practice in the motor vehicle industry of 
voluntarily installing EDRs in an increasing number 
of light vehicles.  The rule is intended to standardize 
the data obtained through EDRs so that such data 
may be put to the most effective future use and to 
ensure that EDR infrastructure develops in such a 
way as to speed medical assistance through providing 
a foundation for automatic crash notification (ACN).  

Occupant Crash Protection – 5th Percentile Female 
Dummy Belted Barrier Crash Test  
NHTSA published a final rule on August 31, 2006, 
amending its safety standard on occupant crash 
protection to establish the same 56 km/h (35 mph) 
maximum speed for frontal barrier crash tests using 
belted 5th percentile adult female test dummies as we 
previously adopted for tests using belted 50th 
percentile adult male dummies.  The agency is 
adopting this amendment to help improve crash 
protection for small statured occupants.  The new 
requirement is phased-in in a manner similar to the 
phase-in for the 56 km/h (35 mph) maximum speed 
test requirement using the 50th percentile adult male 

dummy, but beginning 2 years later, i.e., 
September 1, 2009. 

Anthropomorphic Test Devices; ES-2re Side Impact 
Crash Test Dummy 50th Percentile Adult Male and 
SID-IIs Side Impact Crash Test Dummy 5th 
Percentile Adult Female 
NHTSA published final rules on December 14, 2006, 
amending the agency's regulation on 
anthropomorphic test devices.  One rule added 
specifications and qualification requirements for a 
new mid-size adult male crash test dummy, called the 
“ES-2re” test dummy.  The ES-2re dummy has 
enhanced injury assessment capabilities compared to 
devices existing today, which allows for a fuller 
assessment of the types and magnitudes of the 
injuries occurring in side impacts and of the efficacy 
of countermeasures in improving occupant 
protection.  
 
The other rule added specifications and qualification 
requirements for the 5th percentile adult female crash 
test dummy, called the SID-IIs Build Level D (“SID-
IIs”) test dummy.  The SID-IIs dummy is 
instrumented in the head, thorax, abdomen and 
pelvis, which enables it to assess in a comprehensive 
manner the performance of vehicles in protecting 
small-stature occupants in side impacts.  
 
NHTSA plans to use both the ES-2re dummy and the 
SID-IIs dummy in an upgraded Federal motor vehicle 
safety standard on side impact protection. 

Vehicle Safety Priorities Plan 
In July 2003, the agency published its first Vehicle 
Safety Rulemaking and Supporting Research 
Priorities Plan. The agency published an update to 
that plan in January 2005.  A new update is planned 
for 2007 and will cover the period 2007 to 2010 and 
will include all areas of Vehicle Safety, including 
Enforcement.  The plan will include safety actions 
that the agency believes will offer the greatest 
potential for saving lives and preventing injury, 
improvements in CAFE, and pursuit of International 
Harmonization activities. 
 
For the period 2007-2010, the agency’s rulemaking 
priorities will address: rollover prevention and 
protection in rollover crashes, vehicle crash 
compatibility, back-over protection for children, 
reduce light vehicle tire failures, make large trucks 
safer, and CAFE.   
 
Priority research will support the priority rulemaking 
areas and will pursue additional priority research 
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areas including: improved restraint systems; 
Advanced Technology – Integrated Safety; Human 
Injury and Applied Biomechanics; Hydrogen, Fuel 
Cell and Alternative Fuel Vehicle Safety; crash 
avoidance for heavy vehicles and tires; Advanced 
Collision Avoidance Technologies; and Vehicle 
Safety Communications.  
 
 
Priority vehicle safety consumer information actions 
are consideration of changes to the frontal and side 
test programs, and providing consumers with 
additional crash avoidance information.  NHTSA 
published a report titled, “The New Car Assessment 
Program Suggested Approaches for Future Program 
Enhancements,” in January 2007.  The report outlines 
both near and long-term approaches that the agency 
is considering to further enhance the New Car 
Assessment Program (NCAP).  

Summary and Conclusions 
In 2005, 43,443 fatalities occurred in the U.S. as a 
result of motor vehicle crashes.  The fatality rate 
based on vehicle miles traveled was 1.45 per 100 
million VMT.  Motorcycles have seen a major 
increase in rider fatalities, numbering 4,553 in 2005. 
 
The total number of police-reported crashes in the 
U.S. in 2005 was estimated to be 6.2 million, 
resulting in 2.7 million persons being injured.   
 
In 2005, safety belt use usage rate was about 81 
percent for outboard-seated occupants observed 
during daytime hours. 
 
NHTSA continues to use an integrated approach to 
vehicle safety, combining engineering, educational, 
and enforcement programs that are major 
contributors to total vehicle safety.  
 
But the near future holds a major shift in 
demographics.  Rider age in the U.S. is increasing, as 
the baby boomer generation starts to reach 
retirement.  Rollover crashes, partly fueled by strong 
sales of LTVs, continue to cause major harm in U.S. 
traffic crashes, accounting for about 1/3 of the 
occupant deaths.  Frontal and to a lesser extent, side 
crashes are also major contributors to loss of life on 
our highways.  Crash compatibility between vehicles 
of different sizes need to be addressed. 
 
 
The emerging technologies, as recently demonstrated 
by ESC, have a high potential of helping to meet the 
safety needs in the US.  Accelerating the introduction 
of those technologies that are truly effective will 

provide safety benefits.  The research results can 
support rulemaking, consumer information programs, 
ratings, and other programs.  Thus, NHTSA research 
needs to be engaged in ensuring that these new 
technologies are properly deployed to maximize their 
safety capability.   
 
NHTSA’s Office of Vehicle Safety Research has laid 
out the following 10 research objectives: 

• Identify opportunities for safety 
enhancement 

• Develop an understanding of the 
performance of advanced technologies 

• Address driver vehicle safety issues related 
to advanced technologies 

• Develop performance and objective tests to 
establish the effectiveness of advanced 
technologies 

• Advance human injury research through 
leadership and establishment of injury 
criteria, test devices, and procedures 

• Enhance safety of heavy vehicles 
• Identify safety issues related to alternatively 

fueled vehicles 
• Improve motorcycle safety 
• Enhance pedestrian safety 
• Address impaired, drowsy, and distracted 

driving safety 
 
To coordinate our efforts, NHTSA periodically 
publishes vehicle safety priorities plan.  The plan 
includes safety actions that the agency believes will 
offer the greatest potential for saving lives, 
preventing injury, and preventing crashes. 
 
For the period 2007-2010, the agency’s vehicle safety 
priorities will address:  

• Rollover prevention 
• Protection in rollover crashes 
• Vehicle crash compatibility 
• Back-over protection for children 
• Light vehicle tire failures 
• Large trucks 
• Corporate Average Fuel Economy 
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